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Summary in French

La signalisation cellulaire comprend tous les processus qui permettent a une cellule de
recevoir des signaux externes, de les transformer et propager dans la cellule ainsi que de
leur répondre. Ces processus dépendent fondamentalement des protéines et de leurs in-
teractions. Beaucoup de protéines impliquées dans la signalisation cellulaire possedent
une architecture modulaire comprenant des motifs linéaires courts (SLiMs) et des do-
maines globulaires [1] (voir Figure 0.1). Les domaines globulaires sont des régions de
séquence continue capables de se replier indépendamment du reste de la protéine [2].
Des SLiMs sont de courts fragment de séquence ne dépassant généralement pas dix
résidus, préférentiellement localisés dans des régions désordonnées, et qui interagissent
avec des domaines globulaires en adoptant une structure secondaire [3]. Les interac-
tions entre SLiMs et domaines globulaires constituent une fraction importante des
interactions protéiques participant a la signalisation cellulaire.

MOD_CDK_1 MOD_TYR_CSK
MOD_NMyristoy! LIG_SH3 4 LIG_SH2_SRC

Figure 0.1. Architecture modulaire de la protéine humaine proto-oncogene tyrosine-protein
kinase Src. Les domaines globulaires sont illustrés en bleu, les SLiMs en jaune/orange/rouge. Les
domaines de la protéine Src ont été prédits avec le serveur web SMART [4], les SLiMs de Src
validés expérimentalement ont été extraits de la resource ELM [5]. MOD_NMyristoyl: site de N-
myristoylation, MOD_CDK_1: site de phosphorylation de Ser/Thr cyclin dependent protein kinase
(CDK), LIG_SH3_4: site de liaison des domaines SH3, LIG_.SH2_SRC: site de liaison des domaines
SH2, MOD_TYR_CSK: site de phosphorylation de tyrosine des C-Src kinases (CSK). CD=domaine
catalytique.

Différents types d’interactions domaine-SLiM ont été identifié. Celles impliquant
des domaines PDZ sont parmi les plus étudiées. Les domaines PDZ participent a la
polarité cellulaire, au trafic membranaire, et généralement a ’organisation de complexe
protéiques [6]. Majoritairement, les PDZs reconnaissent des SLiMs situés a l'extrémité
C-terminale de leurs protéines-cibles (voir Figure 0.2). Les motifs de liaison aux PDZs
(PBMs) présentent habituellement un résidu hydrophobe & la derniére position (posi-
tion 0) et peuvent étre classés en trois sous-groupes basé sur le résidu en position -2
(Thr/Ser, Asp/Glu, ou des résidus hydrophobes) [6]. Environ 270 domaines PDZ et
des milliers de PBMs potentiels ont été identifiés dans le protéome humain. Beaucoup
d’études expérimentales et informatiques ont été effectuées pour essayer de déchiffrer
les regles de la spécificité qui définissent quel domaine PDZ interagira de préférence



avec quel PBM. Les connaissances obtenues a partir de telles études permettraient
en général de mieux comprendre les mécanismes structuraux de la reconnaissance
domaine-motif et en particulier de concevoir des prédicteurs fiables des interactions
PDZs-motifs.
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Figure 0.2. Aspects structuraux des domaines PDZ et de la reconnaissance des peptides.
A: L'information structurale accessible sur des domaines PDZ. Ce diagramme illustre le nombre des
domaines PDZ humains pour lesquels il existe une structure d'un domaine PDZ dans la base de
données PDB avec une similarité de séquence de X % ou au-dela, calculé 3 partir des alignements
de séquence locaux des recherches BLAST (par exemple pour 152 PDZs humains il existe une
structure d'un PDZ dans le PDB avec au moins 80 % similarité de sequence.) B: Repliement
canonique des domaines PDZs et liaison des peptides C-terminaux. Structure du domaine PDZ de
la protéine AF6 liée au peptide C-terminal (LFSTEV) dérivé de la protéine Ber (PDB ID: 2AIN [7]).
Les éléments de structure secondaire, les positions de peptide et la signature générale de la boucle
de liaison du groupe carboxyle (GGG, ¢ représente un résidu hydrophobe) sont indiqués. Les
lignes hachurées représentent des liaisons hydrogenes qui sont établies entre Val a la position de
peptide p0 et la boucle de liaison du groupe carboxyle. C: Reconnaissance d'un peptide C-terminal.
Des atomes du domaine PDZ et du peptide sont colorés en noir et bleu, respectivement. Les
liaisons hydrogenes entre le résidu Val au C-terminus du peptide et la boucle de liaison du groupe
carboxyle du domaine PDZ sont indiquées avec des lignes hachurées. La figure C a été adaptée
de [6] et montre une structure de complexe impliquant PDZ3 de PSD-95 [8].

Cette these a été centrée sur deux études pionnieres a grande échelle, publiées dans
des journaux de grand impact, qui avaient combiné des approches expérimentales et
informatiques pour explorer la spécificité des interactions aux PDZs. Tonikian et
al. [9] avaient produit des données de ”peptide phage display“ établies pour 54 do-
maines PDZ humains qu’ils avaient ensuite utilisées pour construire des matrices de
profils de séquence (PSSMs) afin de cribler le protéome humain pour des partenaires
de liaison potentiels & ces PDZs (voir Figure 0.3). L’équipe de MacBeath [10] avait
utilisé des "microarrays“ combinés avec des mesures de polarisation de fluorescence
pour déterminer les constantes de dissociation entre 157 domaines PDZs et 217 pep-
tides C-terminaux dérivés des protéines de la souris. Ils ont utilisé ces données pour
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Figure 0.3. Les principes de prédiction des interactions utilisant des PSSMs. De gauche a
droite: Pendant les cycles de phage display, des peptides C-terminaux avec une affinité haute pour
un domaine PDZ (dans I'exemple PDZ3 de SCRIB) sont sélectionnés, séquencés et alignés. La
fréquence de chaque acide aminé a chaque position de peptide (dans cet exemple, seulement, les
dernieres cing positions de peptide sont considérées) est calculée et sauvegardée dans une PSSM.
Dans I'exemple, la fréquence de chaque acide aminé a chaque position de peptide est illustrée avec
un schéma de couleur ol les résidus fréquents sont représentés en orange/rouge et les résidus plus
rares en bleu foncé. La PSSM peut ensuite étre utilisée pour cribler le protéome humain pour
des peptides C-terminaux similaires aux peptides issus du phage display en calculant pour chaque
peptide du protéome un score qui résulte de la somme des fréquences de ses résidus. Le peptide
C-terminal humain qui a obtenu le score le plus élevé dans cet exemple, a la séquence RETDL. Les
fréquences de ces résidus sont indiquées sur la PSSM. L'image de la routine de phage display est
empruntée a www.creative-biolabs.com.

développer un algorithme de prédiction des interactions PDZ-peptides [11].

En plus de ces approches a grande échelle, des études focalisées sur des interactions
PDZ-peptide particulieres, ont proposé que le contexte de séquence (c’est-a-dire, des
séquences contigiies ou non contigiies des PDZs et des PBMs, voir Figure 0.4) influen-
cent leurs affinités de liaison. Cependant, peu d’études ont analysé I'impact potentiel
du contexte de séquence sur la spécificité des interactions. La spécificité d’interaction
ne peut étre déterminée qu’en comparant les affinités de liaison d’une protéine (ou
d’un fragment d’une protéine) avec ses partenaires d’interaction potentiels et multi-
ples. Une protéine est spécifique, si elle montre pour la majorité de ces partenaires
potentiels une affinité plus faible et pour une minorité d’entre eux une affinité plus
forte. Donc, la spécificité est une valeur relative en comparaison avec ’affinité, qui est
une valeur absolue.

Dans cette these, nous avons posé deux questions : Premieérement, les prédicteurs
d’interaction PDZ-peptides actuels peuvent-ils étre utilisés pour des prédictions des
réseaux d’interactions protéiques impliquant les domaines PDZ 7 Deuxiémement, le
contexte de séquence a-t-il une influence sur la spécificité des interactions aux PDZs,
et si oui, quels sont les mécanismes fondamentaux 7 En particulier, la spécificité des
interactions entre des constructions PDZ et PBM minimales peut-elle étre modifiée
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Figure 0.4. Exemples de contexte de séquence chez des PDZs et des PBMs. Les domaines
PDZ sont colorés en bleu clair, les peptides C-terminaux en bleu foncé et les parties des structures
qui constituent du contexte de séquence en rouge. A: PDZ3 de Par3 lié a un PBM étendu dérivé
de PTEN (code PDB: 2K20 [12]). Les résidus du PBM étendu et les résidus cléfs d'interaction
du domaine PDZ sont montrés en "sticks”. B: Domaine PDZ3 de PSD-95 lié au PBM dérivé
de CRIPT (code PDB: 1BE9 [8]). PDZ3 posséde une hélice o C-terminale supplémentaire qui
influence la liaison des peptides [13,14]. C: Domaine PDZ3 de ZO-1 lié au PBM dérivé de JAM-A
(code PDB: 3TSZ [15]). Le domaine SH3 voisin est localisé au C-terminus de PDZ3 et influence
la liaison des peptides au PDZ3.

par la présence de séquences flanquantes 7

Pour aborder le probleme de la spécificité des interactions aux PDZs et de leur
prédiction, nous avons combiné des approches expérimentales et informatiques. Nous
nous sommes d’abord concentrés sur les données de phage display et leur utilisation
potentielle pour la prédiction des interactions protéiques. Nous avons construit des
PSSMs basés sur des données de phage display qui étaient publiées pour 54 PDZs
humains [9]. Ensuite, nous avons appliqué ces PSSMs pour prédire des interactions
PDZ-peptide et évalué la fiabilité des prédictions en utilisant des outils d’analyse des
séquences et de la statistique. Nos résultats montraient que deux tiers des données
phage display étaient constituées d’une grande portion des séquences hydrophobes
amenant des propriétés de séquence tres différentes de celles observées pour des PBMs
cellulaires (voir Figure 0.5). La poursuite de l'analyse a mis en évidence que ces
caractéristiques non naturelles des peptides dérivés du phage display étaient prob-
ablement nuisibles a la qualité des prédictions. Nous spéculons que les propretés
différentes des séquences observées entre les PBMs sélectionnées par phage display et
celles présentes dans la cellule pourraient provenir des différences dans des procédures
de sélection expérimentale et naturelle. La sélection expérimentale est notamment
basée sur l'affinité contrairement a la sélection naturelle, qui favorise des interactions
domaines-motifs a ’affinité faible mais spécifiques pour la signalisation cellulaire. Nous
proposons cependant que le tiers des données de phage display ne montrant pas de bi-
ais pour des résidus hydrophobes pourrait étre tres utile aux prédictions d’interactions
aux PDZs. Les résultats de cette étude ont été publiés dans [16].
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Figure 0.5. Comparaison des peptides phage display [9] avec ceux qui étaient prédits a
partir du criblage protéomique. Pour six domaines PDZ humains, les peptides correspondants
du phage display sont montrés a coté des peptides C-terminaux humains qui sont issus avec un
meilleur score du criblage du protéome humain avec des PSSMs. Les domaines PDZ sont classés
du gauche a droite de plus hydrophobe au plus hydrophile selon les peptides de phage display
correspondants. Les listes des peptides qui, trop longues pour étre montrées entierement, ont
été coupées, comme indiqué par "...". Des astérisques indiquent des C-termini humains qui sont
identiques aux peptides de phage display correspondants. Code de couleur: ocre = aromatique,
rose = hydrophobe, rose foncé = G ou P, vert = polaire, rouge = acidique, bleu = basique, jaune
= C. (La figure a été faite avec Jalview [17].)

Ensuite, nous nous sommes intéressés a ’outil de prédiction publié par 1’équipe
de MacBeath [11]. Nous avons assemblé une base de données test a partir de la
littérature publiée concernant des interactions PDZ-peptide positives et négatives
validées expérimentalement. Ces données ont été utilisé pour évaluer objectivement
la performance de 'outil de prédiction. Nous avons ensuite développé un protocole
pour mesurer des interactions & moyen débit sur des machines BIAcore (basées sur la
résonance plasmonique de surface (SPR)) pour valider expérimentalement des inter-
actions PDZ-peptide prédites et pour explorer l'influence des séquences flanquantes
des PDZs et des PBMs sur Daffinité et la spécificité de leurs interactions. Nous avons
mesuré plus que 200 interactions entre des versions courtes et étendues des PBMs C-
terminaux et cinq constructions aux domaines PDZs composées de PDZ2 et PDZ3 de
la protéine humaine MAGI1 (membrane-associated guanylate kinase inverted 1), PDZ3
et PDZ4 de la protéine humaine SCRIB ainsi que d’une construction tandem couvrant
les PDZ3 et PDZ4 de SCRIB. L’évaluation du prédicteur avec la base de données test
a révélé un taux de faux positifs tres élevé qui a été confirmé par nos données SPR
(voir Figure 0.6). Nous avons pu identifier des points faibles dans la définition du
modele de prédiction ainsi que dans son processus d’entrainement, qui peuvent étre a
lorigine de la mauvaise performance du prédicteur. Cependant, apres I’analyse appro-
fondie des données expérimentales obtenues et des recherches dans la littérature, nous
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avons pu proposer 11 nouveaux partenaires potentiels d’interaction pour les protéines
a PDZ MAGI1 et SCRIB qui corroborent des suggestions précédentes de I'implication
de ces deux protéines dans les réseaux de signalisation des protéines G (voir Figure 0.7).

Les prédicteurs d’interactions PDZs-peptides ont été développés avec la perspective
d’étre appliqué & la prédiction des réseaux d’interaction protéiques. Au vu des points
faibles que nous avons identifiés, 'utilisation de ces outils pour prédire automatique-
ment des réseaux d’interaction protéiques aboutirait probablement a des résultats
tres erronés. Cependant, nous avons pu montrer que la prédiction d’interactions
PDZs-peptides combinée avec une analyse au cas par cas des résultats et la valida-
tion expérimentale peut mener a 'identification de nouvelles interactions potentielles
méritant la poursuite des analyses expérimentales.

L’analyse de nos données SPR a de plus relevé que des domaines PDZ montraient des
affinités de liaison modifiées pour des séquences PBMs étendues en comparaison avec
celles déterminées pour des PBMs courts. Ces altérations d’affinité ont parfois mené
a une augmentation de la spécificité des interactions PDZ-PBM. Des études struc-
turales sur des complexes PDZ-peptide conduites dans notre équipe et par d’autres
groupes ont mis en évidence des contacts entre des résidus des séquences étendues
des PBMs et des résidus de la boucle 32-33 des domaines PDZ [18]. L’ensemble de
ces résultats suggere que la boucle 2-f33 des domaines PDZ, bien que ne faisant pas
partie de la poche canonique de liaison, peut jouer un role important pour l'affinité
et la spécificité des interactions impliquant les PDZs (voir Figure 0.8). De plus, nos
données expérimentales ont montré des changements d’affinité entre des constructions
contenant un PDZ unique (PDZ3 et PDZ4) de SCRIB et la construction tandem
suggérant que ces deux PDZs influencent mutuellement leur liaison aux peptides et
qu’ils forment une unité globulaire pouvant étre appelée ”supramodule“.

Beaucoup d’interactions entre domaines PDZ et PBMs minimaux que nous avons
analysées par la SPR ont montré des affinités tres faibles. Ces affinité faibles ont aug-
menté (spécifiquement) lorsque nous avons étendu les fragments minimaux d’interaction.
Il est intéressant de noter que, bien que nous ayons pu trouvé des cas dans nos données
expérimentales ou les extensions des fragments protéiques ont modulé I'affinité de li-
aison, nous n’avons jamais pu trouver des cas ou des changements d’affinité étaient
aussi importants que des fragments protéiques qui n’ont pas interagit entre eux dans
leur version courte commencaient & interagir lorsqu’ils étaient rallongés, ou vice-versa.
Donc, nous concluons que des données quantitatives des affinités de liaison obtenues
pour des fragments minimaux d’interaction ne sont pas nécessairement valides pour
des fragments étendus ou les protéines entieres. Néanmoins, ceci pourrait étre le cas
pour les données d’interaction qualitatives (liaison ou pas liaison). Cette étude a été
publiée dans [19].

Nous avons fait une revue extensive de la littérature publiée sur des exemples
des séquences flanquantes des domaines PDZ et des PBMs pour pouvoir placer nos
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Figure 0.6. Les données expérimentales de SPR obtenues. A: Exemple de sensorgrammes
représentatives d'interactions fortes, faibles et de non-interactions. Une augmentation du signal
pour l'injection du PDZ indique une liaison. (i) Des concentrations plus élevées du PDZ menent
a un signal plus élevé jusqu’a saturation dans le cas d'une interaction spécifique. (i) Pour des
interactions faibles, la concentration la plus élevée du PDZ injectée, n'a pas mené a une saturation
du signal. (iii) Les sensorgrammes pour des non-interactions ne montrent pas de changement de
signal. B: Vue d’ensemble des données expérimentales de SPR et comparaison aux prédictions.
Des signaux RU normalisés déterminés pour une concentration de 10 uM de PDZ ont été extraits
des sensorgrammes et représentés sous forme d'un "heatmap". Une échelle approximative du Kp
est indiquée sur la droite. 05 et 10 indiquent des peptides en version courtes et longues. ND =
non-déterminé. Les signaux obtenus pour des peptides courts interagissant avec des constructions
expérimentales de PDZs uniques ont été comparés aux interactions prédites avec le prédicteur
de [11]. Les rectangles normaux et les rectangles hachurés indiquent le premier et le deuxiéme
meilleur peptide prédit pour chaque domaine PDZ, respectivement. Les paires PDZ-peptide pour
lesquelles une non-interaction était prédite, ont été labellisées avec zero. Pour toutes les autres
paires entre PDZs et peptides minimaux montrées sur le heatmap, une interaction avait été prédite
par le programme. Le résultat indique que les non-interactions sont plut6t correctement prédites,
tandis que de nombreuses non-interactions ont été prédites comme des interactions.
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Figure 0.7. Proposition du modele de la fonction de "scaffolding” de MAGI1 dans la
signalisation a I'origine des Rho GTPases. Nos données expérimentales ont montré que PDZ2
et PDZ3 de MAGI1 lient préférentiellement les C-termini des protéines NET1 (vert) et ARHGAP6
(rouge), respectivement. NET1 et un facteur d'échange du nucléotide guanine (GEF), qui transfere
un groupement phosphate (PO43_) a la "small GTPase” RhoA. Cette protéine, dans sa forme liée
au GTP (jaune), est associée principalement a la membrane et stimule des voies de signalisation
en aval. ARHGAP6 est une " GTPase-activating protein" (GAP), qui induit RhoA de libérer un
groupement phosphate, menant a I'arrét de la signalisation médiée par RhoA. Dans sa forme liée au
GDP, RhoA est inactive (bleu) et principalement localisée au cytoplasme. Ces données suggerent
que MAGI1 recrute, via deux domaines PDZ voisins, un activateur et un inhibiteur de la voie de
signalisation de RhoA. Les quatre derniers résidus des deux protéines NET1 et ARHGAP6 sont
identiques. Donc, les préférences de liaison des deux domaines PDZ2 et PDZ3 pour ces peptides
C-terminaux doivent étre déterminées par des résidus en amont.
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A MAGI1-2/6

peptide sequence RU_05 RU_10 diff RU
NET1_10 KR 75 432 357 —
CYSLTR2_10 R 39 229 190 -
16E6_10 RTR L 24 159 135
FzZD4_10 KPCK! 20 92 72
MARCH3_10 VKR 20 55 35
TAX1_10 EKH 14 35 21
ARHGAP6_10 11¥D 13 24 1
TANC1_10 KR! 0 1 1
DLL1_10 KDE 4 0 -4
TMEM215_10 RWD 6 0 6
TTC24_10 E 7 0 -7
ABC1_10 DEK 27 16 -1
MAS_10 17 0 17
16E6L/V RTR 521
ADAM17_10 RVD c 0 0 0
VANG2_10 R 0 0 0 Pro472
ATP1A1_10 E Y 0 0 0
GLUT7_10 F 0 0 0
GLAST_10 EKPID M 0 0 0
PTEN_10 EDOH 0 0 0
B MAGI1-3/6
TMEM215_10 RWD 17 26 9
ARHGAP6_10 1/PDAL 56 62 6
DLL1_10 KDECV 5 10 5
ABC1_10 DEKV 98 102 4
PTEN_10 EDOH 23 23 0 \
TTC24_10 PME 12 12 0 ~
TANC1 10 PKRSF 6 0 % 2 7\/
TAX1_10 EKHF 14 8 6 w
MAS_10 v 18 10 8\
NET1_10 KR 128 75 -53
16E6L/V RTR 40
ADAM17_10 RVD c 0 0 0
VANG2_10  VMRL 0 0 0
ATP1A1_10 WVE Y 0 0 0
GLUT7_10 ASPA F 0 0 0 Gly663
GLAST_10 EKPID M 0 0 0
16E6_10 RTR L 0 0 0
Cc SCRIB-3/4
CYSLTR2_10 SVWLR 24 97 73
TANC1_10 PKRSF 21 82 61
TAX1_10 EKHF 42 102 60
ADAM17_10 RVD c 0 22 22
DLL1_10 KDECV 15 36 21
16E6_10 RTR L 157 172 15
ABC1_10 DEKV 18 33 15
GLUT7_10 ASPA F 44 57 13
NET1_10 KR 23 34 1
VANG2_10  VMRL 53 63 10
TMEM215_10 RWD 7 16 9
MARCH3_10 VKR 15 23 8 His27
TTC24_10 PME 7 12 5
MAS_10 v 22 24 2
ATP1A1_10 WVE Y 2 3 1
ARHGAP6_10 1PDAL 16 1 -5
GLAST_10 EKPID M 12 0 -12
16E6L/V RTR 93
FzD4_10 KPGK 0 0 0
PTEN_10 EDOH 0 0 0 (modelled

Gly30 structure)

Figure 0.8. L’influence de la boucle $2-33 des domaines PDZ sur la liaison des pep-
tides. Les colonnes indiquent de gauche a droite les noms des peptides, leurs séquences, les
intensités d'interaction en RU pour les peptides avec cinq et dix résidus "wildtype“ et la différence
de l'intensité d'interaction entre les deux versions de peptides. Pour chaque PDZ la partie de la
structure contenant la boucle 32-33 est montrée avec des résidus représentés en batons. Les acides
aminés dans les séquences et les structures sont colorés de la facon suivante: rouge = charge nega-
tive, bleu = charge positive, jaune = polaire, vert = hydrophobe. A. PDZ2 de MAGI1 lie avec une
affinité augmentée les peptides disposant de charges positives en amont de la position p-4 proba-
blement dii au quatre charges négatives dans la boucle (code PDB: 2104). B. PDZ3 de MAGI1 ne
montre pas de différence d’affinité entre des peptides courts et longs, probablement dii au quatres
résidus “neutres’ (des glycines) dans la boucle (code PDB: 3BPU). C. PDZ3 de SCRIB montre
une augmentation aspécifique d'affinité pour des peptides longs. La boucle est particulierement
longue et contient des résidus de chaque type physico-chimique.
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résultats dans un contexte plus large. A partir de cette analyse nous avons publié
une revue sur 'impact des séquences flanquantes des domaines PDZs et des PBMs
(sous presse). D’apres cette revue, il apparait que de nombreuses études ont mis en
évidence I'influence des séquences flanquantes sur ’affinité des interactions protéiques.
Pourtant, des expériences comparatives nécessaires pour évaluer si elles influencent
également la spécificité d’interaction n’ont pas été conduit. En conséquence, le travail
présenté dans cette these représente une contribution importante pour comprendre le
role que les séquences flanquantes jouent dans la spécificité des interactions. Cepen-
dant, plus d’études de ce type sont requises, qui viseront & déterminer et comparer
des affinités de liaison de divers peptides pour un domaine PDZ ou de divers PDZs
pour un peptide, en incluant idéalement des constructions de longueurs variées, afin de
mieux comprendre les niveaux différents de la spécificité des interactions PDZ-PBM
et leur modulation par des séquences flanquantes. Nous espérons que ce travail influ-
encera positivement la conception de futures études expérimentales et informatiques
pour explorer la spécificité des interactions PDZ-peptide en particulier, et celle des
interactions domaine-motif linéaire en général.
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Summary

Cell signalling describes all those biological processes that allow a cell to retrieve
external signals, to process and propagate them inside the cell, and to respond to
them. These processes substantially depend on proteins and their interactions with
each other. It has been found that many proteins that function in cell signalling
processes possess a modular architecture including short linear motifs (SLiMs) and
globular domains [1]. By definition, globular domains are contiguous sequence regions
in proteins that can independently fold into a tertiary structure [2]. SLiMs are short
sequence stretches in proteins (usually no more than ten residues in length) that pref-
erentially occur in disordered regions of proteins and adopt a secondary structure upon
binding [3]. SLiMs can bind to globular domains and wvice versa thereby mediating a
significant fraction of protein interactions that function in cell signalling.

Many different types of domain—SLiM interactions have been identified, of which
PDZ domain-mediated protein interactions are one of the most studied. PDZ domains
have been shown to function in cell polarity, membrane trafficking and generally in
protein complex organisation [6]. PDZs mainly recognise SLiMs that are situated at
the very C-terminus of proteins. Such PDZ-binding motifs (PBMs) usually carry a
hydrophobic residue at the last position (position 0). PBMs can roughly be divided
into three subgroups based on the residue at position -2 (Thr/Ser, Asp/Glu, or hy-
drophobic residues) [6]. About 270 PDZ domains and thousands of potential PBMs
have been identified in the human proteome. In numerous computational and experi-
mental studies researchers have tried to decipher the specificity rules that define which
PDZ domain will preferentially bind to which PBM. Insights gained from such studies
would allow for a better understanding of the structural mechanisms of protein recog-
nition in general and the design of valuable PDZ interaction predictors in particular.

Central to this thesis were two groundbreaking large-scale studies, published in high-
impact journals, that combined experimental and computational approaches to study
PDZ interaction specificities. Tonikian et al. [9] published phage display data estab-
lished for 54 human PDZ domains that they used to build position specific scoring
matrices (PSSMs) to screen the human proteome for potential binding partners to
these PDZs. MacBeath and co-workers [10] used microarrays combined with fluores-
cence polarisation to determine binding affinities between 157 mouse PDZ domains
and 217 mouse C-terminal peptides. They employed this data for PDZ interaction
predictor development [11].

In addition to those large-scale approaches, numerous single case structural studies
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on PDZ—peptide interactions have been published that suggest that sequence context,
e.g. regions in protein sequences that surround PDZs and PBMs, influence the binding
affinity. However, much less studies have provided information on whether and how se-
quence context may impact interaction specificities. Interaction specificity can only be
assessed by comparing binding affinities of one protein (or protein fragment) towards
its numerous potential interaction partners. A protein is specific if it displays for most
interaction partners weaker and just for a very few of them higher binding affinities.
Thus, specificity is a relative value in comparison to affinity, which is an absolute value.

In this thesis, we have addressed two main questions: first, how useful are state-of-
the-art PDZ interaction predictors for the prediction of PDZ-mediated protein-protein
interaction (PPI) networks? And second, does sequence context have any influence on
PDZ interaction specificity and if yes, what are the underlying mechanisms? In par-
ticular we were interested in investigating whether different levels of specificity might
exist between minimal interacting fragments, e.g. core PDZ domains and core PBMs,
and extended protein fragments (presenting additional flanking sequences).

We combined computational and experimental approaches to address the problem of
PDZ interaction specificities and their predictions. First, we focussed on phage display
data and its potential to be used for protein interaction predictions. We built PSSMs
based on the phage display data that had been published for 54 human PDZs [9],
applied these PSSMs to predict PDZ—peptide interactions and assessed the reliability
of the predictions via sequence analysis and statistics. This revealed that two thirds
of the phage display data displayed high proportions of hydrophobic residues leading
to very different sequence properties than those observed for cellular PBMs. Further
analysis suggested that the unnatural sequence characteristics of peptides derived from
phage display were likely to significantly impair prediction qualities. We speculate that
the different sequence properties observed between phage display and cellular PBMs
may arise from differences in experimental and natural selection procedures, the for-
mer being mainly affinity driven whereas the latter being driven by the need for weak,
yet specific linear motif-mediated interactions in cell signalling. We suggest that the
remaining one third of the phage display data analysed in this study, which did not
display a bias towards hydrophobic sequences may be very promising to be used for
PDZ-mediated PPI network predictions. Results of this study have been published
in [16].

Next, we turned to the predictor that had been published by MacBeath and co-
workers [11]. We assembled test data sets consisting of experimentally validated posi-
tive and negative PDZ—peptide interactions from the literature and used them to ob-
jectively assess the performance of this predictor. We developed a medium-throughput
protocol on a BIAcore instrument (based on surface plasmon resonance (SPR)) to ex-
perimentally validate predicted PDZ—peptide interactions and to assess the influence
of sequence context of PDZ domains and PBMs on the binding affinity and specificity
of their interactions. We measured more than 200 interactions between extended and
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core versions of C-terminal PBMs and 5 PDZ domain constructs, consisting of PDZ2
and PDZ3 of the human protein MAGI1 (membrane-associated guanylate kinase in-
verted 1), PDZ3 and PDZ4 of the human protein SCRIB as well as a tandem construct
comprising PDZ3 and PDZ4 of SCRIB. Benchmarking the predictor with the test data
sets revealed a high false positive rate (FPR) that was confirmed by our SPR data. We
identified weaknesses in the model definition and training process of the predictor that
may be responsible for the poor prediction performance. Nevertheless, after careful
experimental data analysis and literature searches, we were able to propose 11 new
potential binding partners for the PDZ proteins MAGI1 and SCRIB that strengthen
previous suggestions for their involvement in G protein signalling pathways.

PDZ—peptide interaction predictors are developed with the prospect to be applied
to PPI network predictions. Given the identified weaknesses in PDZ-mediated interac-
tion prediction, fully automatic derivation of PPI networks will be highly error-prone.
However, we could show that predictions of PDZ—peptide interactions combined with
manual analysis and experimental validation can result in the identification of new
potential interactions that are worth further experimental investigation.

Analysis of our SPR data also revealed that PDZ domains displayed altered bind-
ing affinities towards extended PBM sequences in comparison to core PBMs and that
these alterations could increase the binding specificity of PDZ—peptide interactions.
Structural studies on PDZ—peptide complexes performed in our group and by others
provided evidence for residue contacts between extended PBM sequences and the (32-
3 loop of PDZ domains [18]. Altogether, this suggests that the 32-$3 loop of PDZs,
although not being part of the canonical binding pocket, may be an important player
for PDZ interaction affinities and specificities. In addition, our experimental data
showed changes in binding affinity between single PDZ3 and PDZ4 of SCRIB and the
tandem construct, suggesting that these two PDZs influence the peptide binding of
each other and might form one globular unit, which may be called a PDZ ”supramod-

ule®.

Many interactions that we identified between core PDZ domains and core PBMs
(minimal interacting fragments) using SPR displayed very weak binding affinities.
These weak binding affinities were shown to (specifically) increase when extending
the minimal interacting fragments. Interestingly, the changes in binding affinity that
we observed due to fragment extensions were never at a scale where protein frag-
ments that did not bind to each other in their short version started to bind to each
other when being extended or vice versa. Thus, we conclude that quantitative binding
affinity data obtained for minimal interacting fragments is not necessarily valid for ex-
tended fragments or the corresponding full length proteins. However, the qualitative
results (i.e. binding or not binding) obtained for minimal interacting fragments should
in general be transferable to full length proteins. This study has been published in [19].

We intensively surveyed the published literature on instances of sequence context
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of PDZ domains and PBMs to put our findings within the wider context of this field.
Based on this analysis we published a review on sequence context of both, PDZs and
PBMs (in press). From this review, it emerges that many studies provide evidence
for influence of sequence context on the binding affinity of protein interactions. Yet
researchers do not perform the comparative experiments necessary to assess whether
this is also true for interaction specificity. Thus, the work presented in this thesis
represents an important contribution to our understanding of the role that sequence
context plays for interaction specificities. However, there is a clear need for more stud-
ies that systematically compare binding affinities between various peptides to a PDZ
domain or various PDZs to one peptide, ideally by varying construct lengths, to better
understand the different levels of specificity in PDZ-mediated protein interactions and
its modulation by sequence context. We hope that this work will positively influence
future design of computational and experimental studies to investigate the specificity
of PDZ-peptide interactions in particular and of domain-linear motif interactions in
general.
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Abstract

PDZ domains recognise C-terminal PDZ-binding motifs (PBMs) thereby mediating
many protein interactions that function in cell signalling. About 270 PDZs and thou-
sands of potential C-terminal PBMs have been identified in the human proteome.
What are the specificity rules that define, which PDZ will preferentially bind to which
PBM? This question has often been addressed by studying interactions between the
canonical peptide binding pocket of PDZs and short PBMs leading to the development
of numerous PDZ interaction predictors. However, it seems that the sequence context
(surrounding regions) of PDZs and PBMs, may contribute to interaction specificities
as well. Here, we addressed two questions: First, how reliable are PDZ interaction
predictors and second, does sequence context have any influence on PDZ interaction
specificity and what are the underlying mechanisms? We assessed two PDZ interaction
predictors, the first based on phage display data and the second, trained on mouse
PDZ-PBM interactions. We identified a bias towards hydrophobic sequences in the
phage display data impairing its application for predictor training. The second pre-
dictor displayed a high false positive rate, probably due to incorrect model definition
and insufficient training data. We developed a medium throughput protocol using
SPR to experimentally validate predicted PDZ-PBM interactions for the human PDZ
proteins MAGI1 and SCRIB. We could show that the weak prediction performances
can be bypassed with manual inspection and experimental validation resulting in the
identification of new potential interactions. Our experimental data also suggests that
PDZs can display increased binding specificities towards PBMs when their sequences
are extended, probably via involvement of the (2-f3 loop of PDZ domains. Our
results contribute to our understanding of the role that sequence context plays for
interaction specificities. We hope that this work will positively influence future design
of computational and experimental studies to investigate the specificity of PDZ-PBM
interactions.
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1. Protein interactions in cell signalling
processes

Cell signalling describes all those biological processes that allow a cell to retrieve ex-
ternal signals, to process and propagate them inside the cell, and to respond [20]. The
molecules that organise these processes include extracellular signalling molecules that
bind to receptor proteins that in turn activate intracellular signalling proteins. The
signal terminates in target or effector proteins, which as a result change themselves
or alter the state of the cell (e.g. by changing the transcription of genes). Such target
or effector proteins comprise (gene) regulatory proteins, ion channels, components of
metabolic pathways, cytoskeleton proteins and many more [20]. The overall process of
converting extracellular signals into intracellular responses, as well as the individual
steps in this process, is termed signal transduction [21].

In molecular biology reference books, cell signalling is often termed cell communi-
cation [20,21]. Indeed, in multicellular organisms most signals originate from commu-
nications between cells with the aim to organise concerted cell division, cell growth,
and differentiation, which are essential for tissue organisation [20]. Although cell sig-
nalling reached its complexity in multicellular organisms, the basic mechanisms must
have evolved in single cell organisms as they also had the need to communicate to other
unicellular organisms and to sense and respond to changes in their environment [21].
This is consistent with observations that many entities that mediate interactions be-
tween signalling proteins in multicellular organisms can also be found in bacterial
genomes and unicellular eukaryotic organisms, such as yeast, although they massively
expanded with the evolution of multicellular organisms (see section 2.3) (e.g. tyrosine
phosphorylation networks [22]). Interestingly, with increasing organism complexity,
the fraction of proteins involved in cell signalling processes increases while the fraction
of metabolic enzymes decreases [23]. The importance that cell signalling plays for
multicellular organisms is reflected by the estimate that probably more than 40% of
the human proteins are involved in signal transduction processes [24].

Almost all cell signalling processes are based on protein interactions. Therefore,
investigating cell signalling pathways means first of all to discover and understand
the underlying complex network of protein interactions. Researchers try in ongoing
efforts to establish a map of the human interactome, e.g. the totality of protein in-
teractions in a human cell, in analogy to the map of the human genome published in
2001 [25]. The total number of different protein interactions in a human cell is likely
to exceed the 10 million (following an estimate from Toby Gibson given in a talk in
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Garmisch-Partenkirchen, Germany, in 2010) when including post-translational mod-
ification (PTM) events such as phosphorylation (more than 170,000 phosphorylation
sites are annotated in phosphosite [26]). High-throughput (HTP) methods allow for
the rapid detection of thousands of protein interactions. However, such methods often
fail to detect transient signalling protein interactions or multiple protein complexes
and to differentiate between true and false positive hits [27]. Thus, we still seem very
far from obtaining a first draft of the complete human interactome.

Instead of searching for as many as possible interactions between any set of proteins
of a particular organism [28-30], a new trend emerged during the last ten years where
HTP methods were applied with the aim of obtaining ”sub-interactomes* related to
particular biological questions, e.g. a particular signalling pathway [31] or a particular
type of interaction domain [32]. Such approaches yielded interactomes of manageable
size and high accuracy allowing to derive novel insights into the biological functions
and properties of the investigated proteins and discovered interactions.
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2. Modular architecture of proteins
involved in cell signalling

2.1. The discovery of protein modules

Research on protein structures focussed for long time on enzymatic proteins consist-
ing of one single folded domain, which made them amenable for crystallisation studies.
This focus of structural biologists dramatically changed with the invention of a new
DNA sequencing method by Sanger and co-workers in 1977 [33,34]. Due to more
sophisticated DNA sequencing, the 80s were marked by a rapid increase in available
DNA sequences including whole genomes from diverse model organisms [24].

Newly sequenced DNA molecules had to be compared to the growing pool of known
DNA sequences for functional prediction purposes and homology searches. This raised
the need to be able to rapidly compare biological sequences and to reliably distinguish
between evolutionary related sequences and sequence similarity that had been found
by chance. Theoretical concepts for automated sequence comparisons were already
developed in the 60s with an important contribution from M. Dayhoff. She based her
studies on the idea that evolution mainly acts on protein sequences and thus, ances-
tral relationships (homology) between two genes can be best studied by comparing the
corresponding protein sequences with each other. Dayhoff developed the first matrix
for amino acid substitution scorings, the PAM matrix, that together with sequence
alignment algorithms like Needleman& Wunsch, allowed to calculate the likeliness that
two proteins were evolutionary related to each other. PAM and other substitution ma-
trices were later applied in the basic local alignment search tool (BLAST) algorithm,
a heuristic strategy employing local sequence alignments, that allowed to rapidly and
reliably search for homologous protein sequences in databases [35,36].

The application of local sequence alignment algorithms for protein homology searches
in huge sequence databases turned out to be biologically very meaningful as it led to the
discovery that proteins that were overall evolutionary unrelated nevertheless shared
regions of high sequence similarity. What was the structure and function of these
homologous regions? First, their study turned out to be difficult as these regions were
part of large proteins that were impossible to deal with in experimental assays. The
idea of splitting up such large proteins into structurally and functionally independent
domains largely improved their investigation by methods such as crystallography and
nuclear magnetic resonance (NMR) [2,37]. The identification of more and more of
such domains in protein sequences led to the introduction of the term protein module

34



2. Modular architecture of proteins involved in cell signalling

to describe and distinguish them from previously studied enzymatic domains [2].

Thus, the impressive progress in genome/proteome analyses and in structural biol-
ogy in the 80s had been the basis for the identification and classification of protein
modules [1,24]. Protein modules were first identified in extracellular proteins in the
80s [36]. The majority of intracellular modules were identified in the 90s with a peak
in module identification in 1995 and 1996 [36]. Logically, the most frequent modules in
proteomes were discovered first (WD40, SH2, SH3, ANK, RING, PH, PDZ, Fbox) [36].

2.2. Defining a protein module

Probably the first definition for a protein module has been given by Campbell and
co-workers [2]: A domain is probably best defined as a spatially distinct structural
unit that usually folds independently. In this definition, the sequence need not be
contiguous. Modules are a subset of domains that are contiguous in sequence and
that are repeatedly used as building blocks in functionally diverse proteins. They have
identifiable amino-acid patterns and can be described by a consensus sequence.” In this
definition, the two main characteristics of modules are highlighted:

e widespread occurrence in proteome (genetically very mobile);

e continuous sequence, detectable via sequence similarities.

Additional characteristics of protein modules have later been added and were originally
discovered in studies of src homology 2 (SH2) and src homology 3 (SH3) domains
[1,38-42]:

e 40-150 residues in length;

e tertiary structure that folds independently from surrounding sequences and that
is unique for each type of module;

e modules frequently bind to short sequence motifs.

Often, the identification of a module next to other modules within one protein se-
quence increased its likeliness to be a module [2]. Modules were seen as evolutionary
independent entities that function in single copies and in this regard clearly differ from
repeats [36]. The above cited general definition of a domain is strongly influenced by
structural aspects. Other definitions of domains exist, e.g. originating from biochem-
istry and genetics, where a domain is a "minimal fragment of a gene that is still able
to perform a certain function“ [36] but these definitions are not applied in this thesis.

The existence of different combinations of modules in proteins and their wide dis-
tribution in the proteome could not be explained by mechanisms like gene duplication
and diversification that had been used to explain evolution of purely enzymatic pro-
teins. Often, module boundaries were found to be consistent with exon boundaries.
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Thus, exon shuffling has been proposed as mechanism to explain module rearrange-
ments [2,37]. However, modules have also been identified in proteins of bacteria that
do not possess an intron-exon gene architecture [24]. Overall, module rearrangement
has been suggested to be a much more efficient mechanism for protein evolution than
gene duplication and subsequent modification [24].

Protein modules were often shown to bind to short stretches of sequences in partner
proteins, thereby mediating specific protein interactions. Unfortunately, the character-
isation of these short sequences lagged behind the module discovery. In 1998, Sudol [1]
suggested the protein recognition code as probably a first attempt in trying to clas-
sify and review those sequences that were later called short linear motifs (SLiMs).
The name highlights the fact that SLiMs miss any tertiary structural information and
thus, from a structural viewpoint are very different from globular protein modules
(see section 2.4). However, SLiMs and globular modules actually share the two main
characteristics of modules, e.g. continuous in sequence and widespread occurrence in
proteomes (see above). Thus, not only globular modules but also SLiMs contribute to
a modular architecture of proteins and therefore, the term module has been extended
to include both domains and SLiMs [3,43] (see Figure 2.1).

MOD_CDK_1 MOD_TYR_CSK

MOD_NMyristoyl LIG_SH3_4 LIG_SH2_SRC

Figure 2.1. Modular architecture of human proto-oncogene tyrosine-protein kinase Src.
Globular domains are illustrated in blue tones, SLiMs are illustrated in yellow/red tones. Domains
in Src were predicted using SMART [4], experimentally validated SLiMs in Src were extracted
from the ELM resource [5]. MOD_NMpyristoyl: N-myristoylation site, MOD_CDK_1: Ser/Thr
cyclin dependent protein kinase (CDK) phosphorylation site, LIG.SH3_4: SH3 domain binding site,
LIG_.SH2_SRC: SH2 domain binding site, MOD_TYR_CSK: Tyrosine phosphorylation site for C-Src
kinases (CSK). CD=catalytic domain.

2.3. Protein modules and cell signalling

Protein modules have not been identified in phylogenetically ”old“ proteins, such as
many metabolic enzymes [2]. Eukaryotic proteins are on average much longer than
prokaryotic proteins owing to their multidomain character [36]. Yeast is a unicellular
organism that has more than 20 SH3 domains, several PH and WW domains, and
numerous repeats (WD40, ARM, ANK, TPR, ...). However, these modules are much
more frequent in multicellular organisms and some other types of modules are com-
pletely missing in yeast (e.g. the phosphotyrosine binding domains PTB, SH2) [24].
Studies have shown that modularity is clearly over-represented in regulatory pro-
teins [24]. All these observations indicate that modular architecture of proteins rather

36



2. Modular architecture of proteins involved in cell signalling

appeared ”later“ in protein evolution, together with the need for more sophisticated
cell communication in multicellular organisms. Protein modularity is a property in-
herent of proteins involved in cell signalling.

2.4. Current understanding of domain—linear motif
interactions

In this thesis, I only refer to domains that are globular modules and thus, for simplifi-
cation, the term ”domain“ will be used hereafter instead of the very precise and more
technical term globular module. The last ten years have seen an amazing increase
of interest for domain-linear motif interactions in various research areas including
structural biology, biochemistry, systems biology, and computational biology. Many
large-scale studies focussed on the discovery of whole interaction networks that are
mediated by domains and SLiMs (see section 6.4.3). The properties of domain—linear
motif interactions are defined by the characteristics of the entities, the domains and
SLiMs, that establish them. The properties of domains have been introduced in the
previous paragraphs. A few more words remain to be said about the characteristics
of linear motifs. Davey et al. [44] recently reviewed attributes of linear motifs. They
systematically analysed the content of the eukaryotic linear motif (ELM) resource, a
collection of experimentally validated linear motif instances (see section 6.4.2). This
analysis revealed that linear motifs are on average six residues long ranging from just
one residue in length to up to 23. On average, four residues of SLiMs show some degree
of sequence conservation whereas the remaining positions are completely variable (see
Table 2.1). Linear motifs mainly occur in disordered regions of proteins [45] or more
rarely in disordered loops of structured regions [46].

name in ELM resource interacting domain regular expression
LIG_SH3_1 SH3 [RKY]..P..P
LIG_14-3-3_1 14-3-3 R.["P]([ST))["P]P
LIG_PDZ_Class_1 PDZ ...[ST].[ACVILF]$
LIG_SH2_STAT3 SH2 of STAT3 (Y)..Q
LIGCWW_1 WW PPY
MOD_CK2_1 kinase domain of CK2 ..([ST])..E

Table 2.1. Examples of SLiMs. A few representative examples of SLiMs that are stored in the
ELM resource [5] are given. Interpretation of characters in regular expressions: " [XYZ]": residues
X, Y, or Z are possible at this peptide position; ".": any residue possible; " “X": residue X is not
allowed at this peptide position; "$*: C-terminus; " (X)*: residue X is phosphorylated.

Most of the available structures of domain—linear motif complexes in the protein
data bank (PDB) [47] reveal that linear motifs adopt a secondary structure upon
binding [44]. Linear motifs have been grouped into four categories by the curators of
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the ELM resource, those that mediate protein interactions (e.g. SH3-binding motifs),
those that are sites for PTMs (e.g. phosphorylation), those that target proteins to
subcellular compartments (e.g. to the nucleus) and those that mark cleavage sites in
proteins (e.g. for caspases) [3]. Given the short binding interface that linear motifs
provide for mediating protein interactions, it is not surprising to see that domain—SLiM
interactions are usually of weak micromolar affinity (1 to 150 uM). However, with such
weak binding affinities, domain—SLiM interactions fit to the need for transient protein
interactions in cell signalling [3,48,49].
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domains

Protein interactions that are mediated by PDZ domains are probably one of the most
studied types of domain-linear motif interactions to date. More than 1,000 articles,
including about 80 reviews, are indexed in Pubmed that have the word PDZ in their
title. PDZ domains were first identified in 1992 in the mammalian proteins nitric
oxide synthase (nNOS), postsynaptic density protein 95 (PSD-95), membrane protein
palmitoylated 1 (MPP1), and the Drosophila protein discs-large (DLG) [50]. They
have been termed ” GLGF-repeat “ following the very conserved sequence motif of the
carboxylate binding loop (see paragraph 3.2.2) [50]. One year later, this name had
been changed into discs-large homology region (DHR) domain [51]. The breakthrough
probably came in 1995 with a first systematic search for this type of domains in public
sequence databases using flexible pattern methods [52]. This revealed 27 additional
occurrences of DHR domains in intracellular proteins providing first evidence that this
domain seemed to be very common in the human proteome. In a comment on this
study published the same year, Kennedy [53] suggested the name PDZ “to better reflect
the origin and distribution of the domain “. The name PDZ had been derived from the
initials of the three proteins PSD-95, DLG, zonula occludens protein 1 (ZO-1) that
were within the first proteins where PDZ domains had been identified.

PDZ domains were first discovered in invertebrate and vertebrate proteins. Ponting
[54] further revealed a few occurrences in bacterial, yeast, and plant proteins. However,
the few PDZ domains identified in S. cerevisiae and S. pombe genomes shared very low
sequence similarity with metazoan PDZ domains questioning their overall function as
protein recognition modules [6]. Thus, it has been proposed that PDZ domains entered
the kingdoms of bacteria and plants via horizontal gene transfer [6,54]. Together with
the widespread occurrence of PDZ domains in metazoa, these observations have led
to the assumption that PDZ domains might have evolved with multicellularity [6].

An ongoing disagreement exists about the actual total number of PDZ domains in
the human proteome. Published numbers vary from about 250 up to more than 900.
Several publications indicate that there are about 270 PDZ domains in the human
proteome distributed over about 150 proteins [55,56]. These numbers are consistent
with our own findings (presented in our review on sequence context, chapter 10 and
corresponding suppl. data, section D.3).
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3.1. Structural aspects of the PDZ domain

The repertoire of structures on PDZ domains deposited in the PDB is immense
(see Figure 3.1A) providing us with a unique perspective on the structural diversity
that exists within one protein domain family. Many structures from PDZ domains
were contributed from structural genomics initiatives, e.g. the Riken Structural Ge-
nomics/Proteomics Initiative in Japan (http://www.rsgi.riken.go.jp) or the Structural
Genomics Consortium in Great Britain (www.thesgc.org). Structures solved by ini-
tiatives represent a source of structural information that is largely unexplored and

overlooked because usually no article accompanies publication of those structures in
the PDB.
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Figure 3.1. Structural aspects of PDZ domains and peptide recognition. A: Available
structural information on PDZ domains. Diagram that illustrates the number of human PDZ
domains for which there is at least a structure of a PDZ domain in the PDB with X % sequence
similarity based on local sequence alignments from BLAST searches (e.g. for 152 human PDZs
there is a structure of a PDZ in the PDB with at least 80% sequence similarity.) B: Canonical
fold and C-terminal peptide recognition of PDZ domains. Structure of the PDZ domain of AF6
bound to a C-terminal peptide (LFSTEV) derived from the Bcr protein (PDB ID: 2AIN [7]). The
secondary structure elements, peptide positions, and the common signature of the carboxylate
binding loop (GbGd where ¢ represents a hydrophobic residue) are indicated. Green dashed
lines represent hydrogen bonds that are established between Val at peptide position p0 and the
carboxylate binding loop. C: Recognition of the C-terminal peptide residue. Domain and peptide
atoms are shown in black and blue, respectively. Hydrogen bonds that are established between the
C-terminal Val residue of the peptide and the carboxylate binding loop of the PDZ domain are
indicated with red dashed lines. Figure C has been adapted from [6], and is based on a complex
structure of PDZ3 of PSD-95 [8].

3.1.1. The canonical PDZ fold

The core PDZ fold mostly consists of 80 to 90 residues. The first liganded and un-
liganded structures of PDZ domains have been published in 1996 [8,57]. The fold
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of PDZ domains has been described as an antiparallel 3 barrel structure [57] or a 3
sandwich [8] comprising 5 to 6 (3 strands and 1 to 2 « helices (see Figure 3.1B). Apart
from the secondary structure elements there are two further very conserved structural
features in the PDZ fold (see Figure 3.2). The carboxylate binding loop (1-32 loop)
has the conserved sequence [KR]...G®G® where . denotes any amino acid and ® a hy-
drophobic residue, mostly Leu and Phe at the first and second hydrophobic position,
respectively. The distance between the conserved positive charge and the G®GP motif
is mostly of three residues but can also be of only two residues or much longer. This
carboxylate binding loop has important ligand recognition functions (see paragraph
3.2). The second conserved feature is the dipeptide Gly-Asp located N-terminal to the
fourth 3 strand that probably is important for the stability of the fold.

carboxylate
T binding loop 1
Z01_3.3 SMKLVKIFRKIGD- - - SVGLRLAGGND- - - - - - - - - - ------- VGI FVAGVLED
DLG4_2 3 KVMEI KL I GP--KGLGFIIAGGVGNQH ---------- IPGDNSIIVTKIIEG
PICK1_1_1 VPGKVTLQWIDAQ- NLIIGISIIGGGAQY - - - - ---=-------- CPCIL¥ I VQVEDN
NOS1_1_1 NV I SVRLFKIRKV- GGLGFLVKERVSK---------------- PPV I ISDLIRG
NHERF2_2_ 2 RPRLCHLR GP--QG.GFNL SDKSR- - - ---------=---- PGQ.IRSVDPG
ERBIN_1_1 QEIRVRVEKDP- - - ELGFSIISGGVIGGRGNP - - - - - - - FRPDDDGI FVTRVQPE
DLG1_1_3 E.EEITLE GN- - SGLGFSIAGGTDNPH- - -------- IGDD.SIFITKIITG
MAGI1_2_6 KFIHIKLR SS--RGFGFHRVVGGDEP- - ------------- DEFILQIKSILVLD
HTRA2_1_1 - - - - SGISGSQRRYIGVMMLTLSPSILAELQLREPSFPDVQ.GVLIHKVILG
SCRIB_.3_.4 PVEEIRLPRAG- - GPLGLSIVGGSDHSSHP- - --- - - FGVQEPGVFISKVLPR
AF6_1_1 EEITVTILKKQN- - - GMGLS | VAAKIGAGQ- - - ------- - - DKLGI.VKSVVKG
SNTA1_1_1 QRRRVTVRKIADA- GGLGISIKGGREN- - - - - - - -------- KMP I LI SKII FKG
DVL1_1_1 V.VTLNME HH- - - FLGISIVGQSNDR- - ----------- GDGGI.IGSIMKG

— 52 e

Z01_3 3 SPAAK- EGLEEGDQ I LRVINNVDFTN/I IR AVLFLLDILPK- GEEVT I LAQKKK
DLG4 2 3 [GAAHKDGRLQIGD|K I LAVNSVELEDVM AVAALKRINElY - - - DVVY LKV AKE S
PICK1_ 11 TPAALDGTVAAGD|EITGVNGR s/I/kGk VAKMIQEVK- - - GeMT I HYINKILQ
NOS1_1_1 GAAEQSGLIQAGD I I LAVNGRPLVDL SALEVL GIAS——ET.VVLIL GP
NHERF2_2 2 SPAARSG- LRAQDRLI EVNGQNVEGLRHA VVA.I ARE---DEARLLVVDPE
ERBIN_1_1 GPA.KL—-LQPG KIIl IQANGY SFINIEHGQAVSLLKTFQ---NTVELIIVREV
DLG1_1_3 GAAAQDGRILRVNPBICILRVNEVDVRDV SKAVEALKIEAG- - - SIVRLYVKRIR K
MAGI1 2. 6 GPAALDGKMETGBlv IV sVNDTcV LG ABIV VK1 FQslIP1-GAsvDlLELCRIGY
HTRA2_1_1 SPAHRAG- LRPGDVILAIGEQMVQ- - NABDVNY EAVRITQS- - - - QLAVQI RRIGR
SCRIB_ 3 4 GLAARSG- LRVGDRI LAVNGQDVRDAMHQEAV SALLRPIC--- LELSLLVRRIDP
AF6_1 1 GAADVDGRILAAGDlQLLSVDGRSILVIGLSQERAAELMT RS- - - svvTLEVAKQG
SNTA1 1 1 LAADQT EAILFVG AILSVIGEDLSSA AVQVLIK G- - - KEMVILEVMKYMK
DVL1 1 1 GAVAADGRI EPGBIML LoVNDV NFENMSINDDAVRV LRIENV saT@P 1 sLTVARCw
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Figure 3.2. Multiple alignment of a few representative human PDZ domain sequences. The
names of the proteins containing the PDZ domains as well as the numbers of the PDZ domains
are indicated at the beginning of each sequence. Location of secondary structure elements are
indicated below the alignment with black arrows representing (3 sheets and tubes representing «
helices. Secondary structure assignment has been based on the structure of PDZ2 of MAGI1 (PDB
code: 2KPK). Residues are coloured following the ClustalX colour scheme [58].
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3.1.2. PDZ-like folds

A few PDZ domains have been subject to circular permutation, a mechanism by which
the order of secondary structure elements of a domain is altered without altering the
overall fold of that domain [59]. Circularly permuted PDZ domains have been observed
in human in the high-temperature requirement A (HtrA) family of proteases [60],
the Golgi-reassembly stacking protein 2 (GORASP2) [61], and eventually in the 26S
protasome subunit PSMD9 (own observations based on sequence alignments) as well
as in several bacterial PDZ domains [62,63] and in the plant photosystem II D1 C-
terminal processing protease [64] (see Figure 3.3). For a few of those instances it
could be demonstrated that they are still able to recognize C-terminal or internal
ligands (see paragraph 3.2). The structure of the PDZ domain of the extracellular
cytokine interleukin 16 (IL-16) deviates from canonical PDZ domains by displaying a
smaller carboxylate binding loop and an occluded peptide binding pocket prohibiting
C-terminal ligand recognition [65]. There is no established standard to decide whether
domains with such unusual PDZ-like folds and/or altered functions should still be
considered as PDZ domains or not. In this respect, the exact number of PDZ domains
of the human proteome will be further subject to small adjustments.

AF6 PDZ EpsC PDZ GORASP2 PDZ

Figure 3.3. Comparison of canonical and circularly permuted PDZ folds. The structure of
the human PDZ domain of AF6 (PDB code: 2AIN) serves as an example for a canonical PDZ fold.
The PDZ domain of human HtrA2 (PDB code: 2PZD), of bacterial EpsC (PDB code: 214S), and
of human GORASP2 (PDB code: 3RLE) display circularly permuted PDZ folds. All structures are
coloured with a "rainbow " colour scheme, starting with blue at the N-terminus, over cyan, green,
yellow, and orange to red at the C-terminus. In addition to the circular permutation, the PDZ
domains of HtrA2 and EpsC possess additional secondary structure elements.
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3.2. Types of interactions engaged by PDZ domains

3.2.1. Recognition of C-terminal ligands by PDZ domains

Shortly after the discovery of PDZ domains, researchers identified the first sequences
that were recognized by PDZs [66,67]. These were C-terminal sequences, a property
that turned out to be common for most of the ligands of PDZ domains identified so
far. Hereafter, I will refer to the short sequences that are recognized by PDZ domains
as ligands, peptides, or PDZ-binding motifs (PBMs). PBMs bind via 3 augmentation
to PDZ domains, e.g. PBMs adopt a 3 strand that pairs in an antiparallel manner
with the 32 strand of the PDZ domain (see Figure 3.1B). Several hydrogen bonds
are established between backbone atoms of the peptide and backbone atoms of the
PDZ domain as can be observed for typical f sheets. The peptide binding pocket of
PDZ domains is formed by residues from the carboxylate binding loop, the 32 and 33
strand, the 32-B3 loop, and the &2 helix [8]. The structure of PDZ domains change
very little upon peptide binding as demonstrated by small root mean square deviation
(RMSD) values between the « carbons of apo and holo structures [68].

Based on the recognition of C-terminal SLiMs, peptide positions are numbered start-
ing from the last residue (position 0, p0) going backwards (p-1, p-2, and so forth). The
last residue of C-terminal PBMs is almost always a hydrophobic residue, mainly Val,
Leu or Ile. This residue inserts into a hydrophobic pocket that is mainly formed by
PDZ residues from the carboxylate binding loop, the &2 helix and the (2 strand.
The carboxylate group of the C-terminal residue of the PBM is hydrogen-bonded to
backbone amides of the GPGP motif (see section 3.1.1) as well as to an ordered water
molecule that is stabilised via a hydrogen bond with the conserved positively charged
residue of the carboxylate binding loop (see Figure 3.1C). These conserved interactions
determine the C-terminal peptide selectivity of PDZ domains [8]. Remarkably, the
recognition of the terminal carboxylate group does not involve any direct salt bridges
in contrast to other carboxylate recognition domains [6]. Thus, it appears that the
chemical recognition of the C-terminus is less important than its spatial recognition.
This probably provides two advantages: first, binding affinities remain moderate and
second, non-specific recognition of C-termini is hindered [6,69].

The residue N-terminal to the last residue, at position p-1, is generally very vari-
able. In some PDZ complexes residues at p-1 have been observed to point to the
solvent [8], in others they contact neighbouring PDZ domain residues from the «2 he-
lix, B2 strand or 33 strand thereby often establishing electrostatic interactions [70,71].
Different PDZ domains have been shown to have different preferences for residues at
this peptide position. However, the presence of disadvantageous residues at peptide
position -1 has usually not been observed to interrupt binding [70,72]. Very different
opinions exist about the eventual role of position p-1 for the specificity of PDZ—peptide
interactions.
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The residue at peptide position -2 has been found to be key for the classification of
all C-terminal PBMs into three different classes [6]. Mutations of residues at p-2 into
Ala usually abrogate binding, indicating that like position 0, this is a key position for
peptide recognition by PDZ domains [67]. The first PBMs identified carried a Ser or
Thr at p-2 [66,67] that establish with their hydroxyl group a hydrogen bond to a His
situated right at the beginning of the a2 helix [8]. It has been proposed that PDZ
domains with a His at this helix position are likely to prefer PBMs with a Ser or Thr
at p-2 [70]. Thus, researchers tempted to not only group these PBMs but also the
”corresponding “ PDZ domains into class I (see Figure 3.4A). In addition, Songyang et
al. [70] observed in a phage display study that Tyr at p-2 might be able to perform the
same function as Ser or Thr residues. In the same study, a second class of PBMs had
been identified that displayed hydrophobic or aromatic residues at p-2. PDZ domains
that prefer peptides with hydrophobic residues at p-2 possessed different residues than
His at the first position of the &2 helix [70]. Structures of PDZ domains complexed
to class II peptides reveal interaction of hydrophobic/aromatic residues at p-2 with
hydrophobic residues or residues with aliphatic portions (e.g. Lys) of the &2 helix (see
Figure 3.4B and C).

class | class Il class Il class Il

Figure 3.4. Recognition of different subclasses of peptides by PDZ domains. Relevant
peptide and domain residues are shown in orange and blue, respectively. Hydrogen bonds are
indicated by green dashed lines. A: Recognition of C-terminal peptides of class | having a Ser or
Thr at p-2 that establish a hydrogen bond with a His from the o2 helix of the PDZ domain (PDZ3
of PSD-95 complexed to CRIPT peptide, PDB code: 1BE9). B and C: Recognition of C-terminal
peptides of class Il having a hydrophobic residue at p-2 that interacts with aliphatic portions of
side chains from residues of the &2 helix (PDZ3 of Par3 complexed to vascular endothelial cadherin
peptide (PDB code: 2KOH) and PDZ of PICK1 complexed to GluR2 peptide (PDB code: 2PKU)).
D: Recognition of C-terminal peptides of class Il having an Asp or Glu at p-2 that establishes a
hydrogen bond to a Tyr from the 2 helix of the PDZ domain (PDZ of nNOS complexed to a
synthetic peptide (PDB code: 1B8Q)).
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A third class of PBMs had been simultaneously identified by peptide library screens
[73]. Class III peptides display negatively charged residues (Asp or Glu) at position
-2. The first published structure of a PDZ domain bound to a class III peptide showed
that the Asp at p-2 established hydrogen bonds with Tyr at the beginning of the &2
helix (see Figure 3.4D) [74]. Consistently, Songyang et al. [70] observed in their phage
display study the selection of peptides with Tyr at p-2 by PDZ domains with nega-
tively charged residues at the first position of the a2 helix. Interestingly, mutation of
Tyr to His in the «2 helix of the PDZ domain of nNOS switched its preference from
class IIT peptides to class I peptides [73].

A few examples demonstrate that some PDZ domains are of dual specificity, e.g.
they can bind PBMs of more than one class. The third PDZ domain of the cell polar-
ity protein Par3 and the PDZ domain of protein interacting with C kinase 1 (PICK1)
can bind to class I and class II peptides [75,76]. The PDZ domain of nNOS has been
shown to bind class II and class III peptides [74]. Dual specificity of PDZ domains
provides a first glimpse of the plasticity of PDZ domains for ligand recognition and
the complexity of this issue. In section 5.6, I introduce more in detail the controversial
subject of PDZ interaction specificity.

As it has been observed for position -1, residues at position -3 are very variable.
Again, different PDZ domains display different preferences for residues at p-3. Whereas
in some structures, residues at p-3 point to the solvent, in other structures often electro-
static contacts could be observed to PDZ domain residues from the $2-3 sheet [8,72]
or the $2-p3 loop [77].

Up to now, no clear consensus exists between researchers in the PDZ field about the
actual length of PBMs. A few structures of PDZ-peptide complexes indicate that only
the last three peptide residues might be sufficient for binding to PDZ domains [78,79].
Clearly, the last four peptide residues insert into the peptide binding pocket between
the 32 strand and the «2 helix. In some structures and experimental binding assays
residues at peptide position -4 have been observed to contribute to the binding affinity
mainly by contacting PDZ domain residues from the $2-f3 loop but sometimes also
from the o2 helix or the $2-$3 sheet. A considerable amount of studies demonstrate
that some PDZ domains show preferences for certain amino acids at certain peptide
positions far upstream position -3 [9,70,72] and solved structures provide the molecu-
lar details for these observations (see our articles presented in chapter 7 and 9). In our
review (see chapter 10), we extensively discussed the published literature presenting
cases of such extended PBMs.

The discussion about the binding affinity range of PDZ—peptide interactions is sim-
ilarly controversial. Early studies often indicated dissociation constants for PDZ-
peptide interactions in the nanomolar range [70]. Though, such high affinity values
have been observed for artificial peptides, cellular PDZ—peptide interactions were later
suggested to be in the low micromolar range (1-10 uM) [6,80]. More recent studies
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indicate that much lower binding affinities (down to 100 M or even beyond) between
PDZ-peptide interactions are actually likely to occur [10, 81, 82] (see also our arti-
cle in chapter 9). Such low affinity interactions are most probably relevant as they
have consistently been observed for other types of domain—SLiM interactions [3] and
extensions of core PDZ domain constructs and peptides led to increases in binding
affinity suggesting that PDZ domain-mediated interactions of full length proteins may
be stronger (see chapters 9 and 10).

3.2.2. Recognition of internal ligands by PDZ domains

In contrast to the clear and well established rules for C-terminal peptide recognition,
internal ligands bound by PDZ domains have resisted all attempts of classification.
The first identified instance of internal ligand binding by PDZ domains has been highly
studied (for a review see [55]). The PDZ domain of nNOS possesses a {3 hairpin struc-
ture in its C-terminal extension that inserts into the binding pockets of the syntrophin
PDZ domain and a PDZ domain of PSD-95 [83]. Structural analysis and phage display
studies revealed that the sharp turn of the 3 finger apparently replaces the structural
requirements of a C-terminus [83,84]. Although unexpected, it appears that this re-
mained the only example where the structural context of an internal ligand determined
its binding capabilities to PDZ domains [6].

Probably three examples exist where the carboxylate group of an Asp side chain in
an internal ligand might replace the function of the carboxylate group of C-terminal
ligands. A very detailed structural analysis has been performed by Penkert et al. [85]
on the cell polarity protein Par6 PDZ domain bound to a C-terminal and internal
ligand. Zhang et al. [86] assessed the capabilities of dishevelled protein (Dsh) to bind
to internal ligands using phage display and crystallography. More ambiguous results
have been obtained by Lemaire and McPherson [87] on an interaction between nNOS
and Vacl4 (scaffolding protein for the phosphatidylinositol 3,5-bisphosphate regula-
tory complex). It seems that apart from the aspartic residue and maybe a hydrophobic
position right before, no other common sequence characteristics are shared by the in-
ternal ligands identified in these studies (see Table 3.1).

PDZ peptide peptide sequence PDB code

NOS Vacl4 GDHLDRR no structure
Par6 Palsl YPKHREMAVDCP 1X8S
Dsh2  pepN1 WKDYGWIDGK 3CBY
Dsh2 pepN2 SGNEVWIDGP 3CBZ
Dsh2  pepN3 EIVLWSDIP 3CC0

Table 3.1. Internal PBMs with Asp at peptide position 0. The peptide sequences have been
aligned based on the Asp that replaces the carboxylate group of C-terminal PBMs.
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Yet other examples of internal motif recognition have been observed for the PDZ do-
mains of Dsh (binding to Frizzled) [88] and of the protease HtrA2 [60]. In both cases
no negatively charged residues nor loop contexts could be identified. Interestingly,
HtrA2 represents a case where sequence similarities were detected between C-terminal
and internal ligands derived from phage display libraries, consisting of a patch of three
hydrophobic residues that were important for binding [60]. Numerous internal ligands
were revealed from a search for binding partners of all C. elegans PDZ domains [89]. As
has been the case for previous studies, sequence analyses did not reveal any conserved
features in these ligands and their biological functions remain to be demonstrated. It
also cannot be exluded that there are some cases where identified internal ligands are
likely to be artefacts [90,91].

The recognition of internal ligands by PDZ domains though largely ”understudied“,
is likely to be of biological importance. Comparison of structures of PDZs either com-
plexed to internal or C-terminal peptides [85,86] and careful analysis of phage display
data combined with molecular modelling [92] illustrates the structural plasticity of
PDZ domains and their ability to possess multiple specificities.

3.2.3. Binding of lipids by PDZ domains

A more recently discovered feature of PDZ domains is their capability of binding
to phospholipids (phosphoinositides) that participate in the regulation of the local-
isation and active state of protein signalling complexes. Studies on different PDZ
domains revealed diverse binding sites and mechanisms by which lipids are recognized
by PDZ domains. In general, proteins can either specifically recognize phosphoinosi-
tides, or bind unspecifically to membranes via electrostatic interactions (phospholipids
are strongly negatively charged) or establish hydrophobic interactions via membrane
penetration. These different modes of membrane binding complicate the study of
PDZ-lipid interactions [93] and thus, from present studies no clear picture emerged
about the influence of lipid binding by PDZs on C-terminal peptide recognition. Most
likely, this will strongly depend on the particular PDZ domain under investigation as
indicated by Gallardo et al. [93] in a review on this topic.

In a very recent large-scale study Chen and co-workers [94] assessed for more than
70 mammalian PDZ domains their lipid-binding capabilities using surface plasmon
resonance (SPR). About 40 % of the tested PDZ domains showed lipid binding with
an astonishing affinity of better than 1 pM indicating that lipid binding by PDZs
might be a more general property. They grouped the lipid-binding PDZ domains into
two classes, one with a main cationic patch on their surface without overlap with the
peptide binding site, and the other with a cluster of cationic residues that partially
overlapped with peptide binding residues. Interestingly, Rhophilin2, a member of the
second class, showed more specific binding to a cognate PBM in the presence of lipids.

47



Part I. Introduction

3.2.4. PDZ-PDZ interactions

The probably best studied example of a PDZ-PDZ interaction involves the PDZ do-
main of nNOS. As mentioned in section 3.2.2 nNOS has C-terminal to its PDZ do-
main a 3-hairpin that is recognized by PDZ domains from ol-syntrophin and PSD-
95 [83,95]. Although used as a prototype for PDZ-PDZ interactions throughout the
"PDZ literature®, interactions mediated by the {3-hairpin of nNOS do, in my opinion,
not strictly correspond to this type of interaction. The (-hairpin of nNOS does not
seem to be important for the binding of C-terminal peptides to the nNOS PDZ domain
nor for the structural integrity of this PDZ. Thus, the 3-hairpin may not be consid-
ered as a part of the PDZ domain. Under this regard, interactions between nNOS
and ol-syntrophin or PSD-95 should rather be considered as cases of internal ligand
recognition than PDZ-PDZ interactions.

Nevertheless, there are many other examples that indicate the potential of some PDZ
domains to form homo-dimers, e.g. PDZ domains of sodium-hydrogen exchanger regu-
latory factor 1 (NHERF1) [96], glutamate receptor-interacting protein 1 (GRIP1) [97],
SH3 and multiple ankyrin repeat domains protein 1 (SHANK1) [98,99], ZO-1 and ZO-
2 [100-102]. However, the biological significance and structural mechanisms of dimeri-
sation remain to be demonstrated for some of these cases. Based on crystallographic
studies, Zhang et al. [71] proposed a homo-dimer formed by PDZ2 (out of six PDZs)
of membrane-associated guanylate inverted (MAGI)1. However, this dimer is likely to
be an experimental artefact as it could not be observed between extended constructs
of PDZ2 (see our NMR study in chapter 7).

New insights into PDZ-PDZ interactions were provided from a recent large-scale
study performed in the MacBeath lab [103]. About 150 mouse PDZ domains were
tested for their abilities to bind other PDZs, leading in total to more than 12,000
interaction tests that had been performed. Positive hits were consequently confirmed
with fluorescence polarisation (FP) measurements. About 30 % of all PDZ domains
tested displayed at least one interaction with another PDZ domain (including homo-
dimers). In total, 37 PDZ-PDZ interactions had been identified and quantified (with
binding affinities below 25 uM) and of those 11 were tested and successfully validated
in a full length context. Interactions mediated via C-terminal ligands were unlikely to
have occurred because all PDZ constructs were checked for C-termini that eventually
carried PBMs and in such cases, triple Gly had been added to the construct to prevent
C-terminal peptide binding. Contrary, the possibility cannot be excluded that some
of these identified interactions are actually interactions between PDZ domains and
internal ligands. All PDZ constructs have been designed with a 30 residue C-terminal
extension. Such extensions might bear the potential of internal ligand binding as in
the case of nNOS.
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3.2.5. PDZ—non-PDZ domain interactions

Two interesting single case studies exist that provide evidence for interactions between
PDZ and phospho-tyrosine binding (PTB) domains [104,105]. The PTB domain of
Numb, a protein involved in neurogenesis, has been shown to bind to two interaction
regions in the E3 ubiquitin ligase LNX1 [105]. The first comprise a phospho-tyrosine
motif, the second consists of the first PDZ domain of LNX1. The recognition of both
binding sites increased the binding affinity between both proteins and were necessary
for the ubiquitination of Numb by LNX1 [105]. The binding interface of the PTB
domain for the PDZ domain of LNX1 has been mapped to an 11 residue-long stretch
(EFKFFKGFFGK) that constitutes an insertion in two of four isoforms of human
Numb. It is unclear whether this region can bind as an internal ligand into the pep-
tide binding pocket of the PDZ domain of LNX1 or whether a distinct binding interface
of the PDZ domain is employed.

Richier et al. [104] described an interaction between the fourth PDZ domain of the
human cell polarity protein SCRIB and the PTB domain of the nitric oxide synthase 1
adaptor protein (NOS1AP). Interestingly, both rho guanine nucleotide exchange factor
7 (ARHGEF7) that binds via a C-terminal PBM to the third PDZ domain of SCRIB
[106] and NOSIAP are necessary for the activation of the guanosine triphosphate
(GTP)ase Racl via SCRIB [104]. Thus, SCRIB could function here as a scaffold
protein that brings ARHGEF7 and NOSIAP into close proximity to jointly activate
the Racl signalling pathway.

3.3. Biological functions of proteins that contain PDZ
domains

Often, PDZ domains are mentioned to repeatedly occur within one protein chain.
However, it seems that this property is less general than thought as about 75 % of
all human PDZ domain-containing proteins (short ”PDZ proteins®) contain only one
PDZ domain (see Figure 3.5). This prevailing view may originate from a few intensely
studied multiple PDZ proteins that are recurrently mentioned in the next paragraphs.
PDZ domains co-occur with several other types of globular domains in proteins, e.g.
the membrane-associated guanylate kinase (MAGUK) family of proteins contains a
conserved triplet of domains consisting of a PDZ, an SH3 and a guanylate kinase
(GK) domain [107]. This family of proteins has currently 16 members including the
DLG proteins and the ZO proteins. The MAGI proteins lack the SH3 domain and
present the PDZ and GK domain in inverted order. Thus, they should not be consid-
ered as MAGUKSs contrary to assertions in the published literature [108]. Other types
of domains that frequently co-occur with PDZ domains in proteins are ankyrin, LIM,
L27, C2, PH, WW, DEP, and LRR domains [80]. Some enzymatic activities have been
observed in PDZ proteins, e.g. serine-threonine kinase, phosphatase, protease, guanine
nucleotide exchange factors (GEFs) and GTPase activities [80].
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Figure 3.5. Distribution of numbers of PDZ domains per protein in the human proteome.
The data used to create the plot has been derived from [56].

Clearly, the multidomain character of PDZ proteins largely determines the functions
of these proteins. They have been found to be mainly cytosolic proteins that assist
in the assembly and localisation of protein complexes that participate in intracellular
signalling pathways [6]. As it seems that these proteins serve as an initial platform
for protein complex assembly, the term scaffold has been recurrently used to describe
this important functionality of PDZ proteins. In the following, I summarise important
biological processes that are regulated by PDZ proteins with a strong focus on cell
polarity establishment and maintenance. Names of PDZ proteins are highlighted with
bold letters.

One of the most important insights that I obtained during my PhD consisted of
the fundamental and diverse roles that cell polarity plays in multicellular organisms.
Every cell that is not a completely undifferentiated stem cell is very likely to be polar,
e.g. will exhibit an asymmetric distribution of molecules and a shape different from
a sphere. Cell polarity in its various forms is important for asymmetric cell division,
neuronal transmission, cell migration, immunological responses, and establishment of
tissue layers, such as epithelia and endothelia. This non-exhaustive list of functions
of cell polarity illustrates its importance and remarkably, in all these processes, PDZ
proteins play essential roles.

Establishment and maintenance of cell polarity is highly dependent on the dynamic
remodelling of the actin cytoskeleton that is regulated by small Rho GTPases [109].
PDZ proteins have been shown to interact with various members of the G protein
cycle (see Figure 3.6), including G-protein coupled receptors (GPCRs), GTPases, and
GEFs (see section 3.2.5 and own findings presented in chapter 9). PDZ proteins seem to
bring components of the G protein cycle together at precise locations beneath plasma
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membranes where they allow for the activation of intracellular signalling pathways in
response to incoming stimuli at receptors.
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Figure 3.6. The G protein cycle of small Rho GTPases. G proteins are important signalling
molecules. They are GTPases that are inactive when bound to GDP (guanosine diphosphate).
GEFs (guanine nucleotide exchange factors) activate GTPases by exchanging GDP with GTP
(guanine triphosphate). Depending on associated effector proteins, GTPases can function in specific
downstream signalling pathways. GTP-activating proteins (GAPs) can accelerate hydrolysation of
GTP to GDP by GTPases, which leads to their inactivation. Guanine nucleotide dissociation
inhibitors (GDIs) can retain GTPases in their inactive state. The figure has been extracted from

[109].

3.3.1. Epithelial apical-basal cell polarity

Epithelial cell layers function as barriers between compartments, e.g. the inside and
outside of an organism, and allow for selective transport of molecules from one side
to the other [110]. The apical side is oriented towards the outside whereas the basal
side is oriented towards the inner side. The basal side of the cell is attached to the
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extracellular matrix. The cellular space between the apical and basal part is called the
lateral side and is the area of contact with neighbouring cells of the same cell layer (see
Figure 3.7). Thus, orientation of the apical-basal axis in an epithelial cell is defined
by its environment. Several sites of cell-cell contact ensure the proper anchorage of an
epithelial cell within the cell layer. Adherens junctions regulate cell-cell adhesion by
providing the mechanical link between cells. They contain cadherins and catenins and
are linked to the cytoskeleton via the protein Afadin (AF6) [110]. Tight junctions are
located above adherens junctions and mark the border between the apical and lateral
domain of a cell (see Figure 3.7). Tight junctions create a diffusion barrier for soluble
molecules between cells and preclude an intermixture of components of the apical and
lateral membrane. They contain occludins, junction adhesion molecules (JAMs) and
claudins, and are mainly organised by the ZO family of proteins (see Figure 3.8) [111].
MAGI proteins have been shown to be abundant at tight junctions where they link
the JAMs to the atypical protein kinase C (aPKC) signalling pathway [112].
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Figure 3.7. Epithelial cell polarity and organisation of polarity complexes. The apical,
lateral and basal part of a polar epithelial cell are indicated to the right. TJ = tight junction, AJ =
adherens junction. Three polarity complexes are the main regulators of epithelial cell polarity: the
Crumbs, Par3, and SCRIB complex. They influence each others cellular localisation. The figure
has been adapted from [109].

Establishment of apical-basal cell polarity requires both cadherin-dependent cell-
cell adhesion and adhesion to the extracellular matrix [110]. The protein complexes
that organise epithelial apical-basal cell polarity are conserved from the fly (where
they have been discovered) to worm and human [111]. Asymmetric concentration of
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Figure 3.8. Organisation of tight junctions. PDZ proteins like the ZO-family of proteins and
AF-6 are mainly responsible for protein complex organisation beneath tight junctions and their
connection to the cytoskeleton. The figure has been taken from [113].

phosphatidylinositides may be the initiator of a first localisation of the polarity com-
plexes [110]. The Par3 complex (composed of Par3, Par6, and aPKC) as well as
the Crumbs complex (composed of MAGUK p55 subfamily member 5 (MPP5),
palsl-associated tight junction protein (PATJ), and LIN7) are localised api-
cally to places where tight junctions will be formed [110]. The SCRIB complex (com-
posed of SCRIB, Lgll1/2, and DLG1) localises to the lateral membrane (see Figure
3.7). The PDZ protein members of these complexes engage in numerous PDZ domain-
mediated protein interactions that organise their localisation, the assembly of the
tight and adherens junctions and their link to the cytoskeleton [110,111]. Knockout
experiments of members of the polarity complexes usually revealed only very mild
phenotypes making it difficult to study their precise functions. Probably, the high
functional redundancy within the polarity complexes confers robustness to the system
that regulates cell polarity.

3.3.2. Polarisation in neurons

Neurons are highly polarised cells although it is a very different polarisation from
the apical-basal polarity observed in epithelial cells. The asymmetry of neurons is dis-
played by presynaptic and postsynaptic sites that are formed at the axon terminal and
dendrites, respectively [109]. These sites contain distinct ensembles of proteins that
ensure the directional transmission of action potentials [111]. The spatially restricted
activation of the Par3 complex together with the protein T-lymphoma invasion
and metastasis-inducing protein 1 (TIAM1) has been shown to be important
for the process of axon specification [109].
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PDZ domains have been first discovered in the protein PSD-95 (see section 3),
a main actor in the postsynaptic density. PSD-95 together with other PDZ pro-
teins such as GRIP1, PICK1, and DLG1 regulate the clustering and localisation
of receptor channels (e.g. AMPA and N-methyl-D-aspartate (NMDA) receptors) at
postsynaptic sites and organise a dense network of protein interactions that link the
membrane-anchored protein complexes to downstream signalling pathways [6, 80].

3.3.3. T-cell polarity

T-cells that circulate in blood vessels and lymphatic vessels have a round morphology.
Following stimulation by external chemokines, they polarise to be able to migrate to-
wards inflamed tissue or to mediate cell—cell interactions (e.g. with antigen-presenting
cells). T-cells polarise along the anterior-posterior axis. SCRIB and DLG proteins
are localised to the rear of the polarising cell to initiate uropod formation (membrane
protrusion at rear of T-cells that is involved in their activation and migration) [109].
The Par3 protein complex is localised to the front of the T-cell where it initiates
lamellipodium formation (sheet-like cellular protrusion that is enriched in actin) [109].

An immunological synapse that is formed between a polarised T-cell and an antigen-
presenting cell, constitutes a transient and adhesive contact. During immunological
synapse formation, polarity proteins such as DLG and SCRIB have been observed to
redistribute from the uropod to the immunological synapse. Knockdown of SCRIB
led to defects in polarisation indicating the importance of PDZ proteins in immuno-
logical synapse formation [109].

3.3.4. Cell migration

Cell migration can be observed in embyonic and adult organisms as well as in patho-
logical situations such as inflammation and cancer. Neurons migrate along glial cells
during brain development, epithelial cells migrate during tissue morphogenesis and for
maintaining the skin, and tumour cells migrate during metastasis. In order to migrate,
cells have to be polarised along a front-rear axis. Rho GTPases and components of
the Par3, SCRIB and Crumbs complexes have been demonstrated to jointly reg-
ulate front-rear polarisation, chemotactic migration and wound-healing in epithelial
cells [109].

3.3.5. Asymmetric cell division

Asymmetric cell division occurs during embryonic development and in adult organ-
isms (e.g. maintenance of stem-cell populations) and requires asymmetric distribution
of polarity proteins prior to cell division [109]. In neuroblasts, the apical cortex is
enriched for the Par3 complex whereas the SCRIB complex regulates the alignment
of the mitotic spindle along the apical-basal axis. Cell-fate determinants accumulate
according to the distribution of the polarity complexes and allow for the creation of
two different daughter cells [109].
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3.3.6. Cell polarity and tumourigenesis

Growth and proliferation of a cell is tightly controlled by its anchorage within a tissue.
If a cell looses its cell polarity regulators, it will loose its tight connections to neigh-
bouring cells. Most malignant tumor cells have lost some stages of polarity. Thus,
they can escape from normal proliferation control and display increased migratory
capacity [109,114]. Consistently, SCRIB has been termed a tumour suppressor for
its function in apical-basal cell polarity maintenance [115]. Nevertheless, given the
intertwined relationship of the polarity complexes and their implications in a very
diverse range of biological processes, their role in tumourigenesis can be oncogenic or
suppressive depending on the context [114,116].

3.3.7. Apart from cell polarity

Of course, PDZ proteins also perform functions that are (at least not directly) linked
to cell polarity. NHERF1 has been in the focus of many studies for its implication
in membrane protein activity and trafficking [6]. No SH2 domains nor tyrosine kinase
activities have been found in proteins together with PDZ domains [80]. However, PDZ
proteins are frequently observed as adaptors for tyrosine kinase receptors, such as the
PDZ protein Erbin that recognizes a PBM in the receptor tyrosine-protein kinase
ERBB2 [80]. The PDZ protein PATJ has been highly investigated for its scaffolding
function in the phototransduction pathway in the eye of D. melanogaster [69,117]. The
PDZ protein Harmonin is essential for proper mechano-transduction in the inner
ear sensory hair cells. Defects in Harmonin cause the Usher syndrome, a disease
characterised by deafness and blindness [118].

3.4. Hijacking of PDZ domains by viral proteins

Numerous SLiMs have been found in viral proteins where they mediate interactions
between viral and host proteins [119]. It has been suggested that SLiMs evolve fast
and often by convergent evolution due to their shortness and lack of structural con-
straints [44,119]. These are properties that are perfect for viruses that have to quickly
adapt to changes in their environment, probably explaining the prevalence of SLiMs in
viral proteins. Davey et al. [119] highlight in their recent review that identified SLiMs
in viral proteins are involved in extracellular, cytoplasmic and nuclear processes such
as viral entry and exit, protein degradation and transport, immune responses, cell
signalling, cell cycle regulation and transcriptional regulation. These are all cellular
functions that viruses recurrently hijack for the accomplishment of the viral life cycle.

An impressive number of viral proteins have been shown to possess C-terminal PBMs
and for a few examples it has been demonstrated that these PBMs were important
for the pathogenicity of the virus [120]. In particular, for the viral proteins E4-ORF1
of Human Adenovirus [121], E6 of human papilloma virus (HPV) [122], and Tax of
human T-lymphotropic virus type 1 (HTLV1) [123] it has been suggested that their
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PBMs contribute to the oncogenic potential of these viruses. Some HPVs that infect
mucosal epithelial tissues have been termed ”high-risk“, as they have been shown to
cause cervical cancer. Interestingly, only high-risk HPV strains, such as HPV16 and
HPV18, possess C-terminal PBMs suggesting a major role in tumourigenesis caused
by HPV [124]. These three oncogenic viral proteins with PBMs, E4-ORF1, E6, and
Tax, target a common ensemble of PDZ proteins that are implicated in the regula-
tion of tight junctions (e.g. ZO1/2, MAGI1/2/3, multiple PDZ domain protein
(MPDZ)), of cell polarity (e.g. SCRIB, DLG1), and of apoptosis (e.g. SCRIB,
tyrosine-protein phosphatase non-receptor type 4 (PTPN4) and PTPN3).
Interaction of viral PBMs with cellular PDZ proteins mostly leads to the disruption of
their biological functions, either because these interactions promote the sequestration
of the PDZ proteins into inactive complexes, their proteasome-mediated degradation
or their mislocalisation [120]. Proteasome-mediated degradation of the PDZ targets
of E6 depends on the recruitment of the E3 ubiquitin ligase EGAP [125,126]. Unfortu-
nately, degradation experiments prove difficult to clearly identify among PDZ proteins
bound by E6 those that are subsequently degraded by the proteasome in vivo.

The systematic disruption of the tight junction barrier, disregulation of cell po-
larity and prevention from apoptosis due to interference with cellular PDZ proteins
are obviously beneficial for viral replication. It has been suggested that dismantling
tight junctions might facilitate viral spread and transmission as well as increase tissue
damage and inflammatory responses [120]. Changes of the polar state of an infected
cell as well as interference with apoptosis regulators are likely to promote cell division
and lengthen the lifetime of an infected cell, which are clearly favourable for viral
replication. Most likely, the perturbation of these important cellular functions can
eventually lead to the development of tumours. This destructive process, however, is
no longer beneficial for the viral life cycle and therefore should be rather considered
as an unfortunate side product of viral infection.

Proteins with C-terminal PBMs from non-oncogenic but still highly pathogenic
viruses include non-structural protein 1 (NS1) from avian and human influenca A
viruses, the G protein from Rabies virus, and the E protein from severe acute res-
piratory syndrome (SARS) coronavirus [120]. In an interesting study, Préhaud and
co-workers [127] demonstrated that it is a single amino acid change at position -3 of
the PBM from Gln in wild type G protein of Rabies virus to Glu in an attenuated
strain that is responsible for the observed differences in virulence. Glu at p-3 in at-
tenuated Rabies allows the binding of more PDZ targets than wild type G protein
including PTPN4. PTPN4 had been demonstrated to prevent neuronal cells from
apoptosis. In the context of infection with attenuated Rabies virus, PTPN4 is bound
and inactivated by the G protein, thus promoting apoptosis.
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4. On the binding affinity of protein
interactions

4.1. Defining the binding affinity of a protein interaction

The binding affinity of an interaction between two proteins A and B can be defined
as the dissociation constant Kp or the change in Gibb’s free energy AG [128]:

_ B L Koy
[AB] ~ Ka  kon
AGup = AH — TAS = —RTInK 4 (4.2)

(4.1)

where [A] and [B] are the free concentrations of proteins A and B, [AB] is the con-
centration of the formed complex, K 4 is the association constant, k., the association
rate, k,s; the dissociation rate, H the enthalpy, 1" the absolute temperature, S the
entropy and R the gas constant. Thus, the binding affinity of an interaction depends
on the concentration of the formed complex, the association and dissociation rates of
the interaction partners or the change in enthalpy and entropy upon reaction. Protein
interactions can possess large interaction surfaces that can, in theory, reach very high
binding affinities (Kp > 10715 M) [128]. In biological systems when considering a lim-
ited range of possible k,,, an inversely proportional relationship between the binding
intensity and lifetime of a protein interaction can be observed (see Table 4.1). It has
been proposed that the lifetime of most protein interactions must be compatible with
the duration of the cell cycle, thereby probably defining an upper limit for ”accept-
able“ cellular binding intensities (e.g. for a bacterial cell with 30 min of replication
time, Kp ~ 10710 — 10712 M) [128].

Kp range lifetime

1 Molar random (microseconds)
1 milli Molar  short lived (milliseconds)
1 micro Molar transient (seconds)

1 nano Molar  stable (hours)

1 pico Molar  stable (days)

Table 4.1. Affinity and lifetime of protein interactions. This data has been presented in a talk
by Joél Janin at the IREBS, lllkirch (F), in 2011.
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4.2. Experimental determination of binding affinities

In the following, I will refer to the two interacting proteins A and B as analyte and
ligand. Based on SPR terminology, the analyte describes the protein that is free in
solution and available in varying concentrations. The ligand describes the protein that
is available in limited and stable amounts and depending on the experimental method
used, is sometimes fixed on a surface.

The information given in the following paragraphs has been mainly taken from [129],
otherwise specified. The determination of the dissociation constant Kp of an interac-
tion between two proteins (often protein fragments) can be readily obtained if the con-
centrations of the free proteins and the complex are known (see equation 4.1). In most
experiments, the concentration of one protein in its free form is unknown necessitating
titration experiments and data fitting for Kp estimation. In titration experiments,
the ligand is usually titrated with different analyte concentrations. Another possibility
consists of titrating with constant analyte concentrations. Here, increases in analyte
concentration are obtained by using the sample of the previous injection for the next
injection. This latter approach, however, is less accurate because dilution of the ligand
concentration after each injection has to be taken into account for Kp determination.
For both approaches, a signal is recorded after each injection that is directly propor-
tional to the concentration of the formed complex. The (relative) concentration of the
complex can be plotted as a function of the total analyte concentration (see Figure 4.1
and 4.2 for logarithmic scale). This data can be fit to mathematical equations derived
from chemico-biological models to obtain an estimation of the Kp.

Signal thatis |
proportional to
concentration |
of formed [
complex [

Total analyte concentration
Figure 4.1. Typical diagram obtained during experimental determination of binding affini-
ties. Signals obtained at equilibrium for different analyte concentrations are displayed for three
interactions of different binding strengths. Saturation in the binding signal for increasing analyte
concentrations is necessary for reliable Kp determination (figure has been modified from [130]).

Numerous methods exist that allow Kp determination. Which of these methods is a
good one to choose for a particular setting depends on the strength of the interaction
in question and the sensitivity of the method. It appears that it is generally more
difficult to reliably determine weak binding affinities between proteins as this prereg-
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uisites high concentrations of ligands and/or analytes in order to observe a saturation.
Highly concentrated, monomeric protein samples are not always possible to obtain
and often bear the risk to form (soluble) aggregates or to precipitate. In the follow-
ing, I summarise the main characteristics of four methods for dissociation constant
determination that have been extensively applied in domain—linear motif biology.

4.2.1. Isothermal titration calorimetry (ITC)

When two proteins form a complex, the free energy, enthalpy, and entropy of the sys-
tem change (see equation 4.2), and these changes can be measured by highly sensitive
calorimetry. Isothermal titration calorimetry (ITC) is special in comparison to other
methods presented in this section because analyte concentrations have to be kept con-
stant. The ligand is in solution in a calorimetric cell, and is titrated with consecutive
injections of the same analyte concentration. The heat that is released (exothermic
reaction) or absorbed (endothermic reaction) upon complex formation is measured.
The level of heat of reaction change directly depends on the concentration of free lig-
and binding sites. Plotting the changes in heat versus the ratio of total analyte and
ligand concentration allows an estimation of the Kp. ITC has several advantages:
both molecules are in solution, and in addition to the Kp, the enthalpic and entropic
contributions to the binding affinity can be directly determined.

4.2.2. Nuclear magnetic resonance (NMR)

The chemical environment of atoms that are part of the binding interface between
two molecules change upon complex formation. These changes are visible in changes
of chemical shifts that can be observed with NMR. The higher the concentration of
one protein, the more complex formed, the stronger the chemical shift perturbations
measured by NMR. Differences in chemical shifts for an atom can be plotted versus the
varying total analyte concentrations to estimate the Kp. As for ITC, NMR has the
advantage that both proteins are in solution but what makes NMR a unique method is
the potential to look at the responses of individual atoms upon binding, even allowing
to detect site-specific binding constants [131]. In addition, NMR is well suited for
determination of very weak binding affinities (e.g. Kp > 200 uM). The disadvantage
is that the ligand has to be highly concentrated in order to obtain significant signals,
and thus, a high affinity Kp (i.e. better than 20 M) cannot be directly determined
(but indirectly via competition experiments for example).

4.2.3. Fluorescence polarisation (FP)

In FP, the ligand is labelled with a fluorophore, e.g. a green fluorescent protein (GFP),
and is titrated with varying unlabelled analyte concentrations. The fluorophore will
emit light upon stimulation with light. If the incoming light is polarised, the emitted
light will be to a certain degree polarised as well. The degree to which the emitted
light will be polarised depends on the rotational diffusion rates of the ligand, to which
the fluorophore had been attached. The rotational diffusion rate of a molecule depends
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primarily on its molecular weight and shape. The smaller the molecule, the higher the
rotational diffusion rate, the lower the fluorescence polarisation. If an analyte binds
to the labelled ligand, it will increase the overall molecular weight of the ligand (that
is now in complex) leading to a decrease of the rotational diffusion rate of the formed
complex and thus, increase the degree of polarisation. The degree of polarisation light
emitted can be plotted against the total analyte concentration allowing the determina-
tion of the Kp. FP has several advantages. The analyte and the ligand are in solution
and signals can be obtained under steady state conditions or (more difficult) in real
time allowing for the determination of kinetic constants.

4.2.4. Surface plasmon resonance (SPR)

In SPR, the detection principle is based on changes of the optical properties of a sur-
face due to changes in the overall mass of proteins that are bound to it. The ligand
is attached to a surface and the analyte is flowed at various concentrations over the
surface. In contrast to FP and NMR, SPR does not allow to work with constant an-
alyte concentrations for Kp determination. Depending on the analyte concentration
and its binding affinity, a certain amount of analyte will bind to the attached ligands
leading to a change of the overall mass on the surface. This change is detected with
laser light under total reflection conditions and is translated into response units (RUs).
One RU is equivalent to the binding of approximately 1 pg of protein per mm? of the
SPR chip surface. The time-course of SPR signals are displayed in sensorgrams (see
Figure 4.2). The RUs obtained at steady state can be plotted as a function of the total
analyte concentration allowing the determination of the Kp. SPR has the advantage
of measuring in real time providing the possibility to determine the kinetics of the
interaction. Problems can appear when using higher concentrations of analytes (e.g.
> 50 uM) that may lead to experimental artefacts (e.g. through blocked flow channels
or mass transport effects).

Significant improvements in data quality can be achieved when performing ”double
referencing“ [132]. The first correction consists of substracting non-specific binding
signals obtained from analyte injections on a reference surface on which a negative
control ligand had been attached. A second correction can be performed by sub-
stracting non-specific binding signals obtained from a blank injection (only buffer)
that had been flowed over the surface [132]. These two corrections take into account
the non-specific contributions to the signal of the analyte and the solvent that are
flowed over a surface. Different modes of ligand attachment to the surface exist that
can be distinguished into reversible attachments (e.g. via a glutathione S-transferase
(GST)-antibody system) and non-reversible attachments (e.g. via a streptavidin-biotin
system).
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Figure 4.2. Sensorgrams and corresponding saturation curves obtained from SPR experi-
ments. A sensorgram shows the development of the binding signal over time as determined with
SPR. Three representative sensorgrams (left) and corresponding saturation curves (right) for a
strong (1 uM range), weak (50 - 100 uM range), and no interaction are shown. Different colours
represent different concentrations of the analyte that have been injected (see legend to the right).
Ideally, for binding affinity determination, RUs are extracted for each run at equilibrium (horizontal
signal course). In saturation curves (here with logarithmic x-axis), these RUs at equilibrium (Req)
are plotted versus the total analyte concentration. Kp determination is more reliable if saturation
of the signal courses can be observed as it is the case for the first saturation plot.
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interactions

5.1. Defining the binding specificity of a protein interaction

The binding specificity of a protein interaction is much more difficult to define than its
binding affinity. When is a protein interaction specific? From a qualitative perspective,
a protein A binds specifically a protein B (hereafter also called ligand B) if protein A
binds with significantly less affinity to other proteins (ligands) B’ [133]. However, in
order for a protein interaction to be specific, has the reverse case to be fulfilled as well
(i.e. protein B binds specifically protein A)? This question has not been addressed by
any of the published literature that I have found on binding affinity and specificity.
The prevailing view seems to be that the unidirectional way is sufficient for a protein
interaction to be specific.

Binding specificity is a measure for the extent of discrimination by a protein be-
tween ligand B and other ligands B’ [133]. Binding specificity can only be described
by assessing the differences in binding affinities between a protein and its ligands.
Therefore, binding specificity can only be expressed in relative values, in contrast to
binding affinity, which can be expressed in absolute values. Can binding specificity be
quantified? The difference in binding affinity for a protein A towards two ligands B
and B’ can be described as the difference of the differences in Gibb’s free energy AAG
of the protein interactions AB and AB’ [128,133]:

AAG = AGap — AGyp (5.1)
Another measure of binding specificity has been proposed by Eaton et al. [134]:

g _ ABl _ KJAIB_ KaB) 652
Y AB;] Y Ka[AlB] 30 Kay Byl
where S4 is the specificity of protein A for ligand B in comparison to other ligands
Bj. K and K4; are the association constants for the protein interactions AB and
ABj, respectively. S4 will be close to zero for poor binding specificities and greater
for better binding specificities. However, specificities of two proteins can only be
compared using values of S, if they have been determined using the same ligand
space (comprising the ligands Bj). Is it possible to define a cut-off for AAG or Sy
that discriminates between specific and non-specific proteins? Such a cut-off would
probably be equally problematic as cut-offs defined for binding affinities that aim to
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discriminate between binding and non-binding events (see section 6.2). Thus, as for
binding affinities, binding specificities should best be considered at the continuum.

5.2. The intertwined relationship between affinity and
specificity of protein interactions

In the previous section, we have seen that binding specificity can only be defined
with respect to the binding affinity, pointing to the tight relationship that must exist
between both. The two equations 5.1 and 5.2 for binding specificity show that high
affinity does not necessarily imply high specificity. Indeed, a low affinity interaction
between a protein and a ligand can be specific if interactions between the protein and
other ligands are of even weaker binding affinity. Equation 5.2 emphasises that the
balance or sum over all binding affinities to all ligands considered finally determines
the binding specificity of an interaction.

In the cell, the biological function of a protein interaction determines its require-
ments for a certain affinity and specificity [128]. Depending on the cellular context, a
certain combination of low/high affinity and low/high specificity will be suitable. Ac-
cordingly, biological examples for each possible combination have been identified (see
Table 5.1 extracted from [128]). This demonstrates that in biological systems affinity
and specificity of protein interactions have to be independently modulated and no
direct correlation between affinity and specificity can generally exist [128].

‘ high affinity low affinity

high specificity | antibody/antigen regulon repressors
low specificity MHC/peptide non-specific DNA-protein interactions

Table 5.1. Biological examples for all four possible combinations of high and low affinity
and specificity (extracted from [128]).

Greenspan [133] and Szwajkajzer et al. [128] further point out that the relationship
between affinity and specificity significantly depends on the factors responsible for the
affinity differences. Such factors comprise:

1. the structural diversity and number of the ligands available for comparative
binding analysis;

2. the structural flexibility of the interaction partners;

3. the kind of non-covalent interaction forces that exist between the interaction
partners;

4. the detection ranges of the assays for binding that are employed.

The following examples aim at illustrating these points. If the set of ligands B’
considered is structurally very diverse to the ligand B in question, most of the modi-
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fications of protein A that lead to an increase in binding affinity for ligand B are less
likely to have similar effects for the ligands B’. Here, increases in binding affinity are
likely to lead to increases in binding specificity. If a modification of protein A increases
the binding site rigidity to better fit the shape of ligand B, there is a certain chance
that this modification will lead to an increase in binding specificity as often struc-
tural flexibility is important to bind to other ligands B’ (see next section) [128,133].
Electrostatic interactions are highly dependent on the orientation and distance of the
functional groups of molecules to each other that establish them. Therefore, electro-
static forces are likely to provide more specific non-covalent contacts than hydrophobic
interactions.

All these points raised so far demonstrate that the relationship between affinity and
specificity of protein interactions is often complex. Szwajkajzer et al. [128] provide
an interesting example where affinity and specificity are directly correlated with each
other. In host-guest chemistry (see also next section), a rigid host structure is de-
signed to be sterically and electronically complementary to the structure of the guest
molecule. Based on the rigidity and complementarity of the molecules, here, affinity
and specificity are modulated together where an increase of the former will ultimately
lead to an increase of the latter. Such conditions cannot be observed for biological
macromolecules such as proteins and DNA that have to maintain a certain degree of
flexibility for accomplishing their biological activities [128].

Eaton et al. [134] claimed that increasing the affinity of a protein for ligand B is
very unlikely to lead to a similar increase in affinity for other ligands B. Hence, in-
creases in affinity will most likely lead to increases in specificity. This view clearly
contradicts statements made in the previous paragraphs. Eaton et al. worked with the
in vitro evolution technique systematic evolution of ligands by exponential enrichment
(SELEX), a strategy to select high affinity oligonucleotides for target molecules, e.g.
peptides. DNA molecules are much more rigid and display much less structural di-
versity than protein structures [133]. In addition, DNA displays poor hydrophobicity
on its surface and is negatively charged. These properties constrain much the struc-
tural diversity of the set of ligands when working with protein-DNA interactions [133].
Therefore, the relationship between affinity and specificity may be simpler in the case
of protein-DNA interactions [133]. However, Carothers et al. [135] have shown that
oligonucleotides selected for high-affinity binding do not necessarily bind more specif-
ically to their targets.

In summary, it becomes clear that “no universal relationship between affinity and
specificity can be established “ [136]. Altering the binding affinity of a protein to one
of its ligands will most likely impact the affinity to other ligands, in positive or/and
negative ways. Thus, especially for drug design, the relationship between affinity and
specificity is crucial and it will be necessary to manipulate both affinity and specificity
to guarantee a successful therapeutic effect (e.g. by reducing side effects) [133].
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5.3. Thermodynamic aspects of the specificity of protein
interactions

As we have seen in equation 4.1, affinity can be expressed by the difference in free
energy AG. A change in AG for an interaction may thus, in principle, influence its
specificity. Hence, mechanisms that lead to changes in AG are potential mechanisms
to manipulate specificity [128]. Greenspan [133] mentions three major causes for al-
tered affinity, these are changes in: first, shape complementarity; second, chemical
complementarity and third, molecular flexibility. In addition, Szwajkajzer et al. [128]
emphasise the importance of entropy that contributes to the free energy. Changes
in entropy upon binding are expressed by changes in the flexibility of the interact-
ing molecules but also by changes in their hydration shells. Upon binding, water
molecules or ions can be released or sequestered by the interacting proteins. Thus,
binding affinity can be increased by reducing the entropic costs of complex formation,
e.g. by locking the interacting molecules into the binding conformation and by control-
ling the solvation on the surface of the molecules. This is the basic idea of host-guest
chemistry (see previous section) [128]. In such a system, optimal complementarity will
lead to binding specificity.

Cellular protein complexes are very different from the complexes observed in host-
guest chemistry regarding the molecular flexibility. Proteins usually encounter a loss
of conformational flexibility and substantial reorganisation of the hydration shell when
they bind to other proteins [128]. Disorder to order transitions of protein structures
upon binding are common (see section 2.4). Such transitions cost free energy but on
the other hand allow for induced-fit interactions that can lead to better fits between
protein and ligand. Increases in shape and chemical complementarity between a pro-
tein and a ligand do not necessarily lead to an increase in affinity if entropic costs
outweigh the enthalpy gain [128]. This illustrates that changes in free energy upon
binding are mostly very complex. Attempts to increase the binding specificity between
two interacting proteins by studying solely the structure of the complex neglects the
thermodynamic nature of protein interactions and are therefore much less likely to be
successful [128].

5.4. Biological aspects of the specificity of protein
interactions

Protein interaction specificity at the molecular level is often studied between minimal
fragments of proteins, e.g. globular domains and SLiMs, that define the core bind-
ing interface between the two interaction partners. This limitation mostly originates
from the fact that larger proteins are more difficult to maintain in stable and active
forms for biochemical or biophysical assays. Similar size limitations apply to molecular
modelling approaches where bigger molecules exceed the calculation power of available
computer clusters. Of course, we can gain important insights on the molecular mecha-
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nisms of interaction specificity when focussing on minimal interaction fragments. Yet
what can we learn from these results about the specificity of protein interactions in
the cell?

5.4.1. The influence of sequence context on the specificity of protein
interactions

Numerous studies provide increasing evidence that extended protein fragments or full
length proteins display altered or/and more intermolecular contacts than those ob-
served between the minimal interacting fragments. These changes in molecular con-
tacts were shown to substantially alter the binding affinity and sometimes specificity
of the interaction. In addition, it has been shown that the structure and/or dynamics
of minimal interacting fragments can be dramatically changed in the extended or full
length context (for more details, see our review presented in chapter 10). The term
sequence context is used to describe these regions in protein sequences that influence
the binding interface of the minimal interacting fragments. Sequence context can be
extensions of the core interacting fragments, neighbouring domains, or other regions
of the sequence that are not contiguous to the fragments under consideration (see
Figure 5.1). Intramolecular allostery and cooperative binding can be seen as examples
where sequence context influences the binding properties of two interacting proteins.
Intramolecular allostery includes cases where the binding of a region of a protein se-
quence to a globular domain that it carries leads to conformational changes of the
binding pocket of this domain that in turn alters binding to its target. Cooperative
binding describes cases where several distinct binding interfaces, e.g. formed by several
globular domains and linear motifs of the two interaction partners, cooperate to give
an overall stronger interaction [43].

5.4.2. Specificity vs. multi-specificity vs. promiscuity

The study of large protein-protein interaction networks revealed that many proteins,
called hub proteins, interact with a huge number of other proteins. Given these many
interaction partners, it may seem that hub proteins are unspecific [136, 137]. Let us
consider the example of the highly studied tumour suppressor protein p53. p53 has
more than 230 identified interaction partners in the database STRING (see section
6.3) [138]. p53 is implicated in the regulation of important biological processes such
as cell division, cell growth, apoptosis, and transcription [139]. Given these essential
functions, it seems impossible that p53 will not specifically bind its targets.

The concept of modular protein architecture (see section 2) may partially serve in re-
solving these at first sight contradictory observations [43,136,137]. Possessing different
modules confers different interaction sites on a protein. Especially disordered regions
allow a protein to have different interaction sites (e.g. different classes of SLiMs) lo-
cated within a relatively short region of a protein. Half of the about 390 residues
of p53 are predicted to be disordered [140]. They encode for numerous overlapping
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Figure 5.1. Examples of sequence context in the PDZ domain family. PDZ domains,
bound C-terminal peptides, and the parts of the structures that constitute the sequence context
are coloured in light blue, dark blue, and red, respectively. A: PDZ3 of Par3 bound to an extended
PBM derived from PTEN (PDB code: 2K20 [12]). Residues of the extended PBM and key
interacting residues of the PDZ domain are shown in sticks. B: PDZ3 domain of PSD-95 bound
to a PBM derived from CRIPT (PDB code: 1BE9 [8]). PDZ3 possesses an additional C-terminal
o helix that influences peptide binding [13,14]. C: PDZ3 of ZO-1 bound to a PBM derived from
JAM-A (PDB code: 3TSZ [15]). The neighbouring SH3 domain that is located C-terminal to
PDZ3 influences peptide binding.

SLiMs including many sites for PTMs [43] (see Figure 5.2).

Using one particular interaction interface, a protein A will bind ligands of a par-
ticular type X (e.g. a particular class of SLiMs). If protein A binds a few ligands
of type X with much higher affinity than other ligands of type X, then protein A is
specific for this type of ligands and the employed interaction interface. At the same
time, protein A might be able to bind as well to numerous other proteins using other
types of interaction sites (e.g. other globular domains or SLiMs). Thus, the question
whether a protein such as p53 is promiscuous or specific cannot solely be answered by
looking at the total number of its interaction partners but rather by concentrating on
groups of interaction partners that share similar binding interfaces. The term multi-
specificity might be used to describe such cases where a protein binds specifically to
different types of ligands via different interaction interfaces.

5.4.3. The influence of cellular context on the specificity of protein
interactions

Pairwise interactions between proteins depend not only on their mutual binding energy
but also on other parameters that influence their localisation, concentration and active
state in the cell. Proteins are usually expressed at precise moments during the cell
cycle or under certain physiological conditions. Proteins are actively transported and
localised to certain cellular compartments or sub-locations in the cytosol. Proteins
become activated or inhibited via PTMs. Individual proteins often carry out their
functions in complexes composed of multiple proteins. Often, an interaction between
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DNA-binding domain

Figure 5.2. Binding interfaces of p53 with structural evidence. Protein modules of p53 are
illustrated with red (globular domains) and yellow (SLiMs) boxes at the bottom of the figure. The
tetramerisation domain of p53 is shown in purple. Published structures in the PDB involving these
interaction sites are displayed in cartoon representation using the same colour code to highlight
structure segments of p53. PDB codes of these structures are indicated in yellow ovals. This figure
has been extracted from [43].

two proteins prerequisites their assembly into a multiple protein complex via a scaf-
folding protein. Overlapping interaction sites in one protein (see Figure 5.2) allow for
molecular switching, e.g. if one ligand is bound, interactions with other potential lig-
ands may be disabled [141]. All these highly regulated processes point to a discrete and
deterministic cellular system controlling that protein interactions are formed at the
right moment and place [43]. In this regard, interaction specificity between proteins
in biological systems might only be understood when investigating both the molecular
and cellular mechanisms.

5.5. Specificity of domain—linear motif interactions

How specific are domain—linear motif interactions? A particular type of SLiM is usu-
ally bound by a particular type of domain, e.g. PDZ-binding motifs are recognized by
PDZ domains (see Table 2.1). However, it is clear that not every instance of a do-
main type, e.g. PDZ2 of DLG1, will bind to every instance of the corresponding SLiM
type, e.g. all PDZ-binding motifs in the human proteome. A prevailing conception is
that there are molecular rules that define, which domain instances will preferentially
bind which SLiM instances. In several large-scale studies researchers tried to identify
such specificity rules and aimed at assessing how much overlap in ligand space exists
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between individual domain instances (see section 6.4.3). Whereas some studies point
to substantial overlap in ligand space at least in vitro [142], there are also fascinating
cases of high specificity in domain—SLiM interactions.

One such example has been published by Zarrinpar et al. [143]. They assessed the
specificity of the interaction between the two yeast proteins high osmolarity signaling
protein 1 (Shol) (containing an SH3 domain) and polymyxin B resistance protein 2
(Pbs2) (containing an SH3-binding motif). 38 chimeric Shol proteins were created by
replacing the original SH3 domain either with one of the other 26 known yeast SH3
domains or with one of 12 selected SH3 domains from multicellular organisms. These
chimeric proteins were assayed for their capability in activating the high-osmolarity
glycerol (HOG)-pathway that is controlled by the Shol-Pbs2 interaction. Interest-
ingly, only the chimeric proteins with SH3 domains from other organisms than yeast
allowed cell growth under high salt concentrations that necessitates activation of the
HOG pathway. These results indicated negative selection of Pbs2 to prevent binding
to any of the other 26 yeast SH3 domains than Shol. Mutations in the SH3-binding
motif of Pbs2 that either strengthened or weakened the binding affinity to Shol, were
shown to reduce the specificity to the Shol SH3 domain suggesting that the Pbs2 mo-
tif evolved for an optimal balance between SH3 binding affinity and specificity [144].
Mutations that led to more promiscuous binding behaviours of Pbs2 disfavoured yeast
cells in comparison to wild type cells under normal growth conditions, probably due
to detrimental interactions of Pbs2 with other SH3 domains.

Even though it has been suggested that negative selection might be a main contrib-
utor to binding selectivity in domain-SLiM interactions of unicellular organisms, this
mechanism is unlikely to be sufficient for network specificity in more complex organ-
isms [144]. Several authors have pointed to the importance of cellular context in multi-
but also unicellular organisms for binding specificities between domains and linear mo-
tifs [1,142,145]. However, the degree of specificity or promiscuity of a domain-linear
motif interaction might actually depend on its biological function [142].

5.6. Specificity of PDZ—peptide interactions

More than a decade of research has been published with the aim of assessing the bind-
ing specificities of PDZ domains. As has been discussed in section 5.2, specificity can
only be assessed when comparing binding affinities. Thus, systematic determination of
binding affinities of several peptides to several PDZ domains combined with structural
analysis is likely to significantly contribute to our understanding of PDZ interaction
specificities. However, only very few of such studies (including our article presented
in chapter 9) have been published so far [10,81,82]. Maybe it is because of this lack of
data that we still do not clearly understand the rules that define which PBM will bind
to which PDZ domain in particular and how specific or promiscuous PDZ-peptide
interactions are in general.
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5.6.1. Troubles in classification of PDZ domains

As introduced in section 3.2.1, C-terminal PBMs are commonly grouped into three
subclasses, based on the residue at peptide position -2. Many studies concentrated
on the analysis of which PDZ domain residues define to which of these subclasses of
peptides a PDZ domain will bind. Some studies suggest that only very few domain
residues, especially at the first and fifth position of the &2 helix (see Figure 3.4), de-
termine the class membership of a PDZ domain. Mutations at these positions have
been shown to be sufficient to convert the class specificity of one PDZ into another (see
section 3.2.1) [73]. Motivated by these observations, Bezprozvanny and Maximov [146]
proposed a classification of PDZ domains into 25 groups based on the chemical prop-
erties of the residues at the first and fifth position of the «2 helix. Contradictory
opinions have been obtained by other studies, namely from Vaccaro et al. [147], who
presented evidence that subclass affiliation of PDZ domains is much more complex.
In an interesting correspondence, they provide examples like the first PDZ domain
of MPDZ that based on its residues at the two helix positions, should bind class I
peptides but has been found to bind class IT ligands [148].

Overall, researchers agreed on that the classification of PDZ domains and/or ligands
into three subclasses is very unlikely to sufficiently explain the binding preferences ob-
served between PDZ domains and their ligands. By now, it is widely accepted that
the last four to five peptide residues each contribute to PDZ domain binding. It has
been suggested that the number of accepted residues at peptide position -1 may define
the level of promiscuity of a given PDZ domain [82]. Based on preferences for residues
at the last six peptide positions, 16 distinct specificity classes of PDZ domains have
been defined using a large-scale data set on phage display-derived PDZ—peptide inter-
actions [9]. Interesting findings on multiple specificities of PDZ domains have been
published by Gfeller et al. [92]. They grouped phage display peptides obtained for one
PDZ domain into subgroups based on sequence similarities. This revealed that PDZ
domains can recognize ligands of different subgroups (others than the three canonical
classes described) that are bound by the PDZ domain in structurally very different
ways [92]. Velthuis et al. [56] applied a published PDZ interaction predictor for screen-
ing a whole proteome for potential binders to PDZ domains. Based on the screening
results, they concluded that PDZ domains bind with extensive overlap to sets of pep-
tides. However, as discussed in our article presented in chapter 9 the predictor they
used suffered from a high false positive rate (FPR), overall questioning their findings.

These various results raise the question about which criteria can be used to classify
PDZ domains. Is it sufficient to know one physiological or artificial ligand to be able
to assign a PDZ domain to a certain class? How physiologically relevant are overall
such class assignments? Quite a few PDZ domains have been shown to be able to bind
ligands from at least two peptide subclasses (see section 3.2.1). In a seminal work,
Wiedemann et al. [81] provided evidence that class assignment of PDZ domains highly
depends on the affinity range considered (see Figure 5.3). PDZ domains can be of dual
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specificity if low binding affinities are accepted but still might display a clear preference
for ligands of one subclass. In line with these findings, their data also suggests that the
level of overlap between PDZ domains for sets of bound ligands highly depends on the
affinity cuf-off considered with high affinity cut-offs leading to just little overlap and
lower affinity boundaries producing substantial overlap [81]. Thus, instead of tempting
to group PDZ domains into distinct classes it might be more relevant to consider a
continuous specificity space of PDZ domains as it has been suggested after analysis
of the first large-scale data set on physiological PDZ—peptide interactions published
from MacBeath and co-workers [10].

Kd <10 uM <50 uM <100 uM
AF6 11 602 2,103
Class | 2 (18%) 113 (19%) 308 (15%)
Class Il 9 (82%) 416 (69%) 1070 (51%)
Non-class /Il 0 (0%) 73 (12%) 725 (34%)
ERBIN 1 48 181
Class | 1 (100%) 43 (90%) 131 (72%)
Class Il 0 (0%) 4  (8%) 25 (14%)
Non-class /I 0 (0%) 1 (2%) 25 (14%)
SNA1 30 1,622 3,527
Class | 30 (100%) 1492 (92%) 2003 (57%)
Class Il 0 (0%) 4  (0%) 161 (5%)
Non-class I/11 0 (0%) 126 (8%) 1363 (39%)

Figure 5.3. Influence of binding affinity cut-offs on the level of specificity of PDZ domains.
Wiedemann et al. [81] predicted binding affinities for all possible 4 residue-long peptides towards
three human PDZ domains. For three different affinity cut-offs (indicated above the table), the
number of predicted binding peptides of class I, class Il, and non class I/l for each PDZ were
counted and are shown in the table. With weaker binding affinity cut-offs, the PDZ domains
become less specific accepting peptides from all three categories. This figure has been extracted
from [81].

5.6.2. The role of phage display for studying PDZ binding specificities

Phage display has been recurrently used to study the binding profiles and specificities of
PDZ domains. The Sidhu lab developed and refined the protocol that allowed presenta-
tion of C-terminal peptides by bacterial phages, and consequently applied it in several
single case [60,63,82,149-151] and large-scale studies on PDZ domains [9, 152, 153].
In phage display, billions of different peptides are expressed on the surface of bacte-
riophages and are presented to an analyte (e.g. a PDZ domain) that is attached to a
solid support. In several rounds of binding, washing, and amplification, peptides are
selected that bind with high affinity to the analyte. The binding profile of the analyte
can be obtained from consequent sequencing and alignment of the selected peptides.
Sidhu and co-workers often combined phage display with structural analysis and these
studies have provided important contributions to our understanding of binding speci-
ficities of PDZ domains.

Nevertheless, the standard phage display procedure has a major drawback that un-
fortunately, is recurrently disregarded during data analysis. Peptide selection in phage
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display is solely based on the binding affinities of the peptides to the presented analyte
and their rates of dissociation. In contrast, cellular PBMs are selected by evolution
for their functionality, e.g. mediating protein interactions in the signalling context.
Here, specific and transient interactions are observed and high binding affinity plays
rather a secondary role. As a consequence, phage display peptides have sometimes
been shown to bind with higher affinity to PDZ domains and to display different se-
quences as compared to their natural counterparts [82,149,154] (this has been subject
in our article presented in chapter 8). Thus, assessment of binding specificities of PDZ
domains using binding profiles derived from phage display data can lead to results that
are irrelevant in the biological context. Phage display data is currently the prevailing
type of interaction data for PDZ domains that influenced much our understanding
of PDZ-peptide interactions and the development of PDZ interaction predictors (see
section 6.4.4). Care should be taken to properly interpret the data in its context and
to prevent it from biasing our knowledge on PDZ-peptide interaction specificities.

5.6.3. Dynamic aspects of PDZ interaction specificities

Interesting insights in PDZ—peptide binding specificities have also been gained from
molecular dynamics simulations. Nonpolar contacts have been observed to substan-
tially contribute to the overall free energy of binding to PDZ domains [155]. It has
been hypothesised that this might partially explain their observed promiscuous bind-
ing behaviours [155]. The entropic contribution to PDZ binding has often been un-
favourable in molecular dynamics simulations [155]. Indeed, the peptide undergoes
considerable structuring upon binding. PDZ domains have been observed to some-
times become more rigid, sometimes more flexible upon binding depending on the
ligand studied. Thus, entropy might be an important player in binding specificities of
PDZ domains [155]. The energetic contribution of water release upon peptide binding
to PDZ domains has been studied more in detail by Beuming et al. [156]. Calcula-
tions suggested that peptides displayed higher affinity to PDZ domains when they had
residues, such as Trp, that displaced more water molecules [156]. However, it does
not seem that such hydrophobicity-driven affinity changes necessarily lead to higher
interaction specificities (see the discussion in our article presented in chapter 8).

5.6.4. Influence of sequence context on PDZ interaction specificities

Most experimental studies on PDZ—peptide binding specificities used constructs com-
prising the core PDZ domain and peptides of five residues in length. As discussed
in chapters 9 and 10, binding affinities and specificities observed for such minimal
interacting fragments can change when extending the constructs. Peptide residues
upstream of the last five residues can modulate binding affinities and specificities to
PDZ domains. Extensions of PDZ domains and neighbouring domains can alter the
binding properties of the PDZ towards C-terminal ligands.
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PDZ domains actually constitute a prototype for the study of the influence of such
sequence context on the structure and function of a globular domain. For many PDZ
domains it has been shown that they possess additional secondary structure elements
that precede or follow the core PDZ fold and that impact the structure and function of
the domain. Fewer examples exist where such extensions are disordered (see our NMR,
study presented in chapter 7). Neighbouring domains have also been demonstrated
to influence significantly the fold and peptide binding properties of PDZ domains.
This is true for neighbouring domains that are non-PDZ domains, such as SH3 do-
mains [15,157] (see Figure 5.1), but has been particular striking for PDZ domains
that are separated by just a short linker sequence (see Figure 5.4). Structural studies
revealed that PDZ1 and PDZ2 of DLG proteins, PDZ4 and PDZ5 of PATJ, PDZ1 and
PDZ2 as well as PDZ4 and PDZ5 of GRIP1, and PDZ1 and PDZ2 of amyloid beta
A4 precursor protein-binding family A member 1 (APBA1) display many interdomain
contacts and actually form one globular unit, thus the term supramodule has been
introduced to describe them [158].

PDZ—peptide interactions found to be promiscuous when studied in vitro with min-
imal interacting fragments, might turn out to be more specific in a full length and in

vivo context.
ct\i\
extension \

of PDZ5

Figure 5.4. The PDZ45 supramodule of PATJ. PDZ4 (green) and PDZ5 (orange) of PATJ form
a supramodular structure. PDZ5 is in complex with a C-terminal PBM derived from NG2 (dark
blue). Both PDZ domains interact with each other via multiple contacts including an unstructured
C-terminal extension of PDZ5. The peptide binding pocket of PDZ4 (indicated by a black line) is
inaccessible for PBMs due to the orientation of PDZ4 towards PDZ5 (PDB code: 3ROH [117]).
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The reader will first be introduced to a widely used concept for assessing prediction
performances before presenting different approaches for domain—motif interaction pre-
dictions in general and PDZ domain-mediated interaction predictions in particular.
The terms defined in the following section are recurrently used in this chapter.

6.1. Assessment of prediction performances using ROC
statistics

Receiver operating characteristics (ROC) analysis is widely used in computational
biology to assess the performance of protein interaction predictors in combination with
a gold standard test data set of validated positive and negative protein interactions.
With the help of a scoring scheme, the predictor is supposed to correctly classify
the positive and negative protein interactions from the test data set. For example,
interactions that scored above a certain threshold are classified as positive interactions
and otherwise as non-interactions. This leads to four types of entities, true positive,
true negative, false positive and false negative interactions that are usually summarised
in a ”confusion matrix“ (see Table 6.1).

‘ real positive interaction real negative interaction

classified as positive | true positive interaction (TP)  false positive interaction (FP)
classified as negative | false negative interaction (FN) true negative interaction (TN)

Table 6.1. Confusion matrix for ROC statistics.

Based on the number of TP, FP, FN and TN interactions identified in a certain test
run of the predictor, different measures can be calculated that reflect prediction per-
formances.

The sensitivity (also called true positive rate (TPR) or recall) is defined as

TP
sensitivity = -5 (6.1)

where P is the total number of positive interactions in the gold standard test data set.
It is P = TP + FN. The specificity (also called true negative rate (TNR)) is

defined as

TN
speci ficity = N (6.2)
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where N is the total number of negative interactions in the gold standard test data
set. It is N = TN + FP. The false positive rate (FPR) is defined as

FP
FPR = N = 1 — specificity (6.3)

Other measures that are frequently used, are precision and accuracy:

TP

TP 4

precision =z (6.4)
TP +TN

=~ 6.5

accuracy NP (6.5)

Thus, for a specific threshold, a test run will result in a value for the sensitivity and a
value for the FPR. These values vary depending on the threshold employed. Usually,
increases in sensitivity lead to increases in the FPR. This relationship is plotted in
ROC curves (see Figure 6.1). Perfect classification is represented by 0% FPR and
100% sensitivity, that is point (0,1) in a ROC curve. Thus, the closer the ROC curve
passes the upper left corner of the diagram (point (0,1)), the closer the predictor to
optimal performance. A predictor that is as good as random would obtain for a certain
threshold a sensitivity of 50% and a FPR of 50%, resulting in a bisecting line in the
ROC curve. A common way to indicate the quality of a predictor is to measure the
area under the ROC curve (AUC). The higher the ROC curve (the closer to point
(0,1)), the greater the area under the curve. In theory, the AUC can obtain values
between 0 and 1, with 1 for perfect classification. In practice, an AUC can never be
below 0.5, e.g. will never be worse than random.

1.0

0.8

Sensitivity
I =4
- o

e
[

0.0
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate
Figure 6.1. Example for a ROC curve. A ROC curve for a predictor with a good relationship
between sensitivity and FPR.

6.2. Binary interaction versus binding affinity information

Probably the most elementary simplification that is often made in molecular and com-
putational biology consists in the reduction of protein interactions to be binary, e.g.
two proteins are either seen to bind to each other or not. This model is in contradiction
to well-established biophysical findings indicating that the binding affinity of protein
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interactions is continuous. The detection of a protein interaction largely depends on
the experimental method applied. Different experimental methods have different pro-
tein interaction detection ranges. This can result in cases where using one method an
interaction between two proteins would be detected whereas with another these two
proteins would be classified as non-interacting.

Currently, binding affinities can only be determined in in vitro systems making it
impossible to obtain information about the range of binding affinities that exists in
cellular systems. Therefore, every cut-off in binding affinity that is set to discriminate
between binding and non-binding is motivated by technical concerns and subjective
views and is unlikely to be of any biological significance. Consequently, protein inter-
action prediction tools that return a score for a given protein pair that correlates with
(relative) binding affinities are likely to be biologically more meaningful than predic-
tors that only deliver binary information. However, correct prediction of (relative)
binding affinities prerequisites training and test data sets that provide this kind of in-
formation. Gathering of binding affinity information from various different sources is
likely to result in erroneous data sets because binding affinities obtained from different
experimental methods are not necessarily comparable. Thus, attempts of large-scale
determination of (relative) binding affinities of protein interactions will be crucial for
advances in their predictions (see section 6.4.4).

6.3. Prediction of protein interactions without module
information

From the various strategies for protein interaction predictions that exist, I only focus
on one publicly available resource, the database STRING, that combines predicted and
experimentally validated protein interactions into the probably most complete data set
available to date. STRING (search tool for recurring instances of neighbouring genes)
has been originally published as a server for the retrieval of genomically associated
genes [159]. It has been suggested that genes that repeatedly occur in clusters on
the genome are likely to encode for proteins that are functionally associated, e.g. by
working in the same metabolic pathway. In the following years, STRING has been con-
sequently extended by integration of direct (physical) and indirect (functional) protein
associations from four different sources: HTP experiments, co-expression data, text-
mining and other repositories of protein interaction information. By now, STRING
covers protein association information for 1,133 organisms [138]. If applicable, protein
associations are transferred between organisms based on orthologies. Particular atten-
tion has to be paid to the fact that STRING contains a mix of direct and indirect as
well as predicted and experimentally validated protein associations. The origin and
kind of each protein association is properly tracked and visible to the user.
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6.4. Prediction of protein interactions using module
information

The prediction of protein interactions has much advanced with our understanding of
how protein modules mediate protein interactions. As mentioned in section 5.5, a SLiM
is recognized by a specific type of globular domains. Thus, a very rough approximation
in protein interaction prediction consists of the prediction of domains and SLiMs in
protein sequences and the assumption that if protein A has a domain that in theory
can recognize a SLiM that has been identified in protein B, A and B might be able to
interact [160]. This approach has a significant advantage in providing in addition to
the protein interaction prediction a prediction about the putative binding interfaces.
In the following, I provide a quick overview about common methods for domain and
SLiM predictions and summarise different approaches for interaction prediction that
are based on the protein modules concept. I do not discuss tools that aim at predicting
de novo domains or SLiMs (e.g. not yet annotated modules). Such newly predicted
modules cannot be used for protein interaction prediction because information on the
corresponding interacting module is usually missing.

6.4.1. Prediction of globular modules — domains

Several tools have been developed during the last years that predict regions of order
and disorder in a given protein sequence (for a performance comparison and review
see [161]). These predictors allow to obtain a fairly well overview about whether and
where a protein might have globular domains. However, using such predictors no in-
formation can be obtained about what type of globular domain the protein might have.

The prediction of occurrences of specific types of globular domains in a given pro-
tein sequence is possible with tools like Pfam and SMART. Pfam and SMART have
been developed at the end of the 90s, the decade of ”protein module discovery“ (see
section 2.1), as a response to the need to automatically identify domains in protein
sequences for protein function prediction as well as resources to manage the knowledge
on the growing number of modules discovered [162,163]. Both tools use hidden markov
models (HMMs) to capture the signature of a domain and to search for occurrences of
domains in protein sequences. An HMM can be defined on the basis of a high quality
sequence alignment of several validated instances of a certain type of globular domain.
A match of an HMM in a protein sequence reveals a score that indicates how simi-
lar the predicted domain sequence is to the domain instances used to define the HMM.

Though Pfam and SMART have many characteristics in common, they also differ
in some important aspects. Developers of Pfam (Protein families) originally aimed at
classifying proteins into families based on sequence similarities they shared without a
particular focus on protein modules [162]. As a consequence, Pfam contains HMMs
of protein modules, enzymatic domains that function in metabolic pathways, repeats,
structural motifs and signalling peptides. SMART (simple modular architecture re-
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search tool) has been designed with the aim to describe domains that occur in cyto-
plasmic signalling proteins, thus modules [163]. By now, SMART stores 1,009 domain
signatures [4] in contrast to Pfam that defines more than 13,000 protein families [164].
Using tools like SMART and Pfam, instances of annotated globular modules in pro-
tein sequences can be extremely reliably predicted. Other tools for domain prediction
include InterPro, a meta server, that unifies information from secondary databases
such as Pfam and SMART [165], Prosite [166], and the conserved domain database
(CDD) [167].

6.4.2. Prediction of linear modules — SLiMs

As for prediction of globular domains, linear motif prediction can be seen as a two step
process: first, definition/annotation of a type of linear motif with validated instances;
second, prediction of SLiM occurrences using the defined signature from the annota-
tion process. Conserved features of SLiMs are often captured in regular expressions
that can be manually defined in contrast to HMMs. Given the few instances that are
often only available for a certain type of SLiM, manual creation of regular expressions
becomes necessary to allow subjective input of expert knowledge from the annota-
tor. Such regular expressions can then be used to screen a given protein sequence for
SLiM instances. The ELM resource [5], MiniMotif Miner [168], and ScanSite [169]
are databases that store manually annotated types of SLiMs and that allow to search
for instances of these annotated SLiMs in protein sequences. In addition, ScanSite
offers the possibility to enter one’s own regular expression and to query whole protein
sequence databases. MiniMotif Miner and the ELM resource contain a diverse set of
types of SLiMs whereas ScanSite concentrates on annotation of SLiMs that are linked
to phosphorylation. Prosite [166] catalogues profiles of any conserved features in pro-
tein sequences, including protein domains, families and functional sites such as linear
motifs.

In contrast to well-established and straightforward prediction of globular domain
occurrences, linear motif prediction faces many difficulties. SLiMs are much shorter
and do not possess a tertiary structure that is well conserved as do domains and thus,
SLiMs are much more difficult to detect in multiple sequence alignments [170]. In
addition, SLiMs occur in disordered regions of proteins that are very difficult to align
due to poor sequence conservations. SLiMs possess only a few (sometimes not more
than two) very conserved amino acid positions that can often appear by chance in
a protein sequence (e.g. within globular domains where they are likely to be non-
functional). As a consequence, developers of linear motif prediction tools have in
particular to deal with high false positive rates [3]. The strategy employed in the
ELM resource [5] to reduce the false positive rate consists of filter development and
application. Here, matches of regular expressions of SLiMs in protein sequences are
currently discarded if:
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1. they occur in globular regions of proteins unless structural information is avail-
able that suggests their occurrence in exposed loops of globular domains;

2. they are not conserved in homologous protein sequences;

3. the corresponding ELM class is known to only occur in proteins of specific sub-
cellular compartments that are different from those where the query protein is
known to be located;

4. the corresponding ELM class is known to only occur in specific organisms that
are different from the organism of the query protein;

5. they are likely to occur by chance (a user-defined probability cut-off can be set).

6.4.3. Prediction of domain—SLiM interactions

As mentioned in section 5.5, it is in most cases insufficient to simply know the presence
of a domain instance and corresponding SLiM instance in two proteins for protein in-
teraction prediction. Molecular recognition rules define subsets of SLiM instances that
are preferentially bound by a particular domain instance. Thus, in numerous studies
researchers tried to identify and describe such specificity rules for their application in
domain—SLiM interaction predictions. Some attempts focussed on trying to classify
domain instances into subgroups based on some molecular signatures to accordingly
split up the ligand space that they recognize. However, more promising predictions
are likely to be gained in approaches where binding profiles are defined for each sin-
gle domain instance. This has been the subject in several studies that combined HTP
methods with bioinformatic tools to identify the interactomes of model organisms that
are mediated by specific types of globular domains. In the following, a few of such
examples are summarised.

Probably the first domain-mediated human interactome that had been tried to map
involved WW domains [32]. Based on published instances of WW-binding motifs, se-
quence patterns were defined and used to retrieve all sequences in the human proteome
that matched to them. These peptides were synthesised and probed against all human
WW domains that were identified by SMART and Pfam. Interestingly, when consid-
ering all WW domains and peptides that were involved in at least one interaction,
only 10% of all tested interactions were positive. This nicely illustrates the inherent
specificity that can exist within domain—SLiM interactions.

Serrano and co-workers [171] used FoldX, an empirical force field developed by their
group, to predict the binding profiles for 9 human SH2 domains of which structures
were available. FoldX allows to perform in silico mutagenesis, each time calculating
the free energy of the resulting complexes. The free energies were transformed into
binding profiles that were consequently used to screen the human proteome for bind-
ing sites of the 9 SH2 domains. Prediction performances improved when additional
filtering with secondary structure predictors and phosphorylation data were employed.
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In a collaborative study of the Sidhu, Vidal, and Cesareni lab phage display, yeast-
2-hybrid (Y2H), and SPOT array data have been combined for the prediction and
experimental validation of most protein interactions in S. cerevisiae that are mediated
by SH3 domains [172]. The power of the predictive model lies in the combination of
experimental data from very different sources (artificial peptide, natural peptide, and
full length protein screening) that complement each other.

HTP proteomics studies reveal thousands of phosphorylation sites in proteins but
the kinases that recognize and phosphorylate these sites remain unknown. Target site
prediction for kinase domains using binding profiles is very difficult even when ex-
perimentally determined substrate binding sites are available for profile construction.
Many isolated kinase domains have been shown to have very low substrate specificities
in vitro. Specificity in target recognition is increased in vivo by the cellular context,
including co-localisation via subcellular compartmentalisation, anchoring and scaffold
proteins, cooperative effects via non-catalytic interaction domains that additionally
bind substrates or docking motifs in substrates recognized by the kinases themselves
as well as temporal and tissue-specific gene expression [173]. Linding et al. [173]
aimed at increasing prediction quality of phosphorylation networks by incorporating
contextual information from the STRING database. They could improve prediction
performance by 2.5 fold in comparison to purely sequence-based methods.

SPOT technology has been used to define the binding profiles of the two 14-3-3
domains in S. cerevisiae [174]. These binding profiles together with motif conservation
information and contextual data (gene ontologies, co-expression, co-localisation) have
been combined to predict and rank all potential binding sites recognized by these two
domains from the yeast proteome. The predictive model could in part be successfully
extended to human 14-3-3 domains. Similar large-scale studies have been published
for PDZ domains. They are discussed in detail in the following paragraph.

6.4.4. Prediction of PDZ—peptide interactions

Many studies have developed PDZ—peptide interaction predictors with a wide range of
different strategies employed. Table 6.2 summarises 26 articles that deal with PDZ—
peptide interaction predictions of which 24 describe the development of new prediction
tools. Aside from ”pure® PDZ interaction prediction studies, I have also considered
studies that aimed at developing general domain—SLiM interaction predictors and that
performed tests with PDZ interaction data or that focussed on a small set of types of
globular domains including PDZ, SH2, SH3, and WW domains. All of these 26 studies
focussed on predictions of interactions involving C-terminal PBMs due to the sparse
amount of data available for "non-canonical “ types of PDZ-mediated interactions, e.g.
involving internal ligands, lipids, or domain—domain interactions.

Interestingly, only four articles about PDZ interaction predictions had been pub-
lished before publication of the ground-breaking large-scale study on PDZ interactions
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from the MacBeath group [10]. This study had been followed one year later by another
equally important large-scale study on PDZ domains from the Sidhu group [9]. The
huge amount of PDZ interaction data provided by these two studies initiated a ”flood “
of PDZ interaction predictors that were published two to three years later (see Table
6.2). In eight studies the PDZ interaction data from either or both large-scale studies
have been used to train and/or test the predictors. This illustrates the importance
of HTP data for the computational biology field. Given the relevance of these two
large-scale studies in general for the PDZ domain field and in particular for my PhD
project, I shortly summarise their main contributions.

Stiffler et al. [10] used microarrays coupled with FP to determine the binding of 157
mouse PDZ domains to 217 mouse peptides. This resulted in 1,301 interactions that
were cross-checked by binding affinity determination using solution-phase FP assays.
Importantly, this study also revealed a huge amount of negative interaction data that,
as will be explained below, is extremely important for predictor development. A first
prediction model based on this interaction data had been proposed in the same study
(see Table 6.2). A second prediction model has been published one year later by the
same group, to which I refer to as the ”Chen predictor“ [11]. The Chen predictor has
been trained with the experimental data from their previous study [10]. The heart of
this predictor consists of 38 position pairs of domain and peptide residues that were
seen to interact with each other in the crystal structure of the peptide-bound PDZ
domain of al-syntrophin [175] (see Figure 6.2A). The training data was used in a
Bayesian approach to obtain sub-scores for the occurrence of all possible combinations
of amino acid pairs at these 38 position pairs. These sub-scores quantify the positive,
neutral or negative contribution of a pair of amino acids at a certain position pair to
the overall interaction between a PDZ domain and a peptide (see Figure 6.2B). The
sum of the 38 sub-scores for a given PDZ-peptide pair represents the final score, which
was suggested to indicate the relative binding strength.

Tonikian et al. [9] applied phage display to determine the binding profiles of 28 C.
elegans and 54 H. sapiens PDZ domains using more than 10 billion random peptides.
Phage display data is perfect for the construction of a position specific scoring matrix
(PSSM) (also often referred to as position weight matrix (PWM)). A PSSM captures
the frequency of occurrence of each amino acid at each position within a list of aligned
peptide sequences (see Figure 6.3). A PSSM can be constructed for each PDZ domain
representing the sequence profile defined by the phage peptides that bound to it. Such
PSSMs can be used to predict PDZ-peptide interactions in the following way. For
a given peptide and PDZ domain, the normalised frequencies for each residue of the
peptide are extracted and summed up from the corresponding PSSM of the PDZ do-
main. The resulting score reflects the sequence similarity of that peptide to the phage
display peptides obtained for the PDZ domain. The higher the score, the higher the
similarity to the phage display peptides, the higher the likeliness that the peptide will
be bound by the PDZ. Using such PSSMs, Tonikian et al. [9] successfully screened the
human proteome and several viral proteomes for C-terminal peptides to find potential
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Figure 6.2. lllustration of the prediction model defined by Chen et al. [11]. A: 38 pairs
(green lines) were defined based on contacts between domain and peptide residues that have been
observed in the crystal complex structure of the PDZ domain of al-syntrophin [175]. B: Each
of these 38 residue pairs can consist of 20x20 possible combinations of amino acids. The PDZ
interaction data has been used to derive for each of these amino acid combinations for each of the
38 pairs a value that represents whether this pair of residues at this position is rather favourable or
unfavourable for a PDZ—peptide interaction. All 400 values obtained for the residue pair (13,-2),
where 13 is the first residue of the &2 helix of the PDZ domain and -2 the peptide position, are
illustrated with a heatmap. Orange/red tones represent favourable contribution to binding and
blue tones unfavourable contribution. The figure has been adapted from [11].
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binding partners for some of the 54 human PDZ domains used in their phage display
screen. Unfortunately, phage display does not provide negative interaction data.

The diverse published PDZ interaction predictors can be grouped using different
criteria, e.g. kind of input data, main prediction result, and generality of application.
Some predictors exclusively use primary sequence data [9,10,81,92,176-180], others
are sequence-based but add information derived from structures, e.g. contact position
pairs between PDZ domains and peptides [11,147,181,182]. A third group of predic-
tors is purely structure-based [68,156,183-189]. Some predictors aim at assigning to a
given PDZ domain the class to which it is likely to belong (e.g. class I, II, III, or dual
specificity) [68,177], others aim at predicting a sequence profile, e.g. a PSSM for a given
PDZ domain [9,81,176,179,180,182,189] or simply a score for a given PDZ-peptide
pair [11,92,178,181]. The most ambitious tools try to predict relative or absolute
binding affinities or the free energy of PDZ-peptide complexes [156,183-188]. Only
a few predictors are ready to be applied to any PDZ domain in question [177-180],
others prerequisite that certain residue positions of the PDZ domain can be accurately
determined (e.g. using sequence alignments) [11,147]. Frequently, a PDZ domain has
to display sufficient sequence similarity to a PDZ domain for which a structure is
available [68,156,183-189] or a significant amount of binders or/and non-binders has
to be known [92,176]. In very restrictive cases, the predictor can only be applied to
PDZ domains that have been used in the training process [81,182].
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Figure 6.3. Principle of interaction predictions using PSSMs. From left to right: During
phage display selection rounds, C-terminal peptides with high affinity for a PDZ domain (here
PDZ3 of SCRIB) are selected, sequenced, and aligned. The frequency of each amino acid at each
peptide position (in this example only the last five peptide positions are considered) is calculated
and stored in a PSSM. In this example, the frequency of each amino acid at each peptide position
is illustrated with a colour scheme where very frequent residues at a given peptide position are
highlighted with orange tones and very rare residues with blue tones. The PSSM can be used
to screen the human proteome for similar C-terminal peptides to the phage display peptides by
calculating for each query peptide a score that results from the sum of the frequencies of its
residues. The human C-terminal peptide that obtained the highest score out of all available human
C-terminal peptides, has the sequence RETDL. The frequencies of these residues are indicated on
the PSSM. The phage display routine picture has been taken from www.creative-biolabs.com.

A recurrent finding in several of these studies is that the prediction success for a
given PDZ domain depends to a significant degree on its sequence similarity to PDZ
domains used in the training process [9,11,178,181]. This observation reflects a fre-
quent problem in computational biology that consists of developing predictors that
are biased towards the training data set, often as a result of its limited size [190,191].
In some cases this can lead to over-optimistic predictions for PDZ domains that are
very similar to PDZ domains used in the training data (see our results on the Chen
predictor presented in chapter 9).

Controversial findings have been published about whether and to which degree
sequence similarity between PDZs results in similar binding specificities. This, of
course, depends on whether sequence similarity of the residues of the peptide bind-
ing pockets of two PDZ domains is considered or sequence similarity over the whole
domain. Whereas some see predictive power using sequence similarities between PDZ
domains [9] others are more pessimistic [11].

Very striking is the role that phage display data plays in the field of PDZ—peptide
interaction predictions (see Table 6.2). Several HTP phage display studies have been
published by Sidhu and co-workers [9,152,153]. This data has inspired many predictor
developments and led to the formulation of a ”’DREAM4 Peptide Recognition Domain
Specificity Prediction“ challenge with phage display data as experimental gold stan-
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dard [180,182,189]. However, as has been mentioned in section 5.6 and is demonstrated
by our own study presented in chapter 8, high affinity binders selected in phage dis-
play can substantially differ in their sequence from natural binders for PDZ domains.
Thus, binding profiles derived from phage display data for a given PDZ can highly
vary from binding profiles derived from cellular interaction partners. Figure 6.4 shows
the binding profiles of mutated Erbin PDZ domains from the DREAM4 prediction
challenge. What do they have in common with known properties of cellular PBMs?
How useful are tools for the prediction of natural PDZ—peptide interactions that were
trained and/or tested on such binding profiles? Hui and Bader [181] took into account
these sequence differences between phage display and cellular PBMs when training a
predictor by selecting only the genomic-like sequences from the phage display data. To
make a test, they screened the human proteome with PSSMs obtained from the unfil-
tered phage display data. Interestingly, the resulting top predicted binders were more
similar in terms of sequence to the genomic-like phage display peptides as compared
to the unfiltered phage display data [181].

| PDZ-2B11 PDZ-2B9 PDZ-2C6 PDZ-2D4 PDZ-2D5 \
GOLD STANDARD

Position Position Position Position Position

Figure 6.4. The DREAM4 PSSM prediction challenge for PDZs. The gold standard PSSMs
(that were to predicted in the DREAM4 prediction challenge) are represented as sequence logos
where the size of each letter represents the preference of that residue at a given PBM position. The
PSSMs were obtained from peptides that were selected in phage display for binding to mutated
Erbin PDZ domains. The figure has been adapted from [182].

The publication of real negative interaction data has probably been the most im-
portant contribution of the study of Stiffler et al. [10] to the field of PDZ interaction
predictions. Interaction predictor development without negative information is very
difficult, and the quality and quantity of negative training data determine final predic-
tion performances [178]. Hui and Bader [181] developed a clever method that employs
PSSMs derived from phage display data to create negative interaction data that can be
used for predictor training. However, artificial negative interaction data, e.g. derived
from random assignment of protein pairs or proteins from different cell compartments,
has been shown to significantly bias predictors [192]. This problem has been more
and more recognized by the scientific community and results in annotation efforts for
negative interaction data [193] (see our article presented in chapter 9).

Given the plasticity of PDZ domains to adopt to diverse peptide sequences (as has
been strikingly demonstrated for dual specificity PDZs for example) it is questionable
to which extent sequence-based prediction approaches will succeed. A yet undiscussed
group of PDZ interaction predictors constitutes those that apply molecular dynamics
(MD) simulation to this problem. The massive amount of structural data on PDZ
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domains encouraged numerous groups to engage in PDZ-peptide complex predictions
(10 publications in total, see Table 6.2). An open question is how applicable and suc-
cessful such approaches will be for the screening of hundreds or thousands of peptide
sequences? The developers of PREDIADAN provide a first attempt but inspection
of predicted binding profiles questions the biological relevance of the predictions (see
Figure 6.5) [185]. Probably the most direct (and most sophisticated) way to predict
binding specificities is the prediction of absolute binding affinities from complex struc-
tures. Gerek and Ozkan [186] obtained promising results. Nevertheless, an interesting
analysis revealed that binding affinity calculations are extremely sensitive to errors in
modelled complexes. More than 20% of error is likely as soon as the RMSD of the
modelled complex diverges more than 2 A from the real structure [194].

PDZ PSD-95-3/3 PSD-95-3/3 PSD-95-3/3 AF6-1/1
peptide KQTSV KKETPV KKETWV LFSTEV
1 1~ 1- | 1 C
" £
- el H V ]
| , ; 1
0 | M =M H SEL W T 0 ¥ ( =
4 -3 -2 10 5-4-3-2-10 543210 5-4-3-2-410
peptide positions
1BE9 1TP3 1TP5 2AIN

Figure 6.5. Predicted peptide sequence profiles for PDZ domains extracted from PREDI-
ADAN. PREDIADAN has been used to predict for every available structure of a complex between
a PDZ domain and peptide, the peptide sequence profile of the respective PDZ domain. Here,
the peptide sequence profiles that were predicted for four PDZ complexes are represented with
sequence logos. The name of the PDZ domain and the peptide sequence are indicated above, the
peptide positions and PDB codes of the respective structures are given below the sequence logos.
The first three peptide sequence profiles were predicted for PDZ3 of PSD-95 (PSD-95-3/3) of rat
using three different complex structures. In theory, they should be identical, in practice, they vary
substantially, even when very similar peptides were bound to the PDZ (second and third profile).
The fourth profile had been predicted for the PDZ domain of AF6 (the structure of this complex is

shown in Figure 3.1). The pictures of the sequence logos have been obtained from the web server
ADAN [185].

In general, it is very difficult to assess the real performance of all these predictors to
obtain an overview of the current state-of-the-art in PDZ interaction predictions. Most
of the predictors indicate extremely high AUC and accuracy values [92,176-178,195]
but only very few have been tested on real independent test data or have validated
predictions with experiments (see Table 6.2) [9-11,92,178]. Even fewer predictors have
been tested and applied by other researchers than the developers to obtain independent
insights on their performance (see our results when testing the Chen predictor, chapter
9). PDZ interaction predictions are more likely to be successful when biologists and
bioinformaticians closely collaborate thereby combining experience in interpretation
of experimental data and its application for prediction.
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7. Solution structure of PDZ2 of MAGI1
bound to a C-terminal peptide derived
from HPV16 EG6

7.1. Summary

The protein E6 from ”high-risk“ HPV strains possesses a PBM that has been shown
to bind to PDZ2 (out of 6 PDZs) of mammalian MAGI1. This interaction seems to
play a role in HPV-mediated tumourigenesis. Previous studies by our group revealed
the importance of N- and C-terminal extensions for obtaining monomeric and stable
constructs of PDZ2 in solution [199]. The structural details for this observation could
not be explained with a published crystal structure of PDZ2 in complex with a C-
terminal peptide derived from HPV18 E6 [71].

Approach: We have determined the structure of apo PDZ2 and PDZ2 bound to an 11
residue-long C-terminal peptide derived from HPV16 E6 using NMR. The dynamic
responses of PDZ2 upon peptide binding have been analysed by NMR. experiments.
SPR has been used to determine dissociation constants of wild type and mutant PDZ2
versus the E6 C-terminal peptide.

Findings: We confirmed previously observed ionic interactions between residues up-
stream of the core PBM of E6 and the 32-$3 loop of PDZ2. PDZ2 has a structured N-
terminal and an unstructured C-terminal extension. The N-terminal extension seems
to shield from solvent a hydrophobic patch of residues on PDZ2 that comprises a cys-
teine residue, thereby preventing the formation of soluble aggregates via non-native
intermolecular disulfide bonds. The C-terminal extension adopts more restricted con-
formations upon peptide binding, probably due to atomic contacts that have been
observed between residues of the C-terminal extension and R-5 and T-6 of the bound
peptide. Mutation of the peptide contacting residues in the C-terminal extension re-
duced the binding affinity towards the E6 peptide. The hydrogen-bonding pattern of
PDZ2 is altered upon peptide binding.

Discussion/Conclusions: Evidence has been provided that the observed dimer in a
previously published crystal structure of a PDZ2-E6 complex is likely to be an arte-
fact. The C-terminal extension of PDZ2 plays a role for peptide binding within the
fragment context. It remains unknown whether this effect will be similar or completely
different in full length MAGI1. Global effects on the hydrogen bonding network upon
peptide binding suggests the involvement of distal sites of PDZ2 in peptide binding.
Contribution: 1 have read and curated the published literature to identify all PDZ
domains that have been shown to interact with E6. Results of this analysis have been
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from HPV16 E6

used to create the sequence alignment shown in Figure la. I have provided informa-
tion on other structures of PDZ domains with extensions that has been useful for the
discussion.
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PDZ domains are protein interaction domains that are found in cytoplasmic
proteins involved in signaling pathways and subcellular transport. Their
roles in the control of cell growth, cell polarity, and cell adhesion in response
to cell contact render this family of proteins targets during the development
of cancer. Targeting of these network hubs by the oncoprotein E6 of “high-
risk” human papillomaviruses (HPVs) serves to effect the efficient
disruption of cellular processes. Using NMR, we have solved the three-
dimensional solution structure of an extended construct of the second PDZ
domain of MAGI-1 (MAGI-1 PDZ1) alone and bound to a peptide derived
from the C-terminus of HPV16 E6, and we have characterized the changes
in backbone dynamics and hydrogen bonding that occur upon binding. The
binding event induces quenching of high-frequency motions in the
C-terminal tail of the PDZ domain, which contacts the peptide upstream
of the canonical X-[T/S]-X-[L/V] binding motif. Mutations designed in the
C-terminal flanking region of the PDZ domain resulted in a significant
decrease in binding affinity for E6 peptides. This detailed analysis supports
the notion of a global response of the PDZ domain to the binding event,
with effects propagated to distal sites, and reveals unexpected roles for the
sequences flanking the canonical PDZ domain boundaries.

© 2011 Elsevier Ltd. All rights reserved.

Introduction
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Abbreviations used: HPV, human papillomavirus;
NOE, nuclear Overhauser enhancement; BMRB,
BioMagResBank; PDB, Protein Data Bank; SPR, surface
plasmon resonance; TOCSY, total correlated spectroscopy;
NOESY, NOE spectroscopy; GST, glutathione
S-transferase; RU, response units; RDC, residual

dipolar coupling.

PDZ domains are protein—protein interaction
domains that are commonly found in cytoplasmic
proteins involved in signaling pathways or subcel-
lular transport.'” PDZ domains play roles in
localizing proteins to the membrane and in acting
as molecular scaffoldings or adaptors, but also serve
in other functions such as binding to titin Z-repeats

0022-2836/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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in the Z-disk of sarcomeres® or detecting unfolded
proteins and activating proteases.” Many PDZ-
domain-containing proteins are located at the
interface between the cytoskeleton and the cellular
membrane, where they are implicated in the
formation of cellular junctions such as synapses,’
adherens junctions, or tight junctions.” They com-
monly form multiprotein complexes at the inner
interface of the membrane and are associated with
the control of cell growth, cell polarity, and cell
adhesion in response to cell contact and thus
represent a family of proteins targeted during the
development of cancer.® Multiple PDZ domains are
often found within a single protein connected by
linkers of varying lengths, and found to be
associated with other domains such as WW and
SH3 domains, reflecting multiple functions. This
further suggests that the composite protein function
may be more than the sum of individual domains.

Viral proteins often target PDZ domains, resulting
in the disruption of cellular processes for the benefit
of the viral life cycle. The targeting of PDZ-domain-
containing proteins involved in cellular adhesion
and control of polarity has been shown to be a
highly important activity in the process of cancer
development following infection by “high-risk”
human papillomaviruses (HPVs).”'! The expres-
sion of two HPV oncoproteins, E6 and E7, that
cooperate in cell immortalization and transforma-
tion has been associated with tumorigenesis.'*'* E6
has a number of distinct functions in the host cell. It
targets the tumor suppressor p53 for degradation
through the formation of a trimeric complex with
the cellular ubiquitin ligase EGAP'* and represses
p53-dependent cell-cycle control and p53-depen-
dent transcription by inhibiting p300-mediated
acetylation.'” In addition, E6 binds and sometimes
drives the proteasome-mediated degradation (via
PDZ domain recognition) of several PDZ-domain-
containing proteins. These include various
MAGUKSs (membrane-associated guanylate kinases),
such as Dlg-1'°, Dlg-4,"” and hScrib,!8 and MAGI
(membrane-associated guanylate kinase with
inverted domains) proteins, such as MAGI-1Y,
MAGI-2, and MAGI-3%° (Fig. 1a). The tumorigenic
effects of HPV E6 depend partly on interfering with
MAGI-1 functions in the living cell.' Several non-
MAGUK proteins such as CAL,** MUPP-1%?,
PATJ,>® PTPN3,** Tipl,” and Tip2*® are also
targeted by E6. The interaction of high-risk HPV
E6 proteins with PDZ domains is mediated by
C-terminal peptide sequences matching the X-[T/S]-
X-[L/V] motif of “class I” PDZ domains® 2’ and is
associated with the development of cervical
cancer.”””” This consensus sequence is only found in
high-risk HPV E6s (such as HPV16 or HPV18) that
differ in their C-terminal residues and, as a result,
exhibit different affinities for MAGI-1.8°132 A higher
affinity seems to correlate with an increased likeli-

hood of recurrence and metastasis in cervical
tumors.”>* This variability in the C-terminal residue
of HPV E6 proteins has been suggested to be
important in fine-tuning the affinities of the viral
oncoproteins for distinct sets of PDZ domains.”

Understanding how the E6 viral protein interferes
with the endogenous network of interactions medi-
ated by PDZ domains requires both knowing the
general rules governing PDZ-peptide interactions
and deciphering the specific strategies used by the
virus during infection. In the past few years, many
studies attempted to characterize the ligand binding
“specificity code” of PDZ domains. Initial analysis
of peptide library screens, combined with sequence
analysis to identify C-terminal consensus binding
sequences, led to the definition of three major PDZ
domain classes.”** Later, the mapping of 3100
peptides identified by phage display against 82
PDZ domains from worms and humans allowed a
more precise analysis of binding specificity and
resulted in a classification of PDZ domains into 16
distinct specificity classes.”® A study of the binding
selectivity of 157 PDZ domains from the mouse
proteome using protein microarrays and quantita-
tive fluorescence polarization®® showed that selec-
tivity is derived from interactions throughout the
binding pocket. This led the authors to suggest that,
in terms of binding selectivity, PDZ domains
constitute a continuum rather than discrete classes.

At the molecular level, a large number of three-
dimensional structures of PDZ domains have been
determined,* with a number of them being avail-
able in both unliganded and liganded forms,
allowing structural changes induced by peptide
binding to be studied. In most cases, the structure of
PDZ domains displayed a very small change upon
peptide binding.?%3° However, from a dynamic
point of view, computational*** approaches have
highlighted the role of regions distal to the peptide
binding site in forming dynamic networks within
PDZ domains, and a number of studies have
characterized changes in dynamics using NMR,
thus providing experimental evidence for these
networks,3946-48

Initial structural insight into the targeting of PDZ
domains by HPV E6 protein was provided by the
crystal structures of a short peptide from HPV18 E6
bound to three PDZ domains from MAGI-1 and
SAP97/Dlg.*” This work revealed that peptide
residues outside the canonical PDZ binding motif
were involved in direct contacts with the canonical
core regions of the PDZ domains. In addition,
constructs of MAGI-1 PDZ1 [the second of the six
PDZ domains in the sequence of human MAGI-1;
residues 456-580 of human MAGI-1 (GenBank
accession no. AF401656) when referring to the
specific polypeptide used in these studies] were
seen to form covalent cysteine-bridged dimers both
in solution and in the crystal.
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Fig. 1. (a) Multiple sequence alignment of PDZ domains known to bind E6 proteins from “high-risk” HPV types 16 and/or 18. For each domain, its position and the
total number of PDZ domains contained in the protein are indicated. Conserved positive and negative charges are shown in blue and red, respectively. Conserved
glycine and histidine residues are hlghhghted in orange and purple, respectively. Residues known or expected to make direct contact w1th the E6 peptlde are indicated
by a gray triangle. (b) Composite changes in chemical shift upon the binding of 16E6. Ly/V to MAGI-1 PDZ1 calculated for all assigned 'H, '*C, and '°N resonances.
Residues close to the E6 peptide are shown as gray rectangles. For residues Phe40 and Leu41, the major contribution arises from shifts of side-chain resonances. Colored
arrows and boxes indicate elements of secondary structure, p-strands, and a-helices, respectively, inferred from chemical shifts and slowly exchanging 'Hy resonances.
The colors of secondary structure elements are retained in subsequent figures.
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Table 1. Experimental restraints and statistics for the sets of the 20 final structures of MAGI-1 PDZ1 and MAGI-1 PDZ1/

RSSRTRRETQV
MAGI-1 PDZ1 MAGI-1 PDZ1/RSSRTRRETQV
Number of experimental restraints
NOEs
Intraresidue NOE 480 455
Sequential NOE 663 564
Medium-range NOE 296 207
Long-range NOE 687 543
Intermolecular NOE — 49
Total NOE 2126 1818
Hydrogen bonds 39 57
TALOS-derived ®/V¥ pairs 69 74
r.m.s.d. from experimental restraints
Distance restraints (A) 0.040 (0.001) 0.036 (0.001)
Dihedral-angle restraints (°) 0.71 (0.07) 0.78 ( 0.05)
r.m.s.d. from ideal covalent geometry
Bonds (A) 0.016 (0.001) 0.015 (0.001)
Angles (°) 1.89 (0.04) 1.73 (0.03)
Impropers (°) 2.15 (0.09) 1.91 (0.07)
Average pairwise r.m.s.d. .
Backbone atoms (residues 4-101) (A) 0.44 (0.08) 0.58 (0.06)
Heavy atoms (residues 4-101) (A) 1.12 (0.04) 1.16 (0.03)
Ramachandran plot
Residues in the most favored regions (%) 77.3 78.0
Residues in additionally allowed regions (%) 18.5 18.3
Residues in generously allowed regions (%) 3.5 25
Residues in disallowed regions (%) 0.7 1.3
Equivalent resolution 2.5 2.4
Average pairwise fit between liganded and unliganded structures
Backbone atoms (residues 4-101) (A) 1.73 (0.09)

Recently, the extension of domain boundaries for
the PDZ1 domain of MAGI-1 enabled us to study its
properties in solution by NMR.”*! Using NMR, we
solved the three-dimensional solution structures of
MAGI-1 PDZ1 both unliganded and bound to a
peptide derived from the C-terminus of HPV16 E6.
In contrast to the crystal structure, we found that the
domain was monomeric in both apo and holo forms.
Furthermore, we found that peptide binding in-
duced important changes in backbone dynamics
and hydrogen bonding. While supporting the
notion of a global response of the PDZ domain to
the binding event, our study revealed an unexpected
contribution to the binding process by sequences
flanking the canonical PDZ domain boundaries.

Results

Changes in chemical shift upon E6 peptide binding

Initial studies with C-terminal peptides from
HPV16 E6 showed that peptides representing
the 11 C-terminal amino acids fully reproduced
the spectral changes observed when using the
C-terminal domain of HPV16 E6, while shorter
C-terminal peptides did not,”’ suggesting the
involvement of residues outside the canonical
binding motif. Similar observations have been

made in other studies.’***™* We previously
showed that the mutation of the C-terminal leucine
residue into a valine resulted in a significant gain
in affinity,®® which proves beneficial for the
detection of intermolecular nuclear Overhauser
enhancements (NOEs). Our present studies were
therefore performed using a chimeric peptide
composed of the 11 C-terminal residues of
HPV16 E6 (sequence RSSRTRRETQV, hereafter
named 16E6. Lo/ V).

An essentially complete 'H, °C, and "N reso-
nance assignment was achieved for MAGI-1 PDZ1
alone and in complex with 16E6; Lo/ V. Resonances
of the unlabeled peptide could be identified in
isotope-filtered experiments performed on the com-
plex. Assignments were completed with the single
exception of the side chain of Lys44, which remained
unassigned beyond the C* atom due to specific line
broadening in both unliganded and liganded forms.
Assignments have been deposited at the BioMa-

1 The same 11-residue peptide in which the C-terminal
leucine residue is replaced by valine (RSSRTRRETQYV).
Standard three-letter abbreviations for amino acids are
used when referring to residues of MAGI-1 PDZ1 (except
when space is limited in figures), and standard one-letter
abbreviations are used when referring to residues of
peptides. The 16E6. Lo/V peptide is numbered back-
wards from V-0 to R-10.
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Fig. 2. Bundles of 10 representative structures calculated for (A) MAGI-1 PDZ1 and (b) MAGI-1 PDZ1/16E6 Ly/V. Secondary structure elements are colored as in
Fig. 1 and labeled. For clarity, residues preceding Phe4 and following Tyr101 are not shown. In (b), the backbone of the bound peptide is shown in magenta. A measure
of local backbone definition is given by average pairwise r.m.s.d. values calculated over five-residue segments of the primary sequence for 20 calculated structures of (c)
MAGI-1 PDZ1 and (d) MAGI-1 PDZ1/16E6 Ly/V. Residues mentioned in the text are labeled.
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gResBank (BMRB)™ under BMRB ID 16558 (unli-
ganded) and BMRB ID 16559 (liganded).

Two spectroscopic observations suggested a
defined structure for the N-terminal portion of the
polypeptide chain of MAGI-1 PDZ1 precedmg the
1 strand: (i) the resonance of the Thr5 "Hy proton
is shifted far upfield from the disordered value in
both hganded and unliganded domains; and (ii) the
>N and 'H* resonances of the guanidinium group
of Arg6 are unexpectedly observed in 'H-"°N
correlation spectra.

The binding of 16E6. Ly/V to the PDZ domain
results in significant spectral changes for a majority
of resonances, suggesting a global response of the
PDZ domain to peptide binding (Fig. S1; Fig. 1b). In
addition to large composite chemical shift changes
for residues close to the binding site, two supple-
mentary sets of changes that were less expected are
observed: (i) Phe40, Leu41, Lys44, Ser45, Thr60, and
Gly61 form a small cluster of affected residues; and
(ii) more than half of the residues in the C-terminal
extension beyond Tyr101 experienced considerable
shifts. This latter observation strongly suggests that
this region undergoes a structural and/or dynamic
change upon binding of the peptide.

Structures of MAGI-1 PDZ1 and MAGI-1
PDZ1/16E6; Lo/V

Experimental data, including intramolecular and
intermolecular NOEs, hydrogen bonds, and dihe-
dral-angle restraints (Table 1), yielded well-defined
structures for both the unliganded PDZ domain and
its complex with 16E6. Lo/ V (Fig. 2a and b), with no
violations of distance restraints greater than 0.5 A
and with no violations of dihedral-angle restraints
greater than 5°. Analysis of the distribution of ®/¥
angles for the 20 lowest-energy structures of each
yielded good statistics, and the PROCHECK-NMR
program®® gave equivalent resolution values of
2.5 A and 2.4 A for the unliganded and liganded
structures, respectively (Table 1). A high degree of
local precision in both sets of structures is reflected
in average pairwise r.m.s.d. values (calculated using
a five-residue window) below 0.5 A for all residues
(Fig. 2c and d). The average pairwise r.m.s.d. values
calculated over the entire backbone between Phe4
and Tyr101 are both close to 0.5 A, while those
calculated with all heavy atoms of the same
sequence are both close to 1.1 A (Table 1).

Both unliganded [Protein Data Bank (PDB) ID
2kpk] and liganded (PDB ID 2kpl) structures adopt
the fold expected from studies of other PDZ
domains,®® which is composed of five B-strands
and two a-helices (Fig. 2a). The structures are also
very similar to the previously reported crystal
structure of MAGI-1 bound to the seven last
C-terminal residues of HPV18 E6* (Fig. S2a and b).
In the present structures, the first p-strand (31)
begins at Lys14. Nonetheless, the preceding sequence
(Phe4-Gly13) adopts a well-defined structure (Fig.
2a and b), and relaxation measurements confirm
that no picoseconds-to-nanoseconds timescale
motions (characteristic of unstructured polypep-
tides) affect this region. This folded N-terminal
region effectively masks the side chain of Cys98
and a set of hydrophobic residues (Phe40, Val63,
Val65, and Leu73) from the solvent. This observation
explains why, in our hands, shorter constructs
lacking this N-terminal extension were poorly
soluble and that expression of a soluble monomeric
form of this domain was only possible upon the
addition of an N—termmal extension encompassing
Phe3 and Phe4 residues.™

Superimposition of the backbones of the core
regions of unliganded and liganded structures
(between Phe4 and Tyrl101) gave an average
pairwise rm.s.d. of 1.7 A, which is larger than the
value of 0.9 A noted by Doyle et al. for PSD-95
PDZ3, but lower than the mean values calculated
for other pairs of unliganded and liganded struc-
tures (e.g., PDB ID 1GM1/PDB ID 1V]6: 1.9 A; PDB
ID 3PDZ/PDB ID 1D5G: 1.9 A; PDB ID 2EV8/PDB
ID 2EJY: 2.6 A).38

While the fold of MAGI-1 PDZ1, including the
local conformation of many loops, is clearly
maintained on complex formation, slight rearrange-
ments occur (Fig. 3a and c). Average pairwise r.m.s.
d. values between the two sets of 20 structures,
calculated using a five-residue window, reveal
those portions of the sequence in which the local
structure is altered (Fig. 3b). A small difference in
the conformation of Lys12-Lys14 serves to reposi-
tion the preceding sequence to a slight degree,
although the positions of the side chains are similar;
the sequence Ser23-Phe29 (labeled GFGF loop in
Fig. 3a) and the end of p2 change upon binding to
form interactions with the C-terminal carboxylate
and accommodate the peptide chain; the neigh-
boring strand 33 and the loop connecting 33 to al

Fig. 3. (a) Superposition of the representative structures of MAGI-1 PDZ1 (gray) and MAGI-1 PDZ1/16E6. Lo/ V (deep
red), with the C-terminal six residues of the bound peptide shown as sticks color coded by atom type. Secondary structure
elements are labeled. For clarity, residues preceding Asn7 and following Prol02 are not shown. (b) Variations in local
conformation between MAGI-1 PDZ1 and MAGI-1 PDZ1/16E6 Ly/V are shown by average pairwise r.m.s.d. values
calculated over five-residue segments of the primary sequence between two sets of 20 calculated structures. Residues
mentioned in the text are labeled. (c) Changes in average C*~C* distances upon binding greater than 2 A are shown by
blue (increased distance) and red (decreased distance) squares. Regions mentioned in the text are labeled.
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rearrange, and changes in the local conformation of
residues at both ends of «2 allow the helix to move
away from its position in the unliganded structure to
accommodate the bound peptide (Fig. 3a). As a
consequence of these changes, helix a2 and strand 32
diverge to accommodate the peptide, with the
a-helix undergoing a reorientation of approximately
11°. An overview of global structural changes
induced by E6 peptide binding is provided in Fig.
3¢, where changes in the mean distances between C*
positions in the two sets of structures (apo and holo)
are reported as a dot matrix. These distances increase
between structural elements located at either side of
the p2-B3 loop, whereas they decrease between
residues Ser23 and Arg25, which precede the GFGF
motif (Gly26-Phe29) and residues of both the p2—-33
loop and helix 2.

The solution structure of the MAGI-1 PDZ1/
16E6.; Lo/V complex exhibits an extended
set of interactions

As in the pioneering work of Doyle et al. on PSD-
95 PDZ3, the interacting peptide binds in a mode
expected for a class | PDZ domain, that is, by 3-sheet
augmentation with the peptide C-terminal 4 resi-
dues running anti-parallel with B2 in the groove

L114

) N\

between B2 and a2 (Figs. 2b and 3a).”® The peptide
C-terminal carboxylate group interacts with the
backbone of the GFGF motif, with additional
hydrogen bonds formed between the backbone of
B2 and the peptide (Fig. 4). The side chain of the
C-terminal valine residue (V-0) of the 16E6. Lo/V
peptide lies in a hydrophobic pocket lined by three
phenylalanine residues (Phe27, Phe29, and Phe84)
and a valine residue (Val31). The side-chain amide
group of GIn85 is well positioned to form a
hydrogen bond to the backbone carbonyl of Q-1,
consistent with changes in chemical shift observed
for the nuclei of this residue. The methyl group of T-
2 lies in a second hydrophobic pocket formed by
Val31, Leu4l, Val80, and Val81, while its OYH group
lies close to the side chain of His77, thus allowing
formation of the hydrogen bond that confers
specificity of class I PDZ domains for X-[T/S]-X-
[L/V] motifs. In addition to the favorable electro-
static interactions between R-4 and Asp35 observed
in the crystal structure,* the solution structure
shows an additional interaction between E-3 and
Lys44. Surface plasmon resonance (SPR) binding
measurements performed on several mutants of
16E6. [an 11-residue peptide derived from the
C-terminal sequence of oncoprotein E6 from HPV16
(RSSRTRRETQL)] and on the Lys44/Glu mutant of

Carboxylate
binding loop

Fig. 4. Schematic representation of the binding of 16E6. Ly/V to MAGI-1 PDZ1 using the lowest-energy model of the
ensemble. Only the last seven residues of the 16E6.; Lo/ V peptide are shown. Most of the MAGI-1 PDZ1 residues involved
in canonical interactions—with the exception of V31, L41, V80, and V81, which have been omitted for the sake of clarity—
are represented. The position of the C* atom of K44 is indicated with a green sphere.
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Fig. 5. Changes in hydrogen/deuterium exchange rates upon the binding of 16E6. Lo/V to MAGI-1 PDZ1, mapped
onto the tertiary structure of the complex as colored tubes. Decreases in exchange rates (calculated from the values in
Table S1) ranged from 0.0 h™" to 2.7 h™ . Values were placed in one of 14 bins of width 0.2 h™" and colored using a linear
RGB color scale from white to red. White bars correspond to the smallest detectable changes in exchange rate, while red
bars correspond to the largest changes: Hy atoms that exchanged rapidly in the absence of peptide but extremely slowly
in the presence of peptide. Hydrogen bonds are labeled with the residue numbers of the donor and acceptors. Where
space does not allow labels to be placed on the bars, the first number denotes the donor.
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MAGI-1 PDZ1 demonstrated the importance of these
electrostatic interactions to binding affinity.*>

Of particular interest here is a set of intermolecular
NOEs between Ser113, Leull4, and Valll5 of the
PDZ domain, and R-5 and T-6 of the bound peptide,
which provide direct experimental evidence for the
interaction of the C-terminal extension of MAGI-1
PDZ1 with residues outside the ETQV motif of the
bound peptide. This provides a rationale for the
differences in heteronuclear single-quantum coher-
ence spectra observed with peptides of different
lengths.™

Global response to peptide binding involves the
hydrogen-bond network

The effect of E6 peptide binding to the PDZ
domain was further investigated by measuring the
hydrogen/deuterium exchange rates for both the
unliganded form and the peptide-bound form of the
protein. Hy atoms that are buried within a tertiary
fold and/or participate in hydrogen bonding will
exchange more slowly with solvent than those in
exposed loops, since the probability of accessing an
exchange-competent “open” state is reduced in
these sites. Amide proton exchange rates therefore
provide a measure of overall or local stability on a
timescale that is distinct from that upon which
NOEs develop. While NOEs may define similar
average structures, large differences in exchange
rates may be observed under conditions where
opening rates are altered. We can define three
groups of residues: (i) those that exchange too
rapidly for a rate to be measured: no cross-peak is
detected at the first time point; (ii) those that
exchange too slowly for a rate to be measured:
cross-peak intensity does not decrease over the time
course of the experiment (more than 20 h); and (iii)
those for which a rate can be determined: cross-peak
intensity decays over the time course of the
experiment. Hydrogen-bond acceptors were identi-
fied from initial sets of calculated structures and
used to define distance restraints when identifica-
tion was unambiguous.

In unliganded MAGI-1 PDZ1, a set of Hy atoms
that exchange slowly defines the secondary struc-
ture of the domain (Table S1). While p1 and p5 pair
in a conventional anti-parallel manner, the central
strands pair in a rather irregular way: thus, Glu96 on
B5 hydrogen bonds to both Val65 and Ser66,
resulting in an offset in register in the hydrogen-
bonding pattern. Similarly, Thr30 on B2 hydrogen
bonds to both Lys44 and Ser45. A second set of
slowly exchanging Hy atoms defines turns at key
points in the structure (such as Glu36 and Glu39 in
the p2-p3 loop, and Thr70 and Val72 in the p4-a2
loop). Interestingly, the hydrogen-bond acceptor for
the slowly exchanging Hy atom of Glu59 is a side-
chain oxygen atom of Asp62.

This set of structure-defining hydrogen bonds is
also found in the complex of MAGI-1 PDZ1 with
16E6. Lo/V, yet a number of rates are decreased,
and a set of additional sites is seen to be protected
from exchange (Table S1; Fig. 5). A number of these
changes result directly from the canonical binding of
the peptide to the PDZ domain, such as those
observed for residues Gly28, Phe29, Val3l, and
Gly33. The Hy atom of Ser23 is protected from
exchange and forms a hydrogen bond with the
backbone carboxyl of Gly26, stabilizing the altered
conformation of the carboxylate-binding loop. Else-
where, in the 3233 loop, the rates of exchange for
the pair of hydrogen bonds between Glu36 and
Glu39 are slowed upon binding, as was that of the
Hy atom of Ser45 in the rather irregular R2-p3 pair
of strands. The formation of a (weak) hydrogen
bond to Thr30 may contribute to stabilizing the
altered local conformation of 33 and the p3-a1 loop.
Similarly, increased protection from exchange for
the Hy atom of His75, which forms a hydrogen
bond to Val72, correlates with a change in local
conformation in the turn preceding a2. Remarkably,
exchange rates in both helices are perturbed upon
binding. For residues in o2, exchange rates are
slowed upon binding, suggesting a tightening of the
helix upon formation of the complex. The behavior
of the a1 helix is of particular interest: the fold of this
portion of the sequence is well defined in both
unliganded and liganded structures, although the
backbone Hy atoms were observed to exchange
rapidly with solvent in the absence of bound
peptide. Upon binding, the Hy atoms of Ala52,
Ala53, Leu54, and, to a lesser extent, Asp55 and
Gly56 exchange slowly enough for rates to be
measured. This is a rather remarkable effect at a
site quite remote from the peptide binding site, yet
the slowed exchange rates of two further Hy atoms
link the two sites: Gly50 forms a hydrogen bond to
Val47, which in turn forms a hydrogen bond to
Gly28. Identification of affected exchange rates
defines a network of interactions leading from the
binding groove to distal sites.

Changes in the dynamic properties of MAGI-1
PDZ1 upon binding

Changes in the amplitudes and timescales of
molecular motions may be of functional significance
for interactions where these affect thermodynamic
parameters. For example, the quenching of picose-
conds-to-nanoseconds timescale motions is associ-
ated with an unfavorable loss of conformational
entropy. Since °N relaxation rates provide sensitive
probes of changes in the dynamic properties of the
protein backbone, we measured 15N R, and R, rates
and the heteronuclear 'H-""N NOE for MAGI-1
PDZ1 in the absence and in the presence of 16E6;
Ly/V and derived values of the spectral density
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Fig. 6. Spectral density values J(®) at frequencies 0 (a), oy (b), and oy+wy (c), plotted against sequence. J(w) values were determined from the relaxation
measurements for backbone *°N nuclei in MAGI-1 PDZ1 (black) and MAGI-1 PDZ1/16E6., L,/ V (magenta). For clarity, the vertical scale on the upper panel has been
adjusted to truncate the value for Asp69, which is affected by conformational exchange. Residues mentioned in the text are labeled above the plots. Light-pink shading
indicates residues affected by picoseconds-to-nanoseconds timescale motions in both forms, whereas dark-pink shading indicates residues affected only in one form.
Light-blue shading indicates residues affected by microseconds-to-milliseconds timescale conformational exchange in both forms, whereas dark-blue shading indicates
residues affected only in the liganded form.
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function J(w) at frequencies 0, oy, and o+oN
(Fig. 6).

Overall rotation

Spectral density values for the core portion of the
unliganded domain define a baseline value that
reflects overall tumbling in solution (Fig. 6a). The
trimmed mean value of J(0) is 3.8x10™? srad ™! and
is unchanged upon complex formation. Further
insight into the rotational diffusion properties of
the two forms was gained by fitting an anisotropic
diffusion tensor to the relaxation data using the
TENSOR2 program.” Similar values of isotropic
correlation times were found for the unliganded
(9.4+0.1 ns) and liganded (9.7 +0.1 ns) proteins. This
increase in correlation time is less than that expected
from considering the increased molecular weight of
the complex (expected value, 10.2 ns), which
suggests a more compact form for the complex.
Moreover, whereas the eigenvectors of the aniso-
tropic diffusion tensor coincided poorly with the
inertia tensor eigenvectors, a strikingly good super-
position was observed for the complex (the main
axis of the diffusion tensor deviates from that of the
inertia tensor by 11°) (data not shown).

Picoseconds-to-nanoseconds timescale motions

For the unliganded domain, values of the spectral
density function depart steeply from baseline
values (in a manner typical of unrestrained loops
and termini) for the N-terminal residues Metl and
Gly0 that result from the cloning strategy, Lysl,
and, to a lesser extent, Phe3 (Fig. 6a). This reflects
considerable amplitudes of picoseconds-to-nanose-
conds timescale motions in the N-terminus. At the
C-terminus, on the other hand, the decrease in J(0)
(corresponding to a decrease in the order parameter
and an increase in the amplitude of picoseconds-to-
nanoseconds timescale motions) is quite gradual
from LeulO3 onwards, attaining values typical of
unrestrained polypeptides only around Valll5.
This suggests a certain degree of restriction in the
movement of the chain beyond the end of the last
B-strand, which may be due, in part, to proline
residues. It should be noted that there was no
evidence in the NMR spectra for cis conformations
of proline residues nor for cis—trans isomerization.
The J(o+oy) values give a clearer indication of
the behavior of the C-terminal 25 residues: uncor-
rupted by exchange contributions, the slight rise in
J(op+oy) values indicates a limited degree of
increased mobility on this timescale (with respect to
the core of the domain) for residues beyond Phe105
(Fig. 6c).

Upon binding, there is little change to the motions
of the N-terminal residues. At the C-terminus,
however, the effect of peptide binding is dramatic:

J(op+oN) values display a significant decrease up
to residue 120, while the gradual decrease in J(0) is
no longer observed. These observations indicate that
picoseconds-to-nanoseconds timescale motions are
restricted considerably in this region upon binding,
albeit not to the point of defining a single confor-
mation. Subtle changes in picoseconds-to-nanose-
conds timescale motions are also observed within
the core of the PDZ domain: Thr18 in the center of
the p1 strand appears mobile only in the unliganded
form, while Glu96 on the opposite p5 strand appears
mobile only in the complex.

Microseconds-to-milliseconds timescale
conformational exchange

Exchange processes on the microseconds-to-milli-
seconds timescale cause increases only in J(0) values.
While little evidence of contributions from confor-
mational exchange is observed for the unliganded
form (with the exception of Asn68 and Asp69),
increases in [(0) are evidenced for a small set of
residues of the complex (Thr30-Val32, Lys44, Ser45,
Asp49, Val81, GIn85, and Ser86), reaching from the
peptide binding site across B2 and 3 to the region
of al. A set of C-terminal residues between Phel05
and Alall9 is also affected by conformational
exchange, possibly resulting from a defined but
transient interaction between the C-terminus and
both the peptide and the core domain.

Arginine side chains

Relaxation data were obtained for the N* nuclei of
Arg6 and Arg99 in both unliganded and complexed
forms (data not shown). In both cases, the data for
Arg99 indicate that the side-chain motions on the
picoseconds-to-nanoseconds timescale are essential-
ly unrestricted, while those for Arg6 lie close to the
baseline defined by residues of the core of the
domain. This is consistent with the observed
structured N-terminal portion of the sequence that
precedes the canonical PDZ domain and packs
tightly against it.

Mutations in C-terminal extension affect
peptide binding

In order to probe the possible contributions of the
C-terminal PDZ domain extension to peptide
binding, we mutated the three residues that display
intermolecular NOEs with the peptide: Serl113,
Leul14, and Vall15 into Arg, Lys, and Arg residues,
respectively (S113R-L114K-V115R, hereafter named
RKR), or into three Gly residues (S113G-L114G-
V115G, hereafter named GGG). The affinities of both
mutants for either 16E6.; or 16E6. Lo/V peptides
were measured using SPR experiments, as previ-
ously described.”> MAGI-1 PDZ1 injection at
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concentrations ranging from 50 nM to 10 uM
displayed a dose-dependent signal increase (Fig.
7a). The sensorgrams reach a steady-state response
(Req) during the association phase, allowing us to
evaluate Ky values by plotting the variations of Req
as a function of the injected analyte concentration
(Fig. 7b).

Both RKR and GGG mutations led to a significant
reduction of binding affinity, with the largest effect
being a fivefold reduction in Ky for the GGG
mutation (Fig. 7b and c). This effect is of the same
order of magnitude as that previously observed for a
mutation altering Arg44,”” demonstrating unambig-
uously the contribution of the C-terminal extension.
Notably, this effect is also observed for the wild-type
16E6. peptide, albeit with a reduced amplitude (2.5-
fold affinity reduction). The RKR mutation led to a
threefold and twofold reduction of the affinity for
the 16E6 Lo/V and 16E6.; peptides, respectively.
Independent SPR measurements performed for the
same pairs of analyte/ligand interaction showed a
reproducibility of K4 determination with less than
10% error, indicating that the observed changes are
significant.
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Discussion

PDZ domains represent one of the largest families
of protein—protein recognition domains. As such, in
recent years, they have attracted considerable
interest in studies aimed at deciphering recognition
specificity mechanisms at the molecular level. Our
study of the MAGI-1 PDZ1 domain addresses the
specific case of an interaction between a PDZ domain
and the HPV E6 viral protein that targets several
PDZ domains during the infection phase.'””® By
comparing NMR measurements on liganded and
unliganded MAGI-1 PDZ1, we were able to monitor
the global response of a PDZ domain to viral peptide
binding in solution. Previous crystallographic stud-
ies of MAGI-1 PDZ1 domain and other PDZ
domains bound to C-terminal peptides from high-
risk genital HPV E6** have already provided
insight into the interaction between the oncoprotein
E6 and PDZ domains.

The core PDZ domain region of the solution
structure of the MAGI-1 PDZ1 domain in complex
with the 11 C-terminal residues of the HPV16 E6
peptide could be superimposed on the crystal

X2 =0.32 RU? /—_—-

%2 = 0.38 RU?

0.01 0.1 1.0 10
PDZ concentration (uM)

16E6,4 Lo/ RSSRTRRETQV

PDZ wt
PDZ GGG
PDZ RKR

00 10 20 30
Kp (UM)

Fig. 7. Steady-state analysis by SPR of the binding of HPV16 E6 peptides to MAGI-1 PDZ1. (a) Representative
sensorgrams resulting from GST-16E6 Lo/ V peptide interacting with MAGI-1 PDZ1 injected at different concentrations.
The figure displays the superimposition of two independent sets of measurements. The binding curves show the SPR
signal (RU) as a function of time. Note the rapid attainment of equilibrium, prohibiting kinetic analysis. (b) Steady-state
analysis of the 16E6.; Lo/V peptide/MAGI-1 PDZ1 interaction. Equilibrium responses (R.q) extracted from (a) were
plotted as a function of total PDZ1 concentration and fitted with a 1:1 binding model. K4 values of 0.23+0.02 uM and 1.17
+0.12 uM were obtained for wild-type MAGI-1 PDZ1 (squares) and PDZ1 GGG mutant (circles), respectively. Ry« values
of 36.4+0.4 RU and 33.6+0.6 RU were found for the wild type and the mutant, respectively. (c) Comparative plot of K4
values obtained for GST-16E6.; and GST-16E6. Ly/V peptides in contact with wild-type MAGI-1 PDZ1 or mutants.
Values are expressed as the arithmetic mean of at least two independent experiments. Error bars indicate a 10% variation.
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structure with a backbone r.m.s.d. value of 1.6 A
(Fig. S2a and b). Nevertheless, slight local differ-
ences are observed between crystal and solution
structures, mostly located in the carboxylate-bind-
ing loop. In addition, the orientation of a2 helix
differs slightly between the two structures. These
rearrangements in solution structure, with respect to
that observed in crystallographic studies, were
confirmed by the refinement of the structure of the
complex using residual dipolar couplings (RDC)
measured in samples oriented in strained polyacryl-
amide gels. These differences may arise from the
shorter construct used in the crystal structure,
covalent dimerization in the crystal, different
peptide sequences, or the effects of crystal packing.

In our earlier study,” we found the canonical
boundaries of MAGI-1 PDZ1 to be unsuitable for the
production of a folded monodisperse unliganded
protein. A C-terminal extension of 25 amino acids
was required to avoid aggregation during purifica-
tion, and an additional N-terminal extension of 12
amino acids was needed to remove all traces of
heterogeneity from the NMR spectra. From the
structural data presented here, it is apparent that the
N-terminal extension folds into a well-defined
structure at one end of the 3-sheet formed by p1,
B5, and p4. This folded portion of the N-terminus,
involving residues Phe4-Phel5, shields a set of
hydrophobic residues (Phe40, Val63, Val65, and
Leu73) from the solvent (Fig. 5). It also shields the
side chain of Cys98, while Cys71 remains exposed.
In the X-ray study of Zhang et al., these hydrophobic
residues form a dimer interface, and Cys98 cross-
links to Cys71 on the opposite monomer to form the
covalent dimer.*” Our observations strongly suggest
that the dimer could not be formed by MAGI-1
PDZ1—as studied here, nor, in all likelihood, in situ
—but perhaps served to stabilize an otherwise
unstable construct during crystallization. We con-
clude that, in the case of MAGI-1 PDZ1, the
N-terminal extension folds to extend the PDZ
domain. It is of interest to note that the structure
of MAGI-2 PDZ1 (also called atrophin-1 interacting
protein 1), which shares a considerable degree of
homology with MAGI-1 PDZ1, was also solved by
NMR (in the absence of ligand) with N-terminal and
C-terminal extensions similar to those used in this
study (Zhao et al., unpublished; PDB ID 1UEQ). In
both PDZ domains, the N-terminal extension adopts
a well-defined fold in a similar position with respect
to the core of the PDZ domain (Fig. S3). Few
examples of PDZ domains with extended and
folded N-terminal tails have been reported in the
PDB. Indeed, the N-terminal extensions of several
PDZ domains, such as those of the InaD-like protein
(PDB IDs 2DB5 and 2DAZ) and the MUPP1 protein
(PDB IDs 202T and 2IWO), adopt a helical fold that
is stabilized by hydrophobic interactions with the
surface of the PDZ domain. This observation, which

has not yet been reported in the literature, cannot
be generalized for all PDZ domains. However, it
clearly indicates that the flanking regions of some
PDZ domains have been tailored to achieve specific
conformational properties at their edges.

The C-terminal extension of MAGI-1 PDZ1 does
not adopt a well-defined structure in the absence (or
indeed in the presence) of ligand. Experimental
evidence shows that this 25-residue tail tends slowly
towards greater disorder in the unliganded domain,
as expected for an unstructured polypeptide chain
attached to a structured domain. Nonetheless, the
relaxation data indicate that this decorrelation of the
tail occurs rather more progressively than might be
expected if it was truly unrestricted (compare
N-terminal with C-terminal J(wg+oy) profiles in
Fig. 6¢). This may result, in part, from the high number
of proline residues between Pro102 and Pro110 (four
prolines). However, considering the unusual spectral
properties of Lys44 and the position of this side chain
on the face of the domain (Fig. S4), we suggest that
interactions between the positively charged side chain
of Lys44 and the negatively charged side chains in the
proline-rich sequence between Aspl06 and Aspl09
may also contribute to restricting the motions and
hence the conformations of the C-terminal extension.
Indeed, the mutation of Lys44 into an aspartate
residue affects the chemical shifts of several residues
of the C-terminal extension of the unliganded MAGI-1
PDZ1 domain (data not shown).

The local conformation of the PDZ domain is
altered only in a small number of key sites upon
peptide binding. The slight changes observed here
in the carboxylate-binding loop, the C-terminal end
of 2, the p3-al loop, and the sequences at both
ends of a2 have also been noted for mPTP-BL
PDZ2.*® In addition to the canonical binding
interactions shared by a number of PDZ domains,
the complex between the MAGI-1 PDZ1 and 16E6.
Lo/V peptide revealed additional interactions. As
observed in the crystal structure,” the solution
structure shows interactions between the negatively
charged residues located in the loop between 32 and
B3 (sequence 35sDEPDE39) and the positively charged
arginine residues (R-5 and R-4) located upstream of
the canonical PDZ binding motif of the E6 peptide.
The contribution of these interactions to PDZ-
peptide affinity was demonstrated by SPR studies.*
The observation of a set of NOEs between residues
located in the C-terminal extension (1135LV1;5) and
the R-4 residue, together with the motional restric-
tion induced by peptide binding, suggests that the
network of interactions might be more extended
than anticipated. Indeed, mutations of the 1135LV115
sequence into either a positively charged stretch of
arginines and lysine or a highly mobile stretch of
glycines alter the binding affinity, supporting the
role of C-terminal extension in the binding process.
Surprisingly, the effect of the GGG mutation is more
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pronounced than that of the RKR mutation, suggest-
ing that the dynamic properties of the C-terminal
sequence, rather than the positive charges, must be
preserved for optimal binding. Alternatively, the
nonpolar parts of the arginine and lysine side chains
may retain, at least partly, the hydrophobic charac-
ter of the wild-type sequence. To our knowledge,
this is the first example where a mutation performed
outside the canonical boundaries of a PDZ domain is
shown to affect peptide binding.

The question arises as to whether the dynamic
changes in the C-terminal extension of MAGI-1
PDZ1 observed upon binding of 16E6; Lo/ V reflect
a signaling mechanism of the binding event to other
domains of the protein. Several studies have
reported observations that support the presence of
interdomain interactions, such as those for the
tandem PDZ domains of GRIP1°” or PSD-95.°" In
this latter case, the length of the linker between
tandem PDZ domains (varied between 5 and 11
residues) was shown to be important. By contrast, a
syntenin tandem PDZ domain linked by four
residues binds target peptides independently,®”
precluding the generalization of interdomain PDZ
communication mechanisms. The extended PDZ1
domain of MAGI-1 is separated by at least 60
residues from both the preceding defined domain
and the following defined domain. Even allowing for
the possible role of flanking regions for those
domains, it remains rather difficult at this stage to
assess the consequences of peptide binding on
regions of MAGI-1 outside the PDZ1 domain.
Studies on multiple-domain constructs from MAGI-
1 are currently in progress to address this question.

Of particular note are the dramatic changes in
hydrogen/deuterium exchange rates throughout
the PDZ domain upon peptide binding. While
some of the observed changes were expected from
p-strand extension and reduced solvent accessibil-
ity, others are more intriguing and may result from
subtle changes in dynamics in parts of the PDZ
domain. These effects are, for instance, observed for
several residues located in helices a1 and «2 (Fig. 5).
Interestingly, several hydrogen bonds of R-sheets
remote from the binding site undergo a reduction of
their exchange rates, indicating that the effect of
peptide binding propagates across the PDZ domain
through a defined network that couples the binding
groove to distal sites. This observation, which
indicates a change in the distribution of the open
and closed microstates of hydrogen bonds upon
binding, supports the model of a global response of
PDZ domains to a binding event. Global changes in
backbone and side-chain dynamics upon peptide
binding have already been reported for a number of
PDZ domains, including hPTP1E PDZ2* or PSD-95
PDZ3.°® Dynamic changes are propagated across
PDZ domains through dynamic networks charac-
terized by several theoretical studies.””™* It is not

yet clear whether there is a common mode of
response to binding for diverse PDZ domains:
indeed, it might be surprising if this were the case.
From the limited number of systems studied to date,
it seems that the bases of signaling within PDZ
domains may differ between domains, and the
characterization of a greater number of such
domains will be necessary to furnish a more
complete understanding of the global response of
these entities to peptide binding. Moreover, the
binding of E6 peptides to MAGI-1 PDZ domains
may be governed by specific constraints aimed at
conferring optimal infectivity. This requires the
“high-risk” HPV E6 proteins to target a set of
PDZ-domain-containing proteins rather than a
single one. This would explain why HPV16 E6
binds more strongly to hScrib than to Dlg, while the
reverse situation is observed for HPV18 E6.°%%*
Further studies are needed to establish whether
molecular events observed in this study reveal either
a specific viral strategy aimed at hijacking host cell
regulation® or some intrinsic properties of the
MAGI-1 PDZ domain.

Materials and Methods

NMR experiments

Samples of unlabeled, 15N-labeled, and °N,*C-labeled
MAGI-1 PDZ1 were prepared in 20 mM or 100 mM
phosphate buffer (pH 6.8) with 50 mM NaCl and 2 mM
DTT, at protein concentrations between 200 pM and
600 uM. The MAGI-1 PDZ1/16E6. Lo/V complex was
prepared by addition of a 3-fold excess of the synthesized
11-mer 16E6; Lo/ V peptide.

NMR experiments were performed (unless otherwise
stated) on a Bruker DRX 600-MHz spectrometer equipped
with a triple-resonance cryoprobe with z-gradients at
295 K. A set of three-dimensional triple-resonance experi-
ments (HN(CO)CA, HNCA, HN(CO)CACB, HNCACB,
and HNCO) was recorded to obtain backbone resonance
assignments. Aliphatic side-chain resonance assignments
were obtained using HCCH correlated spectroscopy and
HCCH total correlated spectroscopy (TOCSY) experi-
ments, and "N-edited TOCSY and NOE spectroscopy
(NOESY) experiments. Aromatic side chains were
assigned using two-dimensional homonuclear TOCSY
and NOESY experiments recorded at 800 MHz (‘H
frequency), and ¥C-edited NOESY spectra optimized for
aromatic °C resonances. For the MAGI-1 PDZ1/16E6.,
Lo/V complex, “C-filtered TOCSY and NOESY spectra
were used to enable assignment of the bound peptide
resonances.’® Intermolecular contacts were identified
from a '“C-filtered and '*C-edited NOESY, in which
NOEs from the hydrogen nuclei of atoms not attached to
13C to those attached to '’C are detected. All spectra were
processed using NMRPipe®” and analyzed using CARA®
and the NEASY module of CARA. Predictions of
backbone ® and ¥ angles were obtained from resonance
assignments using the program TALOS.®” Composite
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chemical shift changes were calculated on a per-residue
basis using all nuclei of each residue that were assigned in
the spectra of both liganded and unliganded forms.”

Hydrogen/deuterium exchange was probed by dissol-
ving lyophilized samples of MAGI-1 PDZ1 or MAGI-1
PDZ1/16E64 Lo/V in ?H,O at a concentration of 80 pM
and by recording 'H-""N heteronuclear single-quantum
coherence spectra over the following 24 h. Exponential
decay rates were obtained from a nonlinear least-squares
two-parameter fit using a Levenberg-Marquardt algo-
rithm implemented in MATLAB (The Mathworks, Inc.).
Residual dipolar couplings for backbone "H-">N pairs
were measured in polyacrylamide gels using IPAP pulse
sequences.”" Analysis of RDC values was performed using
the MODULE2.0 program.”

Structure determination

Three-dimensional structure determination was per-
formed using the semiautomatic ATNOS/CANDID
procedure,”374 with Xplor-NIH® as the molecular dy-
namics program. A two-dimensional NOESY spectrum
recorded at a mixing time of 100 ms, a three-dimensional
®N-edited NOESY spectrum recorded at a mixing time of
150 ms, and three-dimensional *C-edited NOESY spectra
for aliphatic and aromatic '*C nuclei recorded at a mixing
time of 150 ms were provided. Hydrogen bonds that could
be unambiguously identified from hydrogen/deuterium
exchange data and NOE patterns were introduced,
together with constraints on dihedral angles predicted
with a high degree of confidence by TALOS. For the
complex, the peptide chain was attached to the C-terminus
of the protein by a 25-residue polyglycine linker. The list of
distance constraints generated by CANDID in each cycle
was supplemented by a list of intermolecular distances
identified in filtered NOESY spectra. The resulting
structures were refined in Xplor-NIH using a standard
protocol (refine.inp) modified to start from a higher initial
temperature (2000 K), with a larger number of cooling
steps (10,000 steps) and a longer final energy minimization
step (1200 steps). The structures were then refined using
parallhdg5.3 parameters, and stereospecific assignments
were made, where possible, before the final refinement in
explicit solvent.”® Local and global pairwise r.m.s.d.
values were calculated in Xplor-NIH using in-house
scripts. Figures were produced using PyMOL.7”

NMR relaxation measurements

>N relaxation measurements were performed at 295 K
and 600 MHz (*H frequency). '°N R; and R, relaxation
rates were measured using a single-pulse sequence based
on those of Farrow et al, in which the lengths of
longitudinal or transverse relaxation delays are varied
with the other delay set to a minimum value.”® For "N
R; relaxation, intensities were extracted from a set of 14
spectra recorded with relaxation delay values of between
4 ms and 2010 ms, with 180° proton pulses every 2 ms to
suppress cross-correlated relaxation.”? For "N R, relax-
ation, intensities were extracted from a set of 12 spectra
recorded with relaxation delay values of 0 ms and
158 ms, with '°N 180° pulses applied every 1.2 ms at a
field strength of 4.2 kHz, and with 'H 180° pulses applied

every 24 ms to suppress cross-correlated relaxation.”
Exponential decay rates were obtained from a nonlinear
least-squares two-parameter fit using a Levenberg-
Marquardt algorithm implemented in MATLAB (The Math-
works, Inc.).

Surface plasmon resonance

Data were collected on a Biacore 2000 instrument
(Biacore AB/GE Healthcare Bio-Sciences Corp. Piscat-
away, NJ) at 25 °C with the autosampler rack base cooled
to 10 °C. We used an optimized protocol published
recently®® for a rapid and accurate estimate of affinity
constants between protein domains and glutathione S-
transferase (GST)-fused peptides. Briefly, GST-peptide
fusions were immobilized onto a CM5 chip previously
activated with goat anti-GST antibody. Typically, protein
densities of 100-200 response units (RU) were used to
prevent steric inhibition. The MAGI-1 PDZ1 domain was
injected at various concentrations ranging from 50 nM to
10 uM in 20 mM phosphate buffer (pH 6.8) complemented
with 200 mM NaCl and P20 (0.005%, vol/vol) at a flow
rate of 20 ul min~' at 25 °C. At least two full sets of
independent experiments were performed for each series
of GST—peptide/PDZ interaction to assess data reproduc-
ibility (Fig. 7a). A reference was systematically included
on each chip. Kyg and Ry.x values were determined using a
1:1 model by fitting the binding isotherms obtained for the
interaction between the MAGI-1 PDZ1 domain and
various peptides using the BiaEvaluation 3.2 software.

Accession numbers

Assignments have been deposited under BMRB ID
16558 (unliganded) and BMRB ID 16559 (liganded).
Structures and experimental data have been deposited
under PDB ID 2KPK (unliganded) and PDB ID 2KPL
(liganded).

Supplementary materials related to this article can be
found online at doi:10.1016/j.jmb.2011.01.015
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8. Hydrophobic residue bias in phage
display data can impair PDZ interaction
prediction performances

8.1. Summary

Tonikian et al. [9] published in 2008 a large scale phage display study to define the
binding profile for 54 human and 28 worm PDZ domains. This data set has been
recurrently used for PDZ interaction predictor development (see section 6.4.4). In this
article, we have published our results about the evaluation of predictions of cellular
PBMs for the 54 human PDZ domains using the phage display data.

Approach: First, we searched the human proteome for C-terminal sequences that are
identical to phage display peptides, which have been selected for the 54 human PDZs.
Next, we constructed a PSSM for each of the 54 human PDZs based on the phage
display peptides to search the human proteome for similar C-terminal sequences to the
phage display peptides. We compared the mean hydrophobicity and Trp content of
phage display peptides versus those of predicted and experimentally validated PBMs as
well as the human C-terminome (entirety of human C-terminal sequences) in general.
Findings: Two third of the 54 human PDZs have hydrophobic phage display peptide
lists. Human C-terminal sequences that are identical to selected phage display peptides
can almost only be found for the remaining third of the data, which contain hydrophilic
phage display peptides. Human C-terminal sequences were found to be more similar to
hydrophilic than to hydrophobic phage display peptides. The phage display peptides
are much more hydrophobic than experimentally validated cellular PBMs and the
human C-terminome in general. Half of the phage display peptides display a Trp at
position p-1. This property cannot be found for cellular PBMs.
Discussion/Conclusions: Predictions of cellular PBMs seem to be more reliable when
based on hydrophilic phage display peptide lists. SLiMs have a particular sequence
composition with hydrophobic or charged residues at conserved positions and non-
hydrophobic residues at variable positions [45]. In the phage display data of Tonikian
et al. [9], hydrophobic residues have been very frequently selected at variable peptide
positions. Large aromatic/hydrophobic amino acids contribute much to the binding
affinity of PDZ-peptide interactions [155, 156]. Phage display peptide selection is
mainly affinity driven. This might explain the selection of hydrophobic residues at
flexible peptide positions. SLiM-mediated interactions are of weak binding affinity
but specific. Phage display can select peptides with sequence properties that are
very different from those of SLiMs due to different selection pressures imposed by

113



Part II. Results and discussion

phage display and evolution. Therefore, the application of phage display data for the
prediction of cellular SLiMs may in some cases be limited and we recommand sequence
analysis of phage display data prior to its application for SLiM-mediated interaction
prediction.

Contribution: 1 have performed the whole programming, prediction, and data analysis.
I have contributed most of the ideas how to prove the bias for hydrophobic residues in
the phage display data. I have conceived and drafted a first version of the manuscript.
Gilles Travé and myself have written together the final version of the manuscript.
(See also supplemental material provided in section D.1.)
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ABSTRACT

Motivation: The phage display peptide selection approach is
widely used for defining binding specificities of globular domains.
PDZ domains recognize partner proteins via C-terminal motifs and
are often used as a model for interaction predictions. Here, we
investigated to which extent phage display data that were recently
published for 54 human PDZ domains can be applied to the
prediction of human PDZ-peptide interactions.

Results: Promising predictions were obtained for one-third of the 54
PDZ domains. For the other two-thirds, we detected in the phage
display peptides an important bias for hydrophobic amino acids
that seemed to impair correct predictions. Therefore, phage display-
selected peptides may be over-hydrophobic and of high affinity, while
natural interaction motifs are rather hydrophilic and mostly combine
low affinity with high specificity. We suggest that potential amino
acid composition bias should systematically be investigated when
applying phage display data to the prediction of specific natural
domain-linear motif interactions.
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Bioinformatics online.
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1 INTRODUCTION

Many protein complexes that function in cellular regulation and
signalling are assembled by multiple linear motif—globular domain
interactions, which are mostly specific, yet of low affinity (Diella
et al., 2008). One well studied example of such interactions consists
of the PDZ domains, which mainly recognize linear motifs at the
extreme C-terminus of partner proteins (Doyle et al., 1996). PDZs
are implicated in the regulation of cell polarity, tight junctions,
intercellular communication and neuronal synapses (Nourry et al.,
2003). The last residue (referred to as position p0) in PDZ-binding
motifs usually is Val or Leu. The third last peptide residue (position
p-2) can be either Thr or Ser, hydrophobic or Glu or Asp, thereby
defining three main categories of PDZ-binding motifs (Songyang
et al., 1997) (Stricker et al., 1997). These characteristics make
PDZ-binding motifs relatively easy to predict. However, the correct
prediction of PDZ domain binding specificities, i.e. prediction of
which PDZ-binding motif will bind to which PDZ domain, remains
challenging and numerous approaches have been proposed to tackle
this problem (Brannetti et al., 2001; Chen et al., 2008; Hui and

*To whom correspondence should be addressed.

Bader, 2010; Kalyoncu et al., 2010; Schillinger et al., 2009; Smith
and Kortemme, 2010).

Most predictors rely on prior experimental knowledge about
binding preferences between peptides and globular domains. Phage
peptide display has been widely used to provide such information
(Sidhu et al., 2003). This approach is based on selecting, out
of a library of billions of peptides expressed on the surface of
bacteriophages, a limited number of peptides that bind strongly to
a given protein attached to a solid support. Several phage display
studies have been performed on particular PDZ domains derived
from the proteins MAGI1 (Fuh et al., 2000), INADL (Vaccaro et al.,
2001), PDZRhoGEF and LARG (Smietana et al., 2008), MUPP1
and DLG4 (Sharma et al., 2009), PTP-BL (van den Berk et al.,
2007), Erbin (Skelton et al., 2003), HtrAl and HtrA3 (Runyon
et al., 2007). Tonikian et al. (2008) applied phage display in a high-
throughput manner to determine and compare binding preferences
of 28 Caenorhabditis elegans and 54 Homo sapiens PDZ domains.
The data obtained in this study represent a highly valuable resource
that allows to test the general application of phage display data
to predictions of natural PDZ—protein interactions using position-
specific scoring matrices (PSSMs). This approach was validated on
a few PDZ domains in the study of Tonikian et al. (2008), and the
phage display data were subsequently used in several recent studies
for predictions of natural PDZ—peptide interactions (Hui and Bader,
2010; Smith and Kortemme, 2010). PDZ phage display data have
also been used as test data in the ‘DREAM4 Peptide Recognition
Domain Specificity Prediction’ challenge (Smith and Kortemme,
2010). Thus, phage display is supposed to capture accurately the
binding specificities of domain—linear motif interactions.

Here, we performed and evaluated predictions of human
PDZ-peptide interactions using the phage display data of Tonikian
et al. (2008). Promising predictions were obtained for one-third of
the 54 PDZ domains. In contrast, for the other two-thirds of the PDZ
domains we detected important bias for hydrophobic amino acids
in the phage display peptides that will probably impair the correct
prediction of naturally occurring PDZ-binding peptides. We suggest
that utilization of phage display data for prediction of natural binders
should systematically involve prior analysis of potential sequencial
bias in the data.

2 RESULTS
2.1 Prediction of natural PDZ—peptide interactions
using phage display data

We searched the human proteome for C-termini of five residues
in length that are likely to bind to the 54 human PDZ domains
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Fig. 1. Prediction of natural binders to PDZ domains using phage display data of Tonikian ez al. (2008). The last five residues of phage display (PD) peptides
together with predicted best-matching human C-terminal peptides are shown for six PDZ domains, ordered from the left to the right from most hydrophobic
to most hydrophilic PD peptides. PD lists that were too long for being entirely displayed are indicated by ‘...". Asterisks indicate human C-termini that
are identical to C-termini of corresponding PD peptides. Colour code: gold =aromatic, light pink =hydrophobic, pink =G or P, green = polar, red = acidic,

blue =basic, yellow =C. [Figure made with Jalview (Waterhouse et al., 2009).]

for which Tonikian et al. (2008) obtained phage peptides. To this
aim, we constructed a PSSM (see Supplementary Material) for each
list of peptides selected by the 54 human PDZ domains. A PSSM
captures the occurrence of each amino acid at each position within
a list of aligned sequences. This allowed us to describe, for each
PDZ domain, a sequence profile defined by the phage peptides
that bound to it. Using each of the 54 PSSMs obtained in that
way, we selected the 25 C-termini of human proteins that matched
best to the sequence profile of the corresponding phage peptide list
(reported in Supplementary Dataset S1). Within these sets of 25
most similar human C-termini, a number of peptides were actually
found to be identical to the corresponding phage peptides (reported
in Supplementary Dataset S2). Several instances of this search are
shown in Figure 1.

Some of the phage peptide lists seemed to be anomalously
enriched in hydrophobic amino acids (such as DVL2-1 and
MAGI3-3 in Fig. 1). We used the hydrophobicity index of
Kidera et al. (1985) to compute the average hydrophobicity (see
Supplementary Material) of each list of phage peptides and ranked
these lists from the most hydrophobic to the most hydrophilic
(Fig. 2A). We observed that more identical human C-termini
were returned for the hydrophilic phage peptide lists than for the
hydrophobic ones (Fig. 2B, compare left side and right side of the
plot, P-value <1.0E-6).

Next, we calculated an additional PSSM for each list of 25
human C-termini and determined its distance to the PSSM of
the corresponding phage peptides (see Supplementary Material).
The better the 25 human C-termini match to the sequence
profile of the phage peptides, the more similar (less distant)
the corresponding two PSSMs should be to each other and
the more likely the 25 human C-termini would be to bind the
corresponding PDZ domain. We observed that the more similar
the PSSMs, the more hydrophilic the corresponding phage peptides

A hydrophobic hydrophilic (o] PDZ Domains
4 OMPDZ4 20MAGI3-2 40 SCRIB3
> 1TIAMI-1  21PDLIM2-1 41 SCRIB-1
52 2DVL24  22CASK-1 42 SHANK3-1
- atlll | | 3MPDZ-1 23MPDZ7  43DLG2-3
52 |||||||||||||||| 4MPDZ-2 24 HTRA1-1 44 DLG1-2
25, 5APBA3-1 25 HTRA3-1 45 PDZK1-2
2 6HTRA2-1 26 PTPN13-2 46 DLG3-2
24 7INADL-3 27 MPP6-1 47 LIN7A-1
£ 8MPDZ-9 28 SLCOA3R2-2 48 MPDZ-10
B 9 PSCDBP-129 PARD3-3 49 TIAM2-1
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3
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14 PTPN13-4 34 PTPN4-1

15TJP1-3 35 PDLIM4-1
16 MAGI1-4 36 PDZK1-1

| 17 MPDZ-5  37.SCRIB-2 _
|| 1 || 1] 18 MLLT4-1 38 DLG1-1
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human C-termini
N s o oo
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Fig. 2. Analysis of PDZ—peptide interaction predictions. (A) The 54 PDZ
domains used by Tonikian et al. (2008) were ranked based on the mean
hydrophobicity of their corresponding phage display (PD) peptides, from the
most hydrophobic to the most hydrophilic. This ranking is conserved for plot
B. The vertical dashed line separates hydrophobic from hydrophilic peptide
lists. (B) Numbers of human C-termini that are identical to PD peptides are
plotted for each PDZ domain. (C) PDZ domains (named as in Tonikian ez al.)
are listed based on the hydrophobicity of the PD peptide lists with numbers
that were used in diagram A and B. Names in bold indicate PDZs that are
shown in Figure 1.

(Pearson correlation coefficient of —0.51, P-value=7.5E-5, see
Supplementary Figure S1). This analysis indicates that the 25
best-matching human C-termini seem to better reproduce the
sequence profile of the corresponding phage peptides when they
are hydrophilic (see instances in Fig. 1).

2.2 Analysing the amino acid composition of phage
display peptides

The above-mentioned analysis has also revealed that about two-

thirds of the human PDZ domains used in the study of Tonikian

et al. (2008) preferentially selected peptides of rather hydrophobic
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Table 1. Comparison of mean hydrophobicity and W content of different
peptide datasets

Source Mean hydrophobicity? % W at p-1°  Num peptides®
Tonikian et al.  —1.41 45.7 1390
C-terminome 0.64 1.9 26904
PDZbase 0.92 5.6 233
Chen et al. 0.93 3.7 108

All peptides were reduced to a length of five residues.

4Calculated with index of Kidera et al. (1985), value of most hydrophilic peptide of
length five: 9.35, most hydrophobic = —7.85.

bPercz:ntage of peptides with Trp at peptide position p-1.

“Number of peptides.

character (Fig. 2A). We compared the mean hydrophobicity of the
phage peptides to that of different peptide sets (Table 1, column 2):
the C-terminome (all C-termini from the human proteome,
assumed to reflect the general hydrophobicity of human C-terminal
sequences, see Supplementary Material); the PDZbase [containing
experimentally validated PDZ-binding peptides originating from
various proteomes (Beuming et al., 2005)]; and the mouse PDZ-
binding peptides published by Chen et al. (2008). All three
sets, which represent naturally occurring sequences, display a
hydrophilic character in contrast to the phage peptides, which are
in average markedly hydrophobic. In particular, the natural PDZ-
binding peptides (derived both from Chen et al. and PDZbase) are
significantly more hydrophilic than the phage peptides (2-sample
t-test, P-value = 5E-49).

We further analysed this discrepancy by calculating the frequency
of occurrence of each of the 20 amino acids in the phage peptides,
the PDZ-binding peptides from the PDZbase and the human C-
terminome. The phage sequences are strongly enriched in the
aromatic amino acids W and F (Fig. 3). We also computed the amino
acid frequencies in these three datasets for each of the five peptide
positions separately (Supplementary Figure S2). All positions show
an enrichment in hydrophobic amino acids, in particular aromatic
residues, for phage peptides. This trend could not be observed for
natural PDZ-binding peptides from the PDZbase or in general human
C-terminal sequences. For instance, position p-1 is occupied by W
in almost 50% of the phage peptides versus only 2% of the human
C-terminal peptides, and 6% of the PDZ-binding peptides of the
PDZbase (Table 1, column 3, Fisher’s exact test P-value <2.2E-
16). Interestingly, positions p-1 and p-3 and to a lesser extent p-4
seem even to be under-represented for polar or charged residues
in phage peptides in contrast to the two other sets (Supplementary
Fig. S2).

These results indicate that the hydrophobic character of phage
PDZ-binding peptides does not correspond to sequence properties
observed in natural PDZ-binding peptides and general human C-
terminal sequences. This might explain why our search for best-
matching human C-termini to the sequence profile of phage peptides
seems to perform better for PDZ domains that preferentially select
hydrophilic phage peptides.

3 DISCUSSION

Here, we addressed the problem of predicting natural PDZ—peptide
interactions using phage display data. We observed that phage
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Fig. 3. Amino acid composition of phage peptides versus the human
C-terminome and PDZ-binding peptides from the PDZbase. Amino acids
are sorted from the most hydrophobic (left) to the most hydrophilic (right)
according to the hydrophobicity scale of Kidera et al. (1985). All sequences
were cut to a length of five residues.

peptide lists of Tonikian er al. (2008) can be classified on the
basis of their hydrophobic character. Human C-termini matched
better to the sequence profiles defined by the phage peptides, when
they were hydrophilic. More specifically, human C-termini that are
identical to phage peptides could be found more frequently for
hydrophilic phage peptides. In addition, we realised that in average
the phage peptides were much more hydrophobic than published
natural PDZ-binding sequences as well as human C-termini in
general. In particular, the phage display data showed a very strong
preference for the largest aromatic amino acid Trp at peptide position
p-1. All these results indicate that prediction of interactions between
PDZs and naturally occurring peptides perform better when based
on hydrophilic phage peptides.

It should be noted that short linear interaction motifs (Slims)
have been found to display a particular amino acid composition,
which distinguishes them from both folded and disordered regions
(Fuxreiter et al., 2007). The least conserved positions in Slims are
usually non-hydrophobic, whereas the highest conserved positions
are very often occupied by hydrophobic and charged amino acids.
Indeed, published PDZ ligands generally agree with this trend, since
the canonical PDZ-binding motif pattern consists of a hydrophobic
(usually not aromatic) amino acid at peptide position p0O and Thr/Ser,
hydrophobic (usually not aromatic) or Glu/Asp at position p-2.
The phage display procedure of Tonikian ez al. often selected
such characteristics at positions p0 and p-2, but the other less
conserved positions (p-1, p-3 and p-4) were, for two-thirds of the
PDZ domains tested, very frequently hydrophobic, thereby deviating
from sequence characteristics of Slims.

Biological interactions are characterized both by their affinity and
specificity. Affinity represents absolute interaction strength, whereas
specificity is a relative property derived from the comparison of
interaction strengths of different interacting partners. For instance,
if a PDZ domain binds with higher (but not necessarily high) affinity
to a few peptides than to all others, it will be specific. Molecular
dynamic studies (Basdevant er al, 2006) have indicated that
hydrophobic interactions are the most important force contributing
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to PDZ—peptide affinity, and Beuming et al. (2009) have suggested
that Trp at p-1 contributes strongly to the affnity of C-terminal
peptides to Erbin PDZ domain via hydrophobic effects. In this
regard, the phage display procedure, being mainly affinity driven,
may have selected hydrophobic and especially aromatic amino acids
at the least conserved positions of the PDZ-binding motif. However,
transient interactions are required for PDZ-mediated cell signalling.
In such a context, PDZ-binding hydrophobic sequences might turn
out to be counter-productive due to an excessively high affinity. In
addition, interactions involved in signalling also require specificity
that might not be conferred by hydrophobic binders. Indeed, by
examining SPOT data from Wiedemann et al. (2004), we observed
that a ‘super-binding peptide’ with Trp at p-1 displaying high affinity
for Erbin PDZ domain seemed to be robust against mutations
at other peptide positions indicating a strong contribution of Trp
to the binding affinity. Hence, the Trp at p-1, and hydrophobic
residues at least conserved positions in general, would probably
allow for more putative interaction partners to a PDZ domain and
would make specific recognition impossible. In summary, it seems
that the phage display approach has a tendency to select high
affinity binders presenting artificial sequence features in contrast to
evolution rather selecting for specific binders in the context of Slims.
We notice that a similar conclusion has independently been drawn
in a recent phage display study by Ernst ez al. (2010). While this
property of phage display may be useful for drug design or synthetic
biology, it may limit its application for predicting natural domain—
motif interactions. Recently, a promising approach was proposed to
modify the phage display experimental protocol towards a procedure
that will rather select specific than high affinity peptides (Hoffmann
et al., 2010).

Our study indicates that PDZ—-peptide interaction predictions
based on hydrophobic phage peptides should be considered
carefully, especially with regard to specific, natural interactions,
whereas predictions of interaction networks based on hydrophilic
phage peptides are promising. We hypothesize that similar
constraints in phage display data might also arise in the context
of other types of domain-linear motif interactions. Given the wide
use of phage display for the determination of binding specificities
of domain-linear motif interactions, the problems addressed here
might apply to many other studies as well.
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9. Putting into practice domain—linear
motif interaction predictions for
exploration of protein networks

9.1. Summary

Stiffler et al. [10] published another large-scale study on PDZ-peptide interactions.
In contrast to artificial PBMs revealed in the phage display study from Tonikian et
al. [9], this study involved 217 cellular C-terminal sequences extracted from the mouse
proteome that were assayed for binding towards 157 mouse PDZ domains. This inter-
action data has been used by Chen et al. [11] for the development of a PDZ interaction
predictor (see section 6.4.4). In this article, we have described the results that we ob-
tained when testing and applying this predictor to PDZ domains from the human
proteins MAGI1 and SCRIB followed by experimental validation of predictions using
SPR. In addition, we tried to assess changes in binding affinity and specificity when
extending minimal interacting fragments.

Approach: Negative PDZ-peptide interaction data has been collected manually from
published literature taking advantage of the multiple occurrence of PDZ domains in
proteins. The Chen predictor had first to be implemented before tests with assembled
and available PDZ—peptide (non)-interaction data sets could be performed. In the
following, the Chen predictor has been used to predict out of the human proteome all
potential binding partners for the PDZ domains of MAGI1 and SCRIB. Out of these
predictions 17 C-terminal human peptides and 2 additional C-terminal viral peptides
were selected for experimental validation versus PDZ2 and PDZ3 of MAGI1, PDZ3
and PDZ4 of SCRIB, and the tandem construct PDZ34 of SCRIB. Each peptide has
been assessed for binding to each of these five PDZ domain constructs using a long
(10 wild type residues) and a short (5 wild type residues) version of the peptide. We
developed a medium-throughput protocol to measure these about 200 interactions on
a BIAcore machine (SPR). Experimental data obtained has been analysed in light of
available structural data.

Findings: Using our data set of real PDZ—peptide non-interactions, we could show
that the Chen predictor has a very high FPR of about 50% (double as high as spec-
ified by the authors). This high FPR could be confirmed by experimental validation
of selected predictions. In addition, initially predicted promiscuous binding behaviour
of peptides towards PDZ domains could not be experimentally confirmed. Prediction
scores did not correlate with measured binding affinities. The Chen predictor cannot
discriminate between C-terminal sequences that carry the class I, II, or III signature
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Part II. Results and discussion

for PBMs and those that do not. The implementation of a filter has been necessary
to remove the non-PBM sequences from predictions. The 16 domain residues that are
considered by the predictor are not sufficient to describe the set of domain residues
that are likely to be implicated in peptide binding. We could demonstrate that the
binding affinity and specificity can change when extending the peptide and/or domain
constructs. Changes in binding affinity upon peptide extension are likely to result
from interactions between residues of extended peptide sequences and residues from
the 32-33 loop of PDZ domains.

Discussion/Conclusions: Inaccuracies in PDZ—peptide interaction predictions observed
for the Chen predictor might originate from insufficient training of the underlying pre-
diction model. PDZ4 of SCRIB might display a very specific binding profile due to
deviations in the carboxylate binding loop sequence and a distribution of positive
charges throughout the binding pocket. New potential binding partners for MAGI1
and SCRIB have been suggested that highlight the scaffolding role of PDZ proteins
for G protein-related signalling pathways. Our data indicate that an extrapolation of
observed interactions between minimal protein fragments to full length proteins may
be possible qualitatively, but not necessarily quantitatively.

Contribution: 1 have performed the entire work involving the Chen predictor. I have
selected predicted C-terminal PBMs for experimental validation. I have performed
most of the SPR data treatment and have interpreted the experimental data in con-
junction with available structural data. I have searched the published literature on
MAGI1, SCRIB and the proteins for which we could experimentally validate binding
of their C-terminal sequences to PDZ domains of MAGI1 or SCRIB, to come up with
hypotheses about biological functions of these newly identified PDZ—peptide interac-
tions. I have conceived and drafted a first version of the manuscript except of the
experimental methods part. Gilles Travé and myself have written together the final
version of the manuscript.

(See also supplemental material provided in section D.2.)
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Abstract

PDZ domains recognise short sequence motifs at the extreme C-termini of proteins. A model based on microarray data has
been recently published for predicting the binding preferences of PDZ domains to five residue long C-terminal sequences.
Here we investigated the potential of this predictor for discovering novel protein interactions that involve PDZ domains.
When tested on real negative data assembled from published literature, the predictor displayed a high false positive rate
(FPR). We predicted and experimentally validated interactions between four PDZ domains derived from the human proteins
MAGI1 and SCRIB and 19 peptides derived from human and viral C-termini of proteins. Measured binding intensities did not
correlate with prediction scores, and the high FPR of the predictor was confirmed. Results indicate that limitations of the
predictor may arise from an incomplete model definition and improper training of the model. Taking into account these
limitations, we identified several novel putative interactions between PDZ domains of MAGI1 and SCRIB and the C-termini of
the proteins FZD4, ARHGAP6, NET1, TANC1, GLUT7, MARCH3, MAS, ABC1, DLL1, TMEM215 and CYSLTR2. These proteins are
localised to the membrane or suggested to act close to it and are often involved in G protein signalling. Furthermore, we
showed that, while extension of minimal interacting domains or peptides toward tandem constructs or longer peptides
never suppressed their ability to interact, the measured affinities and inferred specificity patterns often changed
significantly. This suggests that if protein fragments interact, the full length proteins are also likely to interact, albeit possibly
with altered affinities and specificities. Therefore, predictors dealing with protein fragments are promising tools for
discovering protein interaction networks but their application to predict binding preferences within networks may be
limited.
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extreme C-termini of proteins. The last residue (referred to as
position p0) in PDZ-binding motifs is usually Val or Leu. The
third last peptide residue (position p-2) can be either Thr or Ser
(class I), hydrophobic (class II), or Glu or Asp (class III), thereby
defining three main categories of PDZ-binding motifs [7][8]. 339
experimentally verified PDZ-peptide interactions are currently

Introduction

Many of the protein interactions that function in cellular
regulation and signalling are mediated by linear motifs that bind to
globular domains. Such interactions are often specific, yet
transient and therefore of low affinity [1]. The efficient prediction

of such interactions together with their experimental validation
would enormously increase our understanding of the cellular
system. The occurrence of specific types of globular domains in
protein sequences can mostly be predicted with high accuracy [2]
[3] and promising work on linear motif predictions are published
[4][5]. However, the correct prediction of which instance of a
linear motif will bind to which instance of a type of globular
domain, hence the specificity in domain - linear motif interactions,
remains one of the hot topics in computational biology.
Approaches for predicting domain-linear motif interactions
have very often focussed on PDZ-peptide interactions. PDZs are a
very abundant class of globular domains with 267 occurrences in
the human proteome [6]. Human proteins often contain several
copies of PDZs (up to 13) in their sequence. PDZs bind with a well
defined pocket to linear motifs that are mostly situated at the
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annotated in the PDZbase [9] and 212 PDZ structures are listed in
the ADAN database [10] indicating that PDZs are very well
experimentally studied.

PDZs are implicated in the regulation of cell polarity, cell
adhesion and intercellular communication [11]. The PDZ-
containing proteins MAGI1 (Membrane-associated guanylate
kinase inverted 1) and SCRIB (human Scribble) are in the centre
of this study. MAGI1, which has six PDZ domains, was found to
be located to adherens and tight junctions in epithelial [12] and
endothelial cells [13], where it seems to be involved in the
maintenance of the junctions and in cell signal propagation.
SCRIB, which has four PDZ domains, is known to be involved in
the establishment of adherens [14] and tight junctions [15] as well
as in the regulation of cell polarity and cell migration [16]. Some
data indicate that deregulation of MAGI1 [17] or SCRIB [18] can
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promote cell proliferation and tumorigenesis. Interestingly,
proteins from different viruses were shown to bind via their C-
terminal sequences to MAGI1 or SCRIB and to interfere with
their cellular functions for promoting viral replication [19] [20].
For instance, the oncoprotein E6 produced by the human
papillomaviruses (HPV) responsible for cervical cancer contains
a PDZ-binding motif, which interacts with PDZ domains of
MAGI1 and SCRIB [21] [22]. Deletion of this motif in HPV16 E6
impaired its capacity to promote cancer in transgenic mice [23]
indicating that binding of E6 to MAGII and SCRIB might be
implicated in the development of cervical cancer. Therefore, it
would be important to better understand the signalling pathways,
such as those of cell growth and apoptosis, that are regulated by
MAGI1 and SCRIB and that are disrupted upon infection with
oncoviruses such as HPV.

Until recently, only specific case studies had been published on
the specificity of PDZ-peptide interactions, and the iSPOT tool
[24] was for a long time the only attempt to predict PDZ-peptide
interactions on a broader scale. In 2007 and 2008, two groups
published outstanding large-scale studies on PDZ interactions
providing insights into PDZ interaction specificities and strategies
for their prediction [25] [26] [27]. Tonikian et al. [25] applied
phage display to determine the binding profiles of 28 C. elegans and
54 H. sapiens PDZ domains using 10 billion random peptides.
Stiffler et al. [26] applied microarrays and fluorescence polarisation
to measure binding affinities between 157 mouse PDZ domains
and 217 mouse peptides. All interactions and non-interactions
(absence of interactions) determined by Stiffler ¢/ al. were used by
Chen et al. [27] as training data for a PDZ interaction predictor.
The prediction model was defined using the structure of the ol-
syntrophin PDZ domain bound to a seven residue-long peptide of
which five are visible in the structure [28]. The model consists of
38 position pairs of domain and peptide residues that were seen to
interact with each other in this particular structure. The training
data was used in a Bayesian approach to obtain sub-scores for the
occurrence of all possible combinations of amino acid pairs at
these 38 position pairs. These sub-scores quantify the positive,
neutral or negative contribution of a pair of amino acids at a
certain position to the overall interaction between a PDZ domain
and a peptide. The sum of the 38 sub-scores for a given PDZ-
peptide pair represents the final score, which was suggested to
indicate the binding strength of the potential interaction in
question.

A very critical point for the development of protein interaction
predictors is the availability of real negative interaction datasets
[29]. Stiffler et al. [26] provide a negative PDZ interaction dataset,
which has already been used to significantly improve PDZ
interaction prediction quality [30][31]. However, this negative
dataset is the only one existing so far, which implies that PDZ
interaction predictors trained with data of Stiffler e al. [26], such
as the predictor of Chen et al. [27], cannot be tested on an
independent negative dataset.

The numerous existing predictors for PDZ-peptide interaction
specificities focus on the core PDZ domain or binding pocket of
the PDZ and mostly on four or five residue long peptides [27] [30]
[31] [32] [33] [34] [35]. Generally, it is assumed that interaction
specificity predictions based on such protein fragments are also
valid in the context of full length protein interactions and hence
can be used to predict protein-protein interaction (PPI) networks.
However, an increasing amount of biological studies on PDZ
domains suggest that peptide residues upstream of the last five
residues and domain residues outside of the binding pocket
influence binding affinity and specificity [36] [37] [38] [39] [40].

Linker regions flanking the core PDZ domain as well as
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neighbouring domains, have also been found to influence binding
[41] [42]. The term supramodule was introduced for neighbouring
PDZs that are separated by particularly short linker sequences and
that were shown to significantly influence each other’s peptide
binding (for a review see [43]).

Based on these observations, several questions are raised: First
of all, how correct are PDZ interaction predictors in theory and in
practice? Second, to which extent can specificity predictions based
on protein fragments be transferred to full length proteins and how
much influence do extensions of protein fragments have on affinity
and specificity of the corresponding interaction? Third, can
existing PDZ interaction predictors be used to extend our
knowledge on PPI networks mediated by PDZ-peptide interac-
tions? Here, we attempted to answer these questions by focussing
on the well studied predictor published by Chen et al. [27]. First,
we aimed at assessing its prediction quality i silico by using test
datasets assembled by ourselves that consisted of real positive and
negative interaction data for various PDZ domains. Then, by
concentrating on PDZ domains of MAGIl and SCRIB, we
performed proteome-wide interaction predictions and experimen-
tally validated a subset of those, allowing us to also assess the
prediction quality @ witro. We also assessed how binding was
influenced by extended protein fragments, i.e. peptides and PDZ
constructs longer than those considered by the predictor. Finally,
discovered interactors for MAGI1 and SCRIB were analysed with
regard to new biological functions that can be linked to MAGII
and SCRIB and that might be perturbed in tumours induced by
oncoviruses or other factors. In total, this analysis allowed to
highlight the power and limits of PPI network predictions
involving PDZ domains, to uncover possible ways of improve-
ments, and to obtain further insights into the mechanisms that
define affinity and specificity of PDZ-peptide interactions.

Results

Development of real negative test datasets for
benchmarking PDZ interaction predictors

We aimed at assessing the performance of the PDZ interaction
predictor published by Chen et al. [27] with independent datasets
of human PDZ-peptide interactions from low-throughput exper-
imental studies. We assembled three test datasets (see Dataset S1)
containing interactions and non-interactions involving 95 different
human PDZ domains. The first test dataset contained 174 PDZ-
ligand interactions including 109 human interactions from
PDZbase [9] (a resource of experimentally verified PDZ-ligand
interactions) plus 65 interactions that we manually collected from
literature, mainly dealing with PDZ domains from MAGI1, 2 and
3. The PDZ domains from MAGII, 2 and 3 are identical between
human, mouse and rat when concentrating on the 16 domain
amino acid positions used for predictions by Chen et al. Therefore,
we included in the datasets interactions that we expect to occur
between human proteins although they were originally described
in the literature using rat and mouse PDZ domains.

The second and third test dataset contain negative interaction
data that were assembled from published literature as follows. We
took advantage of the particular characteristic of PDZ domains to
occur as repeats within proteins (as illustrated in Figure 1). In order
to experimentally determine the PDZ domain to which a peptide
will bind out of the PDZ domains of a particular protein, each
PDZ domain of the protein is tested separately for binding to the
peptide. This approach usually yields one genuine interaction and
many non-interactions. These non-interactions were annotated
into one negative test set that in total contained 446 human non-
interactions involving peptides bearing a PDZ-binding motif. The
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MAGI1-2/6 | [Pozt) Gk ‘ww‘ ‘ww‘ @ @ PDZ5 PDZ5
1 456 580 1462
MAGI1-3/6 | [Pozt) Gk ‘ww‘ ‘ww‘ PDZ2 @ @ PDZ5 PDZ5
1 621 759 1462
Leucine-rich
SCRIB-3/4 ,e:i‘:t";;'iin @ @ PDZ4
I
1 997 1093 1630
|
Leucine-rich
SCRIB-4/4 | | Lovcnericn @ @ -
|
1 1097 1193 1630
Leucine-rich
SCRIB-34/4 ropeat region @ PDZ2 poz3 Jpoze
1 997 1193 1630

Figure 1. PDZ domains of MAGI1 and SCRIB. MAGI1 has 6 PDZ domains numbered from 1 to 6. SCRIB has 4 PDZ domains numbered from 1 to
4. The PDZ domains that were used for interaction measurements by SPR are highlighted in black and used domain boundaries are indicated.

doi:10.1371/journal.pone.0025376.9001

third test dataset contains 133 human non-interactions collected
from the literature where the peptide has a disrupted PDZ-binding
motif due to introduced mutations (substitutions or deletions).
These real negative experimental data can be expected, as argued
by Smialowski et al. [29], to outperform artificial negative data
(such as randomised protein interactions) in terms of training and
test performance.

Benchmarking the PDZ-ligand interaction predictor of
Chen et al.

When tested on the three established test datasets (Table 1) the
predictor of Chen et al. obtained a sensitivity of 75.3% in agreement
with that indicated by Chen et al. (76.5%) [27]. By contrast, the false
positive rate (FPR) based on non-interactions with PDZ-binding
motifs is about 48%, which is considerably higher than the FPR
indicated by Chen et al. (24%). Furthermore, the FPR obtained for
non-interactions without PDZ-binding motifs is about 26%, which
represents a weak performance with regard to the relatively
straightforward task to discriminate between peptides that bear a
prototypical PDZ-binding motif or not. We then analysed
separately, within our test datasets, the data involving human
PDZ domains that are either orthologous or not orthologous to the
mouse PDZ domains present in the training set of Chen et al.
Sensitivity and FPR of these subsets show that the predictor tends to
be over-optimistic for PDZ domains that are orthologous to
domains present in the training data, and over-pessimistic for
PDZ domains that are not orthologous to any domain present in the
training data (third and fourth column in Table 1).

Our test datasets contain a large portion of interactions and
non-interactions involving PDZ domains from MAGII, 2 and 3.
We separately calculated the sensitivity and FPRs of the predictor
for subsets of the test datasets consisting only of PDZ domains of
MAGII, 2 and 3 (fifth column in Table 1). The results are
considerably different from those obtained with the full datasets,
indicating that the MAGI subset does over-influence the
calculations.

@ PLoS ONE | www.plosone.org

Prediction of natural PDZ-peptide interactions using the
predictor of Chen et al.

The predictor of Chen et al. [27] was applied to PDZ domains of
MAGI1 and SCRIB (see Figure 1 for the domain organisation of
these proteins) with the aim of predicting, from the entire human
proteome, natural interacting partners for these PDZs. For most
domains, the numbers of predicted hits (proteins) were very high
(Table 2, second column). An important proportion of these hits
might be false positives in relation to the previously observed high
FPR (Table 1). Indeed, one third of the C-terminal sequences of
the returned hits had a non-hydrophobic amino acid at peptide

Table 1. Performance of predictor of Chen et al. for different
test data sets.

complete non-

test data training? training”  MAGI1,2,3¢
sensitivityd 753% (174) 90.7% (97) 55.8% (77) 659% (41)
FPR PDZ® 482%  (446) 535% (213) 43.3% (233) 17.5% (240)
FPR NoPDZ" 25.6% (133) 27.6% (58) 24.0% (75 4.0% (50)

“test data containing only (non)-interactions with PDZ domains orthologous to
those from the training data of Chen et al.

Ptest data containing only (non)-interactions with PDZ domains that were not
orthologous to those in the training data of Chen et al.

“test data containing only (non)-interactions with PDZ domains from MAGI1, 2
and 3 proteins. These subsets were analysed to verify that the
overrepresentation of PDZ domains from these proteins did not introduce a
bias in calculated sensitivity and specificities.

dpercentage of interactions that were correctly predicted.

percentage of non-interactions with PDZ-binding motif that were not correctly
predicted.

fpercentage of non-interactions without PDZ-binding motif that were not
correctly predicted.

The numbers in brackets represent the total number of items in the respective

test data set.

doi:10.1371/journal.pone.0025376.t001
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Table 2. Numbers of human proteins predicted to bind to PDZ domains of MAGI1 and SCRIB using the predictor of Chen et al.

num. prots. with

PDZ domain unfiltered hits filtered hits? highest score” num. publ. binders®
MAGI1-1/6 0 0 0 1
MAGI1-2/6 457 300 93 4
MAGI1-3/6 160 107 0 1
MAGI1-4/6 43 30 0 3
MAGI1-5/6 1151 623 562 3
MAGI1-6/6 219 179 87 6
SCRIB-1/4 204 89 1 4
SCRIB-2/4 429 203 98 1
SCRIB-3/4 744 293 237 5
SCRIB-4/4 354 113 3 1

doi:10.1371/journal.pone.0025376.t002

position p0, in contradiction with most published literature
concerning PDZ-binding sequence requirements. We analysed
the amino acid composition of the pool of peptide sequences used
to train the predictor of Chen et al. (Table S1) and observed that
this pool of sequences had only V, L, I, F, C or A at position pO0.
This is due to the fact that the entire training pool of Chen et al.
contained exclusively peptides that bound at least to one PDZ
domain in the experiments of Stiffler ¢ al. [26] and hence
represent PDZ-binding sequences. In the training process, Chen
et al. allocated zero (representing a neutral value) to all amino acids
that were never seen at particular peptide positions. Whereas this
strategy is sound when applying the predictor to peptides matching
the general PDZ-binding consensus, it may lead to the selection of
irrelevant peptides when querying an entire proteome. To take this
issue into account, we applied an additional filter to accept only
peptides ending with either C, Y, F, L, I, M, V, W or A, ie.
residues that were observed at position p0 in artificial or natural
PDZ-binding peptides. This filter rejected 20 to 60% of the initial
hits (Table 2, third column) and was systematically used further on
in our study. Detailed information on the predicted interactions is
provided in Dataset S2.

As shown in Table 2 (third column), some domains (e.g.
MAGI1-5/6 - the fifth out of six PDZ domains of MAGII)
appeared to be very promiscuous as they had a very high number
of hits, whereas others (e.g. MAGI1-4/6) had very few hits or even
no hit at all (MAGI1-1/6). Within both MAGII and SCRIB, the
PDZ domains obtaining the highest numbers of hits (MAGI1-5/6,
2/6 and 6/6, and SCRIB-2/4 and 3/4) were also the ones that
obtained the highest scores (Table 2, fourth column). This might
be correlated with our observation that scores obtained by
different domains were distributed over different ranges
(Figure 2). While investigating why some domains (e.g. MAGII-
5/6) showed higher scores and higher numbers of hits, we
observed that particular peptide residues contributed very high
subscores to the overall score for a domain-peptide pair. For
instance, the occurrence of a Thr at position p-2 (a characteristic
common to all class I PDZ-binding motifs) contributed a value of
0.64 to the prediction score for binding to MAGI1-5/6, while the
overall value sufficient for a peptide to be classified as a hit by the
preditor is 0.5. This means that any peptide possessing a Thr at
position p-2 and residues at other positions that confer a predicted
globally neutral effect for binding, would be classified as a binder

@ PLoS ONE | www.plosone.org

%proteins without residue C, Y, F, L, I, M, V, W or A at peptide position p0 were filtered out.
Pnumbers of proteins, which were predicted (after filtering) to bind to that domain and scored highest for that domain in comparison to the other domains.
“numbers of published mammal binders that we could identify from literature for each PDZ domain.

for the MAGI1-5/6 domain. At present, we do not know whether
this characteristic of MAGI1-5/6 is biologically meaningful or
whether it just reflects some bias of the predictor’s algorithm.
Indeed, the predictions differ from published biological data
(Table 2, fifth column), which indicate that the PDZ domain of
MAGI1 attracting most binders is MAGI1-6/6, rather than
MAGII1-5/6.

We also observed (Table S2) that numerous proteins were
predicted to bind to more than one PDZ domain of MAGII or
SCRIB, indicating that not only PDZ domains, but also C-
terminal peptides, are considered to be promiscuous by the
predictor. This may just originate from the lack of specificity of the
predictor as already pointed out before in our analysis (see
Table 1). However some PDZ-peptide interactions may indeed be
really promiscuous and the predictor may be able to detect this
trend.

Structure-based analysis of domain amino acid positions
implicated in peptide binding

In the prediction model of Chen et al. 16 domain and 5 peptide
positions were selected for being implicated in specific binding of
peptides to PDZs. This selection was based on one structure, ol-
syntrophin [28] (Figure 3). The structural information on PDZs
has considerably grown during the last years mainly due to
structural genomics initiatives. Here, we comparatively analysed
42 structural complexes of 24 different PDZ domains to get a more
general amino acids involved in peptide
recognition. Figure 4 shows that the set of domain amino acids
found at less than 5 A from the peptide in the various structures
we analysed often differs from the set defined by Chen ¢t al. in the
structure of ol-syntrophin (these positions are indicated with
asterisks above the alignment). For instance, domain positions
Leu37 (ol helix) and Thr74 ( a2-B5 loop) in al-syntrophin
(Figure 4), chosen by Chen et al., were only selected once in the 23
other PDZ domains we analysed. Conversely, our approach (see
Methods) selected more amino acids on o2 helix. In addition,
while Chen et al. did not select any amino acid upstream of the
GLGF-motif, our approach often selected residues in that region,
especially a conserved positively charged position (Arg or Lys)
within the B1-$2 loop. The role of this amino acid for peptide
binding is discussed in several studies [44] [45] [46]. Finally, our
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Figure 2. Score distribution of human C-terminal peptides predicted to bind to MAGI1 PDZ domains. Predictions were prefiltered for
peptides having either C, Y, F, L, I, M, V, W or A at peptide position p0. Prediction scores were rounded to two decimal places and the frequencies of
occurrence of scores within each interval were determined for each PDZ domain of MAGI1.

doi:10.1371/journal.pone.0025376.9002

analysis often selected amino acids of the 2-3 loop, whereas only
one residue of that loop was selected in Chen et al’s study. The
selection of residues of the f2-f3 loop indicates that residues
upstream position p-4 are proximal to this loop and therefore may
also contribute to binding (Figure 3). Altogether, we suggest that
more domain and peptide positions than those defined by Chen
et al. may influence binding specificity.

Experimental validation of predicted MAGI1-peptide and
SCRIB-peptide interactions

From predictions obtained with the predictor of Chen et al. we
selected 17 human and three viral peptides for interaction
measurements against five PDZ constructs: the four single PDZ
domains MAGI1-2/6, MAGI1-3/6, SCRIB-3/4, SCRIB-4/4,
and the tandem construct SCRIB-34/4 (Figure 1). The 17 human
peptides were selected based on different criteria: First, we selected
peptides that were predicted to bind promiscuously to all four
single PDZ domains. Second, we systematically included the two
best predicted hits for each of the four PDZ domains. Third, we
preferred proteins already shown to interact with PDZ domains.
Further selection criteria were sequence diversity within the set of
selected peptides and biological functions related to known
functions of MAGI1 and SCRIB. These were inferred from Gene
Ontology annotations (Ensembl v52 [47]) and information
provided by UniProt [48]. The three viral peptides correspond
to the C-terminus of HTLV1 Taxl, HPV16 E6, and a mutated
form of HPV16 E6 (further on called 16E6L/V), where Leu at
position p0 was mutated to Val. The latter peptide was already
assayed against MAGI1 and SCRIB PDZ domains in previous

@ PLoS ONE | www.plosone.org

SPR studies performed by our group, and therefore we used it as
positive control for the present study. Table S3 provides detailed
information about the 19 proteins.

For each of these 19 proteins two peptides were designed, both of
ten amino acids i length. One peptide, called “long”, encompassed
the last ten wild type residues of the protein (e.g. VMRLOQSETSV
for VANG2). The other peptide, called “short”, encompassed the
last five wild type amino acids of the protein preceded by a
GSGAG sequence (e.g. GSGAGSETSV for VANG2). This
GSGAG sequence, composed of small neutral residues, was
included to prevent the biotin tag N-terminally attached to the
peptides to influence the binding to the PDZ domain. The “short”
peptides, in which only the last five residues vary and correspond
to natural proteins, would allow us to experimentally validate
interaction predictions obtained with the predictor of Chen et al.
that considers the last five residues in the prediction model. The
long peptides (as well as the tandem PDZ construct) would allow
us to address changes in binding affinity and specificity that might
occur when using extended protein fragments.

We opted for the surface plasmon resonance (SPR) method to
measure these 190 (19 proteinsx2 peptide versionsx5 PDZ
constructs) interactions. In SPR  various concentrations of
“analytes” (here, PDZ domains fused to the Maltose Binding
Protein (MBP)) flow over surfaces presenting attached “ligands”
(here, biotinylated peptides). The amount of analyte interacting
with the ligand is measured and quantified in response units (RU).
The intensity of this signal is proportional to the binding strength
of the assayed interaction (Figure 5A). Kp were obtained using a
1:1 interaction model. However, these calculated Kp were rather

inaccurate especially for weak interactions. Therefore, we
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Figure 3. Structure of the PDZ domain of al-syntrophin used as
reference by Chen et al. Residues coloured in blue represent the
domain positions that are considered in the prediction model of Chen
et al. The backbone and Cg atoms of the bound peptide are
represented as sticks in pink. The pink dashed line indicates where
peptide residues upstream position p-4 would be situated in the
structure. (PDBcode: 2PDZ).

doi:10.1371/journal.pone.0025376.9g003

preferred to rank the binding strengths of the 190 interactions
using normalised RU signals at equilibrium (Re,) rather than Kp
(see Methods for details). These normalised R,, values were
plotted in form of a heat map (Figure 5B). Table S4 contains
experimental data for all SPR measurements performed in this
study.

Nine out of nine published interactions (including 16E6L/V)
were confirmed by our experimental data, of which three out of
four published Kp could be confirmed as well, all being high
affinity interactions (see Table S3 for more details). This
demonstrates the validity of our experimental SPR setup for
testing PDZ-peptide interactions.

Peptides do not bind as promiscuously as predicted to
PDZ domains

Most tested peptides had been predicted to bind promiscuously
to all four single PDZ domains (see Figure 5B, zeros indicate the
very few PDZ-peptide pairs predicted not to interact). In practice,
the peptides turned out to be much more selective than predicted.
Only one peptide, TAX1 (derived from a viral protein), was found
to interact with the four PDZ domains, and only at the condition

@ PLoS ONE | www.plosone.org
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of taking a very weak interaction into account. Even when we
discarded the SCRIB-4/4 domain (which bound only one peptide
as will be discussed later), we observed that, out of the 16 peptides
predicted to bind the remaining three single PDZ domains, only 8
could be confirmed (see Figure 5B, underlined peptide names),
again only at the expense of accepting very low interaction signals.
This appears to confirm the high false positive rate of the predictor
of Chen et al. that we have previously noticed (Table 1).

The prediction scores do not correlate with interaction
affinities

Chen et al. have observed a correlation between prediction
scores and binding affinities. In our set of data (19 short peptides
vs. 4 single PDZ domains), we did not observe such correlation (for
MAGI1-2/6 Pearson correlation coefficient r=0.44 p-val-
ue =0.07, for MAGI1-3/6 r=10.13 p-value = 0.64, for SCRIB-3/
4 r=0.1 p-value = 0.69, for SCRIB-4/4 r = —0.08 p-value = 0.74)
(Figure 6). In particular, the two best predicted hits for each PDZ
domain turned out to be non-interactions or very weak
interactions in all cases except one (Figure 5B, rectangles).

SCRIB-4/4 may display very specific binding preferences

SCRIB-4/4 was found to significantly bind to only one peptide,
TAX1, despite of the fact that SCRIB-4/4 was predicted to bind
to 15 out of the 19 peptides tested (Figure 5B). Remarkably, Zhang
et al. [49] previously noticed that the SCRIB-4/4 domain did not
bind any peptide in a phage display experiment. They interpreted
this observation by suggesting that recombinant SCRIB-4/4 might
be less stable than other PDZ domains. This possibility can be
excluded, since we produced highly concentrated folded SCRIB-
4/4 for NMR studies (data not shown), and the NMR structure of
folded SCRIB-4/4 was solved by the RIKEN Structural
Genomics Initiative (PDB code: 1UJU). We suggest that SCRIB-
4/4 displays very specific peptide binding preferences, which can
be inferred from analysis of available protein structures. We
retrieved from the PDB the experimental structures of MAGI1-2/
6, MAGI1-3/6 and SCRIB-4/4, and modelled the structure of
SCRIB-3/4 (sce Methods). The surface electrostatics representa-
tions of the four PDZ domains (Figure 7A) show that, in
comparison to the other three PDZ domains, SCRIB-4/4
possesses many positive charges surrounding the peptide binding
pocket. This should favour peptide sequences with negatively
charged residues at position —1 and —3.

The “GLGF-loop”, which precedes the 2 strand, coordinates
the C-terminal carboxyl group of the peptide and also influences
the width of the pocket accomodating the hydrophobic residue at
pO [45]. The first glycine of the “GLGF-loop” is replaced by a
bulky arginine residue in SCRIB-4/4 (Figure 7B). This may
sterically prevent binding of a peptide presenting a large
hydrophobic side chain at p0 and might explain the shallow
appearance of the pocket accommodating the peptide residue p0
(Figure 7A). These size and charge constraints may impose
sequence properties only found in TAX1 (ETEV) out of the 19
peptides tested.

Different preferences of PDZ domains for residues at
peptide position p0

Our interaction data reveal different binding preferences of the
PDZ domains for specific hydrophobic amino acids at peptide
position pO (Figure 5B and Figure 8, see green residues at p0 in
peptide sequences). SCRIB-3/4 seems to accept larger hydropho-
bic residues at pO with a preference of leucine over valine. Indeed,
SCRIB-3/4 binds stronger to wild type 16E6 as compared to the
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Figure 4. Atomic distance-based selection of peptide-contacting domain positions in different PDZ-peptide structures. For each PDZ
domain of the alignment, we extracted from available structural data all domain residues that had at least one atom within a distance of 5 A to
bound peptide atoms. Blue letters indicate residues, which have been selected both, by Chen et al. and our approach. Red letters indicate residues,
which have been selected by our approach but not by the model of Chen et al. Asterisks above the alignment indicate the PDZ residues chosen by
Chen et al. to be close to peptide residues based on the structure al-syntrophin (SNTAT, first line of alignment). Arrows and rectangles above the
alignment indicate the positions of conserved B-sheets and a-helices, respectively. Note that the sequence of the Par6 PDZ domain occurs twice in
the alignment, corresponding to two different structures of Par6, one bound to an internal peptide, the other one bound to a regular C-terminal

peptide.
doi:10.1371/journal.pone.0025376.9004

single mutant 16E6L/V, where the last residue of 16E6 has been
mutated from leucine to valine. In contrast, MAGI1-2/6 binds
stronger 16E6L/V than wild type 16E6, showing that MAGI1-2/6
preferentially accommodates valine in comparison to leucine. This
was also observed by Thomas et al. [50] using full length E6
proteins. MAGI1-3/6 only accepts valine.

These different preferences for amino acids at p0 might be again
correlated with amino acid variations in the conserved “GLGF-
loop”. The alignment in Figure 7B shows that the two conserved
hydrophobic positions of the “GLGF-loop” are occupied by
phenylalanine residues in both MAGI1-2/6 and MAGI1-3/6 vs.
two leucine residues in SCRIB-3/4. This might contribute to a
wider pocket in SCRIB-3/4, explaining the preference of this
domain for a C-terminal leucine in the bound peptide.

These different preferences for residues at p0 were only partially
correctly predicted for MAGI1-2/6 and MAGI1-3/6 by the
predictor of Chen ¢t al. The predictor failed to predict these amino
acid preferences for SCRIB-3/4 (see Dataset S2).

Binding affinities and specificities change for extended
interaction fragments

We observed that the tandem construct SCRIB-34/4 bound
several peptides with higher affinity as compared to the single
domain constructs SCRIB-3/4 and SCRIB-4/4 (Figure 5B). This
increase seemed not to depend on the sequence of the peptides.

In addition, we observed that the long peptides often bound
PDZ domains with different affinities as compared to the short
peptides (Figure 5B). As highlighted in Figure 3, the additional
wild type residues present in the long peptides, upstream position
p-4, are likely to engage interactions with residues in the f2-$3
loop of the PDZ domains. Figure 8 shows part of the structures of
the PDZ domains MAGI1-2/6, MAGI1-3/6 and SCRIB-3/4
comprising the region, where the (2-f3 loop is situated (see
Figure 7B for an alignment). Next to the structures, the differences
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in RU signals between long and short peptides are ranked from the
greatest difference to the lowest. MAGI1-2/6 has four negatively
charged residues in the f2-f83 loop and shows strong increases in
affinity for long peptides having positively charged residues at
peptide positions upstream p-4. The closer these positively charged
residues are positioned to p-4, the bigger is the increase in affinity
for long versions of peptides. By contrast, negative charges at these
peptide positions appear to be disadvantageous (Figure 8A).
MAGI1-3/6 did not show significant differences in affinity and
specificity between short and long peptides. This observation may
be explained by the fact that the f2-f3 loop contains four
consecutive glycine residues unlikely to influence peptide binding
(Figure 8B). SCRIB-3/4 shows an unspecific increase in affinity for
many long peptide versions. The f2-f3 loop of SCRIB-3/4 is
twice as long as for the other two PDZ domains and contains
amino acids of diverse physico-chemical properties (Figure 8C).
This loop might be able to adapt conformationally to many
different sequences upstream of peptide position p-4, therefore
providing advantageous contacts in most cases.

Discussion

In this study we addressed the problem of predicting naturally
occurring protein interactions mediated by PDZ domains and
PDZ-binding peptides using the predictor of Chen et al. [27]. We
analysed the predictor using theoretical and practical approaches.
An important step for a fair assessment of prediction qualities is the
application of real test datasets independent from the training
data. To ensure this, we assembled a novel dataset of real negative
PDZ-peptide interactions from the literature, which might turn
out to be very useful for further development of PDZ interaction
predictors.

Both the i silico and i witro tests indicated that prediction
accuracies were weak. We could demonstrate that the predictor of
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Figure 5. Overview of SPR experimental data. A: Representative sensorgrams for strong and weak interactions as well as non-interactions. An
increase of the signal for injection of MBP-PDZ analyte is indicative of binding. (i) The higher the analyte concentration, the higher the R, up to
saturation, indicative of a specific interaction. (ii) For weak interactions the highest analyte concentration, which was injected due to device
limitations, did not allow to reach saturation. (iii) Sensorgrams for non-interactions display no change in signal. B: Overview of measured RU signals
and comparison to predictions. Normalised RU signals determined for a 10 uM concentration of MBP-PDZ were extracted from SPR sensorgrams and
plotted as heatmap for 19 peptides in short and long versions vs. the five PDZ constructs MAGI1-2/6, MAGI1-3/6, SCRIB-3/4, SCRIB-4/4 and SCRIB-34/4.
An approximate range of Kp is indicated at the right side of the heatmap. 05 and 10 indicate short and long versions of peptides, respectively.
ND = not determined. Signals of short peptides interacting with single PDZ constructs were compared to interaction predictions performed with the
predictor of Chen et al. [27]. Rectangles and dashed rectangles indicate the first and second best hit for each PDZ domain, respectively, out of a
proteome-wide screen. PDZ-peptide pairs that were predicted not to interact are labelled with zero. All other pairs of short peptides and single PDZ
constructs were predicted to interact. Peptide names that are underlined indicate short peptides that were predicted and confirmed experimentally
to bind to at least three of the four single PDZ domains. 16E6L/V served as control.

doi:10.1371/journal.pone.0025376.9005

important for peptide binding. Regarding model training, the
interaction dataset of Stiffler et al. [26] provided values for only

Chen et al. displays a high FPR, as recently suggested by Hui and
Bader [30] and that predictions are biased towards the training

interaction data. Prediction scores seemed not to correlate with
interaction affinities, and amino acid preferences at peptide
position pO0 were only partially correctly predicted. These
limitations may result from both an incomplete model definition
and inadequate training of the model. Regarding model definition,
we showed that PDZ domains display significant structural
variation, so that the model of Chen et al., which is based on a
single PDZ-peptide structure, may have excluded residues that are

@ PLoS ONE | www.plosone.org

about one third of the vast number of the model’s parameters
(20x20x38 = 15200). The other two thirds of the parameters were
given by default the value zero, assuming that they are neither
positively nor negatively contributing to PDZ-peptide interaction
affinities. This allowed in particular for the tolerance of
disadvantageous amino acids or over-weighting of advantageous
yet non-specific residues in peptides and PDZ domains. This
problem was intensified by the fact that the negative training data
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Figure 6. Comparing predicted to measured interaction intensities. The measured interaction intensities (in RU) between short versions of
peptides and the PDZ domains MAGI1-2/6, MAGI1-3/6, SCRIB-3/4 and SCRIB-4/4 were plotted against the prediction scores obtained for the PDZ-
peptide pairs with the predictor of Chen et al. The prediction scores did not correlate with measured signals. Note that SPR measurements were
mostly performed for PDZ-peptide pairs that were predicted to bind to each other, explaining why the left region of the graph is empty.

doi:10.1371/journal.pone.0025376.9006

only consisted of peptides that displayed PDZ-binding motifs
limiting again the sequence space covered. To turn around these
limitations, it might be relevant to reduce the number of
parameters that have to be trained by grouping amino acids
according to their various physico-chemical properties [51].
Additionally, a filter should be applied that removes all predicted
interactions with very unlikely PDZ-binding sequences, as has
been done in the present study.

The predictor of Chen e al. is based on minimal interacting
fragments corresponding to single PDZ domains and five residue-
long peptides. We investigated how extensions of these minimal
fragments would influence binding. The peptides that showed
binding to SCRIB-3/4 generally displayed an increase in binding
affinity in the presence of the tandem construct SCRIB-34/4.
Since the isolated SCRIB-4/4 domain hardly bound to any
peptide, we hypothesise that SCRIB-4/4 contributed indirectly to
the increase in affinity of the SCRIB-3/4 domain for its target
peptides, maybe by stabilising its structure. Such a long range
effect might be favoured by the fact that the linker sequence
between the two domains is particularly short (around 10 residues).
These observations indicate that SCRIB-34/4 may represent a
supramodule as defined by Feng and Zhang [43]. In a recent
structure-function study, we have also demonstrated that the
affinity of the MAGI1-2/6 PDZ domain to its peptidic target is
modulated by the sequence of the C-terminal flanking region of
the core structure of the PDZ domain [41].

Analysis of structures of PDZ-peptide complexes from the PDB
showed that peptide residues upstream of p-4 are proximal to the
f2-3 loop of PDZ domains, and SPR measurements showed that
the same residues modulated binding. These observations confirm
previous findings [36] [37] [38] [39] [40]. Moreover, we observed
that the f2-f3 loop of different PDZ domains can display very
different effects on affinity and specificity of peptide binding. The
observation that flanking sequences surrounding a motif modulate

@ PLoS ONE | www.plosone.org

its interactions with the target domain may also account for other
classes of domain-peptide complexes [52].

Taken together, our results suggest that extensions of protein
fragments may lead to changes in affinity and specificity. However,
when comparing binding intensities obtained for long versus short
peptide constructs or for single wversus tandem PDZ domains,
protein fragment extensions were never found to change an
experimentally significant interaction into a non-interaction, nor
vice-versa. Therefore, we hypothesise that whenever an interaction
is detected between minimal fragments, it is likely that the full
length proteins will also interact, albeit possibly with different
affinities. Unfortunately, affinity measurements could not be
undertaken with full length proteins to provide more evidence
for this hypothesis due to experimental limitations in handling
large proteins in vitro.

Our experimental data showed that many peptides bound
weakly, with affinities much weaker than 20 uM, to several of the
PDZ domains tested. These observations are consistent with
results of Wiedemann et al. [53], who predicted that for a Kp
cutoft as low as 50 pM, hundreds of ligands would bind to three
distinct PDZ domains with largely overlapping specificity ranges.
It is often stated that interactions stop to be biologically relevant
when their affinity dissociation constants exceed a given threshold
(e.g. 100 pM). Such statements may have to be reconsidered when
dealing with affinities determined from protein fragments, such as
PDZ-peptide interactions, because as our data indicates, weak and
promiscuous interactions might become stronger and more
specific when moving from short protein fragments towards full
length proteins.

Based on the results presented here we suggest FZD4,
TMEM215 and ARHGAP6 as new interactors for MAGII;
TANC1, GLUT7, DLL1, MAS and NET1 as new interactors for
SCRIB; and ABC1, MARCHS3 and CYSLTR2 as new interactors
for both MAGI1 and SCRIB. Remarkably, several of these
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Figure 7. Structural particularities of SCRIB-4/4 in comparison
to the three PDZ domains MAGI1-2/6, MAGI1-3/6, and SCRIB-3/
4. A. The three experimental structures and one model (SCRIB-3/4) are
shown in surface representation with red and blue indicating the
electrostatic potentials. The structures are displayed in the same
orientation as the PDZ domain in Figure 3. The peptide that was
crystallised in complex with MAGI1-2/6 is shown in black. (PDB codes:
2104, 3BPU, 1UJU for MAGI1-2/6, MAGI1-3/6, and SCRIB-4/4, respectively.
The structure of SCRIB-3/4 was modelled from that of DLG4-1/3 (2KA9)
using Modeller [79].) SCRIB-4/4 has a particularly positively charged
surface around the peptide binding pocket in comparison to the other
three domains. In addition, the pocket accommodating the hydropho-
bic residue at peptide position p0 is particularly shallow in SCRIB-4/4.
These characteristics may explain the high ligand specificity displayed
by SCRIB-4/4. B. Extract of the sequence alignment of the four PDZs
illustrating differences within the GLGF-loop and the 2-B3 loop. SCRIB-
4/4 presents a bulky R residue instead of a G in the GLGF-loop probably
reducing the available space within the pocket.
doi:10.1371/journal.pone.0025376.9007

proteins are proven or putative membrane proteins (FZD4,
TMEM215, GLUT7, ABCl, MARCH3, MAS, CYSLTR2,
DLLI) while the three remaining ones (ARHGAP6, TANCI,
NET1) are involved in activities localised to the membrane.
Indeed, SCRIB and MAGI1 were already known to localise to the
membrane where they interact with numerous proteins involved in
signal transmission, and more particularly in G protein mediated
signalling. On the one hand, MAGII had been shown to interact
with NET1 [54] [40], a guanine nucleotide exchange factor (GEF)
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specific for the small G protein RhoA, as well as with PDZ-GEF1
[55], another GEF specific for the small G proteins RaplA,
Rap1B and Rap2B. MAGIS3, a close paralog of MAGI1, has been
shown to interact with the G protein coupled receptors (GPCRs)
FZD4 [56] and LPAR2 [57], and to interact with the integral
membrane protein VANG?2 leading to the activation of the JNK
pathway via the small G protein Rac [56]. On the other hand,
SCRIB had been found to interact with two GEFs, BPIX [58] and
ARHGEF16 [49], leading to activation of the small RhoA family
G proteins Racl or Cdc42 [59] [60]. SCRIB has also been shown
to interact with TSHR (a GPCR) [61].

In line with these published findings, several of the novel
putative interactors of MAGI1 and SCRIB that we identified are
also involved in G protein signalling. FZD4, CYSLTR2 and MAS
are GPCRs; NET1 is a GEF; ARHGAPG6 is a GAP (G protein
activating protein); ABC1 is a membrane transporter known to
recruit two GEFs (PDZRhoGEF and LARG) involved in Cdc42
and RhoA signalling [62] [63]. Therefore, our data reinforce the
view that MAGI1 and SCRIB act as scaffolds that assemble
proteins close to membranes to regulate G protein signalling. A
remarkable instance is MAGI1 which, as indicated by our data,
might be able to recruit simultaneously, via neighbouring PDZ
domains, a GEF (NET1) and a GAP (ARHGAP6) that are both
specific for the small GTPase RhoA, while possessing inverse
enzymatic activities (Figure 9).

MAGII and SCRIB are known to participate to the regulation
of neuronal synapses via interaction with numerous proteins [64]
[60] [65] [66]. Accordingly, TANC1, which was in our hands the
strongest cellular binder of SCRIB, is a scaffold component
protein in post-synaptic density regions [67]. Some other
interactions suggested by our work seem to provide novel links
between MAGII1 and SCRIB and pathways in which they were
not yet known to participate: Wnt/JNK pathway regulation
(FZD4), Notch pathway regulation (DLL1) [68], immune response
(CYSLTR2) [69], iron uptake (MARCHS3) [70], blood vessel
regulation (MAS) [71], glucose transport (GLUT7) [72]. These
new interactions can provide interesting starting points for
exploration of potential new in vivo functions of MAGI1 and
SCRIB that might be perturbed upon infection with HPV.

In this work, we showed that inferring protein interaction
networks from predictions based on interacting protein fragments
should involve at least two very distinct steps. The first step
requires accurate prediction of interactions between the isolated
protein fragments considered by the predictor. The predictor we
used here for completing this step turned out to be rather
inaccurate. There is much room for improving this step, in
particular by integrating the wealth of structural information
recently accumulated about protein domains, especially PDZs.
The second step requires correct extrapolation of predicted
fragment interactions to interactions between full length proteins.
Our data indicate that such an extrapolation may be possible
qualitatively, but not necessarily quantitatively. Therefore, while
inferring protein interaction networks from minimal interacting
fragment predictions appears as a reasonable perspective, more
refined predictions addressing binding specificities in these
networks remain a challenging, yet fascinating prospect.

Materials and Methods

The programming and data analysis was done using python
(www.python.org), biopython [73], gnuplot (www.gnuplot.info)
and PyMOL (www.pymolorg). We wused the same human
proteome as described in Luck e al [74] to perform the
proteome-wide screens in this study.
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Figure 8. Influence of the $2-f3 loop of PDZ domains on peptide binding. Columns indicate from left to right the names of the peptides,
their sequences, the interaction intensities in RU for peptides with five and ten wildtype residues, and the interaction intensity difference between
both. Peptides with five wildtype residues had the five N-terminal residues replaced with GSGAG. For each PDZ the part of the structure containing
the f2-f3 loop is shown with loop side chains represented as sticks. Amino acids in the sequences and structures are coloured as follows:
red =negative charge, blue=positive charge, yellow =polar, green=hydrophobic. A. MAGI1-2/6 binds with increased affinity to peptides with
positive charges upstream p-4 probably due to four negative charges in the loop (pdb code: 2104). B. MAGI1-3/6 does not show any difference in
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affinity to short and long peptides, possibly due to four “neutral” glycines in the loop (pdb code: 3BPU). C. SCRIB-3/4 shows rather an unspecific
increase in affinity for long peptides. The loop is very long and contains residues of all physico-chemical types.

doi:10.1371/journal.pone.0025376.9008

Prediction quality assessment

We assessed the performance of the predictor of Chen et al. [27]
by applying the commonly used measures Sensitivity (SE) and False
Positive Rate (FPR) of the ROC analysis. Here, the sensitivity is
defined as the percentage of PDZ-peptide interactions that were
correctly predicted (=True Positives (TP)) and is calculated as
follows:

TP

SE=Tpi N

100 (1)
where FN specifies the number of False Negatives (PDZ-peptide
interactions not correctly predicted). The False Positive Rate is
defined as the percentage of PDZ-peptide non-interactions that

were not correctly predicted (=False Positives (FP)) and is
calculated as follows:

FP

FPR= ———-
TN +FP

100 (2)
where TN specifies the number of True Negatives (PDZ-peptide
non-interactions correctly predicted).

Implementation, test, and application of the predictor of
Chen et al.

Chen et al. [27] trained the predictor in two different ways,
called the binary and affinity mode, of which each of them can be
used separately to apply the predictor. For the binary mode the

plasma membrane
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Figure 9. Suggested model for MAGI1 scaffolding function in Rho GTPase mediated signalling. Our data showed that PDZ2 and PDZ3 of
MAGI1 bind preferentially to the C-termini of NET1 (green) and ARHGAP6 (red), respectively. NET1 is a guanine nucleotide exchange factor (GEF),
which transfers a phosphate group (PO43’) to the small GTPase RhoA, which in its GTP-bound form (yellow) is predominantly associated with the
membrane and stimulates downstream signalling pathways. ARHGAP6 is a GTPase-activating protein (GAP), which induces RhoA to release a
phosphate group, resulting in the shutdown of RhoA signalling. Inactivated GDP-bound RhoA (blue) is mostly present in the cytoplasm. This indicates
that MAGI1 recruits, via two adjacent PDZ domains, one activator and one inhibitor of the RhoA signalling pathway. Remarkably, the four last residues
of the two proteins NET1 and ARHGAPG6 are identical, hence the distinct binding preferences of the two C-terminal peptides for PDZ2 and PDZ3 must
be defined by residues upstream.

doi:10.1371/journal.pone.0025376.9009
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predictor was trained without consideration of measured binding
affinities (e.g. the training data was simply split into interactions
and non-interactions). In the affinity mode, binding affinities were
directly included in the training process. For all predictions
performed in this study, the binary mode was used. No
information about performance qualities was provided by Chen
et al. for the affinity mode. We performed a comparison of both
modes that revealed extremely different predictions with the
binary mode providing more reliable results (data not shown). The
predictor returns a score for each PDZ-peptide pair, which can be
used to estimate the likeliness that the PDZ domain will bind the
respective peptide. The higher the score, the more likely the
interaction. Here, we used a score cutoff of 0.5, which should yield
a sensitivity of 76% and FPR of 24% as specified by Chen et al.

Each of the 95 human PDZ domains in the test datasets were
added to the alignment of mouse PDZ domains provided by Chen
et al. in order to define the 16 amino acid positions on which
predictions are based. Mafft [75] was used to obtain a preliminary
alignment, which was corrected manually using Jalview [76] and
structural information, if available. The alignment is provided in
Dataset S3.

The training set containing 93 peptides of Chen ef al. was not
provided in the publication. The set of peptides from the training
data was reconstructed as described by Chen et al. taking every
peptide that was seen at least once in an interaction with a PDZ
domain in the experimental data obtained by Stiffler et al. [26].
This revealed 108 peptides.

In Text SI and Dataset S4 we provide guidelines and
programming code, respectively, for users of the predictor of
Chen et al., who wish to follow our developed protocol.

PDZ pocket analysis

Available structures of PDZ-ligand complexes were analysed in
order to assess important domain residues for ligand recognition.
A keyword search with “PDZ” in the PDB [77] revealed 267
structures. Crystal structures were excluded, if the PDB files did
not contain coordinates of the full complex but just of one chain
(e.g. PDB code 2EGN). After manual inspection, a final set of 42
structures with PDZ-peptide complexes was retained for further
analysis representing 24 unique PDZ domains. For each PDZ
domain all structural models obtained by NMR and all complexes
shown in the crystal obtained by X-ray were taken into
consideration for the determination of all domain residues that
are in close proximity to bound peptides. A domain-peptide
residue pair was only accepted, if in all complexes of this particular
PDZ domain the distance between the two amino acids was in
average below a defined threshold. Three different distance
measures were implemented: C, distances, distances between
residue’s centre of mass, and minimal atom distances between
residues. Different thresholds were tested from 0 to 40 A. The
distance measure and cutoff that represented best the selection of
the 16 domain amino acids in a-syntrophin of Chen et al. [27] was
chosen: minimal atom distance with a threshold of 5 A.

The PDZ sequences shown in Figure 4 were extracted from the
following PDB entries and chains: SNTAL_1/1 (2PDZ A),
AFAD_1/1 (2AIN A), APBA1_1/2 (1U38 A), ARHGC_1/1
(2086 A), DLGI_2/3 (2AWW A), DLG1_3/3 (2101 C),
DLG4_3/3 (1TP5 A), EM55_1/1 2EJY A), GRIP1_1/7 2QT5
A), GRIP1_6/7 (IN7F B), HTRA1_1/1 (2JOA A), INAD_1/5
(1IIH] A), LAP2_1/1 (IN7T A), MAGI1_2/6 (2KPL A),
NOSI1_1/1 (1B8Q A), PAR6_1/1 (IRZX A), PAR6i_1/1 (1X8S
A), PARD3_3/3 (2K20 A), PICKI1_1/1 2PKU A), PTN13_2/5
(1ID5G A), RIMSI1_1/1 (1ZUB A), SHANI_1/1 (1Q3P B),
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TIPI_1/1 (3DIW A), SYNTI_1/2 (IW9E A), SYNT1_2/2
(IVIT A).

Structure modelling

The structure of the PDZ domain SCRIB-3/4 was modelled
using the program Modeller 9v7. The structure template was
obtained by querying the PDB with the sequence of SCRIB-3/4
(using the BLAST option) and choosing the structure with the best
sequence match (PDZ domain DLG4-1/3, PDB-code 2KA9, 45%
sequence identity, e-value 1.0E-11). Modeller was run using the
automodel routine and default options. Model quality was assessed
using the output information of Modeller and visual inspection. A
model of SCRIB-3/4 of intermediate quality was sufficient for the
purpose of this study.

cDNA constructs

The ¢cDNA encoding residues 448-572 and 613-752 of mouse
MAGI-1 (UniProt acc.: Q6RHRY9-1) encoding for MAGI1-2/6
(100% identical to human MAGI1-2/6) and MAGI1-3/6 (99%
identical to human MAGI1-3/6) PDZ domains, respectively, were
inserted into the Ncol/Kpnl sites of the pETM-41 expression
vector (EMBL) containing a 6 xHis-MBP tag followed by a TEV
protease cleavage site. A similar cloning strategy was adopted for
cDNA bearing residues 997-1093, 1097-1193 and 997-1193 of
human SCRIB (Uniprot acc.: Q14160-1) encoding for SCRIB-3/
4, SCRIB-4/4 PDZ domains and SCRIB-34/4 tandem PDZ

construct, respectively.

Protein sample production

Bacterial over-expression of PDZ domains was performed using
BL21 DE3 Escherichia coli cells in 300 ml of M9 minimal medium
supplemented with I5NH4Cl at 37°C until an ODggg of 0.6 was
reached. Cultures were then adjusted to 0.5 mM isopropyl-D-thio-
galactopyranoside (IPTG) and transferred to 15°C overnight.
Plasmid loss was suppressed by adding 15 pg/ml of kanamycin to
the expression media. Expression cultures were harvested by
centrifugation. The pellets were stored at —20°C.

MBP-PDZ domains purification

Bacterial expression of "N-labeled 6 xHis-MBP-PDZ constructs
were sonicated in buffer A (50 mM Tris-HCI at pH 6.8, 200 mM
NaCl, I mM DTT) supplemented with 1 pig/ml DNase I and RNase
A and EDTA-free anti-protease cocktail inhibitor (Roche), cleared by
ultracentrifugation at 60000-g and filtered (Millipore 0.22 um). MBP-
PDZ extracts were loaded on an amylose column (New England
Biolabs) pre-equilibrated with buffer A. Protein was eluted with buffer
A supplemented with 10 mM maltose. MBP-PDZ samples were then
subjected to a 15 hour ultracentrifugation at 130000-g prior to
loading on a Hiload 16/60 Superdex 75 gelfiltration column
(Amersham Biosciences) pre-equilibrated with buffer B (20 mM
sodium phosphate at pH 6.8, 200 mM NaCl) resulting in pure and
mono-disperse protein samples according to the column calibration.
The concentration of purified MBP-PDZ fusion samples was
evaluated from UV absorption measurements at 280 nm. After
SPR experiments MBP-PDZ fusions were cleaved by TEV and PDZ
domains were separated from MBP by gel size exclusion chroma-
tography. Subsequently, 'H-'’N heteronuclear single quantum
coherence (HSQC) spectra were recorded on a 600 MHz Bruker
instrument in order to verify structural integrity of the domains.

Synthetic peptides

The synthetic peptide 16E6L/V (RSSRTRRETQV), corre-
sponding to the last 11 C-terminal residues of HPV16 E6 with the
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last residue L mutated to V, was synthesised by the Chemical
Peptide Synthesis Service, IGBMC, France. Lyophilised peptide
was re-suspended in water, passed on a NAP-5 desalting column
(GE Healthcare) in order to remove residual contaminants. The
desalted peptide was lyophilised prior to its dilution into buffer A.
The peptide was checked by homonuclear 2D NMR experiments
and its concentration estimated to be at 6 mM by measuring the
peptide bond absorption at 205 nm as described previously [40].
All other synthetic peptides with biotin at N-terminus that were
used as ligand in surface plasmon resonance experiments were
synthesised by JPT Peptide Technologies GmbH, Berlin, Ger-
many. Lyophilised peptides were re-suspended in water at a final
concentration at 10 mM. The pH of peptide solution was adjusted
to 6.8.

Surface plasmon resonance (SPR) measurements

Data were collected on a Biacore 2000 instrument (Biacore AB/
GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) at
25°C. SPR experiments (ligand immobilisation and binding
measurements) have been performed as described in Fournane
et al. [40]. Briefly, biotinylated peptides (instead of GST-fused
recombinant peptides) were immobilised on CM5 sensorchips on
which Neutravidin was previously attached. The MBP-PDZ
domain analyte was injected at 8 to 10 different concentrations
ranging from 0 up to 30 pM. Data were processed using the
BiaEvaluation 3.2 software (Biacore AB/GE Healthcare Bio-
Sciences Corp.) using ‘“‘double referencing” [78] in which
sensorgrams were corrected for buffer effects and bulk refractive
index changes. Representative are shown
Figure 5A.

The steady-state binding signal (R,) was derived by averaging
the signals in a five second window at equilibrium. Steady-state
analysis was performed by fitting the average signal R, as a
function of total MBP-PDZ concentrations, assuming a simple 1:1
interaction binding isotherm model. For many weak interactions
we observed calculated binding affinities (Kp) with fits that
produced high y? suggesting that the Kp were likely to be
inaccurate (see Table S4). Reasons for this inaccuracy are likely to
be the following: 1. As previously described [40], several
repetitions of all the measurements are required to determine
accurate Kp. In our case, such repetitions were not achievable in
reasonable time due to the large amount of interactions measured
in this study. 2. The highest injected analyte concentration restricts
the maximal Kp (weakest interaction) that can be accurately
obtained. 3. A Kp is estimated based on a mathematical
extrapolation of observed R, signals leading to additional
uncertainty. Based on these reasons, we considered the calculated
Kp not as accurate enough to be used for absolute binding
strength comparison in this study. We rather performed a relative
analysis of binding strengths using directly R,, signals which are
not biased by any mathematical assumption. We focussed on R,
signals obtained at 10 pM MBP-PDZ concentration, which have
been systematically measured in duplicate. The R, signal is
directly proportional to the molecular weight of the analyte and
the amount of immobilised ligand. Therefore, the R, signals were
normalised taking those into account before being used for binding
strength comparison. The large amount of raw experimental data,
which have been collected and the methodological approach that
we have developed for their exploitation will be presented and
discussed in detail in a separate, SPR-oriented paper.

sensorgrams in
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Supporting Information

Dataset S1 PDZ interaction and non-interaction test
datasets. The archive contains three files, one for each test
dataset established: interactions, non-interactions with PDZ-
binding motif, and non-interactions without PDZ-binding motif.
First column: PDZ domain, second column: name of binder, third
column: C-terminus of binder.

(BZ2)

Dataset S2 Prediction results of proteome-wide screen
for MAGI1 and SCRIB PDZ-binding ligands using the
predictor of Chen et al. [27]. The prediction results were
performed in binary mode using a cutoff of 0.5 and are provided
without any additional filtering. No result file is provided for the
PDZ domain MAGII-1/6 because the screen did not reveal any
peptides for this domain.

(BZ2)

Dataset S3 Alignment of human PDZ domains. The
archive contains an alignment in fasta format of 95 PDZ domains.
These include all PDZ domains that occur in the three test datasets
as well as all MAGI1 and SCRIB PDZ domains. Additionally, a
file is provided containing a translation between the PDZ domain
names used in the test datasets and the PDZ domain names used
in the alignment.

(BZ2)

Dataset $4 Implementation of the predictor of Chen
et al. [27]. The archive contains data files and python scripts
necessary to launch the predictor. The only prerequisite for
running the program is an installed python version. Check the
README.txt for more information.

(BZ2)

Table S1 Diversity of amino acids at last five positions
of PDZ-binding peptides in the training data of Chen
et al. [27].

(PDF)

Table S2 Filtered numbers of proteins predicted to
bind to 1, 2, 3, ... or all PDZ domains of MAGI1 (6 PDZs)
or SCRIB (4 PDZs).

(PDF)

Table S3 Annotations for all proteins tested experimen-
tally in this work for interaction to MAGI1 and SCRIB.
The table contains UniProt IDs and information about biological
functions of the proteins with regard to PDZ domain binding as
well as published information on interactions with PDZ domain-
containing proteins.

(PDF)

Table S4 Experimental data for all interactions mea-
sured. The table contains “double referenced” and normalised
R,y signals obtained for a 10 pM analyte concentration as well as
tentative calculated Kp assuming a simple 1:1 interaction binding
isotherm model. These Kp have to be considered with caution,
especially for interactions for which weak RU signals were
obtained.

(PDF)

Text S1 Recommendations for application of the pre-
dictor of Chen et al. [27].
(TXT)
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10. The emerging contribution of
sequence context to the specificity of
protein interactions mediated by PDZ
domains

10.1. Summary

Content: Numerous structural studies have been published on PDZ domains that illus-
trate the influence of sequence context on the binding affinity and specificity of protein
interactions. This review discusses sequence context of both PBMs and PDZs. Ex-
tensions constitute so far the only known cases of sequence context of PBMs, whereas
known instances of sequence context of PDZ domains can be divided into extensions
and neighbouring domains. Studies on both, extensions and neighbouring domains of
PDZs have already previously been reviewed [55,158]. Thus, we focussed on the more
recently published instances of sequence context of PDZ domains. On the other hand,
to our knowledge, this article is the first to review the numerous instances of sequence
context of PBMs.

The study of sequence context of globular domains is tightly linked to the definition of
domain boundaries. Domain boundaries can be theoretically defined by the beginning
and end of the first and last secondary structure element. Often, boundaries that are
defined this way lead to non-functional molecules when transferred to experimental
domain constructs. We dedicated a section on this topic and suggest manually curated
domain boundaries for the complete human PDZ domain family that are likely to re-
sult in functional protein fragments upon expression. These annotations were based
on available PDZ domain structures.

Finally, a small section has been added on the ongoing controversy about the total
number of PDZ domains in the human proteome. We hope that this analysis will
lead to better estimates of the size of the human PDZome in future published PDZ
domain-related studies.

This article is an invited review for the special issue: ”Modular Protein Domains“ in
FEBS Letters, edited by Gianni Cesareni, Wilhelm Just, Giulio Superti-Furga, and
Marius Sudol.

Contribution: 1 have red the published literature on sequence context of PBMs and
PDZ domains. I have conceived the manuscript and have written most of it. I per-
formed most of the work on the manual domain boundary definition of the human
PDZome. (See also supplemental material provided in section D.3.)
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The canonical binding mode of PDZ domains to target motifs involves a small interface, unlikely to
fully account for PDZ-target interaction specificities. Here, we review recent work on sequence con-
text, defined as the regions surrounding not only the PDZ domains but also their target motifs. We
also address the theoretical problem of defining the core of PDZ domains and the practical issue of

designing PDZ constructs. Sequence context is found to introduce structural diversity, to impact the
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stability and solubility of constructs, and to deeply influence binding affinity and specificity, thereby
increasing the difficulty of predicting PDZ-motif interactions. We expect that sequence context will

have similar importance for other protein interactions mediated by globular domains binding to
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1. Introduction

Interactions between proteins are essential for most of the pro-
cesses that happen in living cells. Many protein interactions in cell
signalling are mediated by interactions between globular domains
and short linear motifs (SLiMs) [1]. SLiMs are short disordered pro-
tein sequence segments that often become folded in their bound
state [1,2]. Important insights on domain-SLiM interactions have
been gained from studies on PDZ (PSD95-DLG1-ZO1) domains.
PDZ domains constitute a large family of globular domains found
in prokaryotes and eukaryotes [3] with about 270 occurrences in
the human proteome (see next section). PDZ-domain containing
proteins are implicated in diverse cellular functions such as estab-
lishment and maintenance of cell polarity [4], signal transmission
in neurons [5] or in visual and auditive processes in the eye and
ear [6,7], cell migration [8], and regulation of cell junctions [9]
(for reviews see [10,11]).

The core PDZ fold adopts an antiparallel B barrel structure [12]
comprising 5-6 B strands and 1-2 o helices (Fig. 1A). PDZ domains
mainly recognize PDZ-binding motifs (PBMs) that are situated at

* Corresponding authors.
E-mail addresses: Kkatja.luck@unistra.fr (K. Luck), gilles.trave@unistra.fr
(G. Travé).

the very C-terminus of proteins. Some PDZ domains may also bind
internal (i.e. non-C-terminal) PBMs [13,14] or lipids [15]. PBMs
bind via B augmentation to PDZ domains, e.g. PBMs adopt a B
strand that pairs in an antiparallel manner with the g2 strand of
the PDZ domain (Fig. 1A). The carboxylate group of the last residue
of the SLiM (here, the term peptide will be equally used) is hydro-
gen-bonded to backbone amides of residues from the carboxylate
binding loop (B1-B2 loop), thereby determining the C-terminal
peptide selectivity of PDZ domains (Fig. 1A). Based on the recogni-
tion of C-terminal SLiMs, peptide positions are numbered starting
from the last residue (position 0, p0) going backwards (p—1, p—2,
and so forth). The last residue is almost always a hydrophobic res-
idue, mainly Val, Leu or Ile. The third last peptide residue (p—2) can
be either Thr or Ser (class I), hydrophobic (class II), or Glu or Asp
(class III), thereby defining three main categories of PDZ-binding
motifs [16,17]. Thus, recognition of SLiMs by PDZ domains is based
on residues of two key peptide positions, p0 and p—2.

Indeed, it has been generally observed that SLiMs have on aver-
age less than four defined positions [2]. Given this small binding
interface, numerous studies addressed the question about how
SLiMs can fulfill the need for specific protein interactions in cell
signalling [18-22]. An increasing number of studies now suggests
that protein interactions in cell signalling are not only determined
by their minimal interacting fragments (e.g. core globular domain

0014-5793/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Available structural information on PDZ domains. (A) Structure of the PDZ
domain of AF6 (Afadin) bound to a C-terminal peptide (LFSTEV) derived from Bcr
(PDB ID: 2AIN [112]). The secondary structure elements, peptide positions, and the
common signature of the carboxylate binding loop (G$Gd where ¢ represents a
hydrophobic residue) are indicated. Green dashed lines represent hydrogen bonds
that are established between Val at p0 and the carboxylate binding loop. Figure was
created with Pymol [113]. (B) Diagram that illustrates the number of human PDZ
domains for which there is at least a structure of a PDZ domain in the PDB with X %
sequence similarity based on local sequence alignments from BLAST searches (e.g.
for 152 human PDZs there is a structure of a PDZ in the PDB with at least 80%
sequence similarity.)

and SLiM) but also by their context [23-26]. The context can be
either encoded within the sequences of the two interacting pro-
teins; or defined by the cellular environment. In our definition, cel-
lular context comprises factors that influence the temporal and
spacial distribution of proteins, thereby determining when and un-
der which conditions (e.g. local concentration) two proteins will
meet in order to bind each other [25]. Sequence context comprises
the regions in proteins that surround SLiMs or globular domains
and that were shown to have an impact on the domain-SLiM inter-
actions. Here, we refer to sequence context as extensions, if they oc-
cur directly upstream or downstream of the SLiM or domain and if
they are not part of other domains. Sequence context that is not
considered as extensions consists of neighbouring domains and re-
gions that are not in the neighbourhood of the SLiM or domain.

The repertoire of structures on PDZ domains deposited in the
Protein Data Bank (PDB) [27] is immense (Fig. 1B) providing us
with a unique perspective on the structural diversity that exists
within one protein domain family. Given the accumulated knowl-
edge about PDZ-peptide interactions, they can serve as a model
system to understand how domain-SLiM interactions are influ-
enced by their sequence context. In the following, we will review
studies that provide insights on extensions of PBMs and PDZs as
well as studies that investigated the interplay between PDZ do-
mains and their neighbouring domains.

2. Precision of the total number of PDZ domains in the human
proteome

There has been considerable confusion about the total number
of PDZ domains in the human proteome (hereafter called human
PDZome). Numbers that are frequently referred to in the “PDZ liter-
ature” range from about 250 up to 900. Based on the articles that
justify the number of human PDZs claimed in their text, we identi-
fied three different sources. Articles that claim a total number of
450 human PDZ domains (see suppl. data for references), refer to
the database SMART [28]. Indeed, SMART provides a list of the hu-

man PDZome. However, upon closer inspection, this list turned out
to be highly redundant, probably because it has been based on a set
of protein sequences containing several isoforms for the same gene
that have identical PDZ sequences. By now, SMART decreased the
original number from 450 down to 364 (as of February 2012). Spal-
ler [29] represents the second source, which claimed a total number
of 918 human PDZ domains. In an erratum published four years la-
ter, Spaller corrected this number down to 234 and explained that
he had been misled by erroneous numbers that were present in the
preprint (but not the final version) of Bhattacharyya et al. [30].
Nonetheless, articles are still being published that seem to ignore
the erratum [31]. Finally, several independent studies [32-34] that
aimed at finding all human PDZ domains for bioinformatic analyses
converge on a total number of about 270 PDZs in the human prote-
ome without counting alternatively spliced forms of PDZs. This lat-
ter number, which we confirmed in our own investigations, is most
probably the best estimate of the size of the human PDZome.

3. Extensions of PBMs

In numerous low-scale and large-scale studies as well as bio-
computational analyses researchers sought to decipher the speci-
ficity rules of PDZ-peptide interactions [19,35-38]. Apart from
peptide residues at p0 and p—2, which are the hallmarks for recog-
nition by PDZs, the role of other residues of the PBM is more vari-
able. Some studies suggested that the contribution of residues at
p—1 and p-3 to the overall binding event is minor whereas in
other studies PDZ domains exhibited clear preferences for certain
residues at these sites over others [39-43]. More and more studies
now converge on the idea that PBMs should at least be extended to
p—4 as residues at this position have also been observed to signif-
icantly contribute to the binding to PDZs [19,35]. By extending the
PBM further and further, a few interesting studies indicate that
peptide residues up to p—10 are also implicated in PDZ binding.
In the following, we define the core PBM as consisting of the last
four residues (these residues clearly bind in the binding pocket
of PDZ domains between the B2 strand and the o2 helix) and any
longer PBMs will be considered as being extended.

3.1. Residues upstream of the core PBM modulate the binding affinity
to PDZ domains

Interesting observations about PDZ-peptide recognition involv-
ing an extended PBM were obtained when comparing the binding
of peptides derived from Wnt-signalling protein pCatenin and in-
ward rectifier K(+) channel protein Kir2.3 to the PDZ domain of
TIP1 (tax-interacting protein 1). A long BCatenin peptide bound
stronger than a short peptide to the TIP1 PDZ [44,45]. The main
contributor to this difference in affinity is most probably Trp at
peptide position p—>5 (in the following, we will write W_s). Muta-
tion of W_s to Ala significantly weakened binding, as did mutation
of Pro to Ala or Ser in the 2-B3 loop of the PDZ domain facing W _s
[44]. Interestingly, mutation of R_s to Trp in Kir2.3 peptide led to
an astonishing increase in binding affinity from 6.4 M to 8.5 nM
[46] (Table 1). As for the TIP1-BCatenin interaction, W_s in the BPix
C-terminus (Rho guanine nucleotide exchange factor 7) contributes
to the binding to PDZ1 of SHANK1 (SH3 and multiple ankyrin re-
peat domains protein 1) as its mutation to Ala reduced binding
affinity, too [47] (Table 1).

3.2. Electrostatic interactions between residues of extended peptides
and of PDZ domains

The charge of the residue at position p—5 of the C-terminus of
two inward rectifier K(+) channel proteins GIRK3 and IRK1
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Table 1

Mutagenesis performed to study extended PBMs. The table summarizes the mutational data obtained from studies that analysed interactions between residues from extended
PBMs and PDZ domain residues. If available, measured binding affinities are indicated. wt = wild type, Cter = C-terminal extension of PDZ, alt.spl. = alternatively spliced, Nter-
PDZ = construct comprising the PDZ extended at its N-terminus, AA = amino acids, CC = coiled-coil.

PDZ peptide peptide sequence PDZ modification peptide modification aif:::::ly ref
wt 11AA, wt 19
wt 8AA, wt /
wt D-10A/E-9A/D-8A weaker
PTEN DEDQHSQITKV [58]
B2-B3:K609/R611A 11AA, wt 240
2:K606/B2-B3:K609/R611A 11AA, wt 550
B2:K606A 11AA, wt 200
PAR3-3/3 wt 12AA, wt 6
wt 6AA, wt 28
wt D-7A 42
Cadherin YGSDPQEELII Wt Y-10A 15 [57]
B2-B3:R609A 12AA, wt 25
wt phosphoS-8 2
wt 9AA, wt 50
Erbin-1/1 ErbB2 EYLGLDVPV [61]
wt phosphoY-7 128
wt 9AA, wt 0.19
, B2-B3:P45A/S wt 3 [44]
Catenin QLAWFDTD:
wt W-5A 20
wt SAA, wt 21 [45]
wt 9AA, wt 6.4 [46]
TIP1-1/1
wt 10AA, wt 45 [114]
wt R-5W 0.0085
kir2.3 ISYRRESAI
wt S-2D /
— [46]
wt R-5W/S-2D binding
a2:D91A 9AA, wt 29
wt CC domain 2.6
SHANK1-1/1 BPix AWDETN [47]
wt W-5A weaker
DLG1-2/3 E6 RRETQV] wt 6AA, wt 1 [54]
wt 11AA, wt 1
DLG1-2/3 APC RHSGSYLVTSV
B2-B3:Q339P 11AA, wt 10 [53]
DLG1-1/3 APC RHSGSYLVTSV] wt 11AA, wt 18
DLG1-2/3 NR2B KLSSIESDV wt 9(14?)AA, wt 1
wt 9(14?)AA, wt 10 (551
DLG1-1/3 NR2B KLSSIESDV] B2-B3:P245Q 9(14?)AA, wt 5
B2-B3:P245A 9(147)AA, wt 10
wt 10AA, wt 3 [51]
wt R-7A/R-5A/R-4A 7 [51]
wt L/V at pO 0.25 [52]
MAGI1-2/6 E6 SSRTRRETQL B2-B3:DEPDE/NQPNQ L/V at p0 35 [51]
B2-p3:DEPDE/AAPAA L/V at pO 60 [51]
Cter:S113R/L114K/V115R L/V at pO 0.75 [52]
Cter:S113G/L114G/V115G L/V at pO 1.25 [52]
wt 10AA, wt 200
APC HSGSYLVTSV
alt.spl. 10AA, wt /
hPTP1E-2/5 [64]
wt 12AA, wt 1100
RIL VAVYPNAKVELV
alt.spl. 12AA, wt 19000
Nter-PDZ SAM-PBM 0.001
Harmonin-1/3 Sans PALEDTEL Nter-PDZ PBM alone 1 [66]
Nter-PDZ SAM alone 40
dimer 9AA, wt 17
dimer 12AA, wt 7
Z01-2/3 Connexin43 ASSRPRPDDLEI [69]
B2-B3: GGGAinsertion 9AA, wt /
dimer phosphoS-9 >100
determined the binding of these two proteins to either the PDZ do- position p—5 of GIRK3 with Arg, as observed in IRK1, was sufficient

main of SNX27 (sorting nexin 27) or the first two PDZ domains of to induce the binding of GIRK3 to PSD95 and to disrupt its interac-
PSD95 (postsynaptic density protein 95, DLG4). Exchanging Glu at tion with SNX27 [48].
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In a recent study [49], molecular dynamics simulations sug-
gested ionic contacts between the B2-B3 loop of PDZ3 of DLG4
(disks large homolog 4) and of a C-terminal peptide derived from
CRIPT (cysteine-rich interactor of PDZ3) that seemed to be impor-
tant for peptide binding.

Structural and mutagenesis studies provided evidence for elec-
trostatic interactions between PDZ2 (also referred to as PDZ1) of
MAGI1 (membrane-associated guanylate kinase inverted 1) and
an extended C-terminal peptide derived from Human Papillomavi-
rus (HPV) 16 E6 [50-52]. Mutation of the negative charges in the
B2-B3 loop of PDZ2 to Gln and Asn or Ala significantly reduced
the binding affinity as did mutation of the positive charges at posi-
tion -4, -5 and -7 to Ala in the E6 peptide [51] (Table 1). In another
study, the contribution of upstream peptide residues to the binding
affinity to PDZ2 of MAGI1 has been more generally assessed. By
measuring binding affinity of several peptides of different length,
the preference of PDZ2 of MAGI1 for peptides with positive charges
upstream the core PBM has been confirmed [26]. This is one clear
case where an increase in specificity is driven by interactions be-
tween residues of extended PBMs and residues of the B2-33 loop.
In contrast, the B2-B3 loop of PDZ3 of MAGI1 did not seem to con-
tribute at all to peptide binding [26]. The same peptides were also
assayed for binding to PDZ3 of the cell polarity protein hScrib
revealing that extended peptides generally bound with higher
affinity to PDZ3. This study demonstrates that depending on the
PDZ in question, interactions between upstream peptide residues
and the B2-B3 loop can have different implications on peptide
binding [26].

3.3. The sequence of the f2-p3 loop influences peptide binding

C-terminal peptides of APC (adenomatous polyposis coli pro-
tein), the glutamate receptor subunit NR2B, and HPV18 E6 bind
stronger to PDZ2 of DLG1 (disks large homolog 1) as compared
to PDZ1 of the same protein [53-55] (Table 1). Several studies
suggest that amino acid differences in the p2-B3 loop of these
two PDZ domains mainly account for the different binding prefer-
ences via interaction with residues of extended PBMs. Mutation
of a GIn in the B2-B3 loop of PDZ2 to Pro (the corresponding res-
idue in PDZ1) decreased binding affinity for APC [53]. The con-
verse mutation (Pro to Gln) directed at the equivalent position
of the B2-B3 loop of PDZ1 increased binding affinity of PDZ1
for NR2B whereas mutation of the same Pro of PDZ1 to Ala did
not alter the binding affinity [55]. The Pro in the B2-B3 loop of
PDZ1 might also be responsible for weaker binding to E6 in com-
parison to PDZ2. Liu et al. [54] noticed that the neighbouring res-
idues of the GIn in PDZ2 adopt a particular conformation that
contributes to peptide binding, and suggested that the Pro in
PDZ1 did not allow its neighbouring residues to adopt a similar
favorable conformation. One reason for the weaker binding dis-
played by PDZ3 to these peptides might be its shorter f2-p3 loop,
which does not provide such a platform for extended peptide
binding as does PDZ2 [53-55].

3.4. Extended PBMs confer dual binding specificity to PDZ domains

A few PDZ domains were shown to have dual specificity, e.g.
binding to PBMs of class I and class II. The dual specificity of PICK1
(protein interacting with C kinase 1) has been mainly attributed to
specific residues of the o2 helix [56]. In contrast, the dual specific-
ity of PDZ3 of the cell polarity protein Par3 can be attributed to an
extended binding pocket [57]. PDZ3 of Par3 binds to long C-termi-
nal peptides derived from both the vascular endothelial Cadherin
(class I PBM, 12 residues) and phosphatase PTEN (class I PBM,
11 residues). However, it significantly binds weaker to a shorter

(6-residue long) Cadherin peptide and does not detectably bind
anymore to a shorter (8-residue long) PTEN peptide [58,57] (Table
1).

Analysis of the two available NMR structures of these two com-
plexes revealed several contacts between negatively charged resi-
dues in the extended peptides and positively charged residues of
the B2 and B3 strand as well as the B2-B3 loop of PDZ3 [58,57]
(Fig. 2A and B). Whereas the Cadherin peptide mediated more
favourable interactions by means of its last four peptide residues,
the PTEN peptide established more favourable contacts to PDZ3
with its upstream residues. At first sight this might be interpreted
as an example where a longer binding pocket leads to more pro-
miscuous binding behaviour. Yet, class I peptides such as PTEN
have to fit very well to the extended binding site with their up-
stream residues in order to be bound by PDZ3, a constraint that
might only be fulfilled by a few peptide sequences.

3.5. Conformational changes of the f2-p3 loop upon peptide binding

As indicated by the previous examples, residues from extended
PBMs mainly modulate binding affinity to PDZ domains via inter-
action with residues of the B2-B3 loop. Comparison of available
apo (unbound) and holo (bound) NMR and crystal PDZ structures
revealed that the B2-B3 loop either changes conformation upon
peptide binding or remains unchanged. Two examples of the latter
case are represented by PDZ2 of DLG1 and Erbin (Erbb2-interacting
protein) PDZ of which the B2-f3 loops exist in a stable conforma-
tion when no peptide is bound and this conformation remains un-
changed upon peptide binding, also when complexed to different
peptides. In Erbin PDZ, there is a chain of aliphatic contacts from
the B2-B3 loop to the B3 strand and the B4 strand (Fig. 2C). Addi-
tionally, N1345 of the B2-B3 loop seems to establish a hydrogen
bond to the backbone of the loop. These interactions between res-
idues of the Erbin PDZ are probably the driving forces that keep
that loop very rigid providing a stable platform for peptide binding.
The B2-B3 loop of PDZ1 of ZO1 (Zonula occludens protein 1) is
equally long as that of Erbin PDZ, and it adopts a similar conforma-
tion upon peptide binding, but it displays a different conformation
in its unbound form. Here, the loop seems to restructure upon pep-
tide binding allowing for accommodation of upstream peptide res-
idues (Fig. 2D). Similar observations were obtained for the 2-p3
loop of the TIP1 PDZ domain (Fig. 2E2) and the PDZ of SHANK1
[47].

3.6. The p2-p3 loop can form an additional peptide binding pocket
that accommodates upstream peptide residues

In many of the examples mentioned in the previous subsec-
tions, the f2-B3 loop contributed to the formation of an additional
peptide binding pocket together with residues from strands B2, B3,
and sometimes B4. In particular, an aromatic residue (mainly F or
Y), located right at the beginning of the B3 strand, is often involved
in the formation of this additional pocket. This residue contributed
to the binding of peptide residues upstream position -3 and
seemed to serve as an anchoring point for the structuring of the
B2-B3 loop. The conserved aromatic character of this position in
the family of PDZ domains suggests that residues at this position
might be of more general importance for the structure and func-
tion of PDZs [49].

In general, this additional pocket was frequently observed to
have hydrophobic character being occupied by upstream peptide
residues with large aliphatic side chains such as Trp, Tyr, or Arg
(Erbin PDZ, PDZ1 of ZO1, TIP1 PDZ, Fig. 2C-E1, respectively). How-
ever, in the case of the PDZ of SNX27, this additional pocket is
rather of hydrophilic character being formed by three arginines
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PDZ peptide peptide pep. domain position
sequence | pos.
-8 |B2-B3:R609
A PAR3-3/3 PTEN DEDQHSQITKV| -9 |B2:K606, B3:K611
-10 |B2-B3:K611
-4 |B2-B3:R609
-7 |B2-B3:R609, p2-B3:K611
B PAR3-3/3 Cadherin | YGSDPQEELII
-9 |p2-3:k611
-10 |B2-B3:K611
C Erbin-1/1 ErbB2 EYLGLDVPV| -7 |[B2-B3:P1305
Erbin-1/1 artificial TGWETWV| -4 |B2:528, B3:T48, B2-B3:P37, B2-B3:F38
peptide
-4 |B2-B3:N44, a2:H88
D| =zoius artificial o rriwy L] -5 |s2-p3:N44, p2-B3:p45, p2-p3:F47
peptides . .
-6 |B3:V55, B2:539, B2-B3:H46, B3:S57, B2-B3:E51
-4 1a2:H90, B2-B3:Q39
TIP1-1/1 Catenin OLAWEDTDL(  _ (B2:G34, B2-B3:N44, B2-B3:P45, B2-B3:F46,
E B3:Y56, B3:T58
-4 |a2:H90, a2:D91
TIP1-1/1 Kir2.3 ISYRRESAI
-5 |B2-B3:Q43, B2-B3:N44, B2-B3:P45
-4 |B2-B3:K682, a2:R736
SHANK1-1/1 BPix AWDETNL| -5 |B2:R679, B2-B3:F696, B3:Y701
F -8 |p2-B3:k682
SHANK1-1/1 GKAPla EAQTRL| -5 |[B2:R679
G| snx27-1/1 GIRK ESESKV| -5 |B2:R56, B2-B3:R66, B3:H78, B4:R98
-4 |B2-B3:G334, B2-B3:N338, a2:E384
DLG1-2/3 E6 RRETQ'
-5 |B2-B3:H340
-4 |p2-p3:D35
-5 |B2-B3:E39, C-ter:S113, C-ter:L114, C-ter:V115
H MAGI1-2/6 E6 RSSRTRRETQL
-6 |C-ter:S113, C-ter:L114, C-ter:V115
-7 |B2-B3:E36, B2-p3:D38
hPTP1E-2/5 RA-GEF2 | EADENEQVSAV| -5 |B2-B3:V26, B2-B3:N27
5 B2:R103, B2-B3:F108, B3:C110, C-ter:V172, C-
ter:K173, C-ter:L180
| Harmonin-1/3 Sans PALEDTEL
-6 |C-ter:K173
-7 |B2-p3:F108
-4 |a2:K73
J | Harmonin-2/3 | Cadherin23 TPLEITEL
-5 |B2-B3:P31, B3:F38, C-ter:L97, C-ter:F98
-4 |B5-a2:N239
K Z01-2/3 Connexin43 RPRPDDLEI| -5 |allows for kink to avoid clashes with B5-a2 loop
-6 |B5-a2:E238

extension

extension = extension

Fig. 2. Contacts between residues of extended PBMs and PDZ residues. The table summarizes the contacts that were observed between residues in extensions of PBMs and
residues of PDZ domains or their extensions. A structural representation is provided for most of these PDZ-peptide complexes. Colour code: peptide residues in blue, PDZ
residues from holo NMR structures in orange, from apo NMR structures in dark-green, from holo crystal structures in yellow, and from apo crystal structures in light-green.
Structural information was used from the following PDB entries: (A) 2K20 [58]; (B) 2KOH [57]; (C) 1MFG [61], IN7T [59], 2H3L [60]; (D) 2H2B, 2H3M [60]; E1: 3DIW [44],
3GJ9 [46]; E2: 3DJ1, 3DIW [44], 3GJ9 [46], 2KG2 [114]; (F) 3LAF [47], 1Q3P [115]; (G) 3QGL [48]; (H) 2KPL [52], 2104 [50]; (I) 3K1R [66]; (J) 2KBS [67]; (K) 3CYY [69]. Figures
were created with Pymol [113] (see suppl. data for the pymol session files).
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from the B2 strand, p2-B3 loop, and B4 strand, and accommodates
E_s of the C-terminal peptide of GIRK3 (Fig. 2G). Another interest-
ing example is that of the trimer of fPix bound to the SHANK1 PDZ.
The homotrimer is formed by the coiled-coil domain of BPix lead-
ing to three closely located C-termini all carrying the PBM of BPix
[47]. However, due to steric hindrance, only one of the three C-
termini is accessible for binding to SHANK1 PDZ [47]. Here, the
additional pocket formed by the B2-B3 loop, B2, and B3 strand
adopts a hemispheric shape and interacts with one side of the ring
of W_s from BPix (Fig. 2F). The other side seems to be covered from
solvent by residues from the coiled-coil domains. In that way, W_5
may contribute to the stabilisation of the whole complex.

In most cases, this additional pocket is occupied by peptide
residues from position -5. However, it can sometimes be occupied
by residues at different positions, such as W_4 for a phage dis-
play-derived peptide bound to Erbin PDZ (Fig. 2C) [59], W_; for
a phage display-derived peptide bound to PDZ1 of ZO1 (Fig. 2D)
[60], and Y_; for ErbB2 peptide bound to Erbin PDZ (Fig. 2C)
[61]. Together with observations that peptide residues at position
-4 can either contact domain residues from the B2 or B3 strand,
from o2 helix or from the p2-B3 loop (see table in Fig. 2), this
demonstrates to which extent peptides can adapt to PDZ do-
mains. A rigid definition of pairs of domain and peptide residues
as often considered in PDZ-peptide interaction predictors, would
not reflect this adaptability and is therefore likely to be an inap-
propriate model.

3.7. Alternative splicing of the f2-$3 loop can modulate the peptide
binding properties of PDZ domains

A very different example of influence of the B2-3 loop on pep-
tide binding is provided by PDZ2 of the tyrosine protein phospha-
tase hPTP1E (or its mouse homolog PTP-BL). This PDZ domain
represents one of the few PDZs subject to alternative splicing,
and to our knowledge is the only one that was studied in detail
(with in total 8 structures deposited in the PDB). The alternatively
spliced form (PDZ2as) exhibits an insertion of 5 residues (VLFDK)
at the start of the B2—B3 loop that abrogates binding to the C-ter-
minal peptide of APC and RIL (reversion-induced LIM protein)
[62-64] (Table 1). Two NMR structures of PDZ2as exist but the fine
structural interpretation of how the insertion negatively influences
peptide binding remains a matter of debate as the two structures
considerably diverge from each other (Fig. S1) [63,64]. The alterna-
tive splicing event leads to replacement of the GG hinge region at
the beginning of the B2-B3 loop (a conserved feature in the PDZ
fold) by the more conformationally restricted VL sequence [64].
This appears to induce a displacement of the loop, which, together
with a global destabilisation of the domain, seems to be the main
cause for the observed inability of PDZ2 as to bind to C-terminal
peptides [64]. It will be interesting to see how alternative splicing
might modulate the binding behaviour of other PDZ domains and
whether these are used in vivo to regulate PDZ-peptide interac-
tions [65].

3.8. Upstream residues of a PDZ-bound peptide can interact with
residues that do not belong to the core of that PDZ domain

In most of the cases upstream peptide residues interacted with
residues of the core PDZ domain but there are also a few very inter-
esting instances where they interact with residues from PDZ exten-
sions or from other proteins. Atomic contacts could be observed by
NMR between residues (Ser, Leu, and Val) of the C-terminal exten-
sion of PDZ2 (PDZ1) of MAGI1 and R_s and T_g of a bound C-termi-
nal peptide derived from HPV16 E6 [52] (Fig. 2H). This significantly
restricted the disordered conformation of the C-terminal extension
of PDZ2 in the presence of bound peptide [52]. Mutation of the

three residues SLV to either RKR or GGG resulted in threefold
and fivefold reduced binding affinity in comparison to the wild
type, respectively [52] (Table 1).

Harmonin and Sans are two proteins that are implicated in the
Usher syndrome. The N-domain, PDZ1, and a C-terminal extension
of PDZ1 of Harmonin form an integral domain that binds to a PBM
located at the C-terminus of Sans [66]. This interaction is further
stabilised by interaction between the SAM (sterile alpha motif) do-
main of Sans and PDZ1 of Harmonin leading to an extremely tight
complex (reviewed in detail by Wang et al. [33]) (Table 1). L 5 in-
serts into a hydrophobic pocket formed by residues from the 2
and B3 strand, from the B2-B3 loop, and from the C-terminal
extension (Fig. 2I). Additionally, hydrogen bonds were observed
between Lys from the C-terminal extension and the backbone of
A_s [66]. The PDZ2 domain of Harmonin, complexed to the C-ter-
minal peptide of the cell adhesion protein Cadherin23, exhibits
an additional C-terminal o helix [67]. Interestingly, the C-terminal
tails of Cadherin23 and of Sans are very similar with identical res-
idues at p—5, —4, -2, —1, 0. L-5 of Cadherin23 interacts with resi-
dues of the extension and the core PDZ domain in a similar way as
L-5 of Sans, although in the case of PDZ2 it is a hydrophobic patch
that is formed instead of the pocket reported for PDZ1 (Fig. 2J).
Comparing the structure of PDZ2 of Harmonin with the one from
PDZ3 of ZO1 revealed a very similar hydrophobic patch formed
from the additional C-terminal o helix of PDZ3 and residues from
the p2-pB3 loop and the B2-B3 sheet. No difference in binding affin-
ity could be observed to the C-terminal peptide of the gap junction
protein Connexin45 when the helical extension of PDZ3 of ZO1 was
removed [68]. Yet we speculate that an increase in affinity might
have been observed for peptides possessing residues at upstream
peptide positions that would have been capable to interact with
this hydrophobic surface.

Z01 and Z02 PDZ2 were shown to exist as homodimers [69,70].
The complex of ZO1 PDZ2 bound to the PBM of Connexin43, re-
vealed that due to dimerization the extended peptide binding
pocket is altered. This has been reviewed more in detail by Wang
et al. [33]. The B5-o2 loop of the other PDZ is placed in front of
the end of the binding pocket forcing the peptide to make a bend
at position -5 that is occupied by a Pro in Cx43. D_4 and R_g are in-
volved in several interactions with residues from the B5-o2 loop
(Fig. 2K, Table 1) [69].

Unfortunately, the Harmonin-Sans/Cadherin23 and ZO1-Cx43
complexes have neither been mutated nor compared to complexes
of Harmonin and ZO1 with PBMs of other known binding partners.
Such analyses would have helped to better understand the contri-
bution of observed interactions between residues from PBM and
PDZ extensions to complex formation. However, given the numer-
ous precise residue contacts observed, it is tempting to speculate
that these additional interactions between PBM and PDZ might in-
crease the specificity of the PDZ domains for their peptide targets.

3.9. General remarks

It clearly emerges that residues of PBM extensions influence the
affinity of peptides to PDZ domains and some studies provide clear
evidence that this increases the specificity of PDZ-peptide interac-
tions. The B2-B3 loop contributes to an extended binding pocket.
Owing to the huge variability of this loop in length (up to 36 resi-
dues, PDZ of ARHGAP21, PDB ID: 2YUY [71]) and sequence compo-
sition, observed interactions between residues of the loop and of
the peptide were of impressive diversity. It seems rather impossi-
ble to derive any rule about how the p2-p3 loop and the peptide
extensions contribute to PDZ-peptide binding. Most likely, this
complex system of interactions is at the moment unpredictable.

Interestingly, the contribution of upstream peptide residues for
the binding to PDZ domains seems to be subject to regulation as
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they were observed to overlap with phosphorylation sites. Re-
ported phosphorylation of upstream PBM residues led either to
an increase in binding affinity (S_sg of Cadherin bound to PDZ3 of
Par3 [57]) or to a decrease (Y-7 of ErbB2 bound to Erbin PDZ
[61], S-9 of Cx43 bound to PDZ2 of ZO1 [69]) [72] (Table 1). It ap-
pears that experimental studies on PDZ-peptide interaction speci-
ficities should systematically include peptides of different length
(e.g. core PBMs and extended PBMs) to account for the role that up-
stream peptide residues play for PDZ binding.

In principle, extending the binding interface between PDZs and
peptides is likely to increase affinity between both. However, none
of the cellular peptides that we have described above possessed an
optimal sequence for the entire binding site. This observation is re-
flected by the fact that three artificial peptides (a phage display
peptide, mutated Kir2.3 peptide, mutated HPV16 E6 peptide) dis-
played much higher affinity to PDZ domains than the identified
natural binding partners (Table 1). Noteworthy enough, a high
affinity interaction is not necessarily specific, as one or both of
the interaction partners might bind many other proteins with sim-
ilarly high affinity. Conversely, a low affinity interaction can be
specific, if most other interactions engaged by the two partners
are of even lower affinity. As mentioned in the introduction, SLiMs
seem too short to fully account for specific protein interactions. It
is tempting to speculate that the extended binding interfaces re-
viewed herein serve to provide a balanced mix of advantageous
and disadvantageous interface contacts, which guarantee the weak
yet specific interactions typically observed in cell signalling.

4. Sequence context of PDZ domains

4.1. Defining the core and boundaries of PDZ domains: theory and
practise

The canonical core PDZ fold is defined by the arrangement of its
secondary structure elements, namely six B strands and two o heli-
ces (Fig. 1A). In theory, the boundaries of a PDZ domain are thus
defined by the first residue of the first  strand and the last residue
of the last B strand of the canonical PDZ fold. The web servers
SMART [28] and Pfam [73], both based on Hidden Markov Models,
efficiently detect PDZ domains, including quite divergent instances
presenting structural rearrangements (such as the PDZ-like do-
mains from HtrA and EpsC (see below) [74,75]). However, these
programs have not been developed for accurately predicting the
boundaries of the core domain structures.

In practise, the boundaries of most experimental PDZ con-
structs that have been used for structural studies or interaction
assays, generally extend beyond the strict boundaries of the
core PDZ structure. Such extensions vary from a few residues
to longer stretches, which may be structured. Whereas Bhat-
tacharya et al. [76] and Wang et al. [33] proposed approaches
for predicting some secondary structure elements within PDZ
extensions, the conformation of extensions and their impact
on the solubility, stability and peptide binding properties of
PDZ constructs (see following paragraphs) remain largely
unpredictable.

4.2. A PDZome-wide database of suggested PDZ construct boundaries
derived from structural information

The lack of a general rule for designing boundaries of PDZ do-
main constructs raises a practical issue concerning past and future
experimental studies aimed at producing and comparing the func-
tional properties of large numbers of PDZ domains. How can hun-
dreds of PDZ constructs be properly designed? One solution to this

problem may be to take advantage of the impressive structural
data already available on PDZ domains. Indeed, successful struc-
ture determination probably represents the most relevant a poste-
riori quality proof for construct boundaries. Based on this principle,
we propose here a list of manually curated domain boundaries se-
quences for the 266 PDZs that constitute to our knowledge the hu-
man PDZome (Table S1). For each known PDZ domain, we
identified the three most similar PDZ domains for which structures
were available and applied a set of hierarchized criteria (see suppl.
material for protocol) to finally define the construct boundaries of
the considered PDZ domain.

Noteworthy enough, the structures of about 120 human PDZs
have been solved, and for most of the other human PDZs, the
structure of one or several very closely related orthologous PDZ
domains is available in the Protein Data Bank (PDB) (Fig. 1B).
Therefore, the majority of constructs proposed in our curated list
are either identical or highly similar to constructs for which a
structure has been solved. On average, the constructs proposed
in our list, including those of known structure, are 16 and 5 res-
idues longer at the N- and C-terminus, respectively, than the start
and end of the sequence predicted by SMART. In particular,
SMART-predicted boundaries consistently excluded the first B
strand of PDZ domains. Therefore, the raw SMART output is not
sufficient for domain boundary prediction. This database provides
a first suggestion of boundaries for the cloning of PDZ constructs
from human or related proteomes. Of course, semi-empirical opti-
mization of construct solubility and/or stability may still remain
necessary in some cases [77].

4.3. PDZ extensions

The emerging roles of extensions of PDZ domains was ad-
dressed in a review by Wang et al. [33]. Here, we aim at comple-
menting this review by focussing on recently published studies
and by putting emphasis on the implications that extensions have
on peptide binding.

4.3.1. Extensions that influence the dynamics, stability and solubility of
PDZ domains

PDZ2 of NHERF1 (Na(+)/H(+) exchange regulatory cofactor 1)
and PDZ3 of DLG4 (disks large homolog 4) have helical C-terminal
extensions that were shown to be important for the stability and
dynamics of the PDZ domain, respectively [76,78]. In both cases,
removal of the extension did not alter the fold of the core PDZ
domain but led to significantly decreased affinity to C-terminal
peptides [76,78] (Table 2). Petit et al. [78] showed that a construct
of PDZ3 of DLG4 lacking the extension, displays more side chain
flexibility leading to increased entropy that makes peptide bind-
ing energetically less favourable. Both studies were reviewed
more in detail by Wang et al. [33]. A recent molecular dynamics
study [49] suggested that the helical extension of PDZ3 of DLG4
establishes ionic contacts with core PDZ residues. These contacts
seemed to restrain the backbone flexibility of the B2-B3 loop
and the carboxylate binding loop, thereby facilitating peptide
binding.

The PDZ2 (PDZ1) domain of MAGI1 was shown to have a struc-
tured N-terminal and an unstructured C-terminal extension [52].
The C-terminal extension seemed to be essential for obtaining sol-
uble and stable constructs. The N-terminal extension was shown to
shield from solvent a hydrophobic patch that comprised a cysteine
residue, thereby preventing the formation of soluble aggregates via
non-native intermolecular disulfide bonds [77,52]. Mutations in
the C-terminal (see previous section dealing with PBM extensions)
and N-terminal (unpublished data) extensions weakened the bind-
ing affinity of PDZ2 to the HPV16 E6L/V peptide.
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Table 2
Mutagenesis performed to study sequence context of PDZ domains. The table summarizes the mutational data obtained from studies that analysed the influence of extended PDZ
domains or multido-main constructs on peptide binding. If available, measured binding affinities are indicated. SS-bridge = disulfide bridge.

PDZz peptide peptide sequence PDZ modification aif::::ly ref
extended 1
TKNYKQTSV [78]
core 26
DLG4-3/3 CRIPT extended 3.6
NYKQTSV] core 81 [80]
a3:phosphY397 14
core 5
NHERF1-2/2 CFTR .. .TEEEVQDTRL, extended 0.26 [76]
B1:R153Q 0.93
reduced 1.2
INADL-5/10
Kon/Perd LLRRNQYWV] oxidized 20.4
INADL-45/10 reduced 2.5
INADL-45/10 TRP TGRMISGWL reduced 140 71
INADL-345/10 TRP .. . TGRMISGWL] reduced 0.1
INADL-5/10 reduced /
PLCB KTQGKTEFYA| reduced 30
INADL-45/10 —
oxidized /
core 72
CRIB-PDZ 54
Par6-1/1 Rhodamine VKESLV] CRIB-PDZ SS-bridge 13 [88]
CRIB-PDZ+Cdc42
CRIB-PDZ SS-bridge+Cdc42 6
Z01-PSG 35
extended [107]
Z01-3/3 JAM-A EGEFKQTSSFLV] /
Z01-PSG SH3:B2-B3:L549R /
Z01-PSG 10
extended [68]
Z01-3/3 Connexin45 SGDGKTSVWI 75
Z01-PSG SH3:B2-B3:L549R 63
DLG-3/3 - 14
CRIPT DTKNYKQTSV
DLG-PSG - 0.8
[108]
DLG-3/3 - 900
neuroligin KRVHIQEISV
DLG-PSG - 71

zo1 RIEAv LFL LD LPRGEEYT  LAQKKKBY YRR vEIsBvElS- - - - - - - - - - - - -
z02 REDAV LY LLIE I PKGEMVT I LAQSRADVYRD I LACGRIGD- - - - - - - - - - - - - - - - -
Z03 viGD- - - - - - -
DLG1 FIEAK | B0 L RBomMMN s s 1ssEsEs LRIT sokRl- - - - - - -
DLG2 HEQAAAALKGA- - GQTVT I 1AQYQPEDY ARFIEAK I HDLREQMMNESMS SGSGS LRITNQKR- - - - - - -
DLG3 HEQAAAALKRIA- - GQSvT iIvAQYRPEEYSRIFESK  HDLREQMMNS SMSSGSGSLRT SEEKR- - - - - - -
DLG4 HEQAA I ALKNA- - GQTVT I 1AQYKPEEY SRIFEAK  HDLREQLMNSSLGSGTASLRSNPKR- - - - - - -
DLG5
MPP6
EM55
MPP2
MPP3
MPP7
MPP5
MPP4
CSKP

>>>>>N>N0>>>>>

ITFKIV

core PDZ domain Il PDZ-SH3 linker || SH3d.

Fig. 3. Sequence alignment of the PDZ-SH3 linker of the human MAGUK family of proteins. Secondary structure elements on top of the alignment are indicated based on the
structure of the PDZ3-SH3-GK module from ZO1 (PDB ID: 3SHW [68]). An initial alignment was built with Mafft [116] and corrected by hand using Jalview [117]. The asterisk
indicates the phosphorylation site described for ZO1, which seems to be conserved for some members of the MAGUK family.

4.3.2. PDZ extensions as regulatory elements et al. [80] studied the effect of this phosphorylation site on the
DLG4 has a phosphorylation site (Y397) located in the helical C- structure of the extended PDZ3 domain and on ligand binding.
terminal extension (hereafter called a3 helix) of PDZ3 [79]. Zhang Phosphorylated Y397 led to an equilibrium between a locally
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unfolded and folded state of the o3 helix reflected by a fourfold de-
crease in affinity of phosphorylated PDZ3 in comparison to the
unphosphorylated extended PDZ3 domain (Table 2).

DLG4 is a member of the membrane associated guanylate ki-
nase (MAGUK) family of proteins together with four other DLG pro-
teins, 3 ZO proteins, CASK (calcium/calmodulin-dependent serine
protein kinase), and 7 MPP (membrane protein, palmitoylated)
proteins [81]. All of these proteins share a common domain
arrangement consisting of a PDZ domain followed by an SH3 (Src
homology 3) and GK (guanylate kinase) domain (hereafter called
PSG module). In addition to DLG4, the PDZ domain of the PSG mod-
ule of ZO1 and DLG1 was also shown to possess an o3 helix. The o3
helix as well as the phosphorylation site seem to be conserved in
the ZO and DLG subfamily of proteins (except for DLG5) (Fig. 3).
Remarkably, the linker sequence between PDZ3 and SH3 of
DLG1-4 is much longer than for the other members of the MAG-
UK-family. Three phosphorylated serines are reported in the linker
region of DLG1-4 [82,83]. Furthermore, by using the ELM resource
[84], we predicted in this linker a very likely actin binding site (LI-
G_Actin_WH2_2). To our knowledge, DLG proteins have not yet
been demonstrated to bind to actin, yet they are already known
to be involved in the regulation of actin filaments [85]. Therefore,
it might be interesting to investigate the functional role of this ac-
tin binding site and its potential influence on peptide binding by
the neighbouring PDZ3 and SH3 domains. The linker sequence of
the MPP family is shorter than for the ZO and DLG proteins and
does not display any conserved features. Furthermore, the region
in MPP proteins that corresponds to the o3 helix observed in ZO
and DLG proteins, tends to be proline-rich (Fig. 3) and is therefore
unlikely to adopt a helical conformation.

In summary, this data suggests that a helical extension of the
PDZ of the PSG module is a property shared by DLG1-4 and all
three ZO proteins and that it might be used as a regulatory element
to control peptide binding to PDZ3 via phosphorylation and actin
binding.

4.3.3. PDZ extensions that modulate the conformation of the binding
pocket

The PDZ domain of Par6 (partitioning defective 6 homolog) has
in its unstructured N-terminal extension a CRIB (Cdc42/Rac-inter-

active binding) domain that adopts a B strand when bound by
Cdc42 (Cell division control protein 42 homolog) [86]. The associ-
ation of Cdc42 with the extended PDZ of Par6 leads to a 10-fold in-
crease in affinity for C-terminal peptides bound by the PDZ [87]
(Table 2). Several studies have been published investigating the
mechanism and implications of the Cdc42-Par6 interaction that
are in detail reviewed in Wang et al. [33]. Very recently, Whitney
et al. [88] published structural details about how the signal result-
ing from Cdc42 binding to the CRIB domain is propagated to the
binding pocket of the PDZ, thereby altering PDZ-peptide binding.
By introducing a disulfide bridge between the otherwise very flex-
ible CRIB domain and the core PDZ, they obtained a construct that
appeared to mimick the structure of the CRIB-PDZ module when
bound to Cdc42 and that was amenable for NMR studies. By com-
paring the structure of the disulfide-bridged mutant with a struc-
ture of the single PDZ and a structure from the Cdc42-Par6
complex, they revealed a switch in conformation of two residues
(Lys and Leu) in the B1-B2 loop that reshapes the binding pocket
upon Cdc42 binding and thereby facilitates peptide binding [88].
PDZ5 of INADL, a core component of the phototransduction path-
way, has a pair of cysteines located in the peptide binding pocket,
that is in reduced form in absence of light and forms a disulfide
bridge upon light exposure [89]. C-terminal peptides were shown
to bind significantly weaker to the oxidized form of PDZ5 in compar-
ison to its reduced form [7] (Table 2). Interestingly, whereas the iso-
lated PDZ5 was stable in its oxidized form, the reduced form of PDZ5
was prevailing within a PDZ4-PDZ5 tandem construct [7]. The crys-
tal structure of PDZ4 and PDZ5 shows that they form a tight module
that is stabilised by a C-terminal extension of PDZ5 that binds to the
surface of PDZ4, and a N-terminal extension of PDZ4 that folds back
onto PDZ4 [7]. Liuet al. [ 7] further provide interesting data that sug-
gests that the C-terminal extension of PDZ5 is involved in a regula-
tory switch that changes the redox state of PDZ5 in the cell. Rapid
light-induced acidification happens during signal transduction in
the microvilli of eyes. This can lead to a local significant decrease
of the pH that would be enough to protonate a histidine residue of
PDZ4 leading to the disruption of its hydrogen bond with a threo-
nine residue of the C-terminal extension. Consequently, the interac-
tion between the C-terminal extension and PDZ4 is disturbed
leading to a destabilisation of the whole module. This may result

PDZ3-SH3 linker

Fig. 4. Sequence context of PDZ domains. (A) Short (yellow, sPDZ, PDB ID: 2I6V) and long (green, IPDZ, PDB ID: 214S) version of the PDZ domain of the bacterial EpsC protein
[75]. IPDZ has an additional N-terminal o helix (ot—1) that leads to different conformations of 0 and o2. Two Phe are differently positioned (indicated in sticks) that lead in
IPDZ to a closed peptide binding pocket. (B) Comparison of two complexes between the PDZ3-SH3-GK module of ZO1 and C-terminal peptides derived from JAM-A (forest-
green) [107] and Cx45 (orange) [68]. The PDZ3 domains bound to JAM-A and Cx45 are shown in light-green and yellow, respectively, the corresponding SH3 domains in cyan
and brown. The additional C-terminal o helix of PDZ3 is labelled a3. R436 possesses different conformations in the two complexes due to different residues at peptide
position p—1 (W in Cx45 and L in JAM-A). The figures were created with Pymol [113] (see suppl. data for the pymol session files).
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in a change of the local environment of the cysteine pair allowing for
the formation of the disulfide bond. Possibly, the redox switch is
used to initiate the dissociation, from INADL, of proteins such as
the Ca’+-permeable channel protein TRP and the phospholipase
PLCB. These dissociation events would serve to mediate signalling
in photoreceptors upon light exposure.

Several bacterial proteins such as EpsC, a component of the type
2 secretion system of V. cholerae, contain PDZ-like domains that
display a circularly permuted topology as compared to canonical
PDZ folds [10,75]. In addition to this structural particularity, the
carboxylate binding loop of the PDZ-like domain of EpsC is re-
placed by a small helical structure (hereafter called o0) [75] (see
Fig. 4A). Both, the isolated PDZ-like core domain (sPDZ) and a long-
er construct (IPDZ) were crystallized. The IPDZ construct revealed
an additional N-terminal o helix, which establishes many hydro-
phobic interactions with residues of the PDZ-like core structure
[75]. The structures of sPDZ and IPDZ vary in the positioning of
the o 2 helix (average difference of Cot atoms is about 3), which
is further apart from B2 in sPDZ, thereby opening a deep and nar-
row hydrophobic groove formed between B2, a0, and o2 [75] (the
numbering of secondary structure elements corresponds to the
canonical topology of PDZs). The two structures also display signif-
icant differences in the positioning of 0. These two restructuring
events cause a change in conformation of two Phe residues (one
from a0, one from o2) that close the hydrophobic groove in IPDZ
(Fig. 4A). It will be very interesting to investigate the binding prop-
erties of this very special PDZ-like domain that might have evolved
to bind different molecules as has been suggested by the authors
[75]. These three latter examples illustrate very different mecha-
nisms by which peptide binding to PDZ or PDZ-like domains can
be directly modulated via extensions that influence the conforma-
tion of the peptide binding pocket. Other mechanisms of peptide
binding pocket modulation via extensions may exist for other
PDZ domains, which would be interesting to find and investigate.

4.3.4. PDZ extensions that influence the folding of the PDZ domain

The assembly of PDZ4 and PDZ5 of INADL into a tight module,
which was described in the previous section, also represents an
example where the N- and C-terminal extensions were essential
for obtaining soluble and folded constructs [7]. Very similar obser-
vations were obtained for PDZ4 and PDZ5 of GRIP1 (Glutamate
receptor-interacting protein 1). Removal of the N-terminal exten-
sion of PDZ4 of GRIP1 led to spontaneous unfolding of the PDZ45
tandem [90] and prevented peptide binding [91] (more in detail re-
viewed elsewhere [5,33]). Together with the N-terminal extension
of PDZ1 of Harmonin [66], these are also three examples where
extensions of PDZ domains contribute to the construction of mul-
tidomain arrangements that ultimately alter the peptide binding
behaviours of the PDZ domains being involved [33].

4.3.5. Non-exhaustive collection of structured and unstructured
extensions that would deserve further investigation

- PDZ1 of INADL (PDB ID: 2DB5, NMR, [92]) has an additional N-
terminal o helix that folds into a hole formed between the 2-
B3 sheet and the B1-B5 sheet, and that is parallel to the p4
strand.

- PDZ1 of MPDZ (PDB ID: 202T, Xray, [93]) has an additional N-
terminal and C-terminal o helix that both, contact the PDZ.
The N-terminal helix is very similar to the one mentioned for
PDZ1 of INADL.

- PDZ3 of Harmonin (PDB ID: 1V6B, NMR, [94]) has an additional
N- terminal o helix that does not fold back on the PDZ core but
establishes hydrophobic contacts with V at the beginning of the
B1 strand and F of the partially structured N-terminal extension
that precedes the N-terminal < helix.

- The PDZ of MPP5 (PDB ID: 1VA8, NMR, [95]) has a small B hair-
pin that is formed at the N-terminus of the PDZ.

PDZ7 of INADL (PDB ID: 2DAZ, NMR, [96]) has an N-terminal
and C-terminal < helix that both, fold back on the PDZ core.
The N-terminal helix is in slightly different orientation in com-
parison to PDZ1 of INAD and MPDZ. Here, the helix rather aligns
to the p1- B5 sheet.

- PDZ2 of Harmonin (see section PBM extensions, PDB ID: 2KBS,
NMR, [67]).

PDZ2 (PDZ1) of MAGI2 (PDB ID: 1UEQ, NMR, [97]) has struc-
tured N-and C-terminal extensions that fold back onto the
PDZ core and that are similar to those observed for PDZ2 of
MAGI1 (see sections PBM extensions and PDZ extensions).

The PDZ of PLCO (PDB ID: 1UJD, NMR, [98]) has a structured C-
terminal extension that folds back onto the PDZ core.

4.3.6. General remarks

We have seen that PDZ extensions can influence the binding
affinity of peptides to PDZ domains via a wide range of possibilities.
Yet, do extensions also affect the binding specificity of peptides to
PDZs? PDZ extensions that either directly interact with peptide
residues (see section dealing with PBM extensions), as well as
extensions that directly or indirectly alter the conformation of
the peptide binding pocket, are very likely to increase the binding
specificities of the corresponding PDZs. By contrast, PDZ extensions
affecting the general fold, stability, dynamics of the PDZ, or partic-
ipating in its general regulation, may more often impact indiffer-
ently the general binding behaviour of the PDZ to any of its
targets, thereby not increasing binding specificity. Overall, these
uncertainties strongly call for studies that will further focus on
the impact of PDZ extensions on peptide binding specificities.

4.4. Influence of neighbouring domains on peptide binding to a PDZ

4.4.1. PDZ tandems

It is a well known property of PDZ domains that they often oc-
cur in multiple copies within one protein sequence. More and more
evidence accumulates that neighbouring PDZ domains influence
each other’s structure and binding behaviour, especially those that
are connected by very short linkers (reviewed in [5]). As structural
data of such tandem PDZ domains indicate, they can be tightly
packed and form one unit. The term supramodule was introduced
to account for this property [5]. Two examples of such supramod-
ules (PDZ45 of INADL and of GRIP1) were already mentioned in the
previous section.

The PDZ12 tandem of DLG4 (PSD95) has been the subject of sev-
eral publications. Based on the observation that PDZ1 and PDZ2 of
DLG4 can bind to the same set of C-terminal peptides, it has been
suggested that the two PDZs can bind simultaneously to the C-ter-
mini of homo- or heteromeric channel proteins of the postsynaptic
density [99]. It has been shown that such synergistic binding leads
to an increase in affinity and specificity as those ligands occurring
in dimeric form are favoured as compared to monomeric ligands
[99] (see review of Feng et al. [5] for more details). This property
was successfully used to develop biomimetic divalent ligands that
were much more efficient than monovalent ligands in disrupting
the binding of DLG4 to its interaction partners [100,101]. Such a
binding model would be favoured by an arrangement of PDZ1
and PDZ2 where the peptide binding pockets point to the same
direction. Five very recent studies concentrated on the domain ori-
entation of PDZ12 of DLG4 and revealed interesting findings. Using
various techniques (NMR, crystallography, molecular dynamics
simulations, single molecule FRET), very different conformations
of the PDZ12 tandem were suggested ranging from a parallel align-
ment of the binding pockets to an antiparallel arrangement
[99,100,102]. In addition, Wang et al. [103] provided data that
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suggests that the tandem PDZ being restricted in its interdomain
orientations in the ligand-free state, encounters a dramatic in-
crease in flexibility when bound to a C-terminal peptide. Equiva-
lent observations have been obtained for PDZ12 of DLG4 when
bound to a divalent ligand [101]. Remarkably, McCann et al.
[102] could further demonstrate that domain orientation and flex-
ibility of the single PDZ tandem was comparable to those obtained
in full length DLGA4. It seems that, depending on the cellular con-
text, parallel alignment of the binding pockets of PDZ12, which
would favour multivalent ligand binding, is as likely as antiparallel
alignment, which would instead enable recruitment of cytosolic
proteins to membrane receptors [102]. More studies are needed
to investigate this model. The fact that very different conclusions
can be drawn from studies using different biophysical methods
may indicate that methodologies remain of limited accuracy for
the study of large and dynamic systems such as tandem PDZs.

4.4.2. Autoinhibition of PDZ domains

NHERF1 and X11 (amyloid beta A4 precursor protein-binding
family A member 1, reviewed in [5]) have PDZ domains whose pep-
tide binding is regulated via an autoinhibitory mechanism that in-
volves PBMs at their own C-termini [104,105]. In an interesting
NMR study, Bhattacharya et al. [76] investigated the molecular de-
tails of this autoinhibition for PDZ2 of NHERF1. NHERF1 has two
PDZ domains and a C-terminal EB (Ezrin binding) domain that
binds to Ezrin (involved in linking cytoskeletal structures to the
plasma membrane) and that overlaps with a PBM at the C-termi-
nus of NHERF1. Binding of Ezrin to the EB domain increases affinity
of PDZ2 to the C-terminal peptide of CFTR (Cystic fibrosis trans-
membrane conductance regulator) by 24-fold [106,76]. NMR data
indicates that the PBM at the C-terminus of NHERF1 can very
weakly and transiently bind into the peptide binding pocket of
PDZ2. When Ezrin binds to the EB domain, the whole EB domain
including its PBM adopts a helical conformation and dissociates
from PDZ2, making the peptide binding pocket fully accessible
for binding to PBMs of other proteins [76].

4.4.3. Influence on PDZ-peptide binding from neighbouring domains of
different type

In 2011, two articles were published within less than a month,
reporting the crystal structure of the PDZ3-SH3-GK (PSG) module
of ZO1 com-plexed to C-terminal peptides derived from either
the cell adhesion proteins JAM-A [107] or the gap junction protein
Connexin45 (Cx45) [68]. Both studies agree on the overall ex-
tended shape of the PSG module (PDZ3 does not contact the GK do-
main). An additional C-terminal o helix (hereafter called o 3) of
PDZ3 is located in the linker region between the PDZ3 and SH3 do-
main. Residues of the o 2 and o 3 helix as well as of the 32-3 loop
of PDZ3 interact with residues from the PDZ-SH3 linker and the
SH3 domain. In both crystals, the peptides only partially insert into
the binding pocket of PDZ3. The backbone of the peptides exhibit a
shift towards the B2 strand, probably forced to this different con-
formation by the p2-B3 loop of the SH3 domain that is located in
front of the peptide binding pocket (Fig. 4B) [107,68]. In both struc-
tures the PDZ3-SH3 linker inserts between the 32-p3 loop and the
SH3 domain, making the loop inaccessible for interaction with pep-
tide residues. Interestingly, no binding could be observed between
JAM-A and the single PDZ3 domain [107] and Cx45 exhibited a 9-
fold reduced binding affinity to the single PDZ3 in comparison to
the affinity obtained for the PSG module [68]. Similar observations
for CRIPT and Neuroligin peptides were independently obtained for
the equivalent PSG module of DLG (Disks large) from D. melanogas-
ter [108] (Table 2). This difference in affinity might mostly be due
to a hydrophobic residue located at p-2 of the peptides (this
residue is a Phe in JAM-A and a Val in Cx45) that inserts into a

hydrophobic pocket formed by residues from both the o 2 helix
of PDZ3 and the B2-pB3 loop of the SH3 domain of ZO1 [107,68].

The side chains of PDZ3 exhibit almost identical conformations
in the two complexes except of R436 from the B2 strand. The ali-
phatic part of the side chain of R436 establishes hydrophobic con-
tacts with Leu and Trp at p-1 in JAM-A and Cx45, respectively.
However, in the PSG-Cx45 compleX, the side chain of W_; of
Cx45, being bulkier than L_; of JAM-A, displaces the side chain of
R436 of PSG, which consequently occupies space that is used by
S_3 in the PSG-JAM-A complex (Fig. 4B). This in turn displaces
S_3 and more upstream residues of the Cx45 peptide further away
from the PDZ domain as compared to the equivalent residues from
the JAM-A peptide. This may be the main reason for the differences
in backbone conformation observed for the peptides in the two
crystals (Fig. 4B). Based on these observations, one would expect
that the JAM-A peptide binds stronger to the PSG module than
the Cx45 peptide. Surprisingly, the contrary is the case (Table 2).
In both peptides, residues at p—3 and p—4 are very similar being
either serine or threonine, while residues further upstream were
not observed to significantly contribute to the binding. Hence,
the difference in affinity can only be explained from sequence dif-
ferences at the last three peptide positions being either VWI for
Cx45 or FLV for JAM-A. It seems likely that residues W_; (based
on previous observations [109]) and Ile at pO (preference of Leu
or Ile over Val at p0 [19]) are the main contributors to the higher
affinity of Cx45 to PDZ3. Based on these observations, we speculate
that despite of binding with less affinity, JAM-A seems to bind with
higher specificity to the PSG module than Cx45.

In summary, the structures of these two complexes revealed
very interesting findings. To our knowledge, they are the first to
provide atomic details for the direct influence that non-PDZ do-
mains can have on the peptide binding of their PDZ neighbours.
They also show that, whenever possible, investigations of small
protein fragments such as single PDZs should be complemented
by and compared to investigations of larger protein constructs
(comprising multiple domains) or even full length proteins. They
also serve as a nice example that shows how peptide residues
can influence each other’s binding to the PDZ domain. Such "coop-
erative” effects are excluded from most current PDZ-peptide inter-
action prediction models, which for complexity reasons assume
independence of the peptide residues.

4.5. Influence on PDZ-peptide binding from distal domains

A fourth type of sequence context has not been discussed in this
review, namely regions in protein sequences that are not in the
neighbourhood of PDZs but still influence their peptide binding
behaviour. We are convinced that numerous such examples exist,
but our current knowledge on this subject is very limited due to
a current lack of biophysical methods that allow studying larger
protein fragments or even full length proteins at the molecular le-
vel. The works of McCann et al. [102], who used single molecule
FRET to study the tandem PDZ12 in full length DLG4 as well as
of Pan et al. [68] and Nomme et al. [107] who published the struc-
ture of the PSG module of ZO1, are promising steps towards bridg-
ing this gap.

5. Concluding remarks

This review has been focussed on the influence of sequence con-
text on PDZ-peptide interactions given the vast amount of data
available for the PDZ domain family. Other types of globular do-
main-linear motif interactions are much less studied and our
knowledge on sequence context in these systems is sparse. How-
ever, we think that it is very likely that sequence context will have
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similar importance on linear motif binding in other systems as has
been demonstrated for the PDZ domain family. A few studies
underpin this speculation (WW domain family [110], SH3 domain
family [111]).

To which extent does sequence context influence specificity of
PDZ-PBM interactions? An interaction between two proteins is
specific when their mutual binding affinity is significantly higher
than the affinities of their interactions with most other proteins.
Therefore, in principle the specificity of a given PDZ-PBM interac-
tion can only be assayed by comparing its binding affinity to the
binding affinities of this particular PDZ domain towards a variety
of other PBMs, and/or to the binding affinities of this particular
PBM towards a variety of other PDZ domains. Most of the studies
discussed here or elsewhere [5,33] show that sequence context
influences binding affinity, yet they did not perform the compara-
tive studies to address interaction specificity. There is a need for
more studies including different interaction partners and protein
sequences of various lengths [26] to better understand how se-
quence context influences specificity of domain-SLiM interactions
in cell signalling processes.
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Studying cell signalling pathways implies the detection of their underlying protein in-
teractions as well as the description of their temporal, spacial, and functional interplay.
Many protein interactions that are involved in cell signalling are mediated by SLiMs
that bind to globular domains. The importance of SLiMs for biological processes has
been reflected by a significant increase in attention for SLiM-mediated protein inter-
actions in various research fields including molecular, structural, and computational
biology, as well as medical and drug research. Some SLiM—domain interactions have at-
tracted particular attention, including those that involve SH2, SH3, and PDZ domains.

This thesis has focussed on studying the characteristics of protein interactions that
are mediated by PDZ domains as well as the tools to computationally and exper-
imentally detect them. Our findings contributed to a better understanding of the
mechanisms that define specificity in PDZ interactions. To address this subject we
combined experimental and computational methods being aware of the great potential
of integrative approaches.

Specificity of PDZ-mediated protein interactions can and should be investigated
under various aspects. Most studies, including bio-computational and experimental
approaches, concentrate on minimal interacting protein fragments, such as core PDZs
and core PBMs, to investigate the specificity of protein interactions. However, in this
thesis, we have provided evidence that sequence context has the potential to change
the binding affinities and specificities initially observed between minimal interacting
protein fragments.

Altered binding affinity and specificity of PDZ—peptide interactions due to
sequence context

In this thesis, the importance of sequence context for PDZ—peptide interactions has
been demonstrated by various examples. In our structural study, an extended C-
terminal peptide sequence derived from HPV16 E6 has been observed to interact with
residues of the $2-f3 loop of PDZ2 of MAGI1 (see chapter 7). Similar interactions
have also been observed in various other published studies as we have discussed in our
review (see chapter 10). Our medium throughput SPR analysis demonstrated that in-
teractions between residues of N-terminally extended peptides and of the 32-33 loop
can change the binding affinity and specificity in comparison to interactions involv-
ing core PBMs. On the PDZ side, our structural analysis provided insights into the
mechanisms, by which the structured N-terminal and unstructured C-terminal exten-
sions of PDZ2 of MAGI1 influence the stability, monomeric behaviour, and peptide
binding properties of PDZ2 (see chapter 7). Our SPR data suggests intermolecular
interactions between PDZ3 and PDZ4 of SCRIB that influence their peptide binding
behaviour, maybe by forming a supramodule (see chapter 9). However, these initial
data do not allow to draw any more detailed conclusions on the modes of interaction
between PDZ3 and PDZ4 and their effects for peptide binding and thus, strongly call
for further studies. Other published cases of extensions and neighbouring domains
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of PDZs that influence their peptide binding behaviour have been reviewed by oth-
ers [55,158] and ourselves (see chapter 10).

From these studies several conclusions can be obtained. The (2-3 loop of PDZs
displays the highest sequence variability within all structural elements of the PDZ
domain family and thus, might be an important player for modulation of interaction
affinities and specificities. Available structures on PDZ-peptide complexes show a mul-
titude of modes, by which this loop can contribute to peptide binding (see chapter 10)
making it extremely difficult to be incorporated into any interaction prediction mod-
els. On the experimental side, it might be worth while to systematically use peptides
of at least ten residues in length for PDZ interaction assessments. This would allow
in most of the cases for an interaction between the residues of the extended peptide
and the 32-33 loop to take place.

The impact on interaction affinity and specificity of sequence context might depend
on the mechanisms by which sequence context influences PDZ—peptide interactions.
PDZ extensions that either directly interact with peptide residues, as well as exten-
sions that directly or indirectly alter the conformation of the peptide binding pocket,
have the potential to influence binding specificities of the corresponding PDZs. By
contrast, PDZ extensions affecting the general fold, stability, dynamics of the PDZ, or
participating in its general regulation, may more often impact indifferently the gen-
eral binding behaviour of the PDZ to any of its targets, thereby not increasing binding
specificity. Not only these speculations but also a general lack of studies on sequence
context of PDZs that assess not only influences on binding affinity but also address
interaction specificity, call for more comparative studies including different interaction
partners and protein sequences of various lengths (such as ours, see chapter 9) to better
understand how sequence context influences specificity of domain—SLiM interactions
in cell signalling processes.

Our experimental results in conjunction with results published by others [81] point
to the possibility that some (many?) PDZ-peptide interactions at the minimal in-
teraction fragment level might display promiscuous rather than specific binding be-
haviour accompanied by very low binding affinities. These binding affinities are likely
to (specifically) increase when extending the protein fragments. Interestingly, the
changes in binding affinity that we observed due to fragment extensions were never at
a scale where protein fragments that did not bind to each other in their short version
started to bind to each other when being extended or wvice versa. Thus, we conclude
that quantitative binding affinity data obtained for minimal interacting fragments is
not necessarily valid for extended fragments or the corresponding full length proteins.
However, the qualitative results (i.e. binding or not binding) obtained for minimal
interacting fragments should in general be transferable to full length proteins (see
chapter 9).
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Our findings on sequence context also point to the importance of the design of
experimental protein constructs on the outcome of quantitative experimental protein
interaction studies. Theoretical domain boundaries being defined by the beginning and
end of the first and last secondary structure element, respectively, often do not result
in soluble and stable domain constructs upon expression. Using available structural
information, we have proposed manually curated constructs for the full human PDZ
domain family (see chapter 10). This data in addition to our findings about the
importance of fragment extensions will hopefully positively influence future design of
experiments involving PDZ domains.

Prediction of PDZ—peptide interaction specificities

In this thesis, state-of-the-art prediction tools for PDZ-peptide interaction specificities
have been assessed resulting in the identification of significant limitations in their ap-
plication (see chapters 8 and 9). These findings are in contrast to the enormous amount
of computational work that has been published in this field. The poor performance of
some (many?) PDZ interaction predictors is likely to originate from over-simplification
and miss-interpretation of biological data. Albert Einstein once said that "everything
should be made as simple as possible, but not simpler* It may be one of the major
challenges in computational biology (and actually most other sciences) to find the right
balance between simplification and appropriate model definition.

It might be worthwhile to think about more restrictive peer reviewing processes for
interaction predictors. This can imply the need for experimental validation of predic-
tions, which is probably the best way to assess the usefulness of a predictor in question.
Asking for experimental validations might have an additional positive effect in encour-
aging computational biologists to engage in collaborations with biologists and to find
putative applications for their predictors thereby directly addressing biological ques-
tions. Potential ways to improve PDZ interaction predictors might consist of taking
one step back and to focus on particular sub-systems involving only one or a few PDZ
domains and to make better use of the immense structural repertoire of PDZ domains
that is currently available and ever growing.

Our knowledge on bio-physical properties of SLiMs is steadily increasing. Yet, is
this knowledge adequately applied in experimental and computational approaches for
SLiM-mediated protein interaction detection? Our findings on sequence bias in PDZ-
related phage display data illustrate the risk of artificial selection methods in producing
peptides with non-SLiM-like sequence properties (see chapter 8). There is a general
need for careful analysis for any sort of bias in experimental data before its application
for protein interaction prediction. SLiMs have defined properties (e.g. weak binding
affinities, disorder propensity) that should be more in the focus during the design of
experimental and computational studies on SLiM-mediated protein interactions. The
ELM resource and iELM method (see sections A.1 and A.2) can serve as examples of
such approaches where biological information on SLiMs obtained from careful analysis
of experimental studies has been successfully incorporated into prediction tools.
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Prediction of PDZ-mediated protein interaction networks

PDZ-peptide interaction predictors are developed with the prospect to be applied to
protein—protein interaction (PPI) network predictions. In line with our experimental
data (see chapter 9), predictions on affinity and specificity based on protein fragments
might at best only qualitatively be transferred to full length proteins. Given the iden-
tified weaknesses in PDZ-mediated interaction prediction, fully automatic derivation
of PPI networks will be highly error-prone. However, predictions of PDZ—peptide in-
teractions combined with manual analysis and experimental validation can result in
the identification of new potential interactions that are worth further experimental
investigation (see chapter 9). The new potential interactors that we have identified
for MAGI1 and SCRIB highlight the implication of PDZ proteins in G protein related
signalling pathways where they most probably function as scaffolding proteins. Par-
ticular striking has been the finding that the Rho specific GTPase activating protein
(GAP) ARHGAPG6 might bind to PDZ3 of MAGI1. Together with previous findings
that the RhoA specific GEF Netl binds to PDZ2 of MAGI1, this suggests the possi-
bility that MAGI1 brings closely together RhoA activating and inactivating enzymes,
thereby becoming a player for G protein signal termination. However, this specula-
tion has to be validated by testing in vitro and in vivo the existence of this ternary
complex.

High-risk HPV E6 proteins have been shown to inactivate the human proteins
MAGI1 and SCRIB thereby perturbing the numerous cellular protein interactions
they mediate. Inactivation of MAGI1 and SCRIB has been suggested to be involved
in tumour development in general [200,201] and in the context of HPV infection [202].
Thus, it will be interesting to see if any of the new potential interactors identified for
MAGI1 and SCRIB might play role in this process. But prior to such investigation is
again the validation of the potential interactions in a full length and in vivo context.

Our phage display data analysis did not identify any sequence bias within the pep-
tides that were selected for 17 out of the 54 human PDZ domains that have been used
by Tonikian et al. [9] (see chapter 8). It may be very promising to use this phage
display data for PDZ-mediated PPI network predictions (see our ongoing study de-
scribed in section C.1).

From working with PPI networks, I obtained the impression that if we want to
extract biological relevant information out of the ever growing number of protein
interactions that are published, we have to map additional information onto PPI net-
works. This includes information about which interaction partners of a given protein
will function together in protein complexes, which ones are mutually exclusive, under
which cellular conditions they are active and finally, how they are regulated. Such
knowledge can partially be derived from identifying the binding interfaces of interact-
ing proteins. Thus, the iELM method (see section A.2) provides an important step
into this direction. It will also be essential to add temporal (e.g. gene expression)
and spacial (e.g. localisation) information (the cellular context) to these networks to
be able to order the highly complex network of protein interactions that is currently
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established. However, such efforts will strongly depend on the potential of current
experimental methods to provide this kind of data.

Outlook

Published findings demonstrate that high affinity artificial peptides often cannot be
found in natural protein sequences and that mutations of natural SLiMs can lead to
significant increases in their binding affinity towards a domain. These observations
suggest that evolution of SLiM-domain interactions may only partially be affinity
driven, resulting in SLiMs with sequences that are sub-optimal for binding to a given
domain in terms of binding affinity. Maybe SLiMs evolve to provide a balanced mix
of advantageous and disadvantageous interface contacts with domain residues leading
to weak yet specific interactions. It will be highly interesting to experimentally inves-
tigate this hypothesis.

Overall, I have the impression that although many publications address the speci-
ficity of PDZ—peptide interactions, only very few of them do so by determining and
comparing binding affinities of various peptides to a PDZ domain or vice versa. Very
interesting yet unperformed studies would consist of assessing the binding of one or
a few peptides towards the human PDZome. As presented in chapter B.2, we have
started such a project. An even more fascinating future project would be to assess in
an HTP approach the (relative) binding strengths of most of the potential C-terminal
PBMs in the human proteome versus the human PDZome. Similar studies have al-
ready been successfully performed for other types of SLiM—domain interactions [32].
I think that we need more of such comparative experimental studies in the PDZ field
to advance in our understanding of the mechanisms that confer specificity to PDZ-
mediated protein interactions and of the various levels of specificity they might have.
Such studies may reveal that it is not possible to generalise findings on the level of
specificity found for a subset of PDZ-peptide interactions to the whole PDZ domain
family. There is probably space for both, instances of high specificity defined by
molecular constraints in the PDZ binding pocket and instances of promiscuous bind-
ing behaviour. Which level of specificity will be required for a PDZ-peptide interaction
is likely to depend on its biological function.

From diving into the PDZ literature during my PhD, I have been impressed by
the amount of studies that were published in this field and that are weekly going to
be published. For scientists, especially those that are newcomers to the field, it is
impossible to keep track of all published PDZ-related work. Thus, many findings,
especially those from single case studies, carry the risk to be overlooked, potentially
leading to repetitive findings. Future efforts in data integration should focus on tool
development that allow to gather all the published work relevant to one specific field
into a single resource that can be updated (maybe in a wiki-like style) and queried by
any interested scientist. I am convinced that such efforts would be paid off by allowing
scientists to perform research more efficiently and of higher quality.
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A. Published articles under supervision of
Toby Gibson

A.1. Prediction of instances of known linear motifs — the
ELM resource

Summary

The ELM resource is dedicated to the annotation and prediction of SLiMs in protein
sequences. Published information on SLiMs are gathered, manually annotated and
classified in the ELM database. A pipeline has been implemented that aims at pre-
dicting instances of annotated SLiM classes in protein sequences. Both the database
and pipeline are publicly available via a web interface. This article presents updates
that have been made to the ELM resource since its last publication two years ago.
Updates: 24 new SLiM classes and more than 500 new SLiM instances have been anno-
tated, leading in total to 170 SLiM classes and 1,800 SLiM instances that are currently
stored in the ELM database. Particular attention has been put on the annotation of
SLiM instances that have structural support and SLiM instances in viral proteins.
Information on interacting domains has been added to each SLiM class. A candidate
list has been made visible containing information about potential SLiM classes that
await their annotation. The web interface has been changed to improve querying the
database and running the prediction pipeline. A disorder prediction filter (see section
6.4.2) has been added to the SLiM instance prediction pipeline to improve identifi-
cation of potential false positive hits. The graphical output of the prediction results
has been enriched with annotations about known phosphorylation sites in the query
protein that are annotated in Phospho.ELM.

Discussion/Conclusions: The ELM resource has been proven useful for the functional
annotation of proteins and the guidance of experiments dedicated to the identifica-
tion of protein functions. In addition, the information stored in the ELM database
contributed to HTP-screenings and served as benchmark data set for numerous inter-
action predictors. Users of the prediction pipeline have to be aware of the fact that
SLiM instance predictions suffer from a high FPR.

Contribution: I have assisted in the update of the SLiM class describing PDZ-binding
motifs. I have contributed to the annotation of the interacting domains to SLiM
classes.
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ABSTRACT

Linear motifs are short, evolutionarily plastic com-
ponents of regulatory proteins and provide
low-affinity interaction interfaces. These compact
modules play central roles in mediating every
aspect of the regulatory functionality of the cell.
They are particularly prominent in mediating cell
signaling, controlling protein turnover and directing
protein localization. Given their importance, our
understanding of motifs is surprisingly limited,
largely as a result of the difficulty of discovery,
both experimentally and computationally. The
Eukaryotic Linear Motif (ELM) resource at http://
elm.eu.org provides the biological community with
a comprehensive database of known experimentally
validated motifs, and an exploratory tool to discover
putative linear motifs in user-submitted protein
sequences. The current update of the ELM
database comprises 1800 annotated motif instances
representing 170 distinct functional classes,
including approximately 500 novel instances and

24 novel classes. Several older motif class entries
have been also revisited, improving annotation and
adding novel instances. Furthermore, addition of
full-text search capabilities, an enhanced interface
and simplified batch download has improved the
overall accessibility of the ELM data. The motif
discovery portion of the ELM resource has added
conservation, and structural attributes have been
incorporated to aid users to discriminate biologic-
ally relevant motifs from stochastically occurring
non-functional instances.

INTRODUCTION

Short linear motifs (SLiMs, LMs or MiniMotifs) are
regulatory protein modules characterized by their
compact interaction interfaces (the affinity and specificity
determining residues are usually encoded between 3 and
11 contiguous amino acids (1)) and their enrichment in
natively unstructured, or disordered, regions of proteins
(2). As a result of limited intermolecular contacts with
their interaction partners, SLiMs bind with relatively

*To whom correspondence should be addressed. Tel: +49 (0) 6221 3878398; Fax: +49 (0) 6221 387517; Email: gibson@embl-heidelberg.de
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low affinity (in the low-micromolar range), an advan-
tageous attribute for use as transient, conditional and
tunable interactions necessary for many regulatory
processes. Due to the limited number of mutations
necessary for the genesis of a novel motif, SLiMs are
amenable to convergent evolution, functioning as a
driver of network evolution by adding novel interaction
interfaces, and thereby new functionality, to proteins. This
evolutionary plasticity facilitates the rapid proliferation
within a proteome, and as a result, motif use is ubiquitous
in higher eukaryotes.

SLiMs play an important role for many regulatory
processes such as signal transduction, protein trafficking
and post-translational modification (3,4). Their import-
ance to the correct functionality of the cell is also reflected
by the outcome of motif deregulation. For example,
point mutations in SLiMs have been shown to lead
severe pathologies such as ‘Noonan-like syndrome’ (5),
‘Liddle’s syndrome’ (6) or ‘Retinitis pigmentosa’ (7).
Furthermore, mimicry of linear motifs by viruses to
hijack their hosts’ existing cellular machinery plays an
important role in many viral life cycles (8). However,
despite their obvious importance to eukaryotic cell regu-
lation, our understanding of SLiM biology is relatively
limited, and it has been suggested that, to date, we have
only discovered a small portion of the human motifs (9).

Several resources are devoted to the annotation and/or
detection of SLiMs [Prosite (10), MiniMotifMiner (11)
and Scansite (12)]. Here, we report on the 2012 status
of the Eukaryotic Linear Motif database.

THE ELM RESOURCE

The ELM initiative (http://elm.eu.org) has focused on
gathering, storing and providing information about
short linear motifs since 2003. It was established as the
first manually annotated collection of SLiM classes and
as a tool for discovering linear motif instances in proteins
(13). As it was mainly focused on the eukaryotic
sequences, it was termed the Eukaryotic Linear Motif
resource, usually shortened to ELM. The ELM resource
consists of two applications: the ELM database of curated
motif classes and instances, and the motif detection
pipeline to detect putative SLiM instances in query
sequences. In the ELM database, SLiMs are annotated
as ‘ELM classes’, divided into four ‘types’ cleavage

Table 1. Summary of data stored in the ELM database®

Nucleic Acids Research, 2012, Vol. 40, Database issue D243

sites (CLV), ligand binding sites (LIG), sites of post-
translational modification (MOD) and subcellular target-
ing sites (TRG) (Table 1). Currently, the ELM database
contains 170 linear motif classes with more than 1800
motif instances linked to more than 1500 literature
references (Table 1). Each class is described by a regular
expression capturing the key specificity and affinity
determining amino acid residues. A regular expression is
a computer-readable term for sequence annotation and is
used by the ELM motif detection pipeline to scan proteins
for putative instances of annotated ELM classes. The
search form for sequence input is shown in Figure 1,
while the results page showing the putative and annotated
instances is illustrated in Figure 2.

The ELM resource is powered by a PostgreSQL
relational database for data storage and a PYTHON
web framework for data retrieval/visualization. The
main tables within the database contain information
about ELM classes, ELM instances, sequences, references,
taxonomy and links to other databases [the database
structure is described in greater detail in (14)].

New ELM classes

Since the last release (14), 24 new ELM classes have been
added to the ELM database (Table 1) and several
more have been updated. One of the newly annotated
motif classes is the AGC kinase docking motif
(LIG_AGCK_PIF), consisting of three distinct classes.
It is present in the non-catalytic C-terminal tail of AGC
kinases that constitute a family of serine/threonine kinases
consisting of 60 members that regulate critical processes,
including cell growth and survival. Deregulation of these
enzymes is a causative factor in different diseases such as
cancer and diabetes. The motif interacts with the PDK1
Interacting Fragment (PIF) pocket in the kinase domain
of AGC kinases. It mediates intramolecular binding to
the PIF pocket, serving as a cis-activating module
together with other regulatory sequences in the C-tail.
Interestingly, in some kinases the motif also acts as a
PDK1 docking site that trans-activates PDKI1, which
itself lacks the regulatory C-tail, by interacting with the
PDK1 PIF pocket. PDKI1 in turn will phosphorylate and
activate the docked kinase. Other novel classes (Table 2)
include phosphodegrons, which are important mediators
of phosphorylation-dependent protein destruction, and
the LYPxL motif, which is involved in endosomal

Number of functional ELM motif ELM motif Links to PDB GO terms Pubmed links
site entries classes instances structures
Totals 115 170 1840 195 340 1561
By category LIG 111 Human 1004
MOD 30 Mouse 160 Biological process 173 From ELM motif 787
TRG 21 Rat 102
CLV 8 Fly 67 Cell compartment 74 From instance 1071
Yeast 90
Other 417 Molecular function 93

#As of October 2011.
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. The Eukaryotic Linear Motif resource for
Functional Sites in Proteins

Search ELMs Instances Candidates Links About News Help Diseases Viruses

Functional site prediction

Protein sequence

Enter Uniprot identifier or accession number: (auto-completion)
[EPNl_HUMAN e.g. EPN1_HUMAN, P04637, TAU_HUMAN

Or paste the sequence (Single letter code sequence only or FASTA format):

>sp| QOY6I3|EPNL_HUMAN Epsin-1 0S=Homo sapiens GN=EPNL PE=1 S\=2
H VREA M
K M N K
ALKTKEK PP
LQLAL AMSKEEADQPPSCGREDDAQL QL AL SL SREEHDKEERTRRGDDLRLQM
ATEESKRETGGKEESSL MDL ADVET APAPAPTTOPNGGPAPMAAAYETAAPT SDPWGGEP
PP P PA PA v
F P A £
MSGVI ATPTPTPPTRKTPESFLGP!
P VTNPEQPAPPATLTLNQLRLSP
P PMMPPGPPAPNTIP!

u Cell compartment (one or several): o

not specified -
extracellular

Type in species name (auto-completion):
|Homo sapiens

peroxisome
glycosome . =
glyoxisome m Motif Probability Cutoff (beta):
Golgi apparatus

endoplasmic reticulum 0.01

lysosome

endosome

oo [ o |

mitochondrion v

Disclaimer

Short patterns applied to proteins are usually not statistically significant: Therefore we can't provide E-values as
with BLAST searches. This means that most matches shown are more likely to be false positives than true matches.
We hope that ELM server results will prove useful as guides to experimentation but they should not be treated as
factual findings.

Feedback

If you run into any bugs, please let us know: bugs@elm.eu.org.

Comments or suggestions: feedback@elm.eu.org

Figure 1. ELM start page. The user can submit a query sequence to the motif detection pipeline either as UniProt accession number or in FASTA
format. Filtering criteria such as taxonomic range or cellular compartment should be activated to limit the resulting list of SLiM instances.

sorting of membrane proteins but is also implicated in
retrovirus budding.

New ELM instances

Annotated ELM instances serve as representative
examples of the respective ELM class. They are also

invaluable for the computational analysis and classifica-
tion of motifs (15). Therefore, special emphasis has been
put on the curation of more than 500 novel ELM instances
(in 40 different classes) by scanning and annotating more
than 400 articles. The number of protein databank (PDB)
entries annotated have been increased to 195 (Table 1),
meaning that for ~10% of all instances there is a 3D
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» Summary of features reported by the ELM resource.

KEY

DOMAINS:  [] Smar/Pfam domain g Signal peptide (pred)) mssm Low-complexity region = Coiled-coil (pred.) lTM helix (pred.)

GLOBPLOT: [[] GlobDom

2D STRUCT: [ Strand

MOTIFS: ] Favourable Context
CONSCORE: [| low Conservation

(Mouseover the matches for more details )

Feature #

== Disorder

[] Helix

[] sparse/Smart filtered
[l medium Conservation

Jl Loop [13#10 Helix

§ Neutral annotated: §TP OFP O TNPFN  J<[<[] Assigned by
homology

[l high Conservation

Sequence: EPN1_HUMAN|QSYEI3

PhosphoELM
SMART/Pfam domain
GlobPlot

AN e (] e——
w  jm — e p—— —

Disorder
IUPRED 05

Order
Secondary Structure

CLV_PCSK_FUR_1

(LI
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LIG_AP2alpha_2

LIG_APCC_KENbox_2

LIG_BIR_II_1

LIG_BRCT_BRCA1_1

LIG_Clathr_ClatBox_1

LIG_EH_1

LIG_IQ
LIG_NRBOX
LIG_PDZ_Class_2

_—% """ crier 77

LIG_RGD
LIG_SCF_FBW7_1
LIG_SH2_PTP2
LIG_SH2_STAT3
LIG_SH3_1

LIG_NRBOX
[129,135]
" QLVALLR

" Target Domain Structure: dihOaa_
Accessibility Score: 0.007
S y Struct. Score: 0.55

LIG_SH3_2
LIG_TRAF6

Combined Total Score: 0.557

LIG_EH_1

[546,550]
TNPFL

(Cons.-Score: 0.988)

|

'\

Total Score P-value: 0.7017 D

LIG_WwW_1

MOD_CDK_1

LIG_SH3_2

MOD_TYR_ITIM
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TRG_AP2Zheta_CARGO_1

PTPPTR

TRG_ENDOCVYTIC_2

(Cons.-Score: 0.052)

TRG_LysEnd_APsAcLL_1
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TRG_PEX
Scale 1 101
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Figure 2. ELM motif detection pipeline output page. The top legend explains the different colors/symbols used. The graphical output of ELM
concentrates the output of multiple sequence classification algorithms; phosphorylation sites from Phospho.ELM, protein domains detected by
SMART/Pfam, disorder predictions by GlobPlot and IUPred and secondary structure (18). The lower part contains the annotated and putative
ELM instances for the given protein sequence (Epsinl, UniProt accession Q9Y6I3). The background is colored according to the structural
information available. Each box represents one ELM instance, the color of which indicates the likelihood that this instance is functional: grey
instances are buried within structured regions, while shades of blue represent instances outside of structured regions and hint on sequence
conservation, with pale blue representing weak sequence conservation and dark blue indicating strong sequence conservation. Red ellipses or
boxes mark instances that are annotated in the query sequence or a homologous sequence, respectively.

protein structure annotated, giving more detailed informa-
tion about the biological context of the respective motif.

NEW FEATURES

The ELM website at http://elm.eu.org can be used in two
ways: first, as a front-end to explore the ELM database of
curated ELM classes and instances, and second, to run the
motif detection pipeline to detect putative SLiM instances
in query sequences. Both interfaces have been improved
with the most notable changes listed below.

User interface

The database user interface, having been stable for many
years, has been overhauled and replaced by a novel
interface introducing several new features (Figure 1).
Up-to-date web technologies have been used to improve
the general user experience: the PYTHON framework
DJANGO (http://www.djangoproject.com) dynamically
creates and serves all HTML pages, while JavaScript
was used to make the whole site more interactive and
thus improve the user experience. In particular, the
ELM detail pages (Figure 3), which hold the most
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Table 2. List of novel ELM classes®

Identifier Description

LIG_Actin WH2_I
LIG_Actin WH2 2
LIG_Actin_RPEL 3
LIG_AGCK_PIF |
LIG_AGCK_PIF 2
LIG_AGCK_PIF 3
LIG BIR II 1
LIG_BIR_III 1
LIG_BIR_III 2
LIG_BIR_III 3
LIG_BIR III 4
LIG_cIF4E_1
LIG_eIF4E 2
LIG_EVHI 3

LIG_HCF-1_HBM _1

subdomains 1 and 3 of G-actin

serving as a cis-activating module

cycle regulator HCF-1
LIG_Integrin_isoDGR_1

Motif binding to the dorsal surface of elF4E

Motifs, present in proteins in several repeats, which mediate binding to the hydrophobic cleft created by

The AGCK docking motif mediates intramolecular interactions to the PDK1 Interacting Fragment (PIF) pocket,

TAP-binding motifs are found in pro-apoptotic proteins and function in the abrogation of caspase inhibition by
inhibitor of apoptosis proteins in apoptotic cells

A proline-rich motif binding to EVHI/WHI1 domains of WASP and N-WASP proteins
The DHxY Host Cell Factor-1 binding motif interacts with the N-terminal kelch propeller domain of the cell

Present in proteins of extracellular matrix which upon deamidation forms biologically active isoDGR motif which

binds to various members of integrin family

LIG LYPXL L 2
LIG_LYPXL_S_I

LIG_PAM2_1
HYD E3 ubiquitin ligases

LIG_PIKK 1
LIG_Rb_pABgroove_l

LIG_SCF_FBW7_1
LIG_SCF_FBW7 2

LIG_SPAK-OSRI 1

The LYPxL motif binds the V-domain of Alix, a protein involved in endosomal sorting
Peptide ligand motif that directly interacts with the MLLE/PABC domain found in poly(A) binding proteins and

Motif located in the C terminus of Nbsl and its homologous interacting with PIKK family members
The LxxLFD motif binds in a deep groove between pocket A and pocket B of the Retinoblastoma protein
The TPxxS phospho-dependent degron binds the FBW7 F box proteins of the SCF (Skpl-Cullin-Fbox) complex

SPAK/OSRI1 kinase binding motif acts as a docking site which aids the interaction with their binding partners

including the upstream activators and the phosphorylated substrates

#As of October 2011.

important information about each ELM class including
references, regular expression, taxonomic distribution
and gene ontology terms (Table 3), have been updated
by annotating the protein domain interacting with the re-
spective motif. Where available, a 3D model of represen-
tative protein databank structures of linear motif
interactions was added to the ELM detail page (Figure
3, top right).

To cope with the increasing amount of annotated
classes as well as instances, a novel query interface was
introduced to assist the user in finding information of
interest. The ELM browser (Figure 4) now features
a search interface for free text search. In addition, the
search results can also be filtered and reordered using
buttons (Figure 4, left side) and table headers, respective-
ly, and be downloaded as tab-separated values (TSV).

Further, improvements to the ELM database include
revising the experimental methods used for annotation
by using a standardized methods vocabulary [in sync
with PSI-MI ontology (16,17)].

A candidate page has been introduced to display novel
ELM classes that have not yet been annotated in detail or
are currently undergoing annotation. We invite research-
ers to send us their feedback and expert opinion on these
classes and to contribute novel motif classes that will be
added to the candidate page and ultimately be turned into
full ELM classes (Figure 5). Minimum requirements are at

least one literature reference as well as a short descrip-
tion. In addition, a draft regular expression or a 3D
structure showing the relevant interaction would also
be helpful. Currently, the number of possible ELM
classes on this candidate list (awaiting further annota-
tion) exceeds the number of completely annotated
classes, indicating the great demand for further
annotation.

Graphical representation of sequence search

The ELM motif detection pipeline scans protein sequences
for matches to the regular expressions of annotated ELM
classes (Figure 2). The query output combines these
putative instances with information from the database
(annotated ELM instances) as well as predictions from
different algorithms/filters. The ELM resource employs a
structural filter (18) to highlight and mask secondary
structure elements, as well as SMART (19) to detect
protein domains. Furthermore, an additional disorder
prediction algorithm (IUPred) (20) has been included to
predict ordered/disordered regions within the protein.
TUPred uses a cutoff of 0.5 to classify a sequence region
as either structured or disordered, with values above this
threshold corresponding to disorder, highlighted in green
background and lower wvalues indicating structured
regions, displayed in red background in the output
graph. Disorder and domain information is combined by
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. The Eukaryotic Linear Motif resource for
Functional Sites in Proteins

Search Instances Candidates Links About News Help Diseases Viruses

TRG_AP2beta_CARGO_1

<< MOD_WhntLipid << Menu >> TRG_Cilium_Arf4_1 >>

 maacass
Functional Site Class:

Functional site

s
AP-2 beta2 appendage CCV component motifs
Several motifs are responsible for the binding of accessory endocytic proteins to the beta2-subunit appendage of the adaptor

description: protein complex AP-2 as part of their recruitment to the site of clathrin coated vesicle (CCV) formation. Proteins binding the
platform subdomain have been found to be cargo family specific (for example can load all GPCRs, or all LDL receptor family
members) clathrin adaptors. Accessory proteins which help in CCV ion bind the i in site or the alpha
ear domain.

ELMs: TRG_AP2beta_CARGO_1

Description: Motif binding as a helix in a depression on the top surface of the AP-2 beta appendage platform subdomain. The pattern

[EDJx(1,2)Fxx[FL]xxxR is conserved in beta Arrestins, ARH and Epsin-1, -2 of vertebrates. It is also found in homologues of
other metazoans, but the pattern is sometimes not matched exactly, meaning that the ELM regular expression will not
provide a match. In other lineages, if there is an equivalent motif, the pattern is likely to have diverged.
Pattern: [DE].{1,2}F[*P]["P][FL]I[*P]I["P]["P]IR (Probability: ©.0000182)
Present in taxons: Metazoa
PDB Structure: 21V8

Interaction Domain:
B2-adapt-app_C (PF09066)
Beta2-adaptin appendage, C-terminal sub-domain
(Stochiometry: 1: 1)

B See 4 Instances for TRG_AP2beta_ CARGO_1

M Abstract

At least two different surfaces of the AP-2 beta2 appendage domain can bind linear motifs in other endocytic regulatory proteins. The platform
subdomain or top surface binds a helical [ED]x(1,2)Fxx[FL]xxxR motif found in Epsin-1 and -2 which bind ubiquitinated growth factor receptors, the
beta-arrestins which bind GPCRs and ARH which binds LDL receptor family members. All of these function as cargo-selective clathrin adaptors,
targeting surface receptors for internalization by clathrin-mediated endocytosis.

In beta-arrestin, the cargo motif is regulated by a remarkable structural rearrangement. The motif maintains the endocytosis-incompetent state by
binding back on the folded core of the protein in a beta strand conformation. Apparently triggered via a beta-arrestin/GPCR interaction, the motif
must be displaced and must undergo a strand to helix transition to enable the beta2 appendage binding step that drives GPCR-beta-arrestin
complexes into clathrin coats.

The sandwich subdomain or side surface site binds an FxxxFxDF motif found in EPS15 and AP180 and may also accept other endocytosis proteins
with variant motifs, as suggested by mutagenesis of the binding surface. The sandwich domain binders are accessory endocytic proteins (without a

direct role in cargo binding) which help in CCV formation. Currently, there is no entry for the sandwich domain motif in ELM.

Figure 3. ELM detail page showing information about the ELM class TRG_AP2beta_ CARGO_1.

Table 3. Main cellular compartments used in ELM annotation

Count GO Id GO term

98 GO:0005829 Cytosol

69 GO:0005634 Nucleus

17 GO:0005576 Extracellular

12 GO:0005794 Golgi apparatus

10 GO:0005886 Plasma membrane

9 GO:0009898 Internal side of plasma membrane
9 GO0:0005783 Endoplasmic reticulum

6 GO:0005739 Mitochondrion

5 GO:0005643 Nuclear pore

5 GO0:0045334 Clathrin-coated endocytic vesicle

background coloring to highlight structured regions
within the protein, which allows inspection of SLiMs
that reside at domain boundaries and emphasizes motifs
in disordered regions.

The conservation of linear motifs can help in assessing
the functional relevance of putative instances, with func-
tional instances showing higher overall sequence conser-
vation than non-functional ones (21). Therefore, sequence
conservation of the query protein is calculated using
a tree-based conservation scoring method (22) and high-
lighted in the graphical output. Here, lighter shades of
blue represent low conservation while dark blue shading
corresponds to high-sequence conservation. The actual
conservation score can be inspected by moving the
mouse over the respective ELM instance (Figure 2).

The functionality of linear motifs can be modulated by
modifications such as phosphorylation (23,24). To enable
the user to investigate phosphorylation data in the context
of putative linear motif instances, phosphorylation anno-
tations from the Phospho.ELM resource (25) have been
added to the graphical output (Figure 2, top row).
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ELEM

The Eukaryotic Linear Motif resource for
Functional Sites in Proteins

Search ELMs Candidates Links About News Help Diseases Viruses
Search ELM Instances
Full-Text Search (to show all instances, enter ‘all' or ™) [ap2] \
Filter by instance Logic true positive | v
Filter by organism Homo sapiens -
| coomic i reset |
58 Instances for search term ‘ap2": ke i _I _I
(click table headers for sorting)

ELM identifier Sequence Start | End Subseq Inst Logic | #Evid: PDB Organism
LIG_AP2alpha_1 AMPH_HUMAN 324 | 328 | OQENIISFFEDNFVPEISVIT true positive 1 1KY7 | Homo sapiens (Human)
LIG_AP2alpha_1 AP180_HUMAN 440 | 444 | VTAEVDLEGDAFAASPGEAP true positive 0 Homo sapiens (Human)
LIG_AP2alpha_1 AP180_HUMAN 564 | 568 | APPALDIFGDLFESTPEVAA true positive 0 -- | Homo sapiens (Human)
LIG_AP2alpha_1 AP180_HUMAN 642 | 646 | SSGVIDLFGDAFGSSASEPQ true positive 0 Homo sapiens (Human)
LIG_AP2alpha_1 BIN1_HUMAN 362 | 366 | OEQILSLFEDTFVPEISVIT true positive 0 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 599 601 RGSFGAMDDPEKNKALLFSN true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 618 | 620 | NNTQELHPDPFQTEDPFKSD true positive 1 - | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 624 | 626 | HPDPFQTEDPFKSDPFKGAD true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN | 629 | 631 QTEDPFKSDPFKGADPFKGD true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 640 | 642 | KGADPFKGDPEQNDPFAEQQ true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN | 645 | 647 | FKGDPFONDPFAEQQTTSTD true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN | 656 | 658 | AEQQTTSTDPFGGDPFKESD true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 661 663 | TSTDPFGGDPEKESDPFRGS true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 667 669 GGDPFKESDPFRGSATDDFF true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 685 | 687 | FFKKQTKNDPETSDPFTKNP true positive 1 - | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 690 | 692 | TKNDPFTSDPETKNPSLPSK true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 703 [ 705 | NPSLPSKLDPFESSDPFSSS true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 709 | 711 KLDPFESSDPE' true p: 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN | 722 | 724 | SSVSSKGSDPEGTLDPFGSG true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 728 | 730 | GSDPFGTLDPFGSGSFNSAE true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 768 | 770 | LGGAGFSDDPFKSKQDTPAL true positive 1 - | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 812 | 814 SADFPEAPDPFQPLGADSGD true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 823 [ 825 | QPLGADSGDPFQSKKGFGDP true positive 1 - | Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 833 | 835 | FOSKKGFGDPESGKDPFVPS true positive 1 Homo sapiens (Human)
LIG_AP2alpha_2 EP15R_HUMAN 839 | 841 FGDPFSGKDPFEVPSSAAKPS true positive 1 -- | Homo sapiens (Human)
LIG_AP2alpha_2 EPS15_HUMAN 599 | 601 NNRHSKEEDPENVDSSSLTG true positive 1 Homo sapiens (Human)

Figure 4. ELM instances browse page. A full-text search (here, search term used was ‘AP2’, filtering for ‘true positive’ instances in taxon
‘Homo sapiens’, yielding 58 instances) assists in finding annotated instances. A search can be restricted to a particular taxonomy or instance logic
(top) or ELM class type (buttons on the left). The list can also be exported to TSV or FASTA format for further processing.

The phosphorylated residues are highlighted in different
colors (serine: green, threonine: blue, tyrosine: red); each
phosphorylation site is linked to a page showing detailed
information about the respective modification site from
the manually curated data set of the Phospho.ELM
resource.

VIRAL INSTANCES

The importance of the short linear motifs in virus—host
interactions makes the ELM resource an important tool
for the viral research community. For example, Cruz et al.
(26) analyzed a protein phosphatase 1 (PP1) docking motif
in ‘protein 7° of transmissible gastroenteritis virus using
the ELM class LIG_PP1. This conserved sequence motif
mediates binding to the PPl catalytic subunit, a key

regulator of the cellular antiviral defense mechanisms,
and is also found in other viral proteomes, suggesting
that it might be a recurring strategy to counteract the
hosts” defense against RNA viruses by dephosphorylating
eukaryotic translation initiation factor 2o and ultimately
ribonuclease L.

To reflect our increasing awareness of viral motifs (8),
special focus has been attributed to the annotation of viral
instances in the ELM database: in the latest release, more
than 200 novel ELM instances found in 84 different viral
taxons have been added. The notion of viruses abusing
existing SLiMs in their hosts is demonstrated by viral in-
stances being annotated alongside instances in their hosts’
proteins. For example, the ELM class LIG_PDZ Class_1
contains 12 instances in human proteins but has recently
been expanded with 5 instances from 5 different human
pathogenic virus proteins.
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Figure 5. Schema of the ELM resource and data life cycle. Annotated
ELM classes, and instances thereof, can be searched by database query.
Via sequence search by the motif detection pipeline, annotated ELM
classes yield putative instances in query sequences. By adding experi-
mental evidence and references, these putative instances become candi-
date instances for annotation, and, with further curation, ultimately
become fully annotated instances.

LINEAR MOTIFS AND DISEASES

The importance of SLiMs is further corroborated by the
occurrence of pathologies that are caused by mutations
that either mutate existing linear motifs or create novel
linear motifs (of undesired function) (27). Examples
include ‘Usher’s syndrome’ (28), ‘Liddle’s Syndrome’ (6)
or ‘Golabi-Ito-Hall Syndrome’ (29). The developmental
disorder ‘Noonan Syndrome’ can be caused by mutations
in Raf-1 that abrogate the interaction with 14-3-3 proteins
mediated by corresponding SLiMs and thereby deregulate
the Raf-1 kinase activity (30) (the Raf-1 protein sequence
features two LIG_14-3-3 1 binding sites that are
annotated at 256-261 and 618-623 in the ELM resource).
A related disease, ‘Noonan-like Syndrome’, is caused by
an S to G mutation at position 2 of the SHOC2 protein,
creating a novel myristoylation site (annotated as ELM
class MOD_NMyristoyl). This irreversible modification
results in aberrant targeting of SHOC2 to the plasma
membrane and impaired translocation to the nucleus
upon growth factor stimulation (5). More information
about the implication of short linear motifs on diseases
is collected at http://elm.eu.org/infos/diseases.html.

APPLICATION OF THE ELM RESOURCE

By providing a high-quality, manually curated data set of
linear motif classes with experimentally validated SLiM
instances, the ELM database has proven to be invaluable
to the community: small-scale (single protein) analyzes
benefit from the detailed annotation of each ELM class
in attributing novel features to proteins of interest.
By using in vitro and in vivo studies, von Nandelstadh
et al. (31) could validate a PDZ class III motif, detected
by ELM at the carboxy terminus of myotilin and the
FATZ (calsarcin/myozenin) families. This evolutionarily
conserved carboxy-terminal motif mediates binding to
PDZ domains of ZASP/Cypher and other Enigma
family members (ALP, CLP-36 and RIL) and disruption
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of these interactions results in myofibrillar myopathies
(32). Additionally, ELM annotations can contribute to
high-throughput screenings (33) as well as development
of novel algorithms (34-36), methods (37) and databases
(38). Furthermore, the highly curated data of the ELM
resource are used as a benchmarking data set to evaluate
the accuracy of prediction algorithms (21,39,40).

For any such analysis, the user should be aware that many
matches to ELM regular expressions are false positives.
Before conducting experiments based on ELM results, it
is strongly advisable to check if a motif match is conserved,
exposed in a cell compartment in which the motif is known
to be functional. The ELM resource applies several filters
to provide the user with such information that should
ideally also be supported by the experimental evidence.

SUMMARY

The importance of SLiMs is highlighted by the growing
number of instances with relevance to diseases or viruses.
Yet, despite their importance and abundance, our under-
standing of linear motifs is still limited. This is mainly
owing to the fact that they are still quite difficult to
predict computationally and to investigate experimentally
(3,41,42). By better understanding the biology of linear
motifs, we hope to increase our insight into diseases and
viruses (and vice versa). The ELM resource tries to aid the
researcher in the search for putative SLiM instances by
providing a feature-rich toolset for sequence analysis.
Consequently, with the aforementioned additions and
changes, we hope that the ELM resource continues to be
a valuable asset to the community.
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A.2. Prediction of instances of known linear motifs using
protein interaction data — iELM

Summary

A rapidly growing number of protein-protein interactions is being published, often
resulting from HTP proteomic studies. For most of these interactions, we miss in-
formation about the molecular details of their interaction interfaces. Such knowledge
would be important to better understand the function of an interaction in its cellular
context and to develop potential inhibitors. In this article, we describe the method
iELM that aims at predicting potential SLiM-mediated binding inferfaces of protein
interactions.

Approach: iELM is based on the information that a particular class of SLiMs will bind
to a particular class of domains. Interacting domain instances have been manually an-
notated for all SLiM classes that are currently stored in the ELM resource. Using
these domain instances and their orthologues, HMMs have been created with the aim
to capture domain properties that divide domains into (sub)classes based on recogni-
tion of subsets of SLiMs. These HMMs have been used to search protein sequences
for instances of domains. If a domain instance has been found, interaction partners of
this protein have been consequently searched for instances of the corresponding SLiM
class. SLiM instances have been searched using the SLiMSearch program. SLiMSearch
uses regular expressions to identify potential SLiM instances and scores them based on
their local conservation and disorder propensity. In addition, potential SLiM instances
are assessed for overlap with known Pfam domains. The scores from these different
sub-methods have been combined into a SVM. Resulting domain-SLiM interfaces have
been assessed by PepSite for their ability to biophysically interact with each other on
condition that a known 3D structure of at least 30% similarity to the domain instance
was available.

Findings: HMMs of domains stored in Pfam have often been found to be too general
for being used in SLiM-domain interface prediction necessitating the definition of own
HMMs. iELM performed well on benchmark data sets with sensitivities around 75%
and specificities around 80%. iELM has been applied to all human protein interac-
tions stored in the STRING database (306,211 in total). Of those, more than 12,000
interactions were predicted to be likely to be mediated by a SLiM-domain interface.
The predicted SLiM-domain interfaces comprised published and unknown ones.
Discussion/Conclusions: iELM currently only works for SLiM classes that are anno-
tated in the ELM resource but can easily be extended to other SLiM classes. The
number of protein interactions for which SLiM—domain interfaces can be predicted
is likely to increase with increasing numbers of annotated SLiM classes. Detection
of SLiM—domain interfaces in protein interactions can provide information about the
directionality of interactions, e.g. by providing information about which protein will
posttranslationally modify which other protein. In addition, prediction of overlapping
binding interfaces within one protein chain can be used to suggest interactions that
are mutually exclusive. This is very valuable information when trying to decipher the
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different functions that one protein can be engaged with.

Contribution: The development of iELM has been resulted from my work in Toby
Gibson’s lab at EMBL during my Master’s thesis that focussed on using protein in-
teraction information for improving linear motif prediction. During my PhD thesis, I
have finalised my Master’s project and assisted the first author of this article in further
method development. I have helped structuring and improving the manuscript.
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ABSTRACT

Motivation: Eukaryotic proteins are highly modular, containing
multiple interaction interfaces that mediate binding to a network
of regulators and effectors. Recent advances in high-throughput
proteomics have rapidly expanded the number of known protein-
protein interactions (PPIs); however, the molecular basis for the
majority of these interactions remains to be elucidated. There has
been a growing appreciation of the importance of a subset of
these PPIs, namely those mediated by short linear motifs (SLiMs),
particularly the canonical and ubiquitous SH2, SH3 and PDZ domain-
binding motifs. However, these motif classes represent only a small
fraction of known SLiMs and outside these examples little effort has
been made, either bioinformatically or experimentally, to discover the
full complement of motif instances.

Results: In this article, interaction data are analysed to identify and
characterize an important subset of PPIs, those involving SLiMs
binding to globular domains. To do this, we introduce iELM, a method
to identify interactions mediated by SLiMs and add molecular details
of the interaction interfaces to both interacting proteins. The method
identifies SLiM-mediated interfaces from PPl data by searching
for known SLiM-domain pairs. This approach was applied to the
human interactome to identify a set of high-confidence putative
SLiM-mediated PPlIs.

Availability: iELM is freely available at http://elmint.embl.de
Contact: toby.gibson@embl.de

Supplementary information: Supplementary data are available at
Bioinformatics online.

Received on October 26, 2011; revised on January 9, 2012; accepted
on January 28, 2012

1 INTRODUCTION

Short linear motifs (SLiMs) are compact domain binding interfaces
ubiquitous in eukaryotic proteomes. They mediate a range
of important cellular processes including protein scaffolding

*To whom correspondence should be addressed.

[e.g. SOS1 SH3 motifs (Kaneko et al., 2008)], cell signalling
[e.g. PDZ motifs (Lee and Zheng, 2010)], subcellular compartment
targeting (e.g. nuclear localization signals (Fontes et al., 2003)],
post-translational modification [e.g. sumoylation (Yang and
Gregoire, 2006)] and cleavage [e.g. caspase 3 cleavage sites (Pop
and Salvesen, 2009)]. SLiMs consist of ~3—10 amino acids though
usually only 2—4 residues are strictly required for binding. As a
result of the limited number of residues contacting their binding
partner, SLiMs bind with low affinity [usually between 1.0 and
150 micromolar (Diella et al., 2008)] distinguishing them from
domain—domain interactions that often have an affinity in the
nanomolar range (Neduva et al., 2005). This attribute of a weak-
binding affinity renders SLiM-mediated interactions difficult to
detect experimentally (Diella et al., 2008). A number of resource-
and time-intensive experiments are therefore required to properly
validate a SLiM, ranging from mutational analysis to structural
studies (Davey et al., 2012). The use of bioinformatics is therefore
an important technique to direct or augment the experimental
elucidation of SLiMs.

A number of databases have been developed to facilitate our
understanding of SLiMs. The Eukaryotic Linear Motif (ELM)
resource (Dinkel et al., 2012) contains over 1600 experimentally
validated SLiM instances while the Minimotif Miner (Mi et al.,
2012) database has collected over 880 consensus sequences. These
datasets generate insights into the attributes of SLiMs, such as their
conservation among homologues and enrichment in disorder. This
enables the development of prediction servers within both the ELM
and Minimotif Miner resources to filter novel instances based on
the attributes of the curated regular expressions. However, both
servers have issues with over-prediction. The SLiMSearch resource
(Davey et al., 2011) expands this methodology to whole proteome
searches. This method scores a SLiM instance by assessing the
sequence conservation of the motif in its orthologous proteins,
however, disordered regions are often poorly aligned and this can
lead to an artificially low score for some motifs (Perrodou et al.,
2008). The Anchor (Meszaros et al., 2009) predictors rely on the
propensity for SLiMs to undergo a disorder-to-order transition upon
binding and «-MORF-Pred (Mohan et al., 2006) identifies patterns
in a disorder prediction output. Other resources have focused on a
subset of SLiMs (Hui and Bader, 2010; Li et al., 2008), for example,

976 © The Author 2012. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Identification of SLiM interfaces

ScanSite (Obenauer et al., 2003) was established to identify short
protein sequence motifs based on peptide library and phage display
experiments.

The growth in the number of protein complexes with a determined
3D structure has facilitated the development of structural tools
to predict SLiM specificities (Betel et al., 2007; Encinar et al.,
2009; King and Bradley, 2010; Petsalaki et al., 2009; Stein and
Aloy, 2010). The ADAN database (Encinar et al., 2009) utilizes
the FoldX algorithm (Schymkowitz et al., 2005) to perform an
assessment of the stability and affinity of peptide—domain complexes
under in silico mutagenesis analysis. However, the requirement for
extensive knowledge of these interfaces has generally curtailed this
type of method to well-studied and ubiquitous domains, such as
the SH3, SH2 and PDZ domains (Encinar et al., 2009; Stein and
Aloy, 2010). The exception is PepSite (Petsalaki et al., 2009), which
provides a generic method to predict peptide binding by using a
position-specific scoring matrix to predict peptide binding though
this all-encompassing approach lead to a decrease in accuracy
when compared with domain-specific methods. SLiM prediction
has also taken advantage of the recent advances in high-throughput
proteomics (Beltrao and Serrano, 2005; Edwards et al., 2007;
Linding et al., 2007; Neduva et al., 2005), for example, Dilimot
(Neduva et al., 2005) and SLiMFinder (Edwards et al., 2007)
identify novel SLiM classes by searching for enriched motifs
within interaction data while NetworKIN (Linding et al., 2007)
uses protein—protein interaction (PPI) data to elucidate the kinase
associated with a particular phosphorylation site. However, the
inherent noise within PPI networks hinders these methods. Despite
these advances in the area of SLiM discovery tools, outside the
intensively experimentally studied SH3, SH2 and PDZ domains,
the expected deluge of new SLiM instances and classes has not
occurred. Nevertheless, there is clearly signal in each of the methods
described as demonstrated by the positive results produced in the
analyses of Translin (Neduva et al., 2005), EH-1 (Copley, 2005)
and KENBox (Michael et al., 2008) SLiM classes, as well as, the
identification of kinases associated with particular phosphorylation
sites by NetworKin (Linding et al., 2007).

In this study, we produce a high-confidence list of human
SLiM-mediated interfaces by creating a method (iELM) that
identifies SLiM—domain partners from interaction data. A dataset
of SLiM-binding domains and SLiM-mediated interactions was
manually curated from the literature. These annotated domains
were used to train Hidden Markov Models (HMMs) to specifically
recognize SLiM-binding domains associated with a particular ELM
class. To identify true SLiM instances a combination of methods,
relying on known SLiM attributes, were incorporated allowing the
assessment of a binary interaction for a complimentary SLiM-
domain partnership. This association is also assessed for structural
feasibility by the structural bioinformatics tool, PepSite. The iELM
method enables the analysis of the human interactome for SLiM-
mediated interfaces and interactions. A list of high-confidence
SLiM-mediated interfaces for the human interactome is produced
and can be accessed at http://elmint.embl.de.

2 METHODS

iELM assesses a binary interaction for a SLiM—domain interface and, if
present, outputs the SLiM sequence and the globular domain putatively
responsible for binding.

2.1 Datasets

The SLiM functional classes used in iELM were extracted, in the form of a
regular expression, from the ELM database (2011-03). The ELM resource
annotation did not include information about the binding partners and binding
domain for each ELM class. To identify this information, the 3DID resource
(Stein et al., 2011) was parsed for the SLiM-binding domains in complex
with a peptide from an ELM class; however, this search only identified 28%
(44) of the binding domains for the ELM classes. To identify the remaining
72% (112) of SLiM-binding domains a literature search was undertaken.
The annotation process recorded the UniProt ID, the binding domain and the
domain’s position within the sequence as well as, when possible, the affinity
of the binding (see Supplementary Table S3).

2.1.1 Annotation of true positive SLiM-mediated interface dataset The
true positive dataset is the experimentally annotated dataset of SLiM—domain
interaction interfaces (SLiMDoM dataset) based on the aforementioned
literature survey and the crystal structures retrieved from the 3DID database.
The SLiMDom test dataset consists of 1080 SLiM-domain-mediated
interactions and the training set comprises of 434 SLiM—domain-mediated
interactions. This dataset was divided for each ELM class in a 3:1 divide
with respect to testing and training.

A second true positive dataset based on the annotation from the Domino
(Ceol et al., 2007) resource (version 2009-10) was also assembled. The
Domino database annotates the sequences of peptides experimentally shown
to bind to a particular globular domain. With our a priori knowledge of the
Pfam domain (Finn et al., 2010) that binds an ELM class, the appropriate
ELM regular expression (Dinkel et al., 2012) was used to search within the
binding peptides. The results were recorded and are referred to as the Domino
dataset (Supplementary Table S4) consisting of 1684 interactions.

2.1.2 False positive or control SLiM-mediated interface datasets
Experimentally validated negative instances are too rare to be used as a
control group. Instead a false positive dataset of SLiM-mediated interfaces
unlikely to be true was constructed. The majority of these interfaces are likely
to be true negatives, however, since our knowledge of SLiMs and PPIs is
incomplete, this set will undoubtedly contain functional instances and true
interactions.

Two false positive datasets (SLiMDoM- and Domino-False Positive
Datasets) were created to be specific controls for each of the aforementioned
true positive datasets and the same procedure was applied to each. First, all
proteins in these datasets were collected along with their associated ELM
class(es). These proteins were combined in all possible combinations such
that in a dataset of 10 proteins, each protein would have nine interactions.
This list was then filtered for proteins associated with the same ELM class
as well as for known interactions [using STRING resource v9.0 (Szklarczyk
etal.,2011)]. After these filtering steps, 211 600 protein pairs were present for
the false positive SLIMDoM dataset and 111 156 pairs were present within
the false positive Domino dataset. These datasets were pruned to produce two
datasets each containing 30 000 interactions. The datasets used to train the
support vector machine (SVM) algorithm are described in the Supplementary
Material.

A final test dataset was constructed to assess the performance of the
iELM method on ‘real-world’ PPI data from the BioGrid (Stark et al., 2011)
database (version 3.1.70). This PPI network was randomized by node degree
conservation using the Neat web server (Brohee et al., 2008) to ensure the
underlying structure of the network remained intact.

2.2 HMM production

The HMMs were trained on a multiple sequence alignment consisting
of the experimentally annotated SLiM-binding domain instance and its
orthologous proteins. The underlying assumption of this being that the
orthologous domains of the annotated domain would also bind the motif.
The orthologous sequences of the annotated protein were identified using
the Gopher programme (Davey et al., 2007) to search the UniProt database
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(UniProt release 2011-05) (UniProt Consortium, 2010) by BLAST reciprocal
best hit for each species (Altschul ez al., 1990). These orthologous proteins
were aligned using the multiple sequence alignment programme Muscle
(Edgar, 2004) and the position of the SLiM-binding domain identified
within the alignment. To remove poorly sequenced and/or incorrectly
identified orthologues, aligned domains with indels covering >10% of
the reference domain sequence were removed. The sequences were then
iteratively realigned and poorly aligned sequences removed until a set of
orthologues were identified with <10% indel coverage compared with the
curated reference SLiM-binding domain. The HMMs were trained on this
alignment using the HMMer programme’s (Eddy, 1998) HMMBuild. The
HMMs produced by this process are the ‘domain identifier’ HMMs. For the
benchmarking, only the 434 HMMs made from the SLiMDom training set
were used.

2.3 Modelling domains for PepSite

PepSite requires a Protein Data Bank (PDB) structure in order to predict
the binding position of a peptide. The sequences of all the 3D structures
from the PDBe database (Velankar and Kleywegt, 2011) were blasted
against the human UniProt (UniProt Consortium, 2010) sequences for
matches with a sequence identity of >30%. For all the non-identical
matches detected, structural models of the domain were produced using the
MODELLER programme (Eswar et al., 2000) (see Supplementary Fig. S4
for receiver-operating characteristic curve (ROC) for PepSite benchmarking
on models).

2.4 Training SVM Kkernel

The score for the iELM resource is calculated using a SVM learning
algorithm (Joachims, 2002). The SVM algorithm was trained on the SVM
true positive and SVM false positive datasets (see Supplementary Material).
The iELM method was run with 75% of the data used as a training dataset
and 25% as a test dataset and a SVM trained model produced.

2.5 Method outline

2.5.1 Domain identifier The HMMer package’s HMMSearch programme
was used to search a sequence using the domain identifier HMMs. The
domain identifier uses an E-value cut-off of 0.01 (Finn et al., 2010) and,
in order to remove fragment hits, all hits with a length of <80% of the
annotated SLiM-binding domain’s length were also rejected; if a result is
returned, the E-value score(s) is converted into a domain score. The domain
score is a similarity score to the optimal score of an annotated SLiM-binding
domain of similar length. This calculation was based on the equation of
the regression line calculated from the optimal E-value hit for each domain
against the length of the annotated HMM (Pearson’s correlation value 0.96).
The HMM_length is the length of the HMM used to make the prediction
and the E-value is the estimated likelihood calculated by the HMMSearch
programme:

- 1.93E —value
" HMM._length—1.076

2.5.2 iELM method iELM predicts the SLiM-mediated interfaces of a
single binary interaction by combining the domain identifier with the
motif discovery programme SLiMSearch (Davey et al., 2011), the disorder
predictor IUPred (Dosztanyi et al., 2005) and the structural analysis
programme PepSite (Petsalaki et al., 2009) (see workflow in Fig. 1).

2.5.3 Interface-pair identification A binary interaction is first queried for
interacting domains as annotated in the 3DID resource (Stein et al., 2011).
The identification of a putative domain—domain interaction between the
binary partners leads to the search being discontinued and the domain—
domain interaction being returned. Otherwise, the two proteins in the binary
interaction are searched using the following two procedures. The Domain

identifier searches a sequence using the domain identifier HMMs in order to
identify putative SLiM-binding domains. If a putative SLiM-binding domain
is present, a search is undertaken for the corresponding SLiM of the same
ELM class in the interacting protein. The SLiMSearch programme uses a
regular expression, annotated within the ELM resource, to identify potential
SLiMs and assigns a Relative Local Conservation (RLC) score of the residues
based on a multiple alignment of the sequence and its orthologues [see
Davey et al. (2011) for details]. The SLiM and its surrounding residues
are then assessed for their propensity to be in a region of intrinsic disorder
using TUPred. The SLiMSearch programme also outputs a score for the
Conservation Score (Chica et al., 2008) and a RLC variance score indicating
the differences in conservation between the individual amino acids of the
SLiM instance. Contextual information such as overlapping Pfam Domains
and PDB structures (Velankar and Kleywegt, 2011) is also included.

2.5.4 Interface-pair scoring 1If a complimentary SLiM-domain
association is found then the score from the domain identifier and the SLiM
detection methods are assessed using a SVM trained model, otherwise the
search discontinues. The following scores are considered using SVMj;gh
classify programme (Joachims, 2002) for assessment: Domain score, RLC
score, RLC variance, IUPred disorder score, the Conservation score and
HMM length. Finally, the SLiM—domain interface is assessed using PepSite,
to test whether or not the binding is biophysically feasible. This requires a
PDB structure (or a model) of the putative SLiM-binding domain. If such
a 3-dimensional structure is available, PepSite analyses the SLiM-binding
domain for the likely binding position of the peptide, producing a putative
binary complex and a score for the likelihood of the interaction. This score
is not included in the iELM score calculated by the SVM, because identified
SLiM-binding domains often do not have known 3D structures with >30%
sequence identity and therefore cannot be assessed using PepSite.

2.6 Method assessment

2.6.1 Dataset assessment The datasets were split into training and test
datasets and assessed for sensitivity and specificity:

Number of true positives

Sensititvity= — -
Number of true positives+Number of false negatives

o Number of true negatives
Specificity=

Number of true negatives+Number of false positives
The true hits are considered correct if the annotated SLiM and SLiM-
binding domain positions were predicted to bind with a score above the set
threshold.

3 RESULTS

3.1 Features of SLiM-domain interfaces

The annotated SLiMDom dataset reveals that many globular domain
classes bind to multiple ELM classes (156 ELM classes annotated
to 85 globular domain functional classes). Those globular domain
Pfam families that bind multiple ELM classes can be broadly divided
into two categories. The first type, have an over-arching canonical
SLiM with subgroups, in general, defined by slight differences in
flanking residues of the motif. These classes partially overlap with
changes in binding affinity distinguishing closely related subgroups
[e.g. Huang et al. (2008); Kay et al. (2000)]. For example, the core
constituent of the canonical SH3-binding SLiM is PxxP (x = any
amino acid) with the specificity of the subgroups of this domain
class arising from the flanking residues (e.g. YxxPxxP as compared
to PxxPxR) (Li, 2005). The second category can also be divided into
subgroups, however in contrast to the first type, no over-arching
canonical SLiM can be defined, as the SLiMs associated with
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Fig. 1. A workflow for the iELM method. The pipeline proceeds through
four major stages utilizing the 3DID resource (purple), the SLiM-binding
domain identification method (green), the SLiMSearch methods (yellow)
and the PepSite structural bioinformatic methods (red). After this step, the
bioinformatic pipeline ends and laboratory verification is required.

this type of domain family are too diverse. These subgroups often
contain only paralogous proteins and have SLiM specificities that are
very definitive and often exclusive to each subgroup. For example,
the WD40 domains of beta-TrCP (uniprot: Q9Y297) bind to a
phospho-dependent degron SLiM (LIG_SCF_TrCP_1 - DSGxxS)
while the WD40 repeats of PEX7 (uniprot: O00628) binds to a
seemingly unrelated SLiM (TRG_PTS2 — Rxxx[LIV]xx[HQ][LIF])
(Stirnimann et al., 2010).

A method for identifying SLiM-domains must be able to
distinguish between the aforementioned subgroups. The use of
HMMs to identify globular domains and transmembrane regions
is well established (Eddy, 1998; Finn et al., 2010) and incorporated
into resources such as Pfam. The HMMs trained by Pfam recognize
functional domain groups and could therefore be used to identify
SLiM-binding domains. However, these HMMs are not able to
distinguish the aforementioned intra-domain binding specificities,
since the training of Pfam HMMs does not take into account
the subcategorization of a domain family by SLiM specificities.
We therefore used the annotated and experimentally validated
SLiM-binding domains (and their orthologues) to train HMMs. By
incorporating known binding specificities, those HMMs trained to
recognize SLiM-binding domain should distinguish the subgroups

of those functional globular domains that bind multiple ELM classes
(see Supplementary Material for details).

3.2 Benchmarking the domain identifier

Two types of HMMs were used: those extracted from Pfam (version
25.0) and those that we generated based on the experimentally
validated SLiM-binding domains (domain identifier HMMs) (from
the training set—see Section 2 for details). For each of the SLiM—
domain interactions from the SLiMDoM dataset, the benchmarking
assessed whether either the Pfam- or domain identifier HMMs
identified the known binding domain. The domain identifier HMMs
achieved a sensitivity of 84.0% (907/1080) and a specificity of
90.1% [false positive rate (FPR): 2696/30 000]. Pfam HMMs
accomplished a sensitivity and specificity of 65.1% (703/1080)
and 72.1% (FPR: 8370/30 000), respectively (see ROC curves in
Fig. 2a) suggesting that the use of HMMs trained on SLiM-binding
domains is a more effective way of identifying putative SLiM-
binding domains. The domain identifier HMMs were also assessed
for intra-domain specificities using the annotated SH2 and SH3
domains. The domain identifier HMMs achieved a specificity of
83.9% and a sensitivity of 80.3% (see Supplementary Fig. S2).

3.3 iELM benchmark

The iELM method was benchmarked using two separate datasets.
The first consists of experimentally validated SLiM-mediated
interaction data (SLiMDoM dataset) and the second is based on
the Domino dataset, which is curated from the Domino database’s
experimentally annotated peptide—domain interactions (for full
results see Supplementary Table S5). The performance of iELM on
the SLiMDoM dataset using the domain identifier HMMs (cut-off
= —1.0) was a sensitivity of 84.8% (916/1080) and a specificity of
86.5% (FPR: 4050/30 000) while using the Pfam HMMs decreased
both the sensitivity and specificity scores to 76.1% (822/1080) and
80.4% (FPR: 5880/30000), respectively (Fig. 2b). Using iELM
(cut-off = —1.0) with the domain identifier HMMSs on the Domino
benchmark dataset achieved a sensitivity of 75.5% (1272/1684) and
a specificity of 83.4% (FPR: 4980/30000). In comparison, the use
of Pfam HMMSs managed a sensitivity and specificity of 60.9%
(1025/1684) and 79.4% (FPR: 6180/30 000), respectively (Fig. 2c).
The application of the SVM was contrasted to using a cut-off system,
based on the recommendations in the respective papers. The cut-
off version of iELM (IUPred: 0.4; Motif score: 0.5; Domain score:
0.4) on the SLiMDoM dataset achieved a slightly better specificity
89.3% (FPR: 3111/30000) but a much lower sensitivity of 70.4%
(760/1080) than the SVM-based method.

The iELM method was also benchmarked on ‘real world’ data
whose interactions were collected independently of whether or
not they were SLiM mediated. The BioGrid interaction dataset
and a randomized version of this dataset (both containing 46 676
interactions) were assessed using iELM (cut-off = —1.0) with the
domain identifier HMMs. Within the BioGrid interaction dataset,
11153 SLiM-mediated interactions were identified compared to
1112 in the randomized network suggesting a FPR of 9.97%.

3.4 Human interactome analysis

The interfaces for the majority of PPIs are still unknown and it is
therefore of interest to detect novel motif-mediated interfaces on
a proteome-wide scale. A human PPI network comprising 306211
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Fig. 2. ROC curves and SVM kernel weights. Plots describing the properties
of the domain identifier and iELM methods. (a), (b) and (c) are ROC
curves. These curves are a graphical plot of sensitivity versus 1 - specificity
as compared with random (the grey line). The ROC curves demonstrate
that for detecting SLiM-binding domains and SLiM-mediated interfaces,
respectively, the two methods are a considerable improvement over random.
Furthermore, they illustrate the advantages of training HMMs on annotated
SLiM-binding domains. (a) Benchmark dataset results for domain identifier
method. (b) The iELM method as benchmarked against SLiMDom dataset.
(¢) The iELM method as benchmarked against Domino data. (d) A bar plot of
the percentage of the total weight as assigned by the SVM kernel. (Domain
= Domain Score, RLC_var = RLC variance, length = domain-length, IDR =
intrinsic disordered regions, CS = conservation score). The ratio of weights
was consistent during multiple testing with a standard deviation of 0.0087,
0.019, 0.012, 0.0068, 0.016 and 0.017 for the domain score, RLC, RLC_var,
length, IDR and CS, respectively.

interactions [extracted from STRING (Szklarczyk et al., 2011) v9.0;
PPIs; cut-off = 0.6] was assessed using the iELM method (cut-off
= —1.0). In total, 12562 PPIs and 35476 interfaces were predicted
as SLiM-mediated by iELM, including 7251 predicted structures
(PepSite score < 0.25) (Fig. 3b and Supplementary Table S2). A
large number of these PPIs are mediated by multiple SLiM classes
or SLiM instances, for example, in the interaction between GRB2
(uniprot:P62993) and SOS1 (uniprot:Q07889); SOSI1 has seven
putative SH3 motifs and GRB2 has two SH3 domains, potentially
this can equate to 14 binding interfaces for a single PPI. The
putative motif interface map of the human interactome, produced
by the iELM method, identified a large number of potentially novel
SLiM-mediated interfaces as well as demonstrating the ability of
iELM to automatically annotate the edges of interactions within
a PPI network. To explore the interactome produced by iELM,
the putative SLiM-mediated-interaction interfaces associated with
the cell division cycle protein 20 (CDC20; uniprot: Q12834)
were studied. CDC20 is a regulatory subunit of the anaphase-
promoting complex (APC/C) that targets proteins for ubiquitination

(a) (b)
TYPE | PPl interactions | _Interfaces
ALL 12562 35476
Lic 9283 23382
MOD 3476 1139
4 TRG 261 631
CcLV 176 322
s
(c) ELM Class No. Intoractions
LIG WW 4 80
& LIG_Clathr_CiatBox_1 31
" LiG_Ww_1 )
TRG _LysEnd_APsAclL 1 11
LIG_PTAP_UEV_1 T
LiG_sha_2 5
3, 2
2
E '|.iL:)“E§;3|:I"G hGWLL -1 1 .;-
;E&i:{ez?;etgemle'a::lon L gfﬁj-clfisr;'catizgecomar LIG_Clathr_CtatBox_2 !
TRG_ENDOCYTIC 2 1
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LIG_PTB_Apo_2 1
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Domain-binding ’ S Unknown-binding
domain = domain

Fig. 3. SLiM-mediated Human Interface Interactome. A summary of the
iELM results for the human interactome. (a) A cytoscape image (Cline et al.,
2007) of a subset of the interactions found to be motif-mediated within the
human interactome. The heavily-shaded and highly connected nodes (in dark
purple) are the SLiM-binding-domain-containing proteins (in a clockwise
order from the top left are): NEDD4, TS101, GGA3 and CLH]. In a slightly
lighter shading are highlighted those nodes, identified by iELM as, containing
SLiMs binding to the aforementioned SLiM-binding domains. (b) Statistics
for the number of interactions and interfaces for all the SLiM-mediated
interactions and then divided by type using ELM resource distinctions (LIG
= ligand, MOD = modification, TRG = targeting, CLV = cleavage). (c¢) A
table derived from the interactome shown in (a) depicting those ELM classes
found with the number of times they occur. (d) The modular interactions of
HGS found from the previous network. Also mapped on are interactions
found from the 3DID resource (in orange or lighter shading).

and subsequent degradation by the 26S proteasome (Peters, 2006).
In early mitosis, CDC20 joins the APC/C complex and targets
substrates for ubiquitination containing either a destruction box
SLiM (Glotzer et al., 1991) (D-box —RxxLxx¢ — ¢ = hydrophobic
amino acid) or a KEN-box (Pfleger and Kirschner, 2000) (xKENX).
The iELM method identified 34 PPIs (from 246 binary interactions)
with 41 putative SLiM-mediated interfaces that bind to CDC20 via
a D-box motif. All the experimentally annotated (seven instances)
ELM instances of D-box SLiMs (including human orthologues of
non-human instances) were identified as well as five additional
experimentally validated SLiMs (Peters, 2006). iELM identified
a number of interesting candidate interfaces binding to CDC20
including the sperm-associated antigen 5 (SPAGS), a protein
necessary for spindle formation during mitosis, a process whose
completion synchronizes with the formation of the APC/C complex
(Song and Rape, 2010) (see Supplementary Fig. S3).

980

2102 ‘6 KBy uo Sinoqsens VIAY] e /310 s[ewinolpioyxo’ sonewiojuroiq;/:dijy woij papeojumo(y



Identification of SLiM interfaces

In addition, we investigated a subnetwork of the human
SLIM-mediated PPI network associated with four SLiM binding
proteins: Clathrin heavy chain 1 (CLHI) (uniprot: Q00610),
ADP-ribosylation factor-binding protein GGA3 (GGA3) (uniprot:
QI9NZ52), E3 ubiquitin-protein ligase NEDD4 (NEDD4) (uniprot:
P46934) and tumour susceptibility gene 101 protein (TSG101)
(uniprot: Q99816), and their interactions (Fig. 3a). This subnetwork
contains 810 interactions, 173 of which are predicted by iELM as
SLiM-mediated interactions. This number includes SLiM interfaces
from three different categories of ELM (LIG or ligand, MOD
or modification, and TRG or targeting) and 14 different classes
(Fig. 3c). Of these 173 putative interactions, approximately half are
predicted to bind to NEDD4 via a WW-binding motif associated
with ubiquitinating substrates. The remainder of the putative
protein interfaces function within endocytic-related pathways;
for example, the Clathrin-Box motif-mediated interactions are
associated with clathrin-mediated vesicular trafficking. The protein
hepatocyte growth factor-regulated tyrosine kinase substrate (HGS)
(uniprot: O14964) was extracted from this network and its module
architecture investigated (Fig. 3d). This protein contains putative
SLiMs for targeting HGS for ubiquitination (via NEDD4), clathrin-
mediated endocytosis (via CLH1), signalling via Grb2 and P85A
(uniprot: P27986) as well as an annotated PTAP SLiM, involved in
the ESCRT signalling. Furthermore, 3DID data predict a domain—
domain interaction with Tom1 (uniprot: O60784). This subnetwork
highlights the information about functionality and directionality that
can be garnered by mapping SLiM-predictions onto PPI networks.

4 DISCUSSION

SLiM-mediated binding interfaces are key components of the human
proteome (Jorgensen and Linding, 2008) and are abundant within
the signalling pathways of the cell (Pawson, 2007). In this article, we
manually annotated domain-binding partners for 156 ELM classes
and curated 1514 SLiM-mediated interfaces, thus generating a high-
quality dataset for studying the interfaces between specific ELM
classes and their interacting domains. This dataset enabled us to train
HMMs for identifying SLiM-binding domains. These models were
then incorporated into a novel method called iELM with the aim of
detecting SLiM-mediated interfaces. iELM was able to distinguish
specificities within SLiM-binding domains (see Supplementary
Fig. S2), as well as identify SLiM-mediated interactions from a
background of PPIs (Fig. 3). The iELM method uses an SVM
algorithm in preference to a simple cut-off system due to our wish
to develop a method with the best ratio between sensitivity and
specificity. A comparison of these two techniques identifies the SVM
model as having a higher sensitivity but a lower specificity, with the
ratio weighted in favour of the SVM model. This suggests that using
the SVM will identify a greater number of true positive interactions
with only a slight increase in the FPR. iELM, so far, covers only
linear motifs as they are annotated in the ELM resource, but is easily
extendible to any SLiM, in the form of a regular expression, for
which the interacting SLiM-binding domain is known.

The importance of a number of canonical and ubiquitous domains
(e.g. SH2, SH3, PDZ and Pkinase) in signalling and regulatory
networks has lead to a great deal of work focusing on their SLiM-
binding properties (Beltrao and Serrano, 2005; Encinar et al., 2009;
Gfeller et al., 2011; Huang et al., 2008; Hui and Bader, 2010;

Li, 2005; Linding et al., 2007; Stein and Aloy, 2010). These
domains are abundant in higher eukaryotes with small differences
in amino acid composition leading to subtle shifts in specificities
(Encinar et al., 2009; Gfeller et al., 2011; Huang et al., 2008).
In the ELM resource, and by association in iELM, however, these
subtle shifts in specificity are not necessarily fully explored. This is
because for a particular SLiM functional class the ELM resource’s
annotation process aims to curate the full spectrum of variation
within eukaryotes; potentially this can allow too broad a specificity
for a SLiM and lead to false positive results. Despite these potential
problems, the iELM method performed strongly on benchmarking
datasets and was able to distinguish specificities for these ubiquitous
domains. More importantly, iELM incorporates the less well-known
SLiM classes (over two-thirds of those annotated in ELM) that
do not have this overlapping intra-domain specificity enabling a
more extensive array of SLiM-mediated interfaces to be predicted
for the human interactome. This is illustrated by those interactions
associated with targeting proteins for destruction, using D-box
motifs, as well as by a subnetwork of interconnected SLiM-mediated
interactions linked to endocytosis.

The automatic annotation of the molecular detail of a protein—
protein interface is an important step in understanding the function
of many of the interactions identified by proteomic experiments.
In this study, we developed a novel method enabling for the first
time, to our knowledge, the fast and automatic annotation of SLiM-
mediated interactions on large-scale datasets. The development
of iELM permitted us to produce an edge-based interactome of
12562 interactions with 35476 interfaces representing ~4% of
the known human interactome. This number is likely to represent
only a small fraction of the SLiM-mediated interactions within the
interactome, as it is only based on 156 ELM classes and SLiM-
mediated interactions are known to be under-represented in mass
spectrometry-derived proteomic data (Gavin et al., 2006). The final
percentage is difficult to estimate as the total number of SLiM classes
is unknown but taking into consideration that there are over 13 000
globular domain classes annotated in Pfam, the potential influence
of SLiM-mediated interactions is prodigious.

The annotation of the edges of PPI networks allows a more
biologically realistic edge-based analysis of PPI networks to be
implemented. This is important, as proteins are modular entities
whose function can vary depending on their interaction partners.
Furthermore, as proteins have a finite number of binding sites, an
appreciation of the location of their interaction surface will facilitate
models to consider mutually exclusive binding. The use of a node-
based view generalizes these properties and therefore loses the
subtleties of a protein’s behaviour, while an edge-based view would
distinguish this difference enabling a more accurate portrayal of
cellular networks.
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B.1. Structural basis for hijacking of cellular LxxLL motifs by
a papillomavirus E6 oncoprotein

The protein E6 from papillomavirus (PV) possesses two Zn-binding domains that
form one globular domain. This domain has been shown to recognize leucine-rich lin-
ear motifs of the form LxxLL where x represents any amino acid. Important cellular
interaction partners of E6, such as the ubiquitin ligase E6-associated protein (E6AP)
and the cellular adhesion protein paxillin, bear such LxxLL motifs that are preferen-
tially bound by HPV16 E6 and bovine papillomavirus 1 (BPV1) E6, respectively. It
has been unknown whether these LxxLL motifs constitute a particular type of eukary-
otic SLiM or whether they are overlapping with already known types of SLiMs such
as LD motifs. In this article, we describe the structure of full length BPV1 E6 bound
to an LxxLL motif derived from paxillin. In addition, we used our experimental data
to predict new potential cellular proteins with LxxLL motifs that were successfully
validated for binding to E6. This summary strongly focusses on the computational
part of this article.

Approach: The structure of the fusion construct MBP - LxxLL motif (MDDLDAL-
LAD) - BPV1 E6 has been solved by crystallography. Phage display and mutagenesis
have been performed to identify preferences for residues at positions surrounding the
conserved leucines. These data in combination with observations from the complex
structure have been used to define a regular expression and PSSM. The human and
bovine proteomes have been screened using the regular expression. Resulting matches
were filtered based on their disorder propensity (rejected if predicted to be in ordered
regions), scored and ranked using the PSSM. Functional annotation terms of the pro-
teins bearing identified matches have been searched for significant enrichments.
Results: The structure reveals a helical LxxLL motif that binds into a pocket that is
formed by both Zn-binding domains of E6. Proteins predicted to contain LxxLL mo-
tifs have equally been identified in independent co-precipitation experiments that were
combined with mass spectrometry. The best matches of LxxLL motifs have also been
validated in vitro to bind to E6. Proteins carrying identified LxxLL motifs were found
to be frequently annotated with cell adhesion, cytoskeletal dynamics and organisation
as well as transcription regulation, cell proliferation and cell death terms.
Discussion/Conclusions: The LD motif might represent a subclass of LxxLL motifs.
Identified potential interaction partners of E6 are worth further investigation to iden-
tify their eventual implications in the viral life cycle and in malignant transformation
via interaction with E6. The structure of the E6-paxillin complex has shown how E6
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proteins specifically capture acidic LxxLL motifs to hijack multiple cellular functions.
Contribution: 1 have contributed to the definition of the regular expression and the
PSSM. I have implemented and performed the proteome-wide screens and filtering
strategies as well as the annotation term enrichment analysis. I have been involved in
the data analysis and figure preparation.

This manuscript had been once submitted. A modified manuscript is in preparation
comprising in addition to the BPV1 E6 structure the HPV16 E6 structure. The com-
putational part and related experimental data will be published separately.

Author list: Sebastian Charbonnier, Nicole Brimer, Abdellahi Ould M’hamed Ould
Sidi, Katja Luck, Katia Zanier, Khaled Ould Babah, Tina Ansari, Isabelle Muller,
Pierre Poussin, Vincent Cura, Charles Lyons, Jean Cavarelli, Scott Vande Pol, Gilles
Travé.

Extraction of supplementary methods: Proteome-wide prediction of pro-
tein binders to E6

The human and bovine proteome together with annotations were downloaded from
Ensembl v58 [203]. The proteomes were pre-screened with a regular expression repre-
senting a raw definition of the leucine-rich E6-binding motif. The regular expression
was defined as follows: ...LD.L[LFM].. — ..[DE|L["E].L[LFM].. A dot represents any
amino acid, amino acids in brackets are allowed at this position, ~ represents not and
— represents the logical or. Matches of the regular expression were analysed for their
propensities of being in disordered regions of the proteins using IUPred [140]. The
mean IUPred scores of the motifs and, if possible of the 10 amino acids upstream and
downstream were calculated. Motifs with at least one of these 3 mean scores j 0.4
were rejected. The above procedure retained 387 potential BPV-1 E6-binding mo-
tifs, which were subsequently ranked using a score calculated with a Position Specific
Scoring Matrix (PSSM) based on the work of Mount et al. [204]. The PSSM contains
values for the likeliness of a residue to be part of the motif for each amino acid at
each position of the motif. These values were determined by taking the logarithm
of the frequency of occurrence of an amino acid at a particular position divided by
the background frequency of this amino acid in the proteome. Frequencies of amino
acids at motif positions were based on the mutagenesis experiments, the phage dis-
play data and observations based on the BPV-1 E6-LxxLL structure presented in this
manuscript. Amino acids that do not appear at specific motif positions were given a
very small pseudo count of 10E-10. The scored motifs were further annotated for func-
tional, structural and cellular location information using the Database for Annotation,
Visualisation and Integrated Discovery (DAVID) v6.7 [205] (see supplemental Table
3). A motif was marked for its occurrence in coiled-coil regions if at least one of its
residues was predicted to be part of coiled-coil [206]. Note that several proteins, such
as PXN, AP1G1 or TGFBI1I1, were found to contain several instances of potential
BPV1 E6-binding motifs (see Figure 3A).
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Abstract

Papillomavirus E6 oncoproteins are key players in epithelial tumours induced by
papillomaviruses in vertebrates, including cervical cancer in humans. Despite their small
size (~150 residues) E6 proteins recognize large numbers of host proteins. Here, the crystal
structure of bovine papillomavirus E6 bound to cellular focal adhesion protein paxillin
reveals that E6 proteins possess a basic-hydrophobic pocket that specifically recognises
acidic LxxLL helical motifs. We identified various E6-binding host proteins related to
transformation and immortalisation that contain this motif, and inactivation of the LxxLL
binding site disrupted the transforming phenotype of E6. Thus, the structural basis of E6
oncogenic activity resides in its peptide binding pocket, which allows E6 to hijack a large
family of sequence motifs mediating protein-protein interaction networks related to

oncogenesis.



Papillomaviruses (PV) infect the cutaneous or mucosal epithelia of vertebrates, with
more than 200 PV types so far identified and sequenced (/). Whereas most PVs produce
epithelial hyperplasias, infections by a subset of types known as "high-risk" PVs may
eventually lead to cancer. In particular, cervical cancers are caused by High-risk mucosal
Human PVs (Hrm-HPVs) (2) and some skin cancers have been associated with high risk
cutaneous HPVs (3). Bovine Papillomavirus Type 1 (BPV-1) is a model system for
papillomavirus transcription, transformation and replication (4) and induces tumours in its
natural host (cattle) and in a heterologous host (equids).

PV carcinogenesis is primarily linked to two PV oncoproteins, E6 and E7. Hrm-HPV
E6 recruits the ubiquitin ligase E6AP and the tumour suppressor p53, leading to ubiquitin—
mediated degradation of p53 (5). Hrm-HPV E6 also interacts with many other cellular
proteins, sometimes resulting in their proteasome-dependent degradation (6). Hrm-HPV E6
recognises several of its target proteins (including E6AP (5) and IRF-3 (7)) via acidic
Leucine-rich motifs containing an LxxLL consensus sequence (8, 9). Low-risk mucosal
HPV-11 also interacts with the Leucine-rich motif of E6AP (/0). Finally, BPV-1 E6
recognises within the focal adhesion protein paxillin several acidic sequences, containing
the LxxLL consensus plus additional conserved features, known as "LD motifs" (/7). E6
binding to LD motifs on paxillin is required for cellular transformation by E6 (12, 9, 13).
Within the host cell, LD motifs regulate cell motility, cell adhesion and gene expression by
mediating the interaction of paxillin and related proteins with partner proteins including
Focal Adhesion Kinase (FAK), Vinculin, GIT1 (/7) and alpha Parvin (/4).

Most mammalian PV E6 proteins are small cysteine-rich proteins consisting of two

zinc-binding domains, E6N and E6C. Whereas the solution structure of a soluble mutant of



HPV-16 E6C domain has been determined (/5), full-length mammalian E6 proteins,
including BPV-1 E6, undergo self-oligomerisation processes (/6), which have precluded
their structural analysis for more than twenty years.

To circumvent this problem, we fused together a highly soluble, crystallisation-prone
mutant of the bacterial Maltose Binding Protein (MBP), the E6-binding LxxLL sequence
present in the LD1 motif of paxillin, and the BPV-1 E6 protein (Supplemental Fig. 1). The
resulting MBP-LxxLL-E6 triple fusion construct was produced as a soluble monomer,
which readily crystallised in the space group C222,, yielding diffraction data at a resolution
better than 2.3 A using synchrotron radiation. The structure was solved by molecular
replacement using the known structure of MBP as a template (Supplemental Fig. 2) (7).

The structure of E6 bound to paxillin comprises two zinc-binding domains connected
by a linker helix (Fig. 1A, Supplemental Fig. 4). The C-terminal domain (E6C, residues 58-
137) adopts a zinc-binding fold similar to that of the isolated HPV16 E6C domain in
solution (/5). The resolved region of the N-terminal domain (E6N, residues 11-57) shares
common structural features with the corresponding region of E6C, onto which it can be
well superimposed (Supplemental Fig. 5).

The E6-bound motif (sequence M,D,D,L,D;A/L,L;A,D,,) adopts a helical
conformation from residue D, to residue Lg (Fig. 1A, B, D) and inserts inside a groove
composed by the two zinc-binding domains and the linker helix of E6 (Fig. 1A, C, D). The
three leucine residues L,, L, and Ly defining the LxxLL motif are plugged into a pocket of
hydrophobic residues (W19, F37, V40, A49, 1.54, C57, L58) exclusively contributed by the
E6N domain (Fig. 1, C, E). The E6N domain also contributes an electrostatic component to

the complex, via R42 whose side chain forms a salt bridge with D, of the peptide and is



also proximal to D, (Fig. 1B, bottom right). However, most E6-peptide charge interactions
are contributed by E6C. The surface of E6C oriented towards the peptide (Fig. 1B, D) bears
seven basic residues (H79, K81, R85, R89, K96, R116 and R121), resulting in a large
positively charged surface, which provides a favourable electrostatic environment likely to
attract negatively charged peptides into the binding pocket. The side-chain of R116
establishes a salt bridge with the side chain of residue Dy of the peptide. Other positive
residues of the E6C surface participate to a network of interactions mediated by water
molecules connecting the peptide and the binding pocket (Fig. 1B).

The viral oncoprotein E6 displays a novel mode of LxxLL motif recognition as
compared to cellular proteins that bind LxxLL motifs. The cellular FAT and CH domains
are helical domains that recognise the LD motif with rather weak equilibrium affinity
constants (K, ~ 100 uM to 1 mM) via surface interactions, with the bound motif occupying
a peripheral position (I8, 19) (Fig. 1G). Helix-shaped LxxLL motifs are also found within
the "NR boxes" that mediate the interaction of transcription coactivators with the LBD
domains of nuclear receptors (20). Like the FAT and CH domains, the LBD domains are
fully helical and bind rather weakly (K, ~ 1 uM (21)) to the LxxLL motif placed in a rather
peripheral position (Fig. 1G). Comparatively, the LD peptide of paxillin is significantly
more buried when clamped into the hydrophobic pocket of viral E6 (Fig. 1B, D).
Accordingly, E6 binds tightly to the paxillin LD motif, with an equilibrium dissociation
constant Ky~ 50 nM (Ould Sidi M'hamed et al., submitted to publication). Thus, E6 should
be able to compete very efficiently with host proteins for binding to paxillin and other

proteins displaying suitable LD or LxxLL motifs.



The sequences of E6 proteins of various papillomaviruses are well aligned with that
of BPV-1 E6 (Fig. 2A), indicating the conservation of the overall structure composed of
two zinc-binding domains connected via a linker helix. Most hydrophobic and polar
positions critical for peptide binding are well conserved in nature, yet not always identical.
This suggests that HPV E6 proteins will recognise similar acidic / hydrophobic helical
motifs, albeit with fine variations in their sequence recognition specificities.

The E6-peptide structure reveals 21 BPV-1 E6 residues (indicated on top of the
alignment in Fig. 2A) that are involved in atomic contacts with the peptide motif. 12 single
point mutations altering residues of the motif-binding site of E6 were generated, among
which 8 mutants were defective for LxxLL motif recognition (Fig. 2B). Remarkably, E6
mutants disrupted for LxxLL-motif binding systematically lost the transformation
phenotype in living cells (Fig. 2B). Therefore, an intact LxxLL motif-binding pocket is
essential to the tumourigenic phenotype of E6.

Two ion bridges involving basic residues of E6 and acidic residues of the LxxLL
motif (R42-D3 and R116-D5) constitute electrostatic clamps (Fig. 1, B and E). Charge
swapping mutagenesis experiments targetting these clamps (Fig. 2C, 2D and Supplemental
Fig. 6) altered E6 peptide recognition specificities. In particular, E6 R116D became more
selective than E6 wt towards a panel of mutants of the LxxLL motif, and displayed a strong
preference for an LxxLL motif bearing the inverse charge mutation DSR. This shows that
R116 plays a critical role in recognition and indicates that a swapped R5/D116 ion bridge
has successfully replaced the original D5/R116 ion bridge in the mutated complex.

To further define the critical determinants of LxxXxLL-E6 interaction, 12-meric

peptides binding selectively to BPV-1 E6 were isolated out of a random peptide library



using phage display (Supplemental Fig. 7). Selected sequences were strikingly similar to
the sequences of the E6-binding paxillin repeats LD1, LD2 and LD4, allowing us to
propose a more refined 10-residue long regular expression for BPV-1 E6-binding LxxLL
sequences: D, X,D,L,Dy[-],L; (F/L);X,[-],, (Fig. 1F and Supplemental Fig. 7). The net
charge of the E6-binding peptides was always negative, in agreement with the structural
data, which showed that the E6C domain displayed a strongly positive surface prone to
attract negatively charged ligands (Fig. 1 D).

By combining the information gained from structural analysis, phage display and
mutagenesis data (/2), we defined precisely the LxxLL sequence motif recognised by BPV-
1 E6 (Material and Methods) and built a position specific scoring matrix (PSSM) profile
(22) (supplemental table 1) that were used to perform a sequence similarity search on the
human proteome. Since short protein interaction motifs are mainly found in non-folded
areas (23), we restricted our search to regions of the proteome predicted to be non-folded.
This procedure allowed us to generate and rank a short list of host cell proteins potentially
targeted by BPV-1 E6 (Fig. 3A and supplemental Table 2). Remarkably, 9 human proteins
(Fig. 3) predicted by our approach to be highly likely binders of E6, were independently
identified by co-precipitation experiments coupled with mass spectroscopy analysis (Fig.
3). Furthermore, all the short acidic LxxLL motifs detected within these proteins by our in
silico search were found to bind to BPV-1 E6 in vitro (Fig. 3). Therefore, a thorough
structural analysis can foster accurate proteome-wide bioinformatic predictions of the
cellular targets of a viral protein, which may be used to increase the significance of high-
throughput experimental interactomics data and/or decrease the number of putative targets

deserving to be explored for further biological validation.



The list of potential targets of E6 is highly enriched in proteins, which, like paxillin,
participate in cell adhesion and cytoskeletal dynamics and organisation, as well as
numerous regulators of transcription, cell proliferation or cell death (Fig. 3, supplemental
Table 2, supplemental Table 3). While all sequences in the list present acidic leucine-rich
patterns compatible with the E6 peptide binding pocket, only a small number of them
display the consensus sequence LDxLLxxL representative of the full LD motif (/7).
Therefore, the LD motif represents only a sub-class of a larger family of acidic leucine-rich
motifs potentially targeted by the E6 protein.

Selective interactions between short linear interaction motifs and their cognate target
domains are known to mediate protein-protein interaction networks involved in particular
cellular functions (24), which actually constitute an Achilles’ heel for viral attack (25). Our
data show that E6 has evolved a fold specialised in capturing a family of acidic
hydrophobic interaction motifs, including LD motifs, which participate in biological
functions related to transformation and immortalisation (Fig. 4). Such a motif hijacking
strategy is in principle extremely efficient, because a single binding pocket recognising the
key conserved residues of a target motif is able to capture a large number of instances of
the motif present among numerous cellular proteins and therefore strongly disrupt the entire
functional pathway mediated by the motif. This strategy may be further potentiated when,
as shown here for E6, the viral protein pocket binds tighter to the motif than its natural
cellular partners. Indeed, it was previously proposed that BPV-1 E6 might transform cells
through such competitive interactions at the LD motifs of paxillin (26).

In the absence of target peptide, E6 is likely to adopt a different overall structure. The

few interactions observed between E6N and E6C in the complex (Supplemental Fig. 8)



should be insufficient to maintain the two domains and the linker helix in their relative
positions. In addition, solvent exposure of the large hydrophobic pocket hidden by the
peptide (see Fig. 1C) should be energetically unfavourable. Whether the free structure
would resemble the model previously proposed for unbound HPV16 E6 (/5) remains to be
investigated. Indeed, the propensity to aggregation of unbound wild-type E6 proteins (/6)
and their strong affinity for target motifs suggest that most E6 molecules preferentially
exist as target-bound complexes in infected cells.

The structure of the E6-paxillin complex has shown how PV E6 proteins specifically
capture acidic LxxLL motifs to hijack multiple cellular functions. Structure-guided
inactivation of this LxxLL motif-binding site efficiently disrupted the transforming
properties of E6. This work, together with comparable structural studies of high-risk human
PV E6 oncoproteins bound to their cognate target motifs, should help us to design, screen

and rationally improve small molecule inhibitors of papillomavirus mediated oncogenesis.
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Figure legends

Figure 1.

A. Structure of E6 bound to paxillin LD1 motif. Blue: E6N, grey: linker helix, gold:
E6C, green: LxxLL peptide corresponding to residues 1-10 of paxillin.

B. Charged, polar and water-mediated interactions between E6 and peptide. Note the
electrostatic charge clamps R42 - D3 and R116 - D5.

C. The hydrophobic pocket (coloured pink) responsible for LxxLL motif recognition.

D. E6 surface charge potential (spectrum range —12 kT/e to +12 kT/e). Blue: positive
charge, red: negative charge. Acidic residues of the helical peptide are coloured red.

E. Key contacts between E6 residues and bound peptide. Magenta: hydrophobic
residues; blue: basic residues; pink dashed lines: hydrophobic van der Waals contacts;
black lines: polar contacts involving the side chain (plain black lines) or the main chain
(interrupted black lines) of an E6 residue.

F. The consensus motif recognised by BPV-1 E6, derived from aligned sequences of
paxillin motifs LD1, LD2 and LD4 and of E6-binding phage peptides (Supplemental Fig.
5).

G. Whereas LxxLL motifs bind tightly to viral E6, they bind superficially to cellular
domains. From left to right, the structures of LxxLL motifs bound to a FAT domain (PDB:

10W7), a CH domain (PDB: 2VZI) and a Nuclear Receptor LBD (PDB: 3ERD).

Figure 2.
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A. Alignment of BPV-1 E6 with a subset of BPV and HPV sequences. Residues
whose solvent accessibility is higher when calculated in absence (black bars) than in
presence (white bars) of the bound peptide are labelled as peptide-binding positions.
Residues whose mutagenesis disrupted transforming activity (see panel B) are boxed.

B. Upper part: yeast two-hybrid interactions (dark spots) between peptide binding site
mutants of E6 and full-length paxillin (PXN) or paxillin LD1 motif (M,DDLDALLADL,)).
Lower left part: transformation phenotype of E6 mutants, quantified using numbers of
anchorage independent colonies (9) normalised to results from E6 wt. '*' indicate
previously published results (27, 28, 9). Boxed labels indicate E6 mutants significantly
impaired for transformation (P<0.05). Right part: instances of E6 constructs proficient (E6-
wt and E6-V40A) or impaired (vector and E6-R89L) for transformation.

C. Mutagenic analysis of the charge clamps R42 - D3 and R116 - D5 (see Fig. 1 B).
Interactions between charge inversion mutants of E6 (R42D and R116D) and of the peptide
(D3R, D5R and D3R-D5R) were analysed by yeast two-hybrid.

D. The charge clamp mutants were also assayed by GST-pull-down (Supplementary
Fig. 6). Binding intensities were quantified by autoradiograph scanning, normalised to

100% for the strongest signal, and plotted as a heat map.

Figure 3.

A. Proteome-wide prediction of putative cellular BPV-1 E6 binding motifs, ranked
according to computed likelihood (see supplemental Table 2 for the full list, containing 387
instances). "yes" denotes coincidence of a predicted motif with a LD motif. 'x' denotes

occurence of a keyword highly enriched in annotation terms of the predicted binders of E6
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(supplemental Table 3). Coloured protein names denote BPV-1 E6 binders that we
independently identified using TAP-MS experiments (see panel B). Red and blue names
denote the best scored and the lower scored motifs found in each E6-coprecipitated protein,
respectively. Six among the eight best ranked predicted motifs belong to experimentally
determined E6 binders. The rectangular distribution plot above the list shows that most
other experimentally validated predictions are also well ranked.

B. Representative SDS-PAGE of potential cellular binders of FLAG-E6 (lane 1) or
FLAG-LxxLL-E6 (lane 2). Note that internally fused LxxLL motif inhibits recruitment of
most E6 partners. MS-identified proteins interacting with E6 and not with LxxLL-E6 are
labeled left of lane 1.

C. All predicted LxxLL motifs belonging to proteins identified by TAP-MS bind
significantly to MBP-fused E6 as compared to the two negative control peptides, CTLR-1
and CTLR-2. We performed "holdup" assays (29) in which the amount of MBP-E6 bound
to each peptide is proportional to the difference in intensity between flow-throughs from
biotin-saturated resin (left band, white bar) and peptide-saturated resin (right band, and grey
bar). Intensities of peptide flow-throughs (normalized against biotine flow-throughs) were

obtained from densitometric analysis of three independent experiments.

Figure 4. E6-LxxLL motif structure reveals an highly efficient strategy for viral
hijacking of cellular functions.

A. Within the host cells, numerous functions rely on protein-protein interaction
networks mediated by small sequence motifs preferentially located in natively unfolded

regions of proteins, which bind selectively yet with moderate affinity to folded domains.
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The acidic LxxLL sequences recognized by E6 appears to represent a family of sequence
motifs, including LD motifs, that are involved in the regulation of various key functions
generally preventing transformation and immortalisation.

B. Within a papillomavirus-infected cell, the E6 oncoproteins capture with high
efficiency, as demonstrated by the structural data, numerous members of the LxxLL motif
family, thereby perturbing the biological processes mediated by these motifs. The
perturbation may result from a simple competition mechanism (as shown on the figure) that
prevents the cellular domains from interacting with their target LxxLL motifs. More
sophisticated mechanisms may involve alteration of the activity of the LxxLL motif-
containg protein, as well as formation of multiple complexes involving E6, the LxxLL
motif-containing protein and other cellular proteins. These cumulated perturbations release
the control upon transformation and immortalisation, turning the cell into a proliferative
and immortalised state proficient for papillomavirus replication, which may eventually lead

to oncogenesis.
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Supplemental Fig. 7
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Identifying key positions of the LxxLL motif that are critical for recognition of BPV-1 E6.

A. Exposure plot of the LxxLL peptide : The percentage of solvent exposure of each peptide residue was
calculated using the PyMol program in the presence (grey bar) or the absence (black bar) of the bound BPV-1
E6 protein, and plotted against the peptide sequence (above) and the consensus sequence derived from the
phage display (bottom). The residues exhibiting a higher increase in exposure in the absence of bound E6 are
the residues most involved in binding. B. Sequence alignment of the three BPV-1 E6 binding LD1 motifs of
paxillin. The alignment reveals the preference for a hydrophobic residue at position 1, a negative charge at
position 3 and 5, strongly conserved Leucine residues at position 4, 7 and 8 and a negative charge at position
10. Residues listed on the bottom of this figure labeled with a « A » are residues that can be excluded according
to this alignment. C. Phage display results. 16 phage peptides selected after several rounds of phage display vs
chitin resin-bound BPV-1 E6 are listed and aligned. The net charge of each peptide is plotted at the right and
varies between -1 and -3. The resulting consensus sequence is plotted on top of the alignment. The coloured
consensus plot shown above the consensus was created with WebLogo (http://weblogo.berkeley.edu/logo.cgi).
The consensus features of the selected phage peptides are extremely similar to those of the E6-binding LD
motifs of paxillin.

All the information presented in A, B and C was used to perform the in silico peptide prediction on the

human proteome (Fig. 3 and supplemental Table 1 and 2).



Part IV. Appendix

B.2. Automated holdup assay for high-throughput
determination of domain—linear motif affinities

HoldUp is a comparative chromatographic retention assay that has been developed to
measure at equilibrium interactions between proteins or protein fragments (see Fig-
ure B.1) [207]. Here, we present the automation of this method, its benchmarking
and application to large-scale interaction measurements between PDZ domains and
C-terminal peptides. This summary will focus on the data analysis part of this study.
Results: The HoldUp method has been implemented on a multiplate liquid handling
robot in 96 and 384 well plate format. Binding signals were quantified using a Caliper
LabChip Gx/GX II machine, performing automated capillary electrophoresis. The
Caliper software provides different data output formats. The fluorescence signals can
be obtained in flat files, displayed as electropherograms or as artificial gels (see Figure
B.2). Based on the raw data flat files provided by Caliper, a protocol for binding
intensity calculation has been developed that takes into account variations in sample
input quantities due to experimental imprecision (see Figure B.4 and Methods below).
The combined experimental and data analysis protocol has been successfully bench-
marked on 200 PDZ-peptide interactions, of which binding intensities were previously
measured with SPR (see chapter 9). The benchmarking validated the usefulness of
the protocol to obtain quantitative interaction data and the possibility of HoldUp to
work with unpurified protein samples (see Figure B.3). We obtained clones of more
than 240 human PDZ domains from collaborators that we tested for interaction to a
C-terminal PBM derived from HPV16 E6. Results correlated very well with published
literature on PDZ-E6 interactions (see Figure B.5).

Discussion/Conclusions: HoldUp has various strengths in comparison to other HTP
methods for protein interaction measurements. Interaction data is recorded at equi-
librium, thus it can in principle be used to estimate dissociation constants. HoldUp
provides quantitative interaction data, which opens a wide range of diverse applica-
tions of this method. In the context of domain—linear motif interactions, it has great
potential in being applied to binding affinity and specificity assessments of one pep-
tide versus a Domainome (e.g. all instances of a domain type of one organism) or vice
versa, of a domain versus a large set of peptides.

Contribution: 1 have been mainly involved in the data analysis including the devel-
opment of an automated protocol for binding intensity calculation as well as data
treatment. I mainly conceived and created most of the figures.

Author list:

Sebastian Charbonnier(*), Katja Luck(*), Jolanda Polanowska, Julie Abdat, Marilyne
Blémont, Frangois Iv, Yves Nominé, Jérome Reboul, Gilles Travé(&), Renaud Vin-
centelli(&).

(*) Equal contributors to the work.

(&) Corresponding authors and equal supervisors of the work.
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Extraction of methods:
Raw Caliper data processing

The electropherogram data that can be exported from Caliper contains the fluores-
cence signal versus the time and versus calculated protein sizes. For data analysis, we
decided to work with calculated protein sizes instead of the time because according
to the Caliper manual these were already corrected for signal shifts. The data series
were uniformed for comparison by rounding the protein sizes to .5 kDa and taking the
mean of the fluorescence signals recorded for the same rounded protein size. For each
plate, a window containing the PDZ peaks and windows for input and background
correction (see below) were defined by manual inspection. From caliper we extracted
the fluorescence signals of PDZ domains obtained for runs launched either with bi-
otinylated peptide or biotin. The more PDZ domain retained on the gel, the lower the
fluorescence signal of the PDZ domain of the biotinylated peptide in comparison to the
biotin control. This difference in signals is directly correlated to the binding strength
of the PDZ biotinylated peptide interaction. This signal difference is normalised di-
viding it by the control signal to take into account variations in PDZ amounts loaded
on the well plate. Therefore, we define the binding strength S as:

S:fb_fszl—— (Bl)

o o
where fs and f;, correspond to the fluorescence signal of the PDZ peak of the sample
and the biotin run, respectively (see Figure B.4A). This way, binding strengths were
calculated for measurements recorded with purified protein samples. For measure-
ments carried out with unpurified (crude) protein samples, the fluorescence signals
were subjected to two corrections before used for binding strength calculations: 1)
input correction and 2) background correction.

Input correction

In theory, the signals of the sample and biotin runs should be identical except in
the area of the PDZ peak. In practice, we observed signal variations (ask Gilles for
reasons) that we corrected by introducing an « factor to rescale the sample to the
biotin signals:

_ fsa
Jo

a was obtained by minimizing the difference dif f = d, — (ads) between the data
series ds of the sample and the biotin d (see Figure B.4B). The data series were
obtained within the molecular weight window ranging from 24 to 50 kDa excluding
the areas where PDZ peaks or system peaks were expected. We used the least square
minimization method implemented in the ”optimize“ module of scipy to determine

S=1 (B.2)
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a. Mostly, more than 80 % of a are comprised between 0.9 and 1.1. However, in
a few cases, when sample or biotin runs displayed negative fluorescence signals the
multiplication with « factor would lead to incorrect scaling. Therefore, the minimal
fluorescence signals mg and my determined within a window between 24 and 70 kDa
were substracted from the sample and biotin runs, respectively:

fs — msa
S=1-=“>"
fo —my

Background correction

The background correction was designed to remove from a sample PDZ peak the signal
from other proteins of the same size as the PDZ construct (referred to as background
peaks) that otherwise could lead to an overestimation of binding strength. To esti-
mate the height of the background peaks, all data series corrected for input variations
from measurements with PDZ constructs of significant different size (e.g. single versus
tandem PDZ constructs, see Figure B.4D) from the same plate were used to construct
a mean curve. The sample and biotin runs were scaled to this mean curve by using
again the least square optimization method to determine the a, factor. Of the mean
curve, the highest signal h in the window of the sample PDZ peak was determined and
substracted from the sample and biotin PDZ peak to obtain the final binding strength
(see Figure B.4E):

fs — msaa,. — h

S=1 (B.4)

fb —mpa — h
Background corrections were only performed for samples for which data series with
similar peak signature but with PDZ constructs of different size were available. In
rare cases, input or background correction led to binding intensities above 1 or below
0. In those cases, binding strengths were set to 1 or 0, respectively.
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1. Fixation of ligand (biotinylated peptide) on resin
Peptide 1  Peptide 2 Peptide 3 Control

£s £ Ecs
o5

sef s s3s5 2535 2853
0 e o o) D D oo 00 p @
—STREP — STREP —STREP STREP —

2. Incubation with analyte (PDZ)
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22
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3. Extraction of liquid phase

R S T
AR RARA RRRA

4. Gel electrophoresis

EE— S

Figure B.1. Schematic representation of the HoldUp method. 1. The ligands (in our case
C-terminal peptides) are fixed on a resin, e.g. via a biotin-streptavidin system. The negative control
consists of an empty resin. 2. The fixed peptides are incubated with the analyte (in our case a PDZ
domain) that will bind with different affinities to each of the proposed peptides. 3. The liquid phase
is extracted and analysed via 4. gel electrophoresis. The amount of analyte that will be detected
on the gel strongly depends on the affinity that it displayed towards a ligand (no analyte detectable
if strong interaction with ligand, more amounts of analyte detected for weaker interactions). The
amount of analyte detected on the gel will be normalised to the amount of analyte detected from
the negative control to obtain relative binding intensities (figure adapted from S. Charbonnier).
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Figure B.2. lllustration of Caliper output in gel and electropherogram format. Three
examples of interaction measurements were chosen to illustrate the electropherograms that are
produced by Caliper and translated into artificial gels. The fluorescence signals obtained from the
liquid phase (with the PDZ) after incubation with a fixed peptide on the resin are coloured in red,
those of the negative control (no fixed peptide) in blue. From left to right: Strong interaction
between PDZ2 of MAGI1 with a mutated C-terminal peptide derived from HPV16; no interaction
between PDZ4 of SCRIB and a C-terminal peptide derived from transmembrane protein 215; weak
interaction between the tandem construct comprising PDZ3 and PDZ4 of SCRIB and a C-terminal
peptide derived from Netl (Neuroepithelial cell-transforming gene 1).
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Benchmarking automated HoldUp
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Figure B.3. Comparison of binding strengths obtained with HoldUp to binding strength
measured with SPR. We benchmarked the automated HoldUp method on an interaction data
set obtained with SPR. Relative binding strengths obtained from HoldUp are plotted versus the
normalised Response Units (RUs) that were obtained with SPR (see chapter 9). There is a linear
correlation between HoldUp and SPR binding intensities in a range of approximately 15 to 80
puM. Binding intensities determined with HoldUp for stronger interactions are saturated but can
be dissolved when diluting analyte and/or ligand samples (data not shown). HoldUp seems to be
more sensitive towards very weak interactions in comparison to SPR.
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Example of binding intensity calculation for an interaction between the
peptide TANC1_05 and the tandem PDZ domain MAGI1-23/6
measured with unpurified protein samples
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Figure B.4. Data processing of interaction measurements obtained with unpurified protein
samples. More information on the individual electropherogram diagrams can be found in the
methods text. The fluorescence signals obtained from the liquid phase (with the tandem PDZ
construct MAGI1-23/6) after incubation with a C-terminal peptide derived from the human protein
TANCI fixed on the resin are coloured in red, those of the corresponding negative control in blue.
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Figure B.5. PDZome vs. HPV16 E6 C-terminal peptide - comparison to published data.
The binding intensities measured with automated HoldUp (HU) between the human PDZome and
HPV16 E6 C-terminal peptide are illustrated with a colour code ranging from white for no binding
over yellow to red for strong binding. Published interactions between HPV16 or HPV18 E6 and PDZ
domains were grouped into non-interactions (white) and interactions (red). Published interactions
between a PDZ protein and E6 without the detailed information, which PDZ domain mediated
the binding, are marked with yellow. All pairs of PDZs and peptides for which neither published
nor HoldUp information was available are coloured in grey. Almost all published PDZ binders of
E6 were validated by HoldUp that in addition, identified some previously unknown potential PDZ
binders of E6.
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C.1. Towards a comprehensive PDZ-mediated interaction
network of the cell polarity regulator protein SCRIB

The human protein SCRIB is an important regulator of cell polarity. SCRIB has been
termed tumour suppressor as its disregulation (e.g. by oncogenic viruses) can lead to
tumorigenesis. Numerous proteins have been identified to be directly or indirectly
associated with SCRIB, of which quite a few bind to one of the four PDZ domains of
SCRIB. We aimed at contributing to a better understanding of the cellular functions of
SCRIB, of which many are linked to cancer, by identifying new potential interactions
of SCRIB and combining them with published data into a comprehensive network of
protein interactions centred on SCRIB.

Approach: We built on our previous findings on sequence bias in published phage dis-
play data [9] (see chapter 8). Within the one third of phage display data that did not
display any bias towards hydrophobic sequences were phage display peptides selected
for PDZ1, PDZ2, and PDZ3 of SCRIB. We built PSSMs for these three PDZ domains
and screened the human proteome for C-terminal peptides that were likely to bind to
any of these three PDZs. Based on our previous findings and hypotheses on the par-
ticular peptide recognition properties of PDZ4 of SCRIB (see chapter 9), we designed
regular expressions to additionally screen the human proteome for C-terminal pep-
tides that might bind to PDZ4 of SCRIB. We selected 56 peptides including published
binders of SCRIB, for experimental validation using automated HoldUp (see section
B.2). We determined relative binding strengths between each of these 56 peptides and
seven PDZ domain constructs comprising the four single PDZ domains of SCRIB as
well as the tandem, triple, and quadruple construct PDZ34, PDZ234, and PDZ1234,
respectively (see Figure C.1). In parallel, we have manually curated from published
literature all proteins that were shown to be directly or indirectly associated with
SCRIB. We used STRING [138] to identify interaction partners of published and new
potential binding partners of SCRIB and to search for protein interactions between
all those proteins. The resulting PPI network has been visualised and analysed with
Cytoscape [208].

Results: 25 peptides bound at least to one of the four single PDZ domains of SCRIB
with dissociation constants better than 100 uM. Those were merged with about 70
directly and indirectly associated published proteins of SCRIB into one network. Us-
ing STRING with a cutoff of 0.6 and a focus on data with experimental evidence, we
identified more than 500 interaction partners of published and new binders of SCRIB
establishing in total about 3,000 interactions with each other. Within this network we
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searched the proteins for gene ontology terms that were statistically over-represented
in comparison to the human proteome. This analysis revealed enrichments for terms
like establishment and maintenance of cell polarity, cell adhesion, cell junction organ-
isation, regulation of cell death, and regulation of localisation. These terms are all
known functions that SCRIB is known to be associated with, validating the functional
relevance of the established PPI network. From this unexpectedly big network we con-
structed a subnetwork comprising all those potential new interactors and published
interactors that were found to be directly or indirectly (sharing a common interaction
partner) linked with each other via protein interactions (see Figure C.2). An initial
analysis revealed interesting functional links between the new potential interactors
DOCK2, GUCSA2, YAP2 and SCRIB involving some of its known interaction part-
ners.

To Dos: The analysis of the established PPI network has to be completed. Many of
the new potential interactors remain to be analysed for their potential functional links
to SCRIB. We have to find ways to graphically represent the accumulated knowledge
on the tumour suppressor SCRIB that are straightforward for exploration by other
researchers. Apart from investigating the biological roles of SCRIB, the experimen-
tal data obtained in this study also has great potential to provide insights into PDZ
interaction specificities. This study is one of the very few (the only?) where numer-
ous C-terminal PBMs were assayed for binding to all single and several multiple PDZ
domain constructs of one protein. By analysing the determined binding strengths, we
might be able to answer questions like: How do PDZ domains of one protein differ
in peptide recognition? Do they have distinct recognition preferences or overlapping
selectivity spaces? Do neighbouring PDZ domains influence peptide binding of each
other? Answers to our questions might allow to better understand the biological func-
tion behind the four PDZ domains of SCRIB: did these PDZs evolve to bind different
targets and act as scaffold for the assembly of signalling complexes or do they target
the same PBMs thereby increasing binding affinity and maybe specificity towards in-
teraction partners of SCRIB?

Contribution: 1 have performed the predictions and analysed the experimental data
resulting from automated HoldUp experiments. I have carried out the manual cura-
tion of published associated proteins of SCRIB as well as the network constructions
and their initial analysis.
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Figure C.2. Network of protein interactions around SCRIB combining new potential in-
teractors of SCRIB with published ones. Nodes represent proteins, lines represent interactions
between them as obtained from the STRING database [138]. Nodes coloured in green represent
new potential interactors of SCRIB that we identified in automated HoldUp experiments. Nodes
coloured in blue represent published directly or indirectly associated proteins of SCRIB. Interactions
between SCRIB and its known and new binders have been hidden for clarity. Nodes coloured in
brown represent proteins that bind to new and known binders of SCRIB. The line thickness of
illustrated interactions correlates with their reliability and is based on the interaction score from
STRING.
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D. Selected supplemental material of

published articles presented in this
thesis

D.1. Supplemental material of the phage display article (see
chapter 8)

Supplementary methods, Figure S1, Figure S2.

226



SUPPLEMENTAL METHODS

The programming and data analysis was done using python
(www.python.org), scipy (www.scipy.org), R (cran.r-project.org),
and gnuplot (www.gnuplot.info).

The human proteome

The human proteome was downloaded from Ensembl v50 (Hubbard
et al., 2009). From this proteome incomplete proteins (no asterisk at
the end of the sequence) and isoforms of a gene that are identical in
the last 5 residues were removed except one representative (Dataset
S3).

Processing of phage display data

The phage display peptides of 54 human PDZ domains from
Tonikian er al. (2008) were processed as follows. The peptides
were cut to a length of 5 (from the C-terminus) and every peptide
containing an X as amino acid or being identical to another peptide
in the list was removed.

Calculation of mean hydrophobicity

The hydrophobicity of peptides was assessed using the hydrophobicity
scale of Kidera et al. (1985) obtained from the AAindex database
(Kawashima et al., 2008). This scale assigns a value to each
amino acid representing its hydrophobicity: positive values =
hydrophilicity, 0 = neutrality, negative values = hydrophobicity.
The sum over all these 20 values equals in zero. The mean
hydrophobicity of a list of equally long peptides is the sum of the
hydrophobicity values of all amino acids devided by the number of
peptides.

Calculation of PSSMs

Position Specific Scoring Matrices (PSSMs) were used to search for
similar human C-termini to phage display peptides. An entry in a
PSSM was calculated as follows:

VN,
Nai + Y55~ n
Np+ /Ny
where a stands for an amino acid, ¢ for a column (peptide
position), N, ; means the number of occurrences of amino acid a at
peptide position ¢ and N, represents the number of peptides. f, ; is
the frequency of amino acid a at peptide position ¢ for a given set of

N

peptides. Pseudocounts were taken into account by the term 55—,
which is important for amino acids that were never observed at a

fa,i =

particular peptide position. These matrix entries were then weighted
with the amino acid frequencies extracted from the human proteome
that was used throughout this work:

PSSM,; = 1og2(J;j:”' ) 2)

where F, stands for the frequency of amino acid a in the human
proteome. This PSSM construction was done after Mount (2004).

A PSSM was constructed for each peptide list of the 54 human
PDZ domains. Each PSSM was used to score every C-terminal
peptide in the human proteome (score of peptide = sum of PSSM
values). A first approach considered an individual score threshold
for each domain based on the minimal score that a peptide of the
phage display list obtained for the corresponding PSSM. This led
to an extremely wide range of numbers of similar peptides that
were returned (0 to 16205 matches, data not shown). A second
simpler approach consisted in taking the best 25 hits per domain.
This number was chosen because it corresponds to the mean number
of peptides in the phage display peptide lists, which makes further
comparison more robust. Additionally, this number of interactors is
in a suitable range for experimental verification.

Calculation of distance between PSSMs

A PSSM was constructed based on the 25 best-matching human C-
termini of each PDZ domain. For each PDZ domain, the distance
D of the PSSM of the corresponding phage display peptides to the
PSSM of the corresponding 25 best-matching human C-termini was
calculated as follows (according to Tonikian et al. (2008)):

20 5
D=>"% " (PSSMa; — PSSMa;)* 3)
a=1 i=1

where a represents one of the 20 possible amino acids and ¢ one
of the 5 possible peptide positions.
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Figure S1: Correlation between PSSM distance and mean hydrophobicity of phage
display peptide lists. For each of the 54 phage display peptide lists of Tonikian et al.

a PSSM was constructed and used to determine the 25 best-matching human
C-termini out of the human proteome. For each of these resulting 54 lists of best-
matching human C-termini a PSSM was constructed and its distance determined to
the PSSM of the corresponding phage display peptide list. This distance value is
plotted against the mean hydrophobicity of the phage display peptide list. The more
hydrophilic the phage display peptides, the smaller the distance between the PSSMs.
This correlation indicates that the best-matching human C-termini for hydrophilic
phage display peptides tend to be more similar to the sequence profile defined by the
phage display peptides than it is the case for hydrophobic phage display peptides.
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D.2. Supplemental material of the SPR article (see chapter
9)

Table S1, Table S2, Table S3, Table S4, Text S1, sensorgrams of all measurements
performed.
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Table S1: Diversity of amino acids at five peptide positions in the
training data of Chen et al.

ligand pos® observed amino acids

0 AC F I L V
-1 A DEFGHIKLMNPQRSTVWY
-2 A DEFGHI N Q STVWY

-3 A DEFGHIKL NPQRSTVWY
-4 ACDEFGHIKLMNPQRSTV Y

?Peptide positions are labelled from 0 to -4 going backwards from the very last amino acid to
the fifth last.



Table S2: Filtered numbers of proteins predicted to bind to 1, 2, 3,
or all PDZ domains of MAGI1 (6 PDZs) or Scribble (4 PDZs)

num. domains ‘ MAGI1 ‘ Scribble

1 453 145
2 138 97
30 103 29
4 39 68
5 9 /
6 0 /

%.g. 103 and 29 human proteins were predicted to bind to 3 out of the 6 PDZ domains of
MAGI1 and 3 out of the 4 PDZ domains of Scribble, respectively.
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Phosphatidylinositol-3,4,5- odulates ol cycleprogresion [MAG2_3 10760251
PTEN EDQHTQITKV| PTEN_HUMAN trlsphosphgtg 3-phos.phatase and human [migration and integrin-mediated
dual-specificity protein ) )
hosph PTEN cell spreading and focal adhesion
phosphatase formation, synapse formation.  |DLG1, MAST1, MAST2, MAST3|15951562
SCRIB [3/4 16687519 4
16687519,
SCRIB 34/4 16791850 v
. . Plays a role in the regulation of |[SCRIB _|2/4 weak 16687519
VANG2 | VMRLQSETSV | VANG2_HUMAN Vang-like protein 2 human planar cell polarity SCRIB 474 weak 16687519
SCRIB |23/4 16791850
DVL1, DVL2, DVL3 15456783
MAGI3 [2/6 15195140
Disintegrin and metalloproteinase cleaves membrane-anchored and |PLGL 18930083
ADAM17 | NRVDSKETEC | ADA17_HUMAN .g . p. human |cell-surface proteins for their DLG1 3/3 12668732
domain-containing protein 17 - )
activation or degradation PTPH1 1/1 12207026
may be involved in transduction
and intercellular transmission of
FZD4 KPGKGSETVV | FZD4_HUMAN |Frizzled-4 human [polarity information during tissue |MAGI3 |2/6 15195140
morphogenesis and/or in
differentiated tissues




Essential for terminating the NHERF1 [1/2 17048262
. . . postsynaptic action of glutamate
GLAST | EKPIDSETKM| EAA1_HUMAN ErZiza?;éleno acid human |[by rapidly removing released ) 5
P glutamate from the synaptic NHERF 0430067
cleft.
DLL1 KDECVIATEV| DLL1_HUMAN [Delta-like protein 1 human
ARHGAP6 | NPDALPETLV | RHG06_HUMAN |Rho GTPase-activating protein 6 human [Could regulate the interactions of signaling molecules with the actin cytoskeleton
Tetratricopeptide repeat, ankyrin . . L .
TANC1 | PKRSFIESNV| TANC1_HUMAN |repeat and coiled-coil domain- human m-ay be a scaffold component in the postsynaptic density, interacts probably directly
. X with DLG1 and DLG4
containing protein 1
GLUT? | TASPAKETSF| GTR7_HUMAN Solute carrier family 2, facilitated human
glucose transporter member 7
TMEM215 | QGRWDHETIV | TM215_HUMAN [Transmembrane protein 215 human
o o Mutational analyses revealed that the PDZ-binding motif and RING finger are
MARCH3 | VKRNSKETVV | MARH3_HUMAN E3 ubiquitin-protein ligase human |essential for the subcellular localization of MARCH-III and the inhibitory effect on
MARCH3 transferrin uptake (16428329), MARCH2 binds PDZs of DLG1 (17980554) but has
different C-terminus than MARCH3: LKKVAEETPV
MAS CNTVTVETVV| MAS_HUMAN [Proto-oncogene Mas human ) ) . )
Receptor for angiotensin 1-7, belongs to the G-protein coupled receptor 1 family.
ATP1A1 | GGWVERETYY | AT1A1 HUMAN Sod|um/potasgum-transportmg human
ATPase subunit alpha-1
CYSLTR2 | SVWLRKETRV | CLTR2_HUMAN |Cysteinyl leukotriene receptor 2 human
TTC24 | PMESGICTIV| TTC24_ HUMAN Tetratricopeptide repeat human

protein 24




BS = bad signal
NM = not measured

MBP-PDZ . tentative | RU at 10 pM, | RU at 10 pM, | norm. RU

analyte peptide Kp (HM) 1st exp. 2nd exp. at 10 uM
MAGI1-2/6 DLL1_05 32 6.4 3.7
MAGI1-3/6 DLL1_05 246 9.8 5.5
SCRIB-3/4 DLL1_05 200 24.8 15.3
SCRIB-34/4 DLL1_05 NM
SCRIB-4/4 DLL1_05 893 15.1 9.3
MAGI1-2/6 DLL1_10 0.0 0.0 0.0
MAGI1-3/6 DLL1_10 238 13.0 10.0
SCRIB-3/4 DLL1_10 172 42.8 35.9
SCRIB-34/4 DLL1_10 NM
SCRIB-4/4 DLL1_10 88 16.8 14.1
MAGI1-2/6 16E6_05 7 37.4 24.3
MAGI1-3/6 16E6_05 0.0 0.0 0.0
SCRIB-3/4 16E6_05 12 225.0 156.7
SCRIB-34/4 16E6_05 1 545.0 317.0
SCRIB-4/4 16E6_05 0.0 0.0 0.0
MAGI1-2/6 16E6L/V 2 801.0 520.6
MAGI1-3/6 16E6L/V 69 62.3 39.8
SCRIB-3/4 16E6L/V 18 133.5 93.0
SCRIB-34/4 16E6L/V 3 477.0 277.5
SCRIB-4/4 16E6L/V 47 12.8 8.9
MAGI1-2/6 ABC1_05 91 23.2 21.4 26.6
MAGI1-3/6 ABC1_05 26 88.9 77.1 97.4
SCRIB-3/4 ABC1_05 229 15.0 13.7 18.3
SCRIB-34/4 ABC1_05 10 63.5 55.9 63.7
SCRIB-4/4 ABC1_05 0.0 0.0 0.0
MAGI1-2/6 | ARHGAP6_05 2000 10.5 10.3 12.6
MAGI1-3/6 | ARHGAP6_05 58 47.0 46.6 55.9
SCRIB-3/4 | ARHGAP6_05 216 12.1 12.0 15.7
SCRIB-34/4 | ARHGAP6_05 31 40.3 37.2 42.1
SCRIB-4/4 | ARHGAP6_05 104 5.0 5.5 6.8
MAGI1-2/6 | ARHGAP6_10 18 20.6 18.4 23.7
MAGI1-3/6 | ARHGAP6_10 41 54.5 49.9 62.4
SCRIB-3/4 | ARHGAP6_10 541 8.9 7.6 10.7
SCRIB-34/4 | ARHGAP6_10 28 8.5 6.8 8.3
SCRIB-4/4 | ARHGAP6_10 0.0 0.0 0.0
MAGI1-2/6 ABC1_10 45 13.5 12.7 16.2
MAGI1-3/6 ABC1_10 20 92.9 74.0 101.6
SCRIB-3/4 ABC1_10 107 25.8 23.7 32.8
SCRIB-34/4 ABC1_10 8 54.3 60.2
SCRIB-4/4 ABC1_10 0.0 0.0 0.0
MAGI1-2/6 NET1_05 62 60.9 75.4
MAGI1-3/6 NET1_05 23 110.0 101.0 128.5
SCRIB-3/4 NET1_05 308 12.8 21.7 22.9
SCRIB-34/4 NET1_05 15 83.7 76.9 89.0
SCRIB-4/4 NET1_05 0.0 0.0 0.0
MAGI1-2/6 NET1_10 3 394.0 377.0 432.0
MAGI1-3/6 NET1_10 37 67.9 74.8
SCRIB-3/4 NET1_10 217 21.8 34.9 34.1
SCRIB-34/4 NET1_10 63 29.4 27.0 28.3




SCRIB-4/4 NET1_10 0.0 0.0 0.0
MAGI1-2/6 PTEN_O05 0.0 0.0 0.0
MAGI1-3/6 PTEN_05 453 25.6 24.0 22.6
SCRIB-3/4 PTEN_05 0.0 0.0 0.0
SCRIB-34/4 PTEN_05 0.0 0.0 0.0
SCRIB-4/4 PTEN_O05 0.0 0.0 0.0
MAGI1-2/6 PTEN_10 0.0 0.0 0.0
MAGI1-3/6 PTEN_10 144 25.0 23.3
SCRIB-3/4 PTEN_10 0.0 0.0 0.0
SCRIB-34/4 PTEN_10 0.0 0.0 0.0
SCRIB-4/4 PTEN_10 0.0 0.0 0.0
MAGI1-2/6 TANC1_05 0.0 0.0 0.0
MAGI1-3/6 TANC1_05 14 7.6 6.8 5.8
SCRIB-3/4 TANC1_05 498 24.0 23.0 20.7
SCRIB-34/4] TANC1_05 9 127.0 113.0 88.4
SCRIB-4/4 TANC1_05 0.0 0.0 0.0
MAGI1-2/6 TANC1_10 287 9.8 8.4 10.8
MAGI1-3/6 TANC1_10 0.0 0.0 0.0
SCRIB-3/4 TANC1_10 39 67.8 60.1 81.7
SCRIB-34/4| TANC1_10 2 201.0 214.5
SCRIB-4/4 TANC1_10 0.0 0.0 0.0
MAGI1-2/6 TAX1_05 33 10.7 11.8 14.1
MAGI1-3/6 TAX1_05 75 11.1 11.1 13.6
SCRIB-3/4 TAX1_05 96 32.2 30.3 41.9
SCRIB-34/4 TAX1_05 1 213.0 238.3
SCRIB-4/4 TAX1_05 50 26.9 25.6 35.2
MAGI1-2/6 TAX1_10 53 28.1 25.1 34.9
MAGI1-3/6 TAX1_10 1230 6.5 5.6 7.8
SCRIB-3/4 TAX1_10 29 77.4 67.5 102.0
SCRIB-34/4 TAX1_10 197.0 231.5
SCRIB-4/4 TAX1_10 48 24.2 20.5 31.5
MAGI1-2/6 16E6 3 148.0 134.0 179.7
MAGI1-3/6 16E6 0.0 0.0 0.0
SCRIB-3/4 16E6 18 112.0 103.0 146.8
SCRIB-34/4 16E6 3 143.0 129.0 155.1
SCRIB-4/4 16E6 0.0 0.0 0.0
MAGI1-2/6 GLUT7_05 0.0 0.0 0.0
MAGI1-3/6 GLUT7_05 0.0 0.0 0.0
SCRIB-3/4 GLUT7_05 56 33.8 30.8 44.1
SCRIB-34/4| GLUT7_05 5 89.2 81.7 97.5
SCRIB-4/4 GLUT7_05 0.0 0.0 0.0
MAGI1-2/6 GLUT7_10 0.0 0.0 0.0
MAGI1-3/6 GLUT7_10 0.0 0.0 0.0
SCRIB-3/4 GLUT7_10 45 45.4 40.4 57.5
SCRIB-34/4| GLUT7_10 5 66.5 60.0 70.8
SCRIB-4/4 GLUT7_10 0.0 0.0 0.0
MAGI1-2/6 16E6L/V 18 224.0 277.3
MAGI1-3/6 16E6L/V 76 17.9 19.4 22.7
SCRIB-3/4 16E6L/V 41 33.1 27.1 39.9
SCRIB-34/4 16E6L/V 4 105.0 95.9 111.3
SCRIB-4/4 16E6L/V 0.0 0.0 0.0
MAGI1-2/6 16E6 9 90.7 138.7
MAGI1-3/6 16E6 0.0 0.0 0.0




SCRIB-3/4 16E6 15 126.0 113.0 195.9
SCRIB-34/4 16E6 3 144.0 128.0 186.2
SCRIB-4/4 16E6 0.0 0.0 0.0
MAGI1-2/6 [ TMEM215_05 5.0 6.1
MAGI1-3/6 | TMEM215_05 116 13.2 14.6 16.8
SCRIB-3/4 | TMEM215_05 213 5.6 7.4
SCRIB-34/4 | TMEM215_05 15 44.4 39.3 45.9
SCRIB-4/4 | TMEM215_05 0.0 0.0 0.0
MAGI1-2/6 | TMEM215_10 0.0 0.0 0.0
MAGI1-3/6 [ TMEM215_10 67 20.9 21.6 25.9
SCRIB-3/4 | TMEM215_10 128 13.2 11.7 16.5
SCRIB-34/4| TMEM215_10 9 54.4 47.5 56.5
SCRIB-4/4 | TMEM215_10 0.0 0.0 0.0
MAGI1-2/6 | ADAM17_05 0.0 0.0 0.0
MAGI1-3/6 | ADAM17_05 0.0 0.0 0.0
SCRIB-3/4 | ADAM17_05 0.0 0.0 0.0
SCRIB-34/4| ADAM17_05 0.0 0.0 0.0
SCRIB-4/4 | ADAM17_05 0.0 0.0 0.0
MAGI1-2/6 VANG2_05 0.0 0.0 0.0
MAGI1-3/6 VANG2_05 0.0 0.0 0.0
SCRIB-3/4 VANG2_05 24 31.4 30.4 53.1
SCRIB-34/4| VANG2_05 4 61.7 61.1 88.2
SCRIB-4/4 VANG2_05 0.0 0.0 0.0
MAGI1-2/6 VANG2_10 0.0 0.0 0.0
MAGI1-3/6 VANG2_10 0.0 0.0 0.0
SCRIB-3/4 VANG2_10 12 40.2 38.2 63.7
SCRIB-34/4| VANG2_10 5 50.3 48.4 66.9
SCRIB-4/4 VANG2_10 0.0 0.0 0.0
MAGI1-2/6 | ADAM17_10 0.0 0.0 0.0
MAGI1-3/6 | ADAM17_10 0.0 0.0 0.0
SCRIB-3/4 | ADAM17_10 97 17.6 19.8
SCRIB-34/4| ADAM17_10 [BS

SCRIB-4/4 | ADAM17_10 0.0 0.0 0.0
MAGI1-2/6 | MARCH3_05 225 12.9 13.5 19.7
MAGI1-3/6 | MARCH3_05 [BS

SCRIB-3/4 | MARCH3_05 46 9.0 9.7 14.9
SCRIB-34/4| MARCH3_05 7 55.7 74.3
SCRIB-4/4 | MARCH3_05 0.0 0.0 0.0
MAGI1-2/6 | MARCH3_10 103 36.6 35.3 54.7
MAGI1-3/6 | MARCH3_10 686 7.8 6.8 10.9
SCRIB-3/4 | MARCH3_10 100 14.4 13.4 22.7
SCRIB-34/4| MARCH3_10 16 65.6 63.8 88.1
SCRIB-4/4 | MARCH3_10 0.0 0.0 0.0
MAGI1-2/6 FZD4_05 146 12.3 11.5 19.4
MAGI1-3/6 FzD4_05 |BS

SCRIB-3/4 FZD4_05 0.0 0.0 0.0
SCRIB-34/4 FZD4_05 0.0 0.0 0.0
SCRIB-4/4 FZD4_05 0.0 0.0 0.0
MAGI1-2/6 MAS_05 2740 11.3 10.8 16.7
MAGI1-3/6 MAS_05 90 12.7 12.0 18.4
SCRIB-3/4 MAS_05 158 13.6 13.0 21.5
SCRIB-34/4 MAS_05 16 53.1 51.9 71.0
SCRIB-4/4 MAS_05 433 2.3 2.0 3.5




MAGI1-2/6 MAS_10 0.0 0.0 0.0
MAGI1-3/6 MAS_10 123 6.5 5.9 9.7
SCRIB-3/4 MAS_10 73 14.6 13.6 24.1
SCRIB-34/4 MAS_10 3 64.2 60.8 89.1
SCRIB-4/4 MAS_10 0.0 0.0 0.0
MAGI1-2/6 FZD4_10 23 61.2 56.8 92.0
MAGI1-3/6 FzZD4_10 0.0 0.0 0.0
SCRIB-3/4 FZD4_10 0.0 0.0 0.0
SCRIB-34/4 FZD4_10 0.0 0.0 0.0
SCRIB-4/4 FZD4_10 0.0 0.0 0.0
MAGI1-2/6 GLAST_05 0.0 0.0 0.0
MAGI1-3/6 GLAST_05 0.0 0.0 0.0
SCRIB-3/4 GLAST_05 182 7.7 7.6 12.0
SCRIB-34/4| GLAST_05 179 11.6 11.4 15.0
SCRIB-4/4 GLAST_05 0.0 0.0 0.0
MAGI1-2/6 GLAST_10 0.0 0.0 0.0
MAGI1-3/6 GLAST_10 0.0 0.0 0.0
SCRIB-3/4 GLAST_10 0.0 0.0 0.0
SCRIB-34/4| GLAST_10 0.0 0.0 0.0
SCRIB-4/4 GLAST_10 0.0 0.0 0.0
MAGI1-2/6 | ADAM17_10 0.0 0.0 0.0
MAGI1-3/6 | ADAM17_10 0.0 0.0 0.0
SCRIB-3/4 | ADAM17_10 79 33.4 30.7 22.0
SCRIB-34/4| ADAM17_10 8 78.0 76.3 44.3
SCRIB-4/4 | ADAM17_10 0.0 0.0 0.0
MAGI1-2/6 | ATP1Al1_05 0.0 0.0 0.0
MAGI1-3/6 | ATP1A1_05 0.0 0.0 0.0
SCRIB-3/4 ATP1A1_05 1280 3.1 3.4 2.5
SCRIB-34/4| ATP1A1_05 0.0 0.0 0.0
SCRIB-4/4 ATP1A1_05 0.0 0.0 0.0
MAGI1-2/6 | ATP1Al1_10 0.0 0.0 0.0
MAGI1-3/6 | ATP1Al1_10 0.0 0.0 0.0
SCRIB-3/4 ATP1A1_10 88 5.8 4.9 3.5
SCRIB-34/4| ATP1A1_10 0.0 0.0 0.0
SCRIB-4/4 ATP1A1_10 0.0 0.0 0.0
MAGI1-2/6 | CYSLTR2_05 30 68.2 72.9 38.9
MAGI1-3/6 | CYSLTR2_05 21 121.0 120.0 65.4
SCRIB-3/4 | CYSLTR2_05 103 41.8 40.2 24.2
SCRIB-34/4| CYSLTR2_05 10 278.0 276.0 136.8
SCRIB-4/4 | CYSLTR2_05 123 4.0 3.9 2.3
MAGI1-2/6 | CYSLTR2_10 4 385.0 370.0 229.3
MAGI1-3/6 | CYSLTR2_10 [BS

SCRIB-3/4 | CYSLTR2_10 34 153.0 145.0 97.0
SCRIB-34/4| CYSLTR2_10 15 199.0 196.0 107.4
SCRIB-4/4 | CYSLTR2_10 202 9.8 9.8 6.4
MAGI1-2/6 TTC24_05 65 11.5 12.9 6.7
MAGI1-3/6 TTC24_05 34 20.2 25.1 12.3
SCRIB-3/4 TTC24_05 239 11.3 11.1 6.6
SCRIB-34/4| TTC24_05 25 87.8 87.2 43.3
SCRIB-4/4 TTC24_05 0.0 0.0 0.0
MAGI1-2/6 16E6L/V 1 475.0 457.0 368.0
MAGI1-3/6 16E6L/V 202 42.3 32.9
SCRIB-3/4 16E6L/V 32 136.0 127.0 111.3




SCRIB-34/4 16E6L/V 4 339.0 317.0 231.8
SCRIB-4/4 16E6L/V 55 11.7 10.3 9.3
MAGI1-2/6 TTC24_10 0.0 0.0 0.0
MAGI1-3/6 TTC24_10 37 20.0 18.5 12.4
SCRIB-3/4 TTC24_10 117 17.1 16.2 11.7
SCRIB-34/4| TTC24_10 49 39.3 39.6 23.1
SCRIB-4/4 TTC24_10 0.0 0.0 0.0




CLTR2_05C16 RU NET1_10 C4 RU NET1_05 C4 RU

CLTR2_10C16 RU
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TAX_05 C6 RU 16E6LV C17 RU 16E6LV C8 RU
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D. Selected supplemental material of published articles presented in this thesis

Text S1: Recommendations for application of the predictor of Chen et al.
followed by experimental validation

1. filter out predicted peptides with unlikely amino acids at last peptide position
(use option -f in command line program provided)

2. check the number of domain positions of your query PDZ domain that have
amino acids that did not occur in PDZ domains of the training data of the
predictor (information provided in output file of command line program)

3. collect additional information from Uniprot (www.uniprot.org) and Pubmed
(www.pubmed.com) for predicted binding protein with regard to biological func-
tions linked to PDZ domains or known interactions with PDZ domains; check
the Gene Ontology terms with which the binding protein is annotated (e.g. in
Uniprot)

4. do not compare directly scores that a peptide obtained for different PDZ domains
to guess the PDZ domain to which the peptide will bind strongest

5. expect that about half of the predicted peptides could be false positives; we
suggest to choose at least 10 peptides for experimental validation to increase the
likeliness that some binders can be confirmed

6. for experimental validation use peptides with a length of about 10 residues or
full length proteins

7. (optionally) check the number of positions in your predicted peptide that have
amino acids that did not occur in the training data of the predictor and check
the number of position pairs that have amino acids that did not occur in the
training data of the predictor (information provided in output file of command
line program)
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Part IV. Appendix

D.3. Supplemental material of the review article (see chapter

10)

Figure S1, construct design protocol, additional references, Table S1.
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Figure 1. PDZ2 and its alternatively spliced isoform (PDZ2as) of hPTP1E.
PDZ2as has an insertion of 5 residues (VLFDK) at the start of the $2-3 loop. Two
available NMR structures of PDZ2as considerably vary in their overall conformation and
especially in conformation of the 32-f3 loop. yellow: PDZ2 (PDB ID: 1GM1 [1}); pink:
PDZ2as (PDB ID: 10ZI [2]); cyan: PDZ2as (PDB ID: 1Q7X [3]). Figure was created
with Pymol [4] (see suppl. data for the pymol session file).



Precision of the total number of PDZ domains in the human
proteome - additional references.

Non-exhaustive list of articles that specify the total number of human PDZs of being
about 250 but without providing the source for this information: [5,6].

Non-exhaustive list of articles that specify the total number of human PDZs of being
about 400 or more but without providing the source for this information: [7-11].
Non-exhaustive list of articles that specify the total number of human PDZs of being
about 400 or more and indicate SMART as the source for this information: [12-16].

Design of experimental constructs for 266 human PDZ domains

Table S1:

The table contains for each of the 266 human PDZ domains an entry providing the se-
quence of the proposed construct and additional information. Column 1 and column 2:
Commonly used names for the PDZ-domain containing protein. Column 3: Index of the
PDZ domain in the protein. Column 4: PDB code of the structure that was used for con-
struct design. Column 5: Sequence similarity between the PDZ domain in question and
the PDZ domain of the structure (column 4) based on the local alignment produced by
BLAST [17]. Column 6 and 7: Number of residues that the proposed construct is longer
at the N- and C-terminus than the domain sequence predicted by SMART [18] (negative
numbers indicate the number of residues that the proposed construct was shorter than
the sequence returned by SMART). Column 8: Sequence of proposed construct.

Protocol of construct design:

Using the SMART web service [18], we searched the human proteome (from Ensembl [19]
taking per gene the longest isoform) for hits of the Hidden Markov Models from SMART
and Pfam [20] representing the PDZ domain. This revealed in total 265 PDZ domains.
This list was compared to the recently published list of 267 and 269 human PDZ domains
from Velthuis et al. [21] and Wang et al. [22], respectively. Redundancies, suspicious vari-
ants, and fragments of the three united data sets were removed, resulting in a final list of
266 human PDZ domains from 151 proteins.

For each of these PDZ sequences a BLAST search was performed against the sequences
of the structures stored in the PDB [23] using the PDB web services (this search was
performed in 2009). The three most similar structures reported together with the DSSP
prediction of their secondary structure elements were considered for construct definition.
If available, NMR structures were preferred as the reported structures were observed
in solution. The PDZ sequence was aligned to the sequences of the structures and to-
gether with structural information and secondary structure predictions used to define the
boundaries of the core PDZ domain in question. The previous steps were automatically
performed using python (www.python.org) and biopython scripts [24]. The last step and



the following ones were manually carried out.

We compared the core domain boundaries to the boundaries of the constructs used to
obtain the structures. If there was a structure with a highly similar sequence to the PDZ
in question and if the construct boundaries of the structure comprised our defined core
domain boundaries, we adopted the construct boundaries from the structure including
eventual extensions. If there were only structures with less sequence similarity to the
PDZ in question, eventual extensions present in the structure were not included, espe-
cially, if they seemed not to be conserved. In the latter case or if the boundaries observed
from the structure were shorter than our predicted core domain boundaries, the final
construct was designed by extending our defined core domain boundaries on both sides
by a few residues, if they were not hydrophobic or if they seemed to extend the first and
last 3 strand of the PDZ.
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