
!"#$%&'#()*+%*'(&,'-.!&/* 01232*456*
!

!

"#$%&!'$#($)*%&!'&+!+#,&-#&+!'&!%*!.,&!&(!'&!%*!+*-(&!

#789:9;9*54*/<7<9:=;4*49*54*-:2123:4*>21<?;1@:A4*49*B411;1@:A4*0#/->B6*

!

 

!

(CD'%**"#$%&'($&!")#!*!

E@;*F,")*E,GGH*
!

%+,(&',&!-&!*!I*.?92JA4*KLKL!
!

*

*

"+,#!+.(&'/#!-&!0#)1&!1&!*!+2?94;A*54*1M;7:N4A8:9<*54*'9A@8J2;A3!

2/%3/"-/'&4!5"$3/)-/($!*!6/+7/'8+#9)(/:,&!

!

O;@79:P:?@9:27*54*@PP:7:9<8*E->QE+R*

49*54*14;A8*8:948*S25;1@94;A8*

T@A*548*@TTA2?U48*4VT<A:S479@148*49*:7P2AS@9:=;48*

W*U@;9*5<J:9*

*
*

*
(CD'%*5:A:3<4*T@A*X*
>Y*(&,$)*/:1148! 2#;<!='/>&#%/($!1&!5(#)%.+,#0!

>Y*".>#")*ZN48* 2#;<!='/>&#%/($!1&!5(#)%.+,#0!

!

&,EE.&(%!&'*X*
>S4Y*#$,&''."*Z1N@! ?#+8;<!=""%)-)!='/>&#%/(@!

>S4Y*G!B[*[@9\@! 2#;<!AB6!B)/'C!

*
,!(&%'*>%>-&%'*+!*F!&Z*X*
>S4Y*(C.>E'."*F;1:4! 2#;<!='/>&#%/($!1&!5(#)%.+,#0!

>Y*/#-'."*(2J]! 2#;<!DB6E!F&/1&-.&#0!

*



!



“If you can’t explain something in simple terms, you don’t understand it.”

-Richard Feynman



!



Acknowledgments

First of all, I would like to thank Gilles Travé for all the dedication on this project
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Me gustaŕıa agradecer a todos los embajadores de Estrasburgo por el tiempo

que hemos pasado juntos. Estos cuatro años han estado plagado de aventuras,

desde viajes al lago de Constanza hasta Bangkok; desde cenas “silenciosas” en que

los vecinos golpeaban con escobas el suelo del piso hasta barbacoas en Baggersee.

Nos hemos cuidado entre nostros en tal magintud que no somos conscientes, tanto

haciendo terapia de cerveza como con deporte; tal como fútbol, pádel o running.
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Agrair a la Guàrdia, una gent entranyable amb qui passo uns estius inolvidables

amb els que carrego les piles pel proper curs i que sempre ofereixen suport moral

en tot moment.

A l’Armand i a la Laura, amb qui he passat grans moment, com la sortida de
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Prologue



Chapter 1

Resumé

1.1 Contexte

Au cours des dernières décennies, la fonction, la localisation et la séquence d’un

grand nombre de protéines ont été systématiquement analysées et stockées dans

des bases de données, comme UniProt [1]. Pourtant, les fonctions biologiques

ne sont pas le produit de protéines isolées, mais émergent plutôt d’interactions

complexes -et des réactions qui s’en suivent- impliquant de nombreuses protéines et

d’autres espèces moléculaires. C’est pourquoi de nombreux efforts ont été déployés

pour cartographier, dans divers organismes, dont l’humain, leur “interactome”,

c’est-à-dire l’ensemble du réseau de leurs interactions protéine-protéine (PPI) [2,3].

La plupart des approches interactomiques produisent des données binaires (“lie”

ou “ne lie pas”) [4,5]. Cependant, cette description binaire des interactomes reste

inexacte et incomplète, car les interactions protéine-protéine peuvent présenter une

très large palette d’affinités. Les constantes d’affinité à l’équilibre (Kd) peuvent

varier de l’échelle picomolaire (10-12 M) à l’échelle milimolaire (10-3 M) [6–8].

En outre, au sein d’un interactome donné, la spécificité - une question clé en

biologie moléculaire - émerge de la comparaison des affinités individuelles. Alors

que l’affinité représente la force de liaison d’un complexe entre un ligand L et une

protéine P, la spécificité de ce complexe ne peut être évaluée qu’en considérant

le profil d’affinité global du ligand L ou une famille de protéines susceptibles de

se lier au ligand L, dont la protéine P. Obtenir des informations sur la spécificité

requiert de collecter puis de comparer un grand nombre de données d’affinité. Par

2
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conséquent, traiter les questions de spécificité, et donc d’affinité, pour les réseaux

PPI représente un défi méthodologique essentiel.

Dans cette thèse, un sous-ensemble de l’interactome PPI est étudié par

l’approche “domainomique”, qui se concentre sur des interactions entre fragments

de protéines : domaines globulaires vs motifs linéaires courts (SLiM) [9]. Les

SLiM ne dépassent généralement pas 10 résidus et sont situés dans des régions

intrinsèquement dépliées des protéines. Ils peuvent évoluer rapidement en appa-

raissant de novo ou, à l’inverse, en disparaissant. Cela complique leur identification

bioinformatique [10–12]. Malgré leur courte séquence, les SLiM, par leur recon-

naissance spécifique de domaines globulaires, jouent un rôle essentiel dans réseaux

PPI [10–13]. En règle générale, seuls 3 à 4 résidus d’un SLiM contribuent au motif

consensus crucial pour la reconnaissance des domaines, les autres résidus jouant

plutôt un rôle modulateur [14]. On estime que le protéome humain contient plus

de 100 000 SLiM [13].

Ce travail a porté sur les domaines PDZ, une famille de domaines globulaires

reconnaissant des motifs de liaison aux PDZ (appelés PBM, pour “PDZ-Binding

Motifs”) généralement situés à l’extrémité C-terminale de leurs protéines parte-

naires. Le protéome humain contient 266 domaines PDZ (le “PDZome”) [15].

Les domaines PDZ comprennent 80 à 100 acides aminés. Leur repliement canon-

ique, généralement décrit comme un tonneau β antiparallèle ou un β-sandwich,

comprend trois feuillets β (β1 à β3), une courte hélice α (α1), deux feuillets β

(β4 et β5), une longue hélice α (α2) et un dernier feuillet β (β6) [16, 17]. Ces

éléments de structure secondaire peuvent varier en longueur [18].

Les PBM C-terminaux ont une nomenclature spécifique dans la littérature.

L’ultime position C-terminale est appelée p0 (position 0), le résidu précédent p-1

et ainsi de suite. La position p0 est toujours hydrophobe, principalement Valine,

Leucine ou Isoleucine [18–20]. Les PBM peuvent être regroupés en trois classes

selon la nature de l’acide aminé présent en p-2 : les PBM de classe 1 contiennent

une Sérine/Thréonine, les PBM de classe 2 une Valine/Tyrosine/Phénylalanine et

les PBM de classe 3 un acide Aspartique/Glutamique [21]. La poche des domaines

PDZ liant les peptides-cible est formée par les résidus de la boucle β1-β2 (séquence

conservée [KR]...GφGφ), des brins β2 et β3, de la boucle β2-β3 et de l’hélice α2. φ

est généralement une leucine ou une phénylalanine. “...” signifie tout acide aminé.

Plusieurs résidus trouvés à l’interface entre le brin β2 et l’hélice α2 du domaine

PDZ forment une poche hydrophobe accomodant le PBM, qui adopte une structure
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secondaire β lors de l’interaction. À L’opposé de la poche de liaison, les deux

extrémités N et C du domaine PDZ se rejoignent [15, 18–20]. L’interaction PDZ-

PBM comprend plusieurs liaisons hydrogène établies entre les chaines principales

du domaine PDZ et du peptide, typiques des feuillets β. Le groupement carboxyle

de la position C-terminale p0 établit un contact avec la boucle [KR]...GφGφ β1-

β2 du domaine PDZ. Le p-2 joue également un rôle crucial en se liant à plusieurs

résidus de l’hélice α2- PDZ. Le résidu central de l’hélice α2 varie en fonction de la

classe de PBM : il peut s’agir d’un résidu histidine, aliphatique ou tyrosine suivant

qu’il est lié à un motif de classe 1, 2 ou 3, respectivement [18–20].

1.2 Contribution du travail de thèse

Les réseaux domaines-motifs sont souvent modulés par des modifications post-

traductionnelles réversibles (PTM, pour “Post-Translational Modification”). La

PTM la plus abondante est la phosphorylation, une réaction chimique réversible

(catalysée par les kinases et en sens inverse par les phosphatases), qui transfère le

groupe γ-phosphate d’une molécule d’ATP à un résidu récepteur, le plus souvent

au groupe hydroxyle d’un résidu Ser/Thr, ou Tyr via la formation d’une liaison

phosphoester [22]. Les acides aminés phosphorylés ont des propriétés uniques qui

peuvent altérer de différentes manières les propriétés biochimiques des protéines

modifiées. L’acétylation de lysines, une autre PTM fréquemment observée, altère

une grande variété de substrats, tels que les histones, les acétylases, les facteurs

de transcription liant l’ADN, les facteurs d’importation nucléaire et l’α-tubuline

[23]. L’enzyme “lysine acétyl-coenzyme A acétyltransférase” transfère un groupe

acétyle de l’enzyme au groupe ǫ d’un résidu lysine. Le processus est réversible par

une autre enzyme, la lysine désacétylase. L’acétylation de la lysine neutralise la

charge positive, tout en rendant la protéine “lisible” par les domaines reconnaissant

l’acétyl-lysine. L’acétylation a un impact élevé sur la régulation cellulaire [24].

Les processus de phosphorylation et d’acétylation sont tous deux difficiles à

reproduire in vitro. Si certaines stratégies visent à imiter ces processus [6, 25–29],

d’autres cherchent plutôt à évaluer l’impact de ces modifications sur l’interactome

[30]. Ici, nous avons utilisé des PBM synthétisés chimiquement pour reproduire

différentes conditions: motifs non modifiés de diverses longueurs, acétylés, phos-

phorylés ou sujets à des mutations cherchant à “imiter” les phosphorylations. Ces
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peptides ont été utilisés pour des études d’interaction à l’aide du test “Hold-Up”,

un test développé à l’origine dans notre laboratoire. Le Hold-Up est une approche

de rétention chromatographique comparative qui quantifie l’affinité de liaison à

l’équilibre des protéines envers les ligands (ici, les PBM biotinylés) attachés aux

résines d’affinité. Les protéines (ici, des domaines PDZ) sont surexprimées dans

E.coli, peuvent être purifiées ou non, et sont ensuite stockées sous forme d’extraits

en attendant d’effectuer les tests. Après le test de liaison, les échantillons sont

lus par un instrument d’électrophorèse capillaire microfluidique appelé “caliper”.

Nous avons ainsi observé comment diverses PTM, véritables ou imitées, ou l’ajout

de résidus supplémentaires à un PBM donné, peuvent changer ses préférences de

liaison au domaine PDZ. De plus, nous avons analysé le “potentiel d’impact de la

liaison aux PDZ” de certaines positions de résidus des PBM lorsqu’ils sont mutés

ou soumis à une PTM.

La réalisation du test holdup exige une approche rigoureuse. Plusieurs étapes

critiques ont été identifiées: l’expression du PDZome, la vérification de sa qualité

et l’étalonnage de ses concentrations. Depuis la publication du premier test holdup

[7], d’autres améliorations ont été mises en œuvre pour atteindre une qualité élevée

pour les étapes mentionnées [31]. Certaines d’entre elles sont développées dans

les paragraphes suivants.

Un premier aspect concerne l’optimisation du rapport coût-efficacité des

mesures. Nous avons effectué des mesures de holdup en “singlicate”, dans le

but de mesurer plus de PBM différents pour un même coût. Pour nous as-

surer de la qualité de nos données, nous avons vérifié l’interaction PBM/PDZ

point par point, depuis ses niveaux d’expression jusqu’à l’étape de superposi-

tion de l’électrophérogramme. Un deuxième point concerne la qualité des extraits

d’expression du PDZome. Une préparation optimale ne suffit pas toujours à garan-

tir la qualité des mesures, car les protéines peuvent se dégrader lors du stockage

des extraits. Nous avons mis en place une étape de traitement informatique pour

mieux superposer les électrophérogrammes du caliper, ce qui a permis d’améliorer

la fiabilité du test de rétention. Ces étapes de contrôle de la qualité nous permet-

tent d’améliorer l’exactitude et la précision des données de retard, réduisant ainsi

le nombre de faux positifs et de faux négatifs. Le protocole présenté dans la thèse

a été appliqué à plus de 20 000 paires d’interactions, ce qui a permis de créer une

base de données des interactions PBM/PDZ. Enfin, nous avons validé des sous-

ensembles d’interactions positives résultant de l’essai de rétention par polarisation
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de fluorescence (FP, pour Fluorescence Polarisation), une approche orthogonale

de mesure quantitative d’affinité de liaison qui utilise des peptides marqués par

fluorescence. Les données d’affinité de liaison obtenues par FP ont ensuite été

utilisées pour extrapoler toutes les constantes d’affinité mesurées par holdup.

Il convient de noter que le test de holdup fournit des informations quanti-

tatives à la fois sur l’“interactome” et sur le “négatome” des interactions PBM-

PDZome [32]. En effet, au delà d’informations binaires nous avons quantifié toutes

les affinités de chaque PBM mesuré pour tous les domaines constituant l’ensemble

du PDZome. Ceci nous fournit une information précieuse pour l’analyse du réseau.

L’interactome montre les préférences potentielles du PBM pour un sous-ensemble

donné des domaines PDZ en supposant des conditions égales dans un système

donné (sachant que, dans un système cellulaire, les protéines contenant chaque

PBM et PDZ concernés varient dans leur expression et localisation). Malgré sa

grande sensibilité, le test holdup n’a détecté que jusqu’à 50 domaines PDZ liant un

PBM donné [7,31,33,34]. Un tel interactome, se bornant uniquement aux interac-

tions détectables, révèle donc moins de 20% des informations du réseau PDZome.

Or, la spécificité est déterminée non seulement par les interactions réelles, mais

aussi par toutes les interactions n’ayant pas lieu. L’étude du “négatome” est

donc hautement pertinente, d’autant plus qu’elle permet aussi, grâce à nos ap-

proches expérimentales, d’explorer la “zone grise” des interactions pouvant avoir

lieu dans certaines circonstances (protéine à nombre de copies élevé, emplace-

ment de la protéine, etc...). En ajoutant le négatome à nos études, nous pouvons

donc couvrir près de 100% du réseau PBM/PDZome. Cela nous permet d’étudier

davantage les variations de PBM, telles que la PTM et les mutations, dans le

PDZome. Par conséquent, un point d’intérêt majeur du test holdup est sa capacité

à fournir, grâce à la mesure systématique des affinités de liaison, des informations

quantitatives sur les spécificités de liaison. Dans cette thèse, nous proposons

également une approche simple mais robuste pour quantifier la spécificité de tout

PBM mesurée par rapport à l’ensemble du PDZome, en utilisant les “profils de

liaison au PDZome” obtenus à partir de l’essai de rétention. Nous avons utilisé

cette approche pour comparer les spécificités des PBM soit sous forme sauvage,

soit soumis à des mutations ou modifications par des PTM.
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1.3 Perspectives

De nombreux chercheurs - en particulier dans le réseau de formation international

“PDZnet” Marie Sk lodowska-Curie dont je faisais partie - ont saisi le potentiel

du test holdup et l’ont utilisé pour leurs recherches. Le nombre d’utilisateurs

de ce test va certainement encore augmenter à l’avenir. La méthode a d’abord

nécessité d’exprimer la banque complète de domaines PDZ. Ce travail a été réalisé

par notre collaborateur Renaud Vincentelli [7], un autre membre du réseau. Les

tests d’interactions ont été réalisés par trois laboratoires, dont le nôtre. Enfin,

comme j’étais très impliqué dans le traitement et la conservation des données,

j’ai eu accès à la plupart des données de holdup mesurées dans le réseau, et

j’ai pu les traiter en utilisant mes approches. Afin de réduire les coûts, assez

élevés, de l’approche holdup, notre laboratoire améliore actuellement la méthode

en utilisant la fluorescence intrinsèque des protéines mesurées, pour quantifier les

données d’affinité. Cela nous permettra à la fois d’éviter l’étape de Caliper et

de réduire la complexité des processus bioinformatiques. Toutefois, les nouveaux

développements de la méthode nécessiteront de pouvoir se référer à un ensemble

de données solides et robustes, tel que celui que nous possédons actuellement (plus

de 20 000 interactions). La nouvelle méthode sera plus rapide et moins coûteuse,

ce qui permettra d’avancer encore plus vite dans le décryptage de l’interactome

PBM/PDZome.

1.4 Conclusions

Cette thèse, a permis d’évaluer l’impact de diverses modifications des PBM (PTM,

mutations, variations de longueurs) sur leurs interactomes avec l’ensemble du

PDZome humain. Ces modifications conduisent à un changement global des profils

de liaison -et donc de la capacité de liaison aux PDZ- fournissant des informations

quantitatives sur l’effet biologique que de telles modifications peuvent avoir dans

le contexte des protéines entières. Comme toute altération de la séquence de la

PBM (comme les mutations, les modifications ou le changement de la longueur

du peptide) peut entrâıner des réarrangements globaux du profil de liaison au

PDZome, ces altérations doivent être utilisées et interprétées avec une grande

prudence en tenant compte des études supplémentaires sur la structure, les cel-

lules ou même l’organisme entier. De tels résultats n’auraient pas pu être obtenus
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sans le test holdup, et la stratégie d’analyse que nous avons développée par la

suite, permettant d’obtenir des données d’affinité robustes. Nous avons également

proposé un moyen de quantifier la spécificité. Dans l’ensemble, nous espérons

que l’approche proposée pour la quantification de l’affinité et de la spécificité des

réseaux d’interactions domaines-motifs, aura contribuée à nous rapprocher un peu

plus d’une approche quantitative de l’interactome humain, basée sur les affinités

d’interaction.



Chapter 2

Summary

2.1 Background

In the past decades, the function, localization and sequence of huge numbers of

single proteins have been systematically analyzed and stored on databases, such

as UniProt [1]. However, biological functions do not emerge from single proteins,

but rather from complex interactions -and subsequent reactions- implicating many

proteins and other molecular species. Therefore, many efforts have been invested

to map, in various organisms including human, their “interactome”, i.e. the entire

network of their protein-protein interactions (PPI) [2, 3]. Most interactomic ap-

proaches deliver binary results (either “bind” or “not bind”) [4, 5]. However, this

binary information is an inaccurate and incomplete way to describe interactomes,

since protein-protein interactions can display a very large palette of affinities. Equi-

librium affinity constants (Kd) can range from the picomolar scale (10−12 M) to the

milimolar scale (10−3 M) [6–8]. Furthermore, within a given interactome, speci-

ficity -a key issue in molecular biology- emerges from the comparison of individual

affinities. While affinity represents the binding strength of a complex between a

ligand L and a protein P, the specificity of L for P (or, conversely, of P for L) can

only be assessed by considering the overall affinity profile of ligand L for a subset

or family of proteins susceptible to bind ligand L (or the overall affinity of a family

of ligands susceptible to bind to protein P). Gaining information about specificity

implies to collect then compare a large number of affinity data. Therefore, ad-

dressing the specificity, and thus the affinity, issues for PPI networks of biological

interest represents a key methodological challenge.

9
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The human proteome comprises ∼20 000 proteins (not accounting for splicing

isoforms), themselves estimated to contain 35 000 instances of folded domains

[13, 35, 36] and up to a few milions instances of interaction motifs, which may

be “pure” peptidic sequences or modified sequences bearing one or several of the

∼300 possible PTMs [13].

In this thesis, a subset of the PPI interactome is studied through the “domain-

omics” approach, which focuses on minimal interacting blocks accounting for a

large subset of PPI [9]: globular domains vs Short Linear Motifs (SLiM). SLiMs

are usually not longer than 10 residues and located in intrinsically unfolded regions

of proteins. They can evolve rapidly by appearing de novo or, conversely, disap-

pearing. This complicates their search through the proteome [10–12]. Although

being short in sequence, SLiMs have a high functionality as they are recognized by

globular domains, which confers them a huge relevance in PPI [10–13]. Typically,

only 3 to 4 residues of a SLiM contribute to the core consensus motif for domain

recognition whereas the other residues may play a modulatory role [14]. The hu-

man proteome is estimated to contain over 100 000 SLiMs, which can be raised

up to 1 000 000 peptide sequences instances due PTMs [13].

This work focuses on PDZ domains, a family of globular domains that bind

to conserved PDZ-Binding Motifs (called henceforth PBMs) generally situated at

the extreme C-terminus of their partner proteins. The human proteome contains

266 PDZ domains, mentioned henceforth as the PDZome [15]. PDZ domains

comprise 80-100 amino-acids. Their canonical folding topology is as follows: three

β-strands (β1 to β3), a short α-helix (α1), two β-strands (β4 and β5), a long

α-helix (α2) and a last β-strand (β6), mostly described as an anti-parallel β-barrel

or a β-sandwich [16, 17]. Although the fold is conserved, the secondary structure

elements may vary in length [18].

PBMs have a specific nomenclature in the literature. The last position of a

C-terminal PBM is called position 0 (p0), the neighbor residue is then numbered

as position -1 (p-1) and so on backwards. All the PBMs have an hydrophobic

residue in its p0, being mostly Valine, Leucine and Isoleucine [18–20]. PBMs

can be grouped in three classes depending on the amino acid found in the p-2:

class 1 motif contains a Serine/Threonine, class 2 motifs contains a Valine/Ty-

rosine/Phenylalanine and class 3 motifs contains an Aspartic/Glutamic acid [21].

The peptide-binding pocket of PDZ domains is formed by residues from the β1-
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β2 loop known by its conserved [KR]. . . GφGφ sequence, the β2 and β3 strand, the

β2-β3 loop and the α2-helix. φ is mainly Leucine and Phenylalanine in this order

respectively, although other hydrophobic residues might also be found. “.” means

any amino acid. Among those, several residues found at the interface between

the β2-strand and the α2-helix of the PDZ domain form a hydrophobic pocket

that is recognized by the PBM, which adopts a β-strand upon binding. On the

opposite site of the binding pocket, both of the N- and C-terminus of canonical

PDZ domain are proximal to each other [15, 18–20]. The binding of these PBMs

to their cognate PDZ domain is led by several hydrogen bonds established between

backbone atoms of the peptide and backbone atoms of the PDZ domain observed

typically between β-sheets. The p0 carboxylate group establishes contact with

the conserved [KR]. . . GφGφ β1-β2 loop of the PDZ domain. The p-2 also plays

a crucial role by binding to several residues of the PDZ α2-helix. The central

residue of α2-helix varies depending on the PBM class: it is preferentially be a

Histidine, an aliphatic or a Tyrosine residue when bound to a class 1, 2 or 3 motif,

respectively [18–20].

2.2 Contribution of the thesis work

Domain-motif networks are often modulated by reversible post-translational mod-

ifications (PTMs). The most studied PTM is phosphorylation, a reversible

chemical reaction (catalyzed by protein kinases and reverse-catalyzed by protein-

phosphatases), that transfers the γ-phosphate group of an ATP molecule to a

receiver residue, most often to the hydroxyl group of a Ser/Thr, or Tyr residues

via forming a phosphoester bond [22]. Phosphorylated amino acids have unique

properties that can alter biochemical properties of substrate proteins in different

ways. Acetylation, an other common type of PTMs, occurs in a large variety of

substrates, such as histones, acetylases, DNA-binding transcription factors, nuclear

import factors and α-tubulin citekouzarides2000acetylation. In the case of Lysine

acetylation, the process is promoted by an enzyme as lysine acetyl-coenzyme A

acetyltransferase, which transfers an acetyl group from the enzyme to the ǫ-group

of the Lysine residue in the protein. Lysine acetylation will neutralize the positive

charge, but also will make the protein “readable” by specialized acetyl-lysine bind-

ing domains. The acetylation process is reversible by an other enzyme, as lysine

deacetylase. Acetylation has a high impact in cell regulation [24].
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Both phosphorylation and acetylation processes are difficult to reproduce in

vitro. While some strategies aim at mimicking these processes [6, 25–29], others

rather focus on the impact of PTMs on interactomes [30]. Here, we used chemi-

cally synthetized PBMs, hence we could better reproduce different conditions, such

as a wild-type, acetylation or phosphorylation, or addition of extra exosites, and

then to test residue mimication of the literature. These peptides were used for

interaction studies using the Hold-Up assay, an assay originally developped in our

laboratory. The holdup assay is a comparative chromatographic retention approach

that quantifies the equilibrium binding affinity of proteins towards ligands (here,

biotinylated PBMs) attached to affinity resins. The proteins (here, PDZ domains)

are overexpressed in E.coli, may or may not be purified, and are then stored in the

form of frozen extracts, waiting for the assay to be performed. After the binding

assay, the samples are read through a microfluidic capillary electrophoresis instru-

ment called “caliper”. We observed how PTM as well as extra residues addition

to a given PBM can switch its PDZ domain binding preferences. Moreover, we

analyzed the “PDZ-binding impacting potential” of particular residue positions of

PBMs when they are mutated or subject to a PTM.

The experimental holdup assay requires a rigorous approach for its performance.

Several critical steps are identified in the following stages: the expression of the

PDZome, the verification of its quality and the calibration of its concentrations.

Since the first holdup assay was published [7], further improvements have been

implemented to reach high quality for the mentioned stages [31]. Some of them

are developped in the following paragraphs.

A first aspect concerns the optimization of the cost- and time-effectiveness of

measurements. Here, we performed holdup measurements in singlicate, allowing

us to increase the number of different PDZ-PBM pairs that we could address. To

make sure about the accuracy of our data, we checked the PBM/PDZ interaction

point by point from its expression levels to the electropherogram superimposi-

tion step. A second point concerns the quality of PDZome extracts. An optimal

preparation does not always warrant the quality of the measurements, as protein

degradation may occur during storage. We implemented a computational process-

ing step to better superimpose the caliper’s electropherograms leading to a better

fiability of the holdup assay. These quality control steps allow us to improve accu-

racy and precision of the holdup data, reducing the amount of false positive and

negative results. The protocol showed in the thesis has been applied to over 20 000
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pairs of interactions resulting in a curated PBM/PDZ interaction database. Finally,

we validated subsets of the positive interactions resulting from the holdup assay

by Fluorescent Polarization (FP), an orthogonal powerfull approach for quantita-

tive binding affinity measurements that uses fluorescently labelled peptides. The

binding affinity data obtained by FP were then used to interpolate all the binding

affinity constants (Kd) measured by the holdup assays.

Worthy of note, the holdup assay delivers powerful information about both, the

PDZome “interactome” and the “negatome” [32]. Instead of providing “binary

information” (“binds” or “does not bind”), we quantified PBM interactions against

the whole PDZome. This provides us with an extra information to dig further

in the PDZome network. The interactome shows the potential preferences of

the PBM for a given subset of the PDZ domains assuming equal conditions in

a giving system (whereas, in a cellular system, the expression and localization

of the proteins comprising those PBMs and PDZs may greatly vary). Despite

its high sensitivity, the holdup assay usually does not detect more than 50 PDZ

domains binders for a given PBM [7,31,33,34]. This means that a “binders-only”

interactome delivers less than 20% of the PDZome network information. Yet, the

specificity is determined, not only by the actual interactions, but also by all the

interactions that do not take place. Therefore, the study of the “negatome” is

highly relevant, specially when considering that it also allows us to explore the

“grey zone” of interactions that only happen under certain circumstances (high

copy number protein, protein localization, and so forth). By adding the negatome

to our studies, we actually cover up to 100% of the PBM/PDZome network.

This allows us to further study variations of PBM, such as PTM and mutations,

in the PDZome. Therefore, a strong point of interest of the holdup assay is

its ability to provide, thanks to the systematic measurement of binding affinities,

quantitative information on binding specificities. In this thesis, we propose a simple

yet robust approach to quantify the specificity of any measured PBM against the

whole PDZome, using the “PDZome-binding profiles” obtained from the holdup

assay. We used this approach to compare the specificities of PBMs either in wild-

type form or subjected to mutations or modification by PTMs.
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2.3 Future perspectives

Many researchers -particularly in the “PDZnet” Marie Sk lodowska-Curie interna-

tional training network I was part from- have realized the power of the holdup

assay and used it for their research, and the demand for this assay will certainly

increase in the future. The method first required to express all the PDZ library.

This work was done by Vincentelli et al. [7], another member of the network. The

holdup assay was performed by three laboratories including ours. Finally, since I

was deeply involved in the data curation, I had access to -and could treat using

my approaches- most of the holdup data measured in the team network. All the

data curation performed in this thesis will allow the holdup to face one of its main

problems: the costs. Our lab is currently improving the method by using fluores-

cence to quantify the affinity data. This will allow us to avoid the caliper step and

to reduce the complexity of the bioinformatics processes. The use of FP will be

still necessary to validate the data and calculate PBM concentrations. However,

this cannot be done without a strong and robust data set like the one we possess

now (over 20 000 interactions). The new method will be faster and cheaper, open-

ing the way to the affinity-based quantification of the whole PBMome/PDZome

interactome.

2.4 Conclusions

In this thesis the impact of PBM modifications (mimicking mutations in the core,

PTM or addition of exosites) on their interactions with the PDZome is shown.

These modifications lead to a global change in the binding profiles -and therefore

in the PDZ-binding capability- providing quantitative information on the biological

effect that such modifications may have in the context of full-length proteins. As

any alteration in the sequence of the PBM (like mutations, modifications, or the

change of the peptide length) may lead to global rearrangements of the PDZome-

binding profile, such alterations are to be used and interpreted with great caution

as concerns their impact at structural, cellular and whole-organism levels. Such

findings could not have been possible without the holdup assay, and the subsequent

curation strategy that we developed, allowing to obtain robust affinity data. We

also proposed a way to quantify specificity. Altogether, the proposed approach

for the quantification of affinity and specificity of motif-domain networks, might
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bring the affinity-based unraveling of the quantitative human interactome a tiny

bit closer.
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tomics Study. Gergő Gógl, Pau Jané, Célia Caillet-Saguy, Camille Kostmann,

Goran Bich, Alexandra Cousido-Siah, Laszlo Nyitray, Renaud Vincentelli,
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Yves Nominé, Gilles Travé. 3rd PDZnet Meeting, 30 September - 2 October

2019, Copenhagen (Denmark)



Part II

Introduction



Chapter 5

Protein-Protein interaction (PPI)

Cells are complex machines which develop tasks such as to grow and divide, to

differentiate, to die or to keep maintaining survival functions. These tasks are

the results of intricate regulations and cooperations between proteins as primary

effectors. For multicellular organisms, these tasks are also performed cooperatively

with other cells, either by proximity (cell-cell junctions) or at distance (cell signaling

to change other cell tasks through hormones or short peptides, for instance) [37].

The “proteome” is the expressible proteins in a given organism. In the past

decades, databases such Uniprot, have systematically analyzed and sort proteins

depending on their localization, function and sequence [1]. However, biology do

not emerge from single proteins functions. Instead, biology is the ensemble of

complex interactions -and subsequent reactions- implicating many proteins and

other molecules species. Therefore, the efforts are now driven to map the full

“interactome” map of various organisms, which constitutes the entire network of

their protein-protein interactions (PPI) [2, 3].

In this thesis, a subset of the PPI interactome is studied through the “domain-

omics” approach, which focuses on minimal interacting blocks accounting for a

large subset of PPI [9]: globular domains vs Short Linear Motifs (SLiM).

20
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5.1 Globular domains

The first observation of globular domains existence in proteins was made by Wet-

laufer after observing some crystal structures and their description by the authors.

He defined it as nucleation (formation of three dimensional compact structures)

along a native continuous polypeptide chain [38]. The definition was further im-

proved adding fold, function and conservation as part of the globular domain con-

cept:

• Fold: Globular domains are normally 40 to 150 residues length with a specific

structure, which is normally a combination of unfolded regions (loops), α-

helix and β-strands [39–42].

• Function: Globular domains are regions that provide physical contact in

recognition events underlying functionality [39–43]. Globular domains may

team up with other domains in the protein to develop its function or even

carry their own function from the rest of the protein [44].

• Conservation: due to their functional importance, domains often spread

across the proteome through genomic recombination events. Proteins

may gain additional domains over evolution through several mechanisms

[37, 45–47]:

– gene fusion

– exon extension

– exon recombination

– intron recombination

– retransposition

A domain can be found in different proteins and a single protein may comprise

several members of a given domain family [43]. The relevance of classifying all

the globular domains by fold, conserved evolution and function raised the need of

organizing them in families and store all the information in a database such as

Pfam [36], SMART [48], CATH [49] CDD [50] or SCOP [51, 52]. According to

Pfam 33.1 version on May 2020, there were 18259 domain families registered at

the moment [36].
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Globular domains can recognize other domains and sometimes cooperate with

them to interact with a ligand. If globular domains interact with other globular

domains, they form a domain-domain interaction (DDI). DDI can be classified in

two types [47]:

• Heterotypic: The interaction is performed between two different domains

which don’t belong to the same domain family.

• Homotypic: The interaction involves two domains of the same family. This

does not necessarily imply a homodimer interaction, since a homodimer is

formed of two identical protein or domain sequences.

DOMINE is a DDI predictor database. They collect interactions inferred by

the PDB [53] and 13 different computational approaches using the Pfam domain

definitions [44, 54]. DOMINE database (manticore.niehs.nih.gov/cgi-bin/Domine)

shows the following statistics at the date (August 2020): “DOMINE contains a

total of 26,219 domain-domain interactions (among 5,410 domains) out of which

6,634 are inferred from PDB entries, and 21,620 are predicted by at least one

computational approach. Of the 21,620 computational predictions, 2,989 inter-

actions are high-confidence predictions, 2,537 interactions are medium-confidence

predictions (MCPs), and the remaining 16,094 are low-confidence predictions”.

5.2 Short Linear Motifs (SLiM)

In 1990 Tim Hunt conceptualized the existence of linear motifs and described

them as follows: “These motifs are linear, in the sense that three-dimensional

organization is not required to bring distant segments of the molecule together to

make the recognizable unit. The conservation of these motifs varies: some are

highly conserved while others allow substitutions that retain only a certain pattern

of charge across the motif” [14]. Over time, the concept of linear motif evolved

to Eukaryotic Linear Motifs (ELM) or Short Linear Motif (SLiM), being the last

one how we are going to refer to them, from now on, in this thesis.

SLiM are normally not longer than 10 residues and, typically, only 3 to 4

residues of a SLiM contribute to the core consensus motif for domain recognition,
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whereas the other residues may play a modulatory role [14]. Although being short in

sequence, SLiMs have a high functionality. Their low affinity binding range (1-150

µM) allows to engage the partner protein in a transient and reversible manner.

As a consequence, dynamic networks may be affected by the rapid assembly or

disassembly of protein complexes mediated by SLiMs [11, 13]. Every SLiM can be

recognized by many similar globular domains inside a same family hugely increasing

the interactome size [19]. SLiMs are also post-translational modifications (PTM)

sites, which alters their physicochemical behavior as well as their affinity binding to

their binding partners [13]. Moreover, the appearance of new motifs in a system,

by convergent evolution or by viral hijacking (see section 6.4), have the capacity to

rewire existing cellular networks. Altogether, these characteristics confer to SLiMs

a huge relevance in PPI, which provides the biologist with a great opportunity to

study relevant domain-motif sub-interactomes [10, 12, 55].

Detecting SLiM across the proteome can be computationally more challenging

than identifying globular domains. As mentioned, SLiM are normally not longer

than 10 residues and are located in intrinsically unfolded regions of proteins. In-

terestingly, some SLiM adopt secondary structures once bound to their protein

partners. Moreover, their conservation is not as strong as in globular domains, as

they are evolutionary plastic by rapidly appearing de novo or gradually disappear-

ing. This complicates searches of SLiMs through the proteome since it makes it

statistically difficult to discriminate between true and false positives. Only early

in this century, computational tools started to make some progress in the SLiM

identification. Therefore, most likely only a small fraction of the existing SLiM has

been discovered at the moment [10–13, 56].

The human proteome is estimated to contain over 100 000 SLiMs, which can

raise up to 1 000 000 by their capacity of accepting PTM [13]. The system-

atic computational identification and curation of domain-SLiM interactions has

opened wide new perspectives for our understanding of PPI networks at a pro-

teome wide scale. [10–13]. There are many resources nowadays to find SLiM in

human proteome, such as SLiMSearch [57] or databases like ELM database, the

most comprehensive repository of experimentally proved SLiMs, which stores con-

sensus motifs as ligand sites, PTM sites, proteolytic cleavage and processing sites

and subcellular targeting sites [58].

In this thesis, we will focus on the PDZ domains, which are a globular domain

family that recognize SLiMs located at the C-terminus site (see chapter 6).
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5.3 Post-translational modifications (PTM) as

PPI modulators

Amino acids in proteins can be subject to reversible biochemical changes, which

are called post-translational modifications (PTM). There are about 300 different

modes of PTM in the human proteome, among which glycosylation, phospho-

rylation, ubiquitination, acetylation, and so forth [13]. The PTM is introduced

due a chemical reaction catalyzed by another protein or ligand and may change

the function of a protein or its cell localization. It might also change the motif

consensus of a SLiM by shifting the binding preferences of their globular domain

partners [25, 33]. According to Tompa et al. [13], there are around 1 000 000

PTM sites in total. This leads to a huge PPI interactome, from which we barely

scratched the surface.

In the literature, PTM are usually referred to as “switches” for a given PPI [18].

In other words, PTM have the property of turning “on” and “off” an interaction.

This is a simplification since interactions can sample different affinities; but this

simplification arises from the fact that many interaction assays only deliver binary

information (“binding” vs “not binding”). Here we will try to avoid this simplifi-

cation and therefore we will not use the term “switch” onward. We believe that

PTM play a regulatory function in PPI, but that affinities are a continuum, which

are quantifiable within the limits of the sensitivity and quantitation threshold of

the experimental methods that are used.

In this thesis, we studied phosphorylable and acetylable SLiM which binds to

PDZ domains in both states, wild-type and in their PTM form (see chapter 9,

chapter 10 and chapter 11). Our results led us to point out the inaccuracy of the

term “PTM switches”.

5.3.1 Phosphorylation

From the chemical point of view, phosphorus can form five covalent bounds due its

5 free electrons of its outer shell. When combined with four oxigen molecules, the

phosphate group is created. In cells, phosphate forms esters with adenosine tripho-

sphate (ATP), which constitutes the major energy storage compound. Moreover,
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ATP is available to transfer the pospho group to other molecules, in particular

proteins. The transfer of a phospho group into a molecule is called phosphorylation

[22].

Phosphorylation is the most studied PTM in nature. Phosphorylated amino

acids in proteins gain negative charges and can create extra hydrogen bonds or

salt bridges, either intra- or intermolecularly, due to their higher density negative

charge and the larger hydrated shell compared to the negative charged amino acids,

acid Glutamic and acid Aspartic. This looks very suitable to form extra bounds

to the guanidino group of the Arginines [59]. The unique size and charge opens

new possibilities of recognition by phosphospecific-binding domains in proteins.

Phosphorylated-dependant proteins interactions are crucial for the PPI in cells,

which leads to changes in the interactome due alteration of the protein recognition,

subcellular location changes or degradation of proteins [22].

Figure 5.1: Serine phosphorylation and its equivalently used Acid Glu-
tamic. A phosphogroup is transferred to the side group of the serine by a kinase.
This process can be reverted with a phosphatase. Phosphoserine is sometimes
phosphomimicked usind acid glutamic.
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The phosphorylation of a residue in a protein is catalyzed by protein kinases.

Kinases transfer a γ-phosphate group of an ATP molecule to a receiver residue,

most often to the hydroxyl group of a Ser/Thr via forming a phosphoester bond.

Depending on the kinase type, the γ-phosphate group is transferred to a Tyr

residue. Despite its covalent nature, the phosphorylation event is reversible in the

protein, as it can be removed by the reverse enzymes of the kinases, called protein

phosphatases [60, 61].

Phosphorylation is not always easy to study since proteins have many phos-

phorylation sites and they are not so easy to control from the experimental point

of view. Depending of the assay conditions, it might not be trivial to promote

the addition of PTM selectively on a particular residue of interest, therefore many

studies uses what is called “phosphomimication”. The phosphomimication is the

engineered mutation of a Serine or Threonine into an Glutamic/Aspartic acid with

the aim to reproduce the biochemical effect of a phosphorylation, despite being

chemically distinct [6, 19, 29, 62, 63] (fig. 5.1). In the practice, neither the charge

nor the size of an acidic residue will be the same as in a residue modified by a

phospho group. According to Pearlman et al., a vicinal pair of Asp or Glu would

serve better than a single Asp or Glu as a phosphomimic due to its double negative

generated charge [64].

5.3.2 Acetylation

An acetyl group is a methyl group bounded to a carbonyl (C=O). The process

of introducing an acetyl group to a molecule is called acetylation. Acetylation

occurs in a large variety of substrates, such as histones, acetylases, DNA-binding

transcription factors, nuclear import factors and α-tubulin [23]. Two kinds of

acetylation may occur: the N-acetylation and the Lysine acetylation. While the

first one is critical in synthesis, stability and localization of proteins, the second

is more related to transcription factors, effector proteins, molecular chaperones,

and cytoskeletal proteins [24]. In this thesis, we are more interested in the Lysine

acetylation.

In Lysine acetylation, an acetyl group is transferred by an acetyl-coenzyme A

to the ǫ-group of this amino acid in a protein. As other PTM, acetylation is

promoted by an enzyme, which in this case is a lysine acetyltransferase (KAT),
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and it can be reversed by a lysine deacetylase (KDAC) (fig 5.2). Lysine acetylation

will neutralize the positive charge, but also will make the protein “readable” by

specialized acetyl-lysine binding domains. Thus, acetylation has a high biological

impact in cell regulation [24, 65, 66].

Figure 5.2: Lysine acetylation mechanism. An acetyl group is transferred by
an acetyl-coenzyme A (KAT) to the ǫ-group of the Lysine. This is a reversible
process due a lysine deacetylase (KDAC). Figure adapted from [66].
.

As with the phosphorylation, acetylation is being studied sometimes with some

alternative mutations. In the PTEN protein case, the mutation of a lysine to

an arginine creates a constitutively non-acetylable state of the protein. However,

an arginine can be more reactive than lysine and therefore, it might change the

binding properties of the mutated protein in the study [25, 67]. Other studies

explored “more creative” ideas to mimic the acetylation, such as substituting the

lysine residue by a glutamine or by an alkylated cysteine residue [26, 68].



Chapter 6

The PDZ domain as a PPI case study

PDZ domains were first discovered by Cho et al. when they identified highly

conserved domains in postsynaptic density 95 protein (PSD-95) in the posynapse

brain in rat was highly homologous to Drosophila lethal(1)discs-large-I (DLG) [16].

These domains were originally named GLGF domains (Gly-Leu-Gly-Phe) because

of their repetitive and conserved features. They were also named DHR domains

for disc large regions. The current PDZ domain name came later, after identifying

these conserved sequence repeats for the PSD-95, DLG and zonula occludens-1

(ZO-1) proteins. We currently know that the PDZ domains are spread across the

entire living kingdom as they are also found in metazoans, plants, bacteria and

yeast [69].

We will here focus only on the human proteome and its 266 PDZ domains [15],

mentioned henceforth as the PDZome, since it is a well characterized model for

SLiM/Globular domain interaction.

6.1 Structure

PDZ domains are in average no longer than 80 to 100 residues. Some special

cases of PDZ domains may be longer, such as GORASP2. Their structure were

first solved in the apo state by Cabral et al. [70] . The first PDZ domain solved

in a complex, a Cysteine-rich PDZ-binding protein (CRIPT), was solved by Doyle

et al. [17]. The canonical folding topology of PDZ domains is as follows: three

β-strands (β1 to β3), a short α-helix (α1), two β-strands (β4 and β5), a long α-

28
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helix (α2) and a last β-strand (β6) (fig 6.1a), mostly described as an anti-parallel

β-barrel or a β-sandwich [16, 17]. Although the fold is conserved, the secondary

structure elements may vary in length [18].

Figure 6.1: Structure of a canonical PDZ domain and its recognition site.
(a) Canonical fold of a PDZ domain colored by secondary structure. The shadowed
ellipse shows where the contact with the ligand happens. (b) PBM (in orange),
fold as an antiparallel β-strand makes contacts with the PDZ domains in both, p0
to the β1-β2 carboxylated binding loop and p-2 establishing hydrogen bonds to a
Histidine (in grey). This is an example of a class 1 motif.

The peptide-binding pocket of PDZ domains is mainly hydrophobic. It is

formed by residues from the β1-β2 loop bearing the conserved [KR]. . . GφGφ se-

quence, the β2 and β3 strand, the β2-β3 loop and the α2-helix. φ is hydrophobic,

mainly Leucine and to a lesser extent Phenylalanine. “.” means any amino acid.

Among those, several residues found at the interface between the β2-strand and

the α2-helix of the PDZ domain is recognized by the PBM, which adopts a β-

strand upon binding. On the opposite site of the binding pocket, the N- and

C-terminus of a canonical PDZ domain are proximal to each other [15, 18–20].

However, not all 266 PDZ domains follow the same canonical fold. Some

have undergone alterations or even circular permutations of the fold. For instance,

while HTRA2 has five long β-strands instead of six, it comprises two extra small

β-strands at the N- and C-terminus plus an extra α-helix found in the loop between

β2 and β3. The Golgi-reassembly stacking protein 2 (GORASP2) has undergone a

“circular permutation”, since it has its N-terminal end at the beginning of the β3-

strand (being therefore this its β1-strand), then it follows a regular PDZ domain
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fold, but instead of finishing in the canonical β6-strand (β4 in its case) after the

α2-helix, it forms the missing β1 and β2-strands of the canonical form. This PDZ

domain therefore does not comprise the usual β2-β3 loop [18, 71, 72].

6.2 PDZ-Binding Motifs (PBM)

PDZ domains bind to conserved SLiM, called henceforth as PBMs (for PDZ-

Binding Motifs). PBMs are generally situated at the extreme C-terminus of their

partner proteins, yet they can also exist as “internal” motifs, i.e. the protein

sequence is continued at both the N-terminal and C-terminal extremities of the

motif. Besides PBM, some PDZ have also be found to interact with some lipids

[19, 73–77]. However, in this thesis we will mainly focus on the C-terminus PBM.

6.2.1 C-terminal PBM

C-terminal PBMs have a specific nomenclature in the literature. The last position

of a C-terminal PBM is called position 0 (p0), the preceding residue position -1

(p-1) and so forth. In all C-terminal PBMs, p0 is an hydrophobic residue, mostly

Valine, Leucine and rarely, Isoleucine [18–20], according to a stringent definition.

However ELM database [58] extens the p0 definition to include Alanine, Cysteine,

Tyrosine and Phenilalanine. PBMs can be grouped in three classes depending on

the amino acid found at p-2: class 1 motif contains a Serine/Threonine, class 2

motifs contains a Valine/Tyrosine/Phenylalanine/Leucine/Isoleucine and class 3

motifs contains an Aspartic/Glutamic acid (see table 6.1) [21].

Table 6.1: Three defined PBM classes, where X = any amino acid and Ψ =
hydrophobic (VLIFY).

Class p-2 p-1 p0
I Ser/Thr X Ψ-COOH
II Ψ X Ψ-COOH
III Asp/Glu X Ψ-COOH

The binding of PBMs to their cognate PDZ domain involves several hydrogen

bonds established between backbone atoms of the peptide and backbone atoms of

the PDZ domain observed typically between β-sheets. The p0 carboxylate group
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establishes contact with the conserved [KR]. . . GφGφ β1-β2 loop of the PDZ do-

main. The p-2 also plays a crucial role by binding to several residues of the PDZ

α2-helix (fig 6.1b). The central residue of α2-helix varies depending on the PBM

class: it may be a Histidine, an aliphatic residue or a Tyrosine when bound to a

class 1, 2 or 3 motif, respectively [18–20]. Contrary to other cases of domain-motif

interactions, PDZ/PBM interactions prioritize mostly size over biochemical char-

acteristics of the amino acids due the limited size of the PDZ domain hydrophobic

pocket. In this regard, the fact that phophoresidues and phosphomimetic amino

acids display different sizes might explain some of the binding differences previously

observed between phosphorylated and phosphomimetic motifs [6, 29, 62, 63].

According to the class consensus sequence definition of ELM [58], it is esti-

mated to be approximately 3617 putative PBMs in the human proteome, when

searched for possible candidates in SLiMSearch4 [57].

6.2.1.1 PTM in C-terminal PBM

Some important studies have addressed the relevance of phosphorylation in PB-

M/PDZ binding. Clairfeuille et al. pointed that phosphorylation enhances PBM-

s/SNX27 binding in a priori not relevant PBM positions [78]. Also acetylation in

PTM are lately studied due its relevance. Ikenoue et al. pointed the PTEN/PDZ

binding modulation via acetylation [25]. While these low scale studies were inter-

esting proofs of concept, more work is need to explore the relevance of PTM in

PBMs and its impact in the interactome. Fortunately, some efforts are moving

to the large-scale PPI detection of PTM involved in PBM/PDZ interactions (see

section 7.3) [33, 79, 80]. Noteworthy, most of the studies refers to PTM in PBMs

as switch mechanisms for PDZ domain binding recognition. As happen with other

studies, PTMs in PBMs are also studied with the mimication techiniques men-

tioned in subsection 5.3.1 and subsection 5.3.2.

In this thesis, RSK1 (box 1) and PTEN (box 2), two PBM containing proteins,

which are affected by phosphorylation and acetylation respectively, are studied

along the chapter 9, chapter 10 and chapter 11. For this, we needed the holdup

assay (see subsubsection 7.3.2.4), a powerful high-throughput screening method

with high sensitivity that can use fully synthetized PBMs.
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Box 1 RSK1

RSK1 belongs to the ribosomal S6 kinases (RSK) related to the MAPK

pathway. RSK is involved in cancer types such as glioblastoma and

melanoma. The RSK1 C-terminus segment comprises a series of bind-

ing sites, sometimes overlapping, for its companion kinase ERK, S100B,

a tyrosine kinase, and a phosphatase, and, at the extreme C-terminus, a

class 1 PBM (RRVRKLPSTTL-COOH). This PBM also has three poten-

tial autophosphorylation sites (p-1, p-2 and p-3) [33, 81, 82]. From these,

p-3 has been also previously studied in its phosphomimetic form [6]. We

studied the RSK1 PBM in the wild type, the phosphorylated form (see

chapter 9 and chapter 10) and the phosphomimic substitution (see chap-

ter 10).

Box 2 PTEN

Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) pro-

tein is well expressed in brain tissue. It is mostly found in neurons and

synapses and has been related to neuronal survival (neurite outgrowth and

axonal regeneration) [83–85]. PTEN harbors a class 1 C-terminus PBM

(DEDQHTQITKV-COOH) which can be putatively acetylated at p-1 [25].

We studied the PTEN PBM in the wild-type and the acetylated form, as

well as in the constituently unacetylated form by mutating K to R at p-1.

We also tested the influence of extending the N-terminal sequence of the

PTEN PBM (see chapter 11).

6.2.2 Internal PBM

Internal PBM are by far less studied than C-terminal PBM. They were first men-

tioned in the literature by Hillier et al. in 1999 [86]. Like C-terminal PBMs, internal

PBMs also display a β-strand mechanism in which p-2 forms an hydrogen bond

with the α-helix of the PDZ. An hydrophobic residue is also needed at p0, but in
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this case it seems to require specifically a Leucine or Valine, due size matters, to

establish bonds with the hydrophobic pocket in the PDZ. However, this p0 is not

at the C-terminal end of the protein, hence an acidic residue is needed upstream

of p0 to mimic the C-terminus carboxylated group. The carboxylated side chain

of the acidic residue will form the same hydrogen bonds to the [KR]. . . GφGφ as a

regular C-terminal carboxyle [86–88].

These “unconventional” PBM have been barely classified so far. The ELM

database currently proposes the following class definition: “W.0,1[VIL].[ST].

KA0,1T...W” [58], although other instances have been described in the litera-

ture [76, 86–88]. Indeed, two other PhD students of the PDZnet european train-

ing network have dedicated their research to the experimental and bioinformatical

identification of internal PDZ-binding sites.

6.3 PDZ participates in cell polarity

In cells, PDZ domains serve as scaffold domain regulating a wide range of bio-

logical processes such as protein traffic, signal transduction, cell-cell junctions and

adhesion. Most of these processes are related to cell polarity, and therefore, to

cell asymmetry. SCRIB, DLG, MPP5 and PAR proteins are PDZ containing pro-

teins, which participate in the cell polarity control. The polarization also plays an

important role in cell migration and asymmetric cell division, crucial during embry-

onic stages or tissue reparation. These are regulated by Rho GRPases and PAR3,

SCRIB and Crumbs PDZ-containing proteins [89].

A variety of PDZ proteins, like SCRIB, MAGI, DLG, have been associated to cell

polarity related diseases in particular viral-induced ones, such as neuronal disorders

(rabies, Tick-borne encephalitis. . . ) and cancers (cervical cancer, HPV-positive

head and neck cancer, Merkel cell carcinoma. . . ) [56, 90].

PDZ in Epithelial Cells Epithelia cells display an apical-basal polarity. The

apical side serves as a barrier between the outside organism and the inner side,

while the basal side is attached to extracellular matrix. From cell to cell, a series

of specialized junctions are formed in the lateral part of the cells. These form a

paracellular barrier and increase the complexity of the cell polarization, discrimi-
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nating, besides the apical and the basal domains, the tight junction, the adherent

junction and the basolateral domain [91].

Adherent junctions regulate the cell-cell adhesion linking the cell to the cell

layers. Cadherins and catenins link the cytoskeleton to AFAD, a PDZ containing

protein. Tight junctions are located above the adherent junctions constituting

the border between the apical and the lateral border. Tight junctions create a

channel in which diffusion of soluble molecules between cells are allowed. These

are mainly organised by the TJP and MAGI proteins, both of them containing also

PDZ domains [89, 92–94].

PDZ in neurons Like in epithelial cells, neurons also have polarization displayed

as dendrites in the cell body and extended to the terminal axon. The axon speci-

fication is controled by PAR3 and TIAM1 PDZ containing proteins.

Synaptic transmission communication between pre- and post-synaptic neurons

is essential in neuronal cell signalling. The pre-synaptic neuron comprises the

axon terminal while the post-synaptic cell comprises the dendrites. Both cells

are connected via cell-adhesion molecules moldulated by APBA1, LIN7 and DLG4

PDZ domain containing proteins. GRIP1, PICK1, DLG1, TIAM1, SHANK, nNOS,

regulate mostly the excitatory receptors in the post-synaptic neurons by regulating

the clustering and localization of the NMDA and AMPA receptor channels (fig.

6.2) [69, 95, 96].

Whirlin is a PDZ domain scaffold protein found in the auditory hair cells and

photoreceptor cells, which are specialized neurons of the sound and vision senses.

Whirlin organizes the complexes that maintain the membrane proteins to the cy-

toskeleton and are crucial to develop and maintain the cilia. Deafness and blind-

ness diseases are related to the mutation of this protein in the N-terminal or its

C-terminal regions, the latest containing a PBM as well [97–99].
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Figure 6.2: Organization of the postsynaptic density proteins. It is com-
prised by membrane receptors, ion channels, adaptor proteins and scaffolds, sig-
naling proteins, cell-adhesion molecules and cytoskeleton. PDZ domains are high-
lighted in pink. This figures has been adapted from [95].

6.4 Viral hijacking

Differentiated cells are polarized and do not replicate. Many viruses perturb the

polarization to initiate transcription and replication of the cell, and therefore, to

replicate the viral genome. In the past 20 years many viruses have been found to

harbor a PBM at the C-terminus in at least one of their proteins [90, 100].

It is estimated that 12% of all humans cancers is caused by virus [101]. The

majority of these, are long-term persistent infections in the host that uses the

cellular differentiation program for their replication. In such cases, the viral on-

coproteins will interact with the cell environment initiating processes ending to

malignant transformation of the cell into cancer. Examples of such oncoproteins

which contains PBM at its C-terminus are Tax protein of Human T-lymphotropic

virus type 1 (HTLV1), E4-ORF1 protein of Human Adenovirus and E6 protein of

Human Papillomavirus (HPV) [90, 100, 101].

Other viruses, which are not long-term oncogenic persistent may also harbor
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a C-terminus PBMs, like Influenza A, SARS coronavirus and Rabies virus [100].

These are also highly pathogenic. In the case of Influenza, NS1 protein from human

influenza A virus harbors the PBM. The E protein of the integral membrane protein

in SARS coronavirus harbors a PBM able to interact with PALS1 PDZ protein.

This is the interaction suspected to affect the integrity of the lung epithelia, which

furthers evolves to the acute respiratory syndrome constituting the main problem

in the current pandemia [90, 100, 102]. G protein from Rabies virus targets neural

enzymes during its infection. In this last case, it has been suggested that the

virus strategy may inspire us to learn more about neurodegenerative processes, for

instance, and how to use mimic viral sequences to develop innovative therapies to

manipulate cellular homeostasis [34, 103].

6.4.1 Human Papillomavirus

Human Papillomavirus (HPV) are part of a large family of small DNA virus which

targets skin or mucosal epithelial cells [104]. HPV can be grouped in “high-risk”

and “low-risk” depending on their oncogenic risk for humans. High-risk groups

are these that when infecting epithelial mucosa may cause warts, precancerous

lesions or cancer in long-term, mainly cervical, mouth, anogenital or throat cancer.

Moreover, the high-risk HPVs are linked by containing a PBM class 1 motif. [90,

100, 105]. The number of raising cancers associated to HPVs are over 500 000

cases worldwide [106,107]. The most common examples of the high-risk HPV are

HPV16, HPV18 and HPV35 [90, 100].

Tumorigenesis induced by HPVs is associated to their early proteins E6 and

E7 [108–110]. Our group is experienced with the HPV and solved the 3D struc-

ture of the MAGI1-2 bound to HPV16 E6 protein via its PBM. [105]. Moreover,

E6 degradates p53 protein due to its recruitment of ubiquitin ligase E6AP and

subsequent degradation. This recruitment occurs due to an acidic leucine(L)-rich

motif containing LxxxLL consensus sequence within E6AP that is captured by E6.

Most of the PDZ domains found to interact with E6 PBM are related to cell

polarity regulators, such as MAGI, DLG, SCRIB and PATJ proteins (fig. 6.3).

All together, allows E6 to interact with many cellular proteins related to cancer

pathway [56, 93, 111, 112].

We performed a search of all the HPV E6 oncogenic strains collected from the
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Figure 6.3: Human papilloma’s oncogenic viral protein E6 targeting. E6
targets in a coordinated way to cell polarity regulators in epithelial cells. Figure
adapted from [93]
.

literature [113–117], obtaining ‘RRETQV’ as a consensus sequence (fig. 6.4). It

seems that E6 oncogenic proteins requires from a positive charge tailed located in

the p-4 upstream, while an acid glutamic shows to be also necessary at p-3. A

similar analysis was performed with 65 reviewed E6 proteins in Uniprot, where 19

of them showed a canonical class 1 PBM [118]. Their consensus sequence at its

C-terminal was “RRETQV” as well.

Interestengly, this consensus sequence is, besides a PBM, a protein kinase A

consensus motif (x-R-R-x-S/T-x), where “x” is any amino acid. The phosphory-

lation seems to occur at p-2, which potentially disrupts E6 binding to the PDZ

domains [118–120]. This phosphorylation has been found to turn the E6 PBM

into another motif binding for the 14-3-3 proteins [121, 122].
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Figure 6.4: E6 oncogenic C-terminal consensus sequence. Logo analysis
of PDZ motif-satisfying HPV E6 sequences which are, according to the literature,
oncogenic strains [113–117]. This E6 oncoproteins from the extracted HPV strains
reveals that the most common PDZ-targeting sequence motif in these proteins is
RRETQV, with a mixture of more positive amino acids in the upstream site.
.

6.5 14-3-3 domain family

The lab started recently the study of the 14-3-3 domains. The 14-3-3 term was

coined for the first time in 1968 by Carlson et al. who discovered an abundant

protein class in mammalian brain. The authors eluted such proteins in the 14th

fraction of bovine homogenate of a homemade DEAE cellulose column and the

fractions 3.3 in the starch gel electrophoresis, hence the name “14-3-3” [123].

Many authors later discovered or rediscovered proteins of the same family and

gave them other names, such as BAP-1, DER, FBP, MSF or NIP among many

others. The 14-3-3 family now comprises 7 isoforms in mammalian cells, with at

least two isoforms in every known organism [124].

A 14-3-3 protein was first crystalized in 1995 by Xiao et al. [125]. Each
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monomer of the family comprises nine antiparallel α-helices, which together create

a negatively charged channel [125]. 14-3-3 domains recognize 3 different motifs

being these the “RSxpSxP”, “Rx[Y/F]xpSxP” and the “ Rxx[pS/pT]xx-COOH”,

where “x” means any amino acids and pS or pT are phosphoserine or phospho-

threonine respectively. When searched in the ELM database, this last motif is

further described as “R[ˆDE]{0,2}[ˆDEPG]([ST])[ˆP]{0,1}-COOH”, where “ˆ”

means not allowed amino acids and between “{ }” how many amino acid extra

by position are allowed [58]. Interestingly, this last motif is a kinase motif and a

PBM at the same time [122]. 14-3-3 proteins are involved in signal transduction,

apoptotic cell death, and cell cycle control [126, 127].

6.5.1 14-3-3 in the PDZ context

14-3-3 domains in the PDZ context are barely studied, but it is suggested that

this protein family can indeed recognize phosphorylated class 1 PBM [128]. It

has been proposed that some PBM alternates their binding to PDZ or 14-3-3 by

the phosphorylation of one of their residues due its included kinases recognition

motif, affecting E6 proteins from HPV as well [122]. This reveals a paradigm

of phosphorylation regulation that affects biology in a dimension barely explored

before. In this thesis, we will try to go a step further and study the interplay

between PDZ and 14-3-3 for PBM binding domains (see chapter 10).
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Deliverables in PPI study

PPI needs a way to be measured, and if possible, to be quantified depending on

the strength of the formed complex and on the chance of meeting of the involved

proteins. In the literature these attributes are generally described as “affinity”

and “specificity”. While affinity determines the strength in a complex between a

ligand and a protein, specificity describes the overall affinity strength and chances

of binding of a ligand ‘A’ for a subset or protein family in which belongs protein

‘B’.

7.1 Affinity

The affinity value is crucial in molecular biology as it determines the binding

strength of complexes involving biological macromolecules, including proteins. This

means that we can study and understand the biology of molecules in a quantitative

way rather than in a qualitative way (“binds” or “does not bind”). The binding in-

teraction of a protein A and a ligand B can be defined as the dissociation constant

(Kd):

Kd =
[A][B]

[AB]
(7.1)

Where [A] is the concentration of protein A, [B] the concentration of ligand

B and [AB] is the concentration of the formed complex. The higher the relative

40
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concentration of complex [AB] -and therefore the stronger the interaction- the

lower the Kd. The inverse of the dissociation constant Kd is the association

constant Ka.

Another way to depict affinity is through the Gibbs free equation:

∆GAB = ∆H − T∆S = −RTlnKa (7.2)

Where H is the enthalpy, T the temperature and S the entropy of the system.

R is the gas constant.

Quantifying interactions in any assay will add rigor and therefore will minimize

the amount of incorrect information produced in the obtained PPI dataset. This

can result in a “high-quality” dataset which can be further used in computational

studies aiming to predict PPI or to model certain biological process [129–133].

7.2 Specificity

Specificity is mostly tackled in the bibliography as a qualitative measure dependent

of the affinity. In other cases, specificity is quantitatively dependent of the affinity

for only few selected interactions, that represent only a small fraction of all the

putative ones. However, these specificity descriptors are not enough to assess

the complexity of a full interactome. For a PPI, such as SLiM/globular domain

interaction, only a combination of interface complementarity, extra interactions

outside the SLiM core consensus, avidity from a multidomain protein and spatial

and temporal regulation of expression will solve the real specificity of the system

[134]. However, all this factors do not act in the same level in a determined PPI:

• Macro state level: This is related to temperature, protein expression and

localization. All these parameters have a strong influence in PPI and will

play a role in specificity as will modify the encounter between a subset of

the proteins for a determined ligand in cell. For instance, a high affinity

ligand ‘A’ may never encounter its theoretical protein partner if a low affinity

ligand ‘B’ is over expressed at enough level to cancel the first ligand ’A’

out. Noteworthy, if a protein and ligand are never found to be co-expressed
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simultaneously or in a same compartment, their in vitro measured affinity

and specificity may have little relevance.

• Micro state level: This is related to the single state of each amino acid

in the SLiM (in the core consensus or out of it), interface complementarity

and avidity from multidomain or tandem domains. Although I introduced

our PPI approach happening as “blocks” in protein (i.e. globular domain

and SLiM), these should not be considered as static structures. Specially

in the case of SLiMs, since their unfold nature in the protein allows its

amino acids to adapt different conformations (i.e. rotation of the sidechain

in the space). This confers to the disorder states a high variety of freedom

degrees changing the entropy for the PPI interaction, and therefore, playing

an important role in equation 7.2. A simplified example of it can be observed

with the Ramachandran plots. On the one hand, Glycine has specially a lot

of freedom degrees, due its flexibility because of the lack of sidechain, being

found around the Ramachandran plot (fig. 7.1) [135, 136]. When glycine

folds, the freedom degrees drops to zero decreasing the entropy and therefore

decreasing the affinity and the specificity. On the other hand, proline only

has one freedom degree, due its rigid full cyclic sidechain, and when folded

in a protein, its degree of freedom remains zero making the entropy variation

to stay 0.

For a SLiM/Globular domain interaction, specificity would be ideally ap-

proached with transcriptomics (macro state) and proteomics (micro state level).

Noteworthy, the proteomic approach should deliver affinity data and be obtained

for an entire families of proteins, needing therefore, high-throughput screening

(HTS) methods [131, 137, 138]. Together, transcriptomics and proteomics, could

help to determine the specificity of a given system or subset of proteins according

to physiological conditions [139, 140]. In this thesis, we will focus on proteomic

analysis using the holdup, which delivers affinity data from a given PBM against

the whole PDZome (see subsubsection 7.3.2.4). We will also see a quantitative

way to measure specificity from the proteomics point of view (see chapter 11).



Chapter 7. Deliverables in PPI study 43

Figure 7.1: Ramachandran plots for glycine (left) and proline (right).
Glycine is flexible and proline rigid due their absence of side chain and the presence
of penta-atomic heterocyclic ring respectively. The continuous lines shows their
allowed regions in the space, while the dotted lines shows the partially allowed.
This figure has been taking from [136].

7.3 HTS techniques to study PPI

More and more, the literature is shifting from studying a single protein to take a

big picture of PPI [141]. Biology does not emerge from single proteins, but rather

from complex interactions. This made it mandatory for scientists to change the

scope and focus on the real network of cells. The mapping of the human PPI

is one of the key challenges in the post genome era [8]. Many strategies have

been developed that are up to this task. In the past years several high-throughput

experimental approaches have been used to map the interactome, and most likely,

new PPI methods are going to be developed in the next years. The challenge of

the interactome study relies not only in the quantity of measured data, but also in

the quality of these.

7.3.1 Full length protein approaches

Full length protein measurements are performed either in small or in large scale.

Most of the large scale direct physical PPI interactions are measured with a “bi-

nary” outcome (i.e. does it binds or does not binds). One of the most used
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approach for that purpose is the yeast two-hybrid (Y2H) [2,142]. PPI interactions

can be also studied by the interaction of several proteins in a complex (known as

co-complex methods), one of the most used approach being the tandem affinity

purification coupled to mass spectrometry [2, 143].

On the one hand, a direct partner (the prey) of the target protein (the bait),

can be found using direct assignment assays, like Y2H. Noteworthy to mention,

efforts have been done to detect PTM interactions in Y2H assays [80]. On the

other hand, co-complex methods catch both direct and indirect partners of the bait

in the PPI. For this method, the bait is tagged with a molecular marker, which

will “fish” a group of preys. This will be split from the other proteins either by

pull down or by co-immunoprecipitation (CoIP). In such cases, the interpretation

of which bait is targeted by which prey is usually more difficult to perform (fig.

7.2) [2].

Figure 7.2: Differences between direct and indirect assignment. Two
different PPI networks are derived from two different types of experimental data.
Although in a binary way, Y2H is able to measure direct interactions between
proteins. Co-complex measures both, direct and indirect interaction, leading to a
wrong PPI map if it is not carefully interpreted. The “X” in the red edge indicate
false positive interactions. This figure has been adapted from [2].

Full length protein approaches needs to be validated through many orthogo-

nal assays. Recent efforts have been done to simplify these validations, like the

NanoLuc two-hybrid (N2H) system [144]. Although, these methods lack a quanti-

tative affinity values, and therefore may have a limited sensitivity, they are suitable

to fully map the human protein interactome in a “binary and un-biased” way (es-
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pecially in the direct assignment methods, like Y2H). An example of it is a recent

database called HuRi, which contains 53 000 interaction PPI data constituting a

good backbone to further study of the relevance of such interactions [140].

7.3.2 Domainomic approaches

As mentioned before, the “domainomics” approach is defined as: a small building

block interaction, between a globular domain and a Short Linear Motifs (SLiM),

which accounts for a large subset of PPI [9]. This kind of approaches requires a

direct physical approach of measurements and needs from an extra calibration or

validation method, such as Fluorescent Polarization (FP) (see Box 3).

Box 3 Fluorescent polarisation (FP)

FP is a PPI measure instrument, which uses labeled peptides. The ligand

is labelled with a fluorophen, like fluorescent protein (GFP), and titrated

with varying unlabeled analyte concentrations. The GFP will then emit

light when stimulated with it. This light is polarized, making the emitted

light also polarized in certain degrees depending on the rotational diffusion

rates of the ligand. This rotational diffusion rate of a molecule depends

on its molecular weight and shape. Therefore, the higher the rational

diffusion rate, the lower the fluorescent polarization.

The principle is that if this ligand binds to a given protein, the complex of

both, ligand and protein, will dramatically increase the molecular weight

of our labelled ligand decreasing the rational diffusion rate of the formed

complex and therefore, increase the polarization degree. The degree of

light polarization is then plotted against the total ligand concentration

determining therefore, a Kd value.

7.3.2.1 Phage Display

Phage display is a motif scanning method, in which a single PDZ domain is screened

against many motifs [9]. The first phage display was first developed in 1985 by
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George Smith [145]. Years after, Schdev Sidhu further developed and improved

the protocol to screen C-terminal peptides [146], which further lead to perform

large-scale studies in PBM/PDZ interactions [4, 6, 147, 148].

The method uses phages, more concretely the Escherichia virus M13, as a

vector to infect bacteria. The phages are previously prepared by inserting DNA

encoding SLiMs, which will be displayed in the phage surface of p8 or p3 in the

majority of times. The fully randomized peptides displayed in the phages surfaces

are going to be the prey on a surface full of immobilized baits (the protein domains).

Unbound phages are washed and further repeated rounds of more phages are

performed in order to enrich the binding clones. The resulting binding phages

are then subjected to sequence analysis (fig. Figure 7.3) [149, 150]. The strength

of this technique is the low cost manufacturing price in the creation of highly

diverse library (1010), being the bottle-neck the sequencing of the binding clones.

Figure 7.3: Schematics of the Phage Display approach. The library is incor-
porated to the phages. The library is screen through immobilized bait proteins for
several rounds. The enriched binding phage clones are analyzed by next sequencing
generation (NGS).This figure has been adapted from [6].

Tonikian et al. used the low cost method as an opportunity to “decodify”

the amount of PBM class existing in the PDZome [4, 148]. However, according

to Luck et al. this study got biased due the high rate of hydrophobic PBM (i.e.

trypthophan rich) resulted from the Phage Display study with the premise that
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most of them were not found in the human proteome [5]. Since then, efforts have

been done to improve the phage display library, for instance, by enriching it in

cDNA presence and open reading frames of the human proteome. The quality

leap came with the Proteomic peptide-phage display (ProP-PD). ProP-Pd is a

library carefully designed to display regions of the target proteome customized by

oligonucleotide microarray. The library covers the intrinsically disordered regions of

the human proteome using 16-mer peptides. The disordered regions in the human

proteome were found using the IUPred algorithm [151, 152]. The peptides are

overlapped by seven amino acids to optimize the coverage constituting 479 846

peptides derived from 18 682 proteins [153, 154].

Recently, phage display has started to move to the PTM studies (Phospho-

mimetic ProP-PD) [6]. However, it is not suited for the insertion of the PTM at a

specific desired target site of the PBMs. Therefore, it needs to rely on in the mim-

ication due close physic-chemical properties of other amino acids (Glutamic Acid

in case of phosphorylation). Another drawback of phage display is that it cannot

deliver quantitative affinities of the interactions, which can be compensated with

its strength of binary mapping a given PDZ domain interactome. However, the

enrichment process does not allow one to study to discriminate the non-binders

from the weak binders phages clones as they will be removed during the washing

step.

7.3.2.2 SPOT

SPOT array is also a technique used to study PBM/PDZ interactions with a

scanning motif focus, in which a single PDZ domain is screened against many

motifs [9]. It first approach is from the early ninteen’s [155, 156]. The method

uses, since their early stage, chemical synthesized peptides attached to a cellulose

membrane. This means that PTM can be easily incorporated to the SPOT assay.

Moreover, this technique can be fully automatized [157].

In a sheet of nitrocellulose membrane, many peptides are displayed in the form

of ordered individual “spots”, each corresponding to a particular sequence. Initially,

peptides were synthetized from a C-terminal residue attached to the membrane,

so that PBMs, which require a free C-terminus, could not be assayed with this

technique. Boisguerin et al. had to improve the method by inverting the pep-

tide synthesis to let the C-terminal part of the peptide free from the membrane.
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Then, the domain of interest, fused to a detectable polypeptide tag (His-tag, MBP,

GST...) is incubated together with the peptides and revealed by a chemilumines-

cence system using an anti-tag antibody [158].

The SPOT method is a semi-quantitative approach that provides some assess-

ment of the binding strength [159], in particular when it is validated by another

quantitative assay. Moreover, non-binding peptides (or putative weak binder pep-

tides) are also revealed in the assay. An advantage of this method is that in the

microarray, the peptides can be systematically mutated to explore the interaction

map and the role of distinct amino acid at specific positions [157].

7.3.2.3 Protein Arrays

Protein arrays are a multiplex scanning method, in which multiple motifs are tested

to bind multiple PDZ domains [9]. This method uses purified PDZ domains queried

against fluorescent peptides. The protein of interest is immobilized on a surface

and then the queried labelled peptide probed for binding.

FP is normally the method used to validate the method and discard false

positives. It can detect medium to high affinity PPI due its semi-quantitative

approach which has been used to produce interactomic map for ErbB receptors.

[131,137,138]. Another advantage of this method is that it can also include PTM

studies.

7.3.2.4 The holdup assay

We developed our own high-throughput screening assay, called the holdup assay

[7,31]. The holdup measures the PPI in a direct manner using a domain scanning

approach, in which a motif is assayed against all the globular domains of the PDZ

family [9].

The holdup assay was for the first time developed in our lab [160] and fur-

ther improved together with our collaborators [7, 31]. In a summarized sentence,

we could define the holdup assay as “a comparative chromatographic retention

approach that quantifies the affinity-driven retention of protein on resins carrying

their putative ligands” [7]. The assay has no washing steps, which both facilitates
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and accelerates the procedure and provides access to equilibrium affinity informa-

tion. The method uses chemical synthetized peptides fused with the mentioned

carriers attached to the resin. Therefore, we can introduce PTM to our PBM

allowing us to address, from the domain-motif perspective, some aspects of the

“dynamic interactome” [33]. We can also measure affinities of very weak interac-

tions, in submillimolar ranges that cannot be tackled by other methods mentioned

here. This allows us to quantify the interactome in the continuum, which will

display more information about the PPI network. Moreover, there is no need to

use purified PDZ domain samples and we can express multi-PDZ constructs (e.g.

tandems) if desired to study multivalencies.

In its automated robotic setup, the method uses 3 plates of 384 wells [7, 31].

Each plate is divided in 96 groups (four wells per group) resulting in a total of 288

groups. This amount of groups will allow us to cover the whole PDZome as each

group will be used to test one PDZ interaction. The four wells are distributed in a

reference plus three putative PBM (samples). The negative control will be further

used as a reference data to obtain the affinities from the PBM/PDZ interactions

(see chapter 8).

On the one hand, we overexpress MBP-fused PDZ domains in E.coli and pre-

pare extracts where the domain concentration approximates 4 µM, which will be

largely exceeded by the PBM concentration. In the theory, PBM concentration will

be around 50-100µM [7]. In practice, we evaluate this concentration a posteriori

by applying an orthogonal binding assay (FP) on a few selected interaction pairs

(see chapter 8, chapter 10 and chapter 11). On the other hand, every well is filled

with streptavidin resin and fully saturated with biotinylated putative peptide or

reference (fig 7.4, step 1). We also add an internal control directly to the common

PDZ storage tube before starting the experiment. This control is usually a soluble

protein with an adequate molecular weight, avoiding in particular any overlap with

the fusion MBP-PDZ protein. In our case, we use Lysozyme, which has a molecu-

lar weight of 18kDa, while the fusion MBP-PDZ protein oscillates between the 55

and 70kDa depending on the PDZ domain. The internal control will allow us to

normalize the data in a further step of the method (see chapter 8).

The overexpressed lysate from E.coli is then incubated with the resin until

binding equilibrium. At this stage, PDZ will be recruited in a variable proportion

by the resin carrying the biotylinated PBM peptide as compared to the negative

control. After the incubation, we perform a fast filtration and collect the flow-
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Figure 7.4: Schematic approach of the holdup assay. (Step 1) On one hand,
we prepare overexpressed PDZ domains and on the other hand, we fully saturate
resins with the negative control, ligand X and ligand Y (where ligand are meant
as PBM). (Step 2) We then incubate both together until reaching equilibrium and
(Step 3) we perform a fast filtration to collect the liquid phase. (Step 4) Lastly,
we analyze the flow-through by microfluidic capillary electrophoresis. A decrease
of the interested molecular weight (PDZ in our case), means an interaction with
the resin during the incubation time, therefore an interaction. This figures has
been adapted from [7].

through, since we are interested in the depletion of the MBP-PDZ fusion protein

that may be captured by the biotinylated peptide attached to the resin. Therefore,

the stronger the PDZ domain has bound to the PBM, the less protein we will find in

the flow-through (fig 7.4, steps 2 to 4). To detect this depletion we use the Perkin

Elmer Caliper LabChip GXII ®, a microfluidic capillary electrophoresis instrument.

This instrument separates electrophoreticaly by size the proteins of the sample in an

automatic way and with higher sensitivity and reproducibility. By superimposing

both electropherograms, the sample and the negative control reference, we can

extract the “Binding Intensities” (BI), which refers to our interaction strength

quantification score, ranged from 0 to 1, allowing us to rank all the measured

PBM/PDZ interaction according to their affinity. The BI is extracted using the

following formula:
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BI =
Ictr − Iref

Ictr
(7.3)

where Ictrl refers to the intensity of the MBP-PDZ peak found in the 55 to 70

kDa range for the reference sample. Iref refers to the intensity of the MBP-PDZ

peak, found at the same position of the electropherogram for the PBM sample.

As mentioned before, this value will range between 0 and 1, where BI = 0 stands

for “absolutely no binding detect” (fig 7.5a) and BI = 1 stands for “maximal

binding detect” (fig 7.5b). Vincentelli et al. measured the threshold value of

the holdup assay by performing measurements with control resins, one bearing

only biotin and the other bearing a neutral hydrophilic sequence (GSNSGNGNS)

peptide. The results showed that 100% of the only biotin references and 98% of

the neutral hydrophilic reference had a BI value lower than 0.2 and 0.1, respectively.

Therefore, two thresholds were set: BI = 0.2 represents a very stringent threshold,

which includes only high-confidence binding pairs, and BI = 0.1, which is a more

relaxed threshold including additional PBM/PDZ pairs that produce a significant

signal that may indicate weak binding [7]. A more detailed protocol of the holdup

assay can be found in [31].

We developed in the frame of this thesis an accurate and sensitive compu-

tational protocol to perform the superimposition of the electropherograms. This

leads to a better reproducibility of the BI values. Moreover, we propose an ap-

proach for converting the values of BI into Kd, which represent the most universal

quantitative assessment of affinity for biological molecules. For a detailed protocol

of this process, see chapter 8, chapter 10 and chapter 11.

The Binding Profiles: After having measured all individual interactions of each

MBP-construct of the PDZome against a single PBM, we plot the BI values from

left to right by decreasing BI intensities along the X-axis. These “PDZome-binding

profiles” allow us to visualize and compare, at a glance, the specificity-promiscuity

of different PBMs against the PDZome. When comparing different PBMs, we

can also rank the different profiles by respecting the ranking order of one given

PBM (which will be then the reference PBM). In this way, we can visualize, for

each PBM profile, its degree of alignment (or similarity) with the PDZome-binding

profile of the reference PBM. The more “disturbed” or “reshuffled” a PBM profile

as compared to the reference one, the more divergent the prefences of that PBM
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Figure 7.5: Examples of PBM/PDZ binding cases in holdup, visualized
after successful data treatment. The peaks at 17 and 59 kDa correspond to
the internal control protein (here, lysozyme), and the PDZ construct (protein of
interest), respectively. Red: normalization peak. Green: peak of the PDZ con-
struct as seen in the sample corresponding to the flow-through of the biotinylated
PBM-loaded avidin resin. (a) Both electropherograms are perfectly aligned, and
both PDZ peaks are undistinguishable: this PDZ construct did not detected bind
to the PBM. (b) Both electropherograms are perfectly aligned, yet the PDZ peak
intensity detected in the flow-through of the PBM-loaded resin has considerably
decreased as compared to the PDZ peak of the flow-through of the biotin-loaded
reference resin: this PDZ construct strongly bound to the PBM. Black: PDZ peak
as detected in the reference, corresponding to the flow-through of the biotin-loaded
avidin resin. This figure has been extracted from the presented protocol in this
thesis, see chapter 8
.

from the preferences of the reference PBM (fig. 7.6).

Examples in which this representations has been applied are found in [7,31,33,

34] and in chapter 8, chapter 9, chapter 10 and chapter 11, which belong to the

manuscripts (published or awaiting publication) I present in this thesis.

7.4 Relevance of large-scale PPI studies

Although initially the quality of the data produced in the screenings were ques-

tioned, quality standards and empirical validation ensured posterior high-quality
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Figure 7.6: Example of BI Profiles and its rearrangement. The strongest
PDZ binders are ranked from left to right of the plot in decreasing order along the
X-axis for HPV16-E6 and HPV18-E6 (top and bottom panel). The curvature of
the profile shows the specificity of the PBM/PDZ binding: the steeper the slope
of the BI profile, the more specific is the PBM. Threshold for the confidence value
of binding is set at 0.2 (orange dotted line). In the middle panel, PDZ domains
are ranked on the basis of HPV16-E6 for HPV18-E6 to show the rearrangement
of the binding.

data generation [161, 162]. The higher the quality of data, the more accurate the

interactome description and predictions that can be developed. This helps not only

in showing biologist which future networks to study but also to recover unmapped

interactions at the moment [133]. Furthermore, through the integration with other

“omics” data, interactomic datasets have proven highly valuable towards applica-

tions in different areas of clinical importance, such as understanding the multiple

genotype-phenotype relationship in diseases [161–164].
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Part III

Methodology



Chapter 8

A computational protocol

to analyze PDZ-PBM affinity data

obtained by high-throughput holdup

assay.

Status: First author article in press in an issue of Methods in Molecular Biology.

8.1 Summary

We searched to optimize the transformation of capillary electrophoresis data that

are produced as an output of the holdup assay, into accurate and reliable binding

profiles. To this aim, we developed a series of steps, or algorithm, which were

later wrote as a suite of computational routines, to perform an accurate reading,

superimposition and BI extraction from the electropherograms:

• Read the Caliper data.

• Remove the noise by subtracting the baseline from the electropherogram raw

data.

• Normalize the peak intensity using the introduced internal control.

• Adjust the X-axis of the sample electropherogram to the reference one by

performing a linear transformation (translation and dilation).

56
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• Perform an optional “secondary” correction of the signal intensities.

• Determine the affinity strength. In this assay, this is deduced from superim-

posing the electropherograms and calculating the depletion of the MBP-PDZ

peak. The peak depletion can be quantified from 0 to 1 and we called it

“Binding Intensity” (BI).

Moreover, we realized two main problems when delivering our data to the

scientific community:

• Scientific community does not know the meaning of BI as it is not an inter-

national unit of affinity measurement.

• Since the PBM concentration ([PBM]) does not remain equal from one

sample to the other due own peptide properties such as size, bulkiness,

hydrophobicity etc.., the comparison of BI between different PBM might

not be the most accurate.

To solve this problem, we decided to transform BI into steady-state affinity

values using the following equation:

Kd =
([PDZ]− BI · [PDZ]) · ([PBM ]− BI · [PDZ])

BI · [PDZ]
(8.1)

where [PDZ] is the total PDZ concentration (set to 4 µM in usual cases in our

assays) and [PBM] is the total peptide concentration. Since the [PBM] depends

on each PBM as already mentioned, we cannot estimate its concentration in the

resin. The conversion will be therefore impossible to be made directly.

In order to perform this conversion, we use affinity values obtained by an

orthogonal experimental approach (competitive fluorescence polarization, or FP)

or some of the PBM/PDZ interaction pairs measured in the profile. These affinity

values are exploited to derive the [PBM] concentration in the holdup assay. In

practice, we measure by competitive FP up to 20 PBM/PDZ interaction detected

in the holdup assay (in treatcions with a BI>0.2 according to [7]). We then

calculate the peptide concentration based on the BI−Kd pairs obtained by both,

holdup and FP. We lastly propose some new representations to show the obtained

data by the holdup assay.
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Contribution: I wrote the presented protocol (draft and final version) after

successfully analyzing over 20 000 interaction with the software presented in chap-

ter 15. Although the software was already in a pre-working phase when I joined

the group, I participated to its improvement by proposing new functionalities and

removing some not working features. I designed most of the representations. I

create all the final figures related to the manuscript.

Besides the work in the holdup data analysis presented here, a lot of extra

pipelines and infrastructure was performed. For instance, all the data were collected

and transferred into a database allowing to retrieve and compare many different

aspects. This showed us were the main problems to read the data came from

or how long the PDZ domains were kept in good conditions, in the frozen bank

of PDZ extracts, by comparing PDZ intensities between the 20 000 interactions.

Additionally, we tried to relate sequences with the bindings. However, we still need

more data to succeed in such purpose.
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Chapter 9

Rewiring of RSK–PDZ Interactome

by Linear Motif Phosphorylation

Status: Published in Journal of Molecular Biology as 4th author.

9.1 Summary

Background: Ribosomal S6 kinase 1 (RSK1) harbors a class C-terminus PBM

with a role in cancer. It is related to the MAPK pathway being a strong partner

of ERK. Its complex start with the phosphorylation of ERK which leads also to a

phosphorylation in the PBM of RSK1.

Method: In order to see the impact of PTM in PBM, we needed to mea-

sure quantitatively RSK1 wild-type and RSK1 phosphorylated at p-3 against the

PDZome. Therefore, we used the holdup assay. Furthermore, luciferase com-

plementary assays in HEK293T cells were done to test full length RSK1/PDZ

interactions.

Results: We obtained the binding profiles for both, RSK1 and RSK1 phos-

phorylated at p-3. We performed the rearrangement of the binding profiles for

phosphorylated RSK1 towards the PDZome identifying some sequence preferences

in the 2β-strand for the new PDZ domain partners.

Conclusions: With the acquisition of all the RSK1/PDZ pair interactions, we

could demonstrate the fact that biology is not governed by binary interactions
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(“binds” or “does not binds”), in which phosphorylation activates or deactivates

interactions, but rather a continuum in the affinity scale.

Contribution: I performed the data curation of the elecropherograms in the

holdup assay using the software presented in chapter 15. I processed the data up

to three times and check individually them one by one. The curated electrophero-

gramm in the supplementary figure has been provided by the same software used

for the data curation.
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Abstract

Phosphorylation of short linear peptide motifs is a widespread process for the dynamic regulation of protein–
protein interactions. However, the global impact of phosphorylation events on the protein–protein interactome is
rarely addressed. The disorderedC-terminal tail of ribosomal S6 kinase1 (RSK1) binds to PDZdomain-containing
scaffold proteins, and it harbors a phosphorylatable PDZ-binding motif (PBM) responsive to epidermal growth
factor stimulation. Here, we examined binding of two versions of the RSK1 PBM, either phosphorylated or
unphosphorylated at position −3, to almost all (95%) of the 266 PDZ domains of the human proteome. PBM
phosphorylation dramatically altered thePDZdomain-binding landscape of RSK1, by strengthening or weakening
numerous interactions to various degrees. The RSK–PDZome interactome analyzed in this study reveals how
linear motif-based phospho-switches convey stimulus-dependent changes in the context of related network
components.

© 2019 Elsevier Ltd. All rights reserved.

Background

Protein–protein interactions form a functional net-
work, the interactome, which can be dynamically
regulated by the phosphorylation of network compo-
nents on disordered protein regions [1]. These so-
called linear motifs most often bind to structured
domains, such as (PSD95/DLG1/ZO-1) PDZ domains.
PDZ domains belong to one of the most common
families of globular domains, with 266 members in the
human proteome [2]. They recognize short linearmotifs
called PDZ-binding motifs (PBMs) at the extreme C-
terminus of their target proteins (canonical PBMs) or
within internal regions (non-canonical PBMs). Canon-
ical PBMs systematically contain a hydrophobic
residue (most frequently Val or Leu) at their C-
terminus (numbered as position 0) and are classified
in three main classes based on the residue at minus 2

position (Ser/Thr in the most common class 1,
hydrophobic in class 2 and acidic in class 3) [3]. In
principle, the general consensus sequence determin-
ing a PBM allows for the presence of potentially
phosphorylatable residues at any positions except the
hydrophobic C-terminal position [4].
PDZ–PBM interactions are involved in various

cellular processes and are especially common in intra-
cellular signaling pathways. For example, all isoforms
of the ribosomal S6 kinase (RSK) of the MAPK
pathway contain a functional class 1 PBM [5]. RSK
has an emerging role in multiple cancer types such as
glioblastoma or melanoma [6,7]. Upon mitogenic
stimulation, a series of phosphorylation events leads
to the activation of the MAP kinase ERK1/2 [8]. RSK is
one of the strongest interaction partners of ERK
(compared to other docking motif facilitated MAPK
interactions), and its complex activation mechanism is

0022-2836/© 2019 Elsevier Ltd. All rights reserved. Journal of Molecular Biology (2019) 431, 1234-1249
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also initiated by ERK phosphorylation (Fig. 1A) [9–11].
The C-terminal tail of RSK is a multifunctional linear
motif as it contains partially overlapping binding sites
for ERK, S100B, a tyrosine kinase, phosphatase(s),
and PDZ domains [12–14]. In addition, activated RSK
will autophosphorylate its own PBM within its intrinsi-
cally disordered tail, which will probably affect all of
these interactions [15]. The RSK1 PBM contains three
potential autophosphorylation sites, while other iso-
forms contain only two (Fig. 1B). Among these, Ser732
is found at the minus 3 position [16,17]. Thomas et al.
[5] observed no change with RSK1/2 phosphomimics
(at −3) in their interaction with MAGI1, SHANK1 or
GRIP1, and they suggested that both inactive and
active RSKs likely bind to PDZ domain proteins.
Similarly, our recentwork showed that phosphorylation
of RSK1 only mildly changed the interaction with
MAGI1 [15]. In contrast, a recent publication revealed
that the phosphorylation (or a phosphomimetic muta-
tion) at the analogous site triggered the association
between RSK1/3 and the PDZ domain of SCRIBBLE
and abolished the interaction between RSK3 and the
PDZ domain of SHANK1 [18]. These results indicated
that RSK activationmight induce a complex reshuffling
of its PDZ domain mediated interactome.
In order to elucidate the impact of phosphorylation of

a givenPBM, binding to all of its putative partners in the
human proteome needs to be measured, quantitative-
ly. In addition, in vitro observed changes need to be
validated in cell-based assays. To address these
challenges, we applied here a recently developed
high-throughput approach [19] to measure the individ-
ual binding affinities of the 266 known human PDZ
domains for both the unphosphorylated and phos-

phorylated RSK1 PBMs. Furthermore, we used
luciferase complementation assay to measure the
effect of epidermal growth factor (EGF) stimulation on
full-length RSK–PDZ interactions in HEK293T cells.
Our work reveals new kinase-scaffold complexes, the
mechanism of PDZ domain-based RSK substrate
targeting, and identifies new functions of RSK1.

Results

PDZome-binding profiles of native and
phosphorylated RSK1 PBMs

To investigate how phosphorylation can modulate
thebindingof theRSK1PBMtoPDZdomains,weused
the automated high-throughput holdup assay, which
allows to measure binding intensities (BIs) for a large
number of domain-motif pairs. As compared to the
original work describing this approach [19], we used an
updated version of our PDZ library, including all the 266
known human PDZ domains [20]. We were able to
quantify the interaction of 255 PDZ for the unpho-
sphorylated RSK1 peptide and 252 for the phosphor-
ylated form (96% and 95% of the human PDZome,
respectively). Both data sets were plotted in the form of
“PDZome-bindingprofiles” (Fig. 2A) representingall the
individual BIs measured for each PDZ domain for the
unphosphorylated and phosphorylated RSK peptides,
respectively. Using BI = 0.2 as the minimal threshold
for a significant PDZ–peptide interaction, the holdup
assay identified 34 potential RSK1 binders, including
26 PDZ binders for the unphosphorylated peptide and
25 binders for the phospho-peptide (Figs. 2A and S1,

Fig. 1. The activation of RSK includes a feedback phosphorylation site that can affect PDZ binding. (A) Activation of the
tandem kinase RSK is a multi-step process. Activation of RSK is initiated by ERK docking, which is followed by the
phosphorylation of the C-terminal kinase domain (CTKD) [9]. The active CTKD phosphorylates a linker site between the
kinase domains that creates a docking site for PDK1 [11]. In the end, PDK1 activates the N-terminal kinase domain (NTKD)
[10]. Usually, only the NTKD is considered as an effector kinase, and the CTKD is only associated with a self-regulatory
role, but one of these activated kinases phosphorylates its C-terminal PBM. While RSK is an effector of the mitogenic ERK
pathway, its downstream effects are not well explored. (B) Each RSK isoforms contain a functional class 1 PBM. RSK1
contains 3 mutually exclusive autophosphorylation sites (at the minus 1, 2, and 3 positions) and the other isoforms contain
only two (at the minus 2, 3 positions), but only the minus 3 site (Ser732 in RSK1) is considered as a major feedback site
[16]. The structural panel shows RSK1 binding to the second PDZ domain of MAGI1.
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Table S1). The general distribution of the PDZome-
binding profiles was similar in both cases. However,
phosphorylation decreased the maximal and average
BIs from 0.77 to 0.54, and from 0.42 to 0.33,
respectively. Furthermore, the order of the PDZ
domains that bind best to the unphosphorylated and
phosphorylated RSK1 PBMwasmarkedly different, as
visually illustrated by the global reshuffling of their
respective profiles (Fig. 2A). Using the same threshold
for significant binding, the phosphorylated RSK1 PBM
lost 12 of the detectable binders and gained 10 new
binders as compared to the unphosphorylated peptide.
This implies that at least 35% of the potential binders
interact (often with variable affinities) to both phosphor-
ylated and nativeRSK1peptides, while the rest of them
bind detectably to only one state of the RSK1 PBM.

In vitro validation of PDZ–RSK interactions by
biophysical approaches

To validate the results of the holdup assay, we used
orthogonal in vitro approaches: isothermal titration
calorimetry (ITC), surface plasmon resonance (SPR-

Biacore), direct and competitive fluorescence polariza-
tion (FP) (Table 1, Figs. S2 and S3). To benchmark the
BIs of the holdup assay against steady-state dissoci-
ation constants, we decided to systematically test by
high-throughput techniques (SPR-Biacore and com-
petitive FP) those interactions that showed a BI value
larger than0.4 in any of the twoholdupassays (Table 1,
and Figs. S2 and S3). With these methods, we were
able to accuratelymeasure binding constants of 15 and
28 PDZ–PBM pairs, respectively. These experiments
quantitatively confirmed the phosphorylation-induced
changes in binding affinities, which were originally
detected by the holdup assay. For example, a 3- to
6-μM dissociation constant was apparent between the
PDZofARHGEF12and thenativeRSK1peptide,while
no interaction could be detected with the phosphory-
lated state. Vica versa, the PDZ domain of SYNJ2BP
interactedwith the phosphorylated peptide with a 10- to
20-μM dissociation constant, while no interaction was
detectable with the native state.
We used these data sets to estimate the quantitative

correlation betweenmeasured BIs and the dissociation
constants using Monte Carlo modeling and a general

Fig. 2. PDZome binding of RSK1 explored by in vitro protein–peptide binding assays. (A) PDZome-binding profiles of
unphosphorylated and phosphorylated RSK1 PBMs. A red line indicates the cutoff for a significant PDZ–PBM interaction
(BI N 0.2). PDZ domains in the upper and lower plots are ranked on the basis of their BIs for the indicated peptide. In the
middle plot, PDZ domains are ranked on the basis of their BIs for the unphosphorylated peptide, while the plotted BI values
are those obtained for the phosphopeptide. Note the considerable reshuffling of binding ligands induced by
phosphorylation. (B) Comparison of orthogonal binding data obtained by the holdup assay, SPR, and an FP-based
assay. The correlation of BIs obtained by holdup assays to the affinities deduced from SPR or competitive FP
measurements was fitted using a Monte Carlo approach. Despite the independent affinity measurement procedures, a
similar correlation was observed in both cases. The fitting procedure delivers a value for the peptide concentration in the
holdup assay, combining this with the free and peptide-bound PDZ domain concentrations (both delivered by the holdup
assay); the dissociation constant of all human PDZ domains could be determined.
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Table 1. Summary of the in vitro experiments

BI KD, direct FP (μM) KD, competitive FP (μM) KD, SPR (μM) KD, SPR, HPV16 E6 (μM) KD, estimated (μM) Fold change

ARHGEF12 0.77 ± 0.02; 0.05 ± 0.05 7.5 ± 0.8; 29 ± 8 6.6 ± 1.7; N100 2.79 ± 0.11; no binding 10.9 ± 1.4 4.2; N100 0.04
GRID2IP-2 0.67 ± 0.02; 0.00 ± 0.01 5.1 ± 0.4; 47 ± 15 1.7 ± 0.3; 85 ± 11 3.96 ± 0.12; no binding No binding 7.1; N100 0.07
MAST2 0.74 ± 0.03; 0.23 ± 0.03 7.9 ± 0.6; 13 ± 2 19 ± 7; 48 ± 84 7.02 ± 0.27; no binding 2.5 ± 0.2 4.9; 53.8 0.09
PDZD7–3 0.60 ± 0.03; 0.15 ± 0.03 0.80 ± 0.05; 1.8 ± 0.1 4 ± 1; 46 ± 7 6.2 ± 0.9; no binding No binding 9.7; 92.9 0.10
MAST1 0.57 ± 0.01; 0.08 ± 0.03 26 ± 4; 34 ± 8 5 ± 1; 92 ± 12 20 ± 1; no binding No binding 11.1; N100 0.11
GOPC 0.63 ± 0.05; 0.25 ± 0.10 20 ± 1; N100 27 ± 2; N100 8.92 ± 0.44; no binding No binding 8.5; 48.0 0.18
MAGI1–2 0.43 ± 0.02; 0.15 ± 0.02 ND; ND ND; ND No binding, no binding 3.4 ± 0.8 20.3; 92.9 0.22
NHERF3–1 0.41 ± 0.01; 0.03 ± 0.01 80 ± 20; 220 ± 30 ND; ND No binding, no binding 23 ± 3 22.1; N100 0.22
GORASP2 0.41 ± 0.02; 0.19 ± 0.01 67 ± 33; 114 ± 35 ND; ND No binding, no binding No binding 22.1; 69.2 0.32
GRASP 0.29 ± 0.01; 0.04 ± 0.01 ND; ND ND; ND ND; ND ND 38.8; N100 0.38
PARD3B-1 0.52 ± 0.05; 0.31 ± 0.02 27 ± 3; 6.8 ± 0.5 45 ± 7; 31 ± 3.5 4.0 ± 0.3; 6.1 ± 0.4 No binding 13.8; 35.1 0.39
MAGI2–2 0.42 ± 0.01; 0.23 ± 0.03 420 ± 30; 430 ± 45 ND; ND No binding, no binding 2.9 ± 0.14 21.2; 53.8 0.39
ARHGEF11 0.28 ± 0.06; 0.01 ± 0.02 ND; ND ND; ND ND; ND ND 40.8; N100 0.40
SHANK3 0.27 ± 0.03; 0.07 ± 0.01 ND; ND ND; ND ND; ND ND 43.0; N100 0.43
DFNB31–3 0.23 ± 0.04; −0.01 ± 0.02 ND; ND ND; ND ND; ND ND 53.8; N100 0.53
NHERF2–2 0.20 ± 0.04; 0.07 ± 0.05 ND; ND ND; ND ND; ND ND 64.8; N100 0.64
HTRA1 0.44 ± 0.03; 0.36 ± 0.01 30 ± 2; 11.3 ± 0.4 19 ± 3; 33 ± 2 No binding, no binding No binding 19.4; 27.7 0.70
MAGI3–2 0.28 ± 0.03; 0.28 ± 0.06 ND; ND ND; ND ND; ND ND 40.8; 40.8 1.00
PDZRN4–1 0.51 ± 0.02; 0.54 ± 0.03 33 ± 5; 14 ± 2 ND; ND 0.97 ± 0.18; 7.1 ± 0.9 6.0 ± 1.5 14.4; 12.6 1.14
SNTG2 0.41 ± 0.02; 0.52 ± 0.05 65 ± 2; 24 ± 2 24 ± 12; 4.8 ± 1.7 No binding; 37 ± 5 No binding 22.1; 13.8 1.60
PTPN3 0.05 ± 0.02; 0.21 ± 0.02 ND; ND ND; ND ND; ND ND N100; 60.8 1.66
SHROOM2 0.00 ± 0.01; 0.21 ± 0.01 ND; ND ND; ND ND; ND ND N100; 60.8 1.66
LIMK2 0.01 ± 0.06; 0.22 ± 0.07 ND; ND ND; ND ND; ND ND N100; 57.2 1.77
GORASP1 0.01 ± 0.02; 0.23 ± 0.03 ND; ND ND; ND ND; ND ND N100; 53.8 1.88
GRID2IP-1 0.06 ± 0.02; 0.24 ± 0.01 ND; ND ND; ND ND; ND ND N100; 50.8 1.99
LNX1–3 0.04 ± 0.02; 0.24 ± 0.07 ND; ND ND; ND ND; ND ND N100; 50.8 1.99
DLG4–2 0.11 ± 0.03; 0.25 ± 0.02 ND; ND ND; ND ND; ND ND N100; 48.0 2.10
PDZRN3–1 0.26 ± 0.01; 0.45 ± 0.01 90 ± 25; 17.5 ± 1.4 N100; 80 ± 10 No binding, no binding 8.6 ± 1.6 45.4; 18.6 2.45
LAP2 −0.02 ± 0.05; 0.28 ± 0.01 ND; ND ND; ND ND; ND ND N100; 40.8 2.47
SNTA1 0.31 ± 0.04; 0.53 ± 0.01 41 ± 11; 4.9 ± 0.4 81 ± 17; 10.5 ± 2.6 No binding; 90 ± 4 101 ± 40 35.1; 13.2 2.66
SNTB1 0.22 ± 0.04; 0.45 ± 0.08 18 ± 2; 1.5 ± 0.1 37 ± 6; 4.5 ± 0.3 No binding; 48 ± 5 27 ± 4 57.2; 18.6 3.08
PPP1R9A 0.00 ± 0.02; 0.33 ± 0.02 ND; ND ND; ND ND; ND ND N100; 31.8 3.17
SYNJ2BP 0.26 ± 0.07; 0.54 ± 0.03 39 ± 2; 16 ± 1 N100; 7 ± 1 No binding; 25 ± 1 33 ± 4 45.4; 12.6 3.59
SNX27 0.08 ± 0.07; 0.47 ± 0.02 25 ± 6; 4.4 ± 0.4 185 ± 25; 32 ± 5 No binding; 46 ± 9 No binding N100; 17.1 5.92

Values after the semicolon correspond to the phosphorylated RSK1 peptides. HPV16 E6 was used as an internal standard during the SPRmeasurements. Kd estimation was calculated from
BI values as described in Materials and Methods and using an estimated 17 μM peptide concentration. Fold changes were calculated by dividing the estimated unphosphorylated and the
phosphorylated dissociation constants. For undetectable interactions, a very weak Kdwas assumed (100 μM, which corresponds to a BI of 0.14). NDmeans not determined, while no binding
means that it was impossible to quantitatively measure their affinities in our experimental conditions.
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equation of the dissociation constant. While different
experimental methods resulted slightly different affini-
ties (where only two Kd pairs showed larger than a
magnitude difference), their independent fits resulted
similar conclusions. We have found that the peptide
concentration in the holdup assays was between
14 and 23 μM (Fig. 2B, Table 1). Using this
fitted parameter, it can be calculated that the holdup
assay was capable of detecting any interaction with
Kd b 65 μM (at the 0.2 BI cutoff).

Dynamic rearrangement of the RSK1–PDZ
interactome in vitro

The holdup assay identified ARHGEF12 as the
strongest interaction partner of the unphosphorylated
peptide (BI = 0.77; KD ≈ 4 μM) (Fig. 3 and Tables 1,
S1). This protein is a RhoA GEF. It has recently been
reported that its interaction with RSK2 is essential in
RhoA activation and that this interaction leads to
increased cell motility in the U87MG glioblastoma cell
line [21]. We also identified strong interaction with
MAST2, which is an AGC kinase similarly to RSK
(BI = 0.74; KD ≈ 5 μM) [22]. The previously charac-
terized interaction between MAGI1 and RSK1 was
found among the top binders of the unphosphorylated
data set (BI = 0.43; KD ≈ 20 μM). Interestingly, our
approach shows that phosphorylation down-regulate
this interaction by a factor of five in contrast to earlier
works [5,15]. This is very likely due to the limited
dynamic change of other methods (such as ITC) in

cases of very weak interactions (e.g., compare Fig.
S3B with S3B or S2). The strongest interaction
partners of the phosphorylated PBMwere three signal
transducing adaptor proteins SYNJ2BP, SNTA1, and
the E3 ubiquitin ligase PDZRN4 (in all cases BI ≈ 0.54;
KD ≈ 13 μM) (Fig. 3, Tables 1 and S1).
Approximately one third of the identified PDZ

interaction partners of RSK1 were capable to interact
with both states of the PBM (Fig. 3B). By using the
holdup assay, we had the unique opportunity to gain
quantitative insight into the dynamic changes that
occur after a single phosphorylation event (Fig. 3C).
At the two extremes, RSK1 was engaged in OFF and
ON “phospho-switches” (according to our detection
threshold) with ARHGEF12 and SNX27, respective-
ly. All other interactions showed a gradual modula-
tion by phosphorylation. In conclusion, we provided
in vitro experimental evidence that phosphorylation
reshuffles the whole RSK1–PDZ interactome.

The dynamics of RSK1–PDZ interactions in cells

The observed changes in steady-state binding
affinities suggested large-scale rewiring of the RSK–
PDZ interactions. To test this concept, we validated
selected interactions in a cellular context using a split-
luciferase fragment complementation system, called
NanoBiT. This method is appropriate for detecting
dynamic changes in PPIs [23]. Instead of using
isolated, purified PDZ domains and RSK peptides, we
used full-length proteins in HEK293T cells. Wild type

Fig. 3. Binding affinity changes elicited by PBM phosphorylation. (A) Domain architecture of the identified interaction
partners. The PDZ domains are colored according to the measured BI values. (B) Using lowered cutoffs in the holdup
assay (Kd b 100 μM), almost half of the identified RSK1 interaction partners showed detectable affinity to both states of the
RSK1 C-terminal peptide. (C) Phosphorylation promotes a complex rearrangement in the RSK1 PDZ interactome. Instead
of two definite classes (ON or OFF switching), a continuum (ON or OFF dimming) was measured in the phosphorylation-
induced Kd differences of the holdup assay. Dark gray columns show the experimentally determined Kd differences from
the competitive FP measurements.
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(WT) and twomutant versions of RSK1were used. The
L714E mutation eliminates the interaction between
ERK and RSK; therefore, RSK cannot be activated [9].
TheΔC1 truncation eliminates the last residue of RSK1
and thus suppresses the functional PBM of the protein
[15]. We obtained high luminescence signals with the
ARHGEF12, GOPC, PARD3B,MAGI1, and SYNJ2BP
sensors in serum-starved cells (Fig. 4A). The C-
terminal truncation significantly reduced the lumines-

cent signal in all cases, while the L714E mutation
decreased the luminescence outputs for PARD3B and
SYNJ2BP.
EGF stimulation can be used to turn on the ERK

signaling cascade, RSK activation and its PBM
autophosphorylation [24]. Extracellular stimulation in-
duced changes in NanoBiT sensor brightness within
the same timescale as ERK–RSK dissociation
(Fig. 4B). In all cases, the maximum change was

Fig. 4. Live-cell monitoring of RSK1 binding to PDZ-containing partners. (A) Monitoring steady-state luminescence with
the interaction sensors between RSK1 and full-length PDZ proteins. Full-length proteins fused to two complementary
fragments of nanoluc luciferase were co-expressed in serum starved HEK293T cells. The resulting luminescence signal
was measured as indicated in the Materials and Methods. The luminescence signal obtained for the pair of WT constructs
is used as reference (relative luminescence). The L714E RSK1mutant is known to eliminate the interaction between RSK1
and ERK [9]. The ΔC1 RSK1mutant does not contain the last C-terminal residue of RSK1 and therefore does not contain a
functional PBM. The luminescence signal is consistently disrupted by the ΔC1 mutation, indicating that this signal reports
on the PBM-mediated binding of RSK1 to its PDZ-containing targets. The L714E mutation disrupts the signal in cases
where the interaction partner can significantly interact with the phosphorylated form of RSK1 (n = 6). Asterisks indicate
statistical significance (***P b 0.001) calculated by two-tailed Student's t test between the luminescence signals of mutant
and WT RSK1 constructs. (B) RSK1-based luminescence interaction sensors (with ERK2 and several proteins containing
RSK1-binding PDZ domains) were co-expressed in serum-starved HEK293T cells. The luminescence signal in absence
and in presence of EGF (20 ng/ml) was monitored for 60 min following EGF addition. The measured luminescence signal
was normalized to the initial luminescence and to the spontaneous substrate (furimazine) decay based on the
unstimulated cells. The dark and gray curves show the luminescence signals of the WT and the L714E mutant,
respectively. EGF stimulation provokes a time-modulated decrease of the luminescence signal for co-expressed
constructs of RSK1 and ERK2 as observed in our previous work [15]. Note that EGF stimulation diversely modulates the
luminescence signal (increase, decrease, or no significant change) for each PDZ-containing protein in a comparable
timescale to that of RSK-ERK dissociation. Remarkably, in this cell-based assay, using full-length proteins, EGF-induced
luminescence signal modulation shows a good agreement to the results of in vitro measurements where only an RSK1
PBM peptide and PDZ domains constructs were used.
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detectable between 10 and 20 min and the signal
started to disappear after 30–45 min.As in our previous
study [15], we observed periodic signals, which seem
to be a characteristic feature of RSK-based interac-
tions. ARHGEF12, GOPC, and MAGI1 showed a
decrease in luminescence after stimulation. In contrast
to these OFF signals, PARD3B did not show any
change after activation of the pathway, while SYNJ2BP
showed an increased luminescence after EGF stimu-
lus. Results of this cell-based PPI tests showed a good
agreement with in vitro measurements.

A compendium of potential RSK targets

Ourhigh-throughput study identifiedawealth of novel
RSK-binding PDZ domains. The proteins that contain
these RSK-binding PDZ domains represent in princi-
ple, candidate substrates of RSK kinases. In previous
studies, only a few PDZ-containing partners of RSKs
were assumed to be substrates [5,15,25]. To investi-
gate this issue, we collected RSK-focused phospho-
proteomic data sets for a meta-analysis. To our
knowledge, there are three such data sets. (i) Galan
et al. [26] searched for RSK substrates using specific
inhibitors. (ii) Moritz et al. [27] tried to find tyrosine
kinase activated AGCkinase substrates. (iii) Avey et al.
[28] used the viral ORF45 protein to activate the ERK–
RSK axis in cells, and they searched for up- or down-
regulated phosphoproteins. (iv) In addition, a compen-
diumofERK targets has recently beenpublished [29]. It
is a systematic collection of ERK related phosphopro-
teomic studies containing both direct and indirect ERK
substrates. The compendium is also a valuable
resource for potential RSK phosphosites (Rxx[ST]
and RxRxx[ST]motifs) [26]. The compendium contains
1477 [ST]P sites (from 892 proteins), 544Rxx[ST] sites
(from 430 proteins), and 458 other phosphorylation
sites (from 330 proteins). We used this Rxx[ST] subset
of the ERK compendium as an additional resource to
our meta-analysis. The collection of four potential RSK
substrates, termed here as RSK compendium, includ-
ed997potential substrates,where349substrateswere
identified in more than one study (Fig. 5A, Table S2).
Only 35 substrates were identified in all four phospho-
proteomic data sets, including somewell-characterized
RSK substrates, such as ARHGEF12, EIF4B, EphA2,
GSK3B, PFKFB2, PPP1R12A (MYPT1), RPS6, or
SLC9A1 (NHE1) [21,30–35].

Direct and indirect phosphorylation by ERK and
RSK

Of the potential RSK substrates, discussed above,
only 28 were PDZ-containing proteins, about half of
whichwere identified only in a single data set (Fig. 5B).
Only four direct RSK1 binders were identified in both
the RSK compendium and in our holdup assay:
ARHGEF11 and 12, MAST2, and SHROOM2. Nota-
bly, ARHGEF12 was identified in all phosphoproteo-

mic data sets as a PDZ-containingRSK substrate and
was also the strongest binder of the unphosphorylated
RSK1 peptide in the holdup assay. In addition, we
have also found three additional partners (GRIP,
SCRIB, NHERF1) binding to other RSK isoforms
[18,5,25]. Conversely, it is worth noting that many of
the strong RSK1 PBM binders (like GRID2IP, GOPC,
PDZD7, or PDZRN4) do not contain any phosphory-
lation site matching the RSK1 consensus motif [16].
The RSK and the ERK compendiums show an

overlap, indicating that some substrates can be
phosphorylated by both RSK and ERK (Fig. 5AB).
Although the MAPK- and the PBMs are found in the
same C-terminal tail region of RSK where they are
only separated by a few residues, it is stereochemi-
cally possible to form a ternary complex between the
three domains [15]. Therefore, ERK can also
phosphorylate RSK-bound PDZ proteins. We have
found 8 RSK1 interaction partners that can be
phosphorylated by ERK. One of them is ARHGEF12,
which contains three RSK phosphorylation sites and
a single MAPK phospho-site (Fig. 5C). In these
cases, the C-terminal tail of RSK appears to serve a
scaffolding role, bringing ERK and PDZ substrates
close to each other.
To identify additional indirect, PDZ scaffold-mediated

substrates, all potential interaction partners of our
RSK1-binding PDZ scaffolds were collected from the
IntAct PPI database [36]. This analysis revealed the
significant enrichment of RSK and ERK substrates in
many cases. For example, an interesting scaffold was
MAGI1, which was not identified previously as a direct
substrate of RSK (or ERK). MAGI1 has 74 potential
interaction partners in that database; among which,
more than 40% turn out to be potential RSK substrates.
Similarly, 30% of MAGI1 potential interaction partners
are potential ERK substrates, and 18% of them are
potential substrates of both RSK and ERK (Fig. 5D,
Table S3). We have found similarly significant enrich-
ment of RSK/ERK substrates among various interac-
tion partners, such asARHGEF11. In conclusion, while
only a small portion of RSK1-bindingPDZproteinsmay
be direct substrates of RSK1, it appears that many of
them may act as scaffolds, since many relevant
potential RSK and ERK substrates can be found
among their interaction partners.

Kinetic control of substrate phosphorylation

Next, we measured the kinetic parameters of PDZ–
PBM interactions (Fig. S4). PDZ-bound fluorescent
peptides were rapidly mixed with highmolar excess of
unlabeled peptides and changes in FP were moni-
tored. Although the fluorescein label may alter the
steady-state affinity of some interactions (Table 1), it
probably affects only the dissociation rates, as usually
observed for large hydrophobic groups. Under this
assumption, unbiased off-rates for unlabeled peptides
can be estimated (Fig. 6A). Our results revealed that
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OFF dimmers have a generally slow binding kinetics
(average koff ≈ 210 s−1), while ON dimmers showed
faster dissociation rates (average koff ≈ 1100 s−1)
(Fig. 6B). We used an in silico network-based
modeling software to estimate substrate phosphory-
lation efficiency using these obtained kinetic param-
eters (Fig. S5) [37]. By using this simulation, the
phosphorylated substrate levels, induced by the same
amount of external stimulation, could be calculated
and compared for ON and OFF switches (Fig. 6C).
The analysis demonstrated that the presumedweaker

interaction between OFF-dimmer PDZ domains and
the active kinase should be compensated by a slower
dissociation rate, thereby allowing for higher substrate
phosphorylation.

Role of the RSK1 PBM in RhoA activation

RSK proteins have been proposed to play an
important role in regulating cell motility, particularly
through affecting the activity of the small GTPase
protein, RhoA [38,21]. To this end, we have examined

Fig. 5 (legend on next page)
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the role of the RSK1 C-terminal region in RhoA
activation. We transiently transfected a RSK1/2 knock-
out HEK293T cell line with either full-length RSK1 (WT,
1–735) or a RSK1 construct with its C-terminal residue
truncated (ΔC1, 1–734). We have found that over-
expressed and phosphorylated RSK1 localized in the

cytoplasm, similarly to the endogenous phospho-RSK
in WT HEK293T cells (Fig. 7A) [15]. Interestingly, an
increased level of basal RhoA activity was only
apparent in the presence of the WT RSK1 construct
(Fig. 7B). This slight increase was more pronounced in
cells that were stimulated by the addition of serum.

Fig. 6. Binding kinetics differ between ON and OFF dimmers. (A) Dissociation rates were deduced from stopped flow
FP experiments. On-rates are calculated based on the steady-state affinities of the fluorescent peptides (deduced from
direct FP measurements). The bias factor (the ratio of the binding affinities of the direct FP and the holdup assay) was
applied as a correction factor to the fitted dissociation rates to estimate unbiased off-rates. Values after the semicolon
correspond to the phosphorylated RSK1 peptides. NDmeans not determined. (B) The corrected dissociation rates (koff*) of
a set of RSK1–PDZ interactions. Partners with OFF dimmer behavior showed a slower binding kinetics while ON dimmers
preferred faster binding rates. (C) Substrate phosphorylation was calculated using an in silico model with measured
dissociation rates.

Fig. 5. Meta-analysis of phosphoproteomic studies and bioinformatic search to find potential direct and indirect PDZ-
dependent substrates of RSK and of ERK. (A) Left panel: a graphical representation of the intersections of RSK substrate lists
from four different HTPphosphoproteomic studies: (i) Galan et al. [26], (ii) Moritz et al. [27], (iii) Avey et al. [28], and (iv) [RK]xx[ST]
subset of theERKcompendium [29].Middle panel: the intersection of the four lists contains several previously characterizedRSK
substrates (underlined), suggesting that other proteins found in this group may also represent high-confidence RSK substrates.
Right panel: the RSK compendium and the direct ERK compendium greatly overlap, suggesting that a set of substrates can be
phosphorylated on both ERK ([ST]P) andRSK ([RK]xx[ST]) consensus sites. (B) Same representation as in panel A but focusing
onRSK substrates with PDZ domains. Only a fewPDZ domain-containing substrates are present in thewhole data set, and only
a handful of themwere found inmore than oneHTPstudy.Moreover, only fourRSK1binding partnerswere identified, fromwhich
only ARHGEF12 was found in the common group of the HTP studies. Uncharacterized PDZ partners may be direct partners of
other RSK isoforms, or may be PDZ-independent substrates or false positives. (C) ManyRSK1PDZ interaction partners contain
anERKphosphorylation site. In addition, a fewsubstrates, such asARHGEF12, can be phosphorylated by both kinases. (D) The
IntAct database was used to estimate the enrichment of ERK and RSK substrates among the interaction partners of the RSK1
PDZ-dependent interaction partners. On the vulcano plot, each dot represents the enrichment of kinase substrates among the
interaction partners of a PDZ scaffold. We have identified a high number of potential indirect RSK and ERK substrates among
these interaction partners, which are indicated with colors in the upper right corner. P values indicate statistical significance
compared to a random pool of intracellular proteins, calculated by chi-square test. Fold enrichment indicates the increased
proportions of substrates compared to the same random pool.
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Stimulation increased RhoA activity in the presence of
theWTRSK1 construct, but not in the presence of RSK
ΔC1 (Fig. 7C). These results are consistent with a
model postulating that the PBM of RSK1 serves as a
docking motif for RSK1 to phosphorylate an important
regulatory site in ARHGEF12, which then affects RhoA
activation (Fig. S6) [39,40].

Discussion

Regulation of RSK1–PDZ interactions by PBM
autophosphorylation

Previously, only a handful of PDZ interaction partners
of RSK1 had been identified and their response to
RSK1 autophosphorylation was largely unknown.
Here, we characterized the PDZ interactome of RSK1
and examined how this changes upon PBM autophos-
phorylation at Ser732. Altogether, 34 interaction
partners were identified with the holdup assay, most
of them being novel, with the notable exception of
MAGI1. In contrast to previous reports, we did
not detect any interaction of RSK1 PBM with the first
PDZ domain of NHERF (EBP50) and only detected a
very weak affinity toward the first PDZ domain of
Scribble (BI ≈ 0.17–0.18, corresponding to a dissoci-
ation constant of 60–70 μM) [25,18]. We do not think
that this may be due to a lack of activity of these two
domains in our assay, since both of them have already
been positive with other PBMs in other holdup
experiments. In particular, Scribble is positive with
HPV16 E6 (BI ≈ 0.70, corresponding to a dissociation
constant of 5–10 μM) [19]. Although most of the
identified interactions were altered by PBM phosphor-
ylation to some degree, we have found only a few
cases that can be considered a genuine “phospho-
switch.” For example, detectable binding of RSK1 to
ARHGEF12 and GRID2IP was mostly eliminated,

while binding to the adapter protein SNX27 was
promoted by phosphorylation. In contrast, most sub-
strates showed a “phospho-dimmer” effect, where
phosphorylationmodulated binding rather than switch-
ing it ON or OFF. Approximately as much ON as OFF
dimmers were identified. These partners are able to
interact with both states of the RSK1 PBM, albeit with
different affinities. The rest of the interaction partners
(such as PARD3B) displayed comparable affinities to
both states of the RSK1 PBM, and therefore, these
interaction partners are likely unable to sense the
presence or absence of the phosphoryl group. Similar
dimming mechanism was described on phosphoryla-
tion of PDZ domains themselves [41].
Mitogenic stimulation, suchas thatmediatedbyEGF,

activates the MAPK pathway. Eventually, the down-
stream signals will activate ERK, leading to RSK1
phosphorylation and subsequent autophosphorylation
in Ser732 of its PBM. Therefore, upon stimulation, we
can expect dynamic changes in the RSK PBM-PDZ
interactome based on quantitative in vitro measure-
ments. To test this assumption, we created five
intracellular PPI sensors for selected PDZ-dependent
RSK1 interactions. In our assays, ARHGEF12, GOPC,
and MAGI1 showed a preference for the native PBM,
while the PDZ domain of SYNJ2BP preferred the
phosphorylated PBM. In contrast, PARD3B could
interact with both versions of RSK1. This cell-based
protein–protein interaction study showed that EGF
stimulation induces a phosphorylation-mediated rewir-
ing of the RSK1–PDZ interactome inside cells,
following the trends of the in vitro observations.
Further analysis on RSK and its PDZ-containing

binding partners indicated that some of the latter are
phosphorylated by RSK. Among the unambiguously
identified RSK substrates, ARHGEF12 has a promi-
nent place. It is a strong partner of the RSK1 peptide
and their interaction is responsive to EGF stimulation.
Moreover, Shi et al. [21] have recently showed that the

Fig. 7. The PBM of RSK1 links ERK activation to RhoA. (A) A RSK1/2 knockout HEK293T cell line was used to measure
the role of the PBM of RSK1 in a native environment. Deletion of the RSK1 PBM does not affect the localization of active
RSK1. (B) The presence of intact RSK1 increases the basal RhoA activity, but this effect is decreased without a functional
PBM (n = 4). (C) Transfected and serum-starved cells were stimulated with serum (20% for 5 min). Without intact RSK1 (in
the mock transfected knockout cell or in the presence of the PBM-lacking RSK1 construct), only minor increment was
observed in the RhoA activity. The presence of intact, WT RSK1 enabled a proper response in RhoA activation upon
stimulation (n = 4). Asterisks indicate statistical significance (**P b 0.005, *P b 0.01, NS P N 0.01) calculated by two-
tailed Student's t test.
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association between RSK2 and ARHGEF12 (also
known as leukemia-associated RhoGEF or LARG) is
essential in RhoA activation in glioblastoma cells. They
discovered that RSK can interact with ARHGEF12 and
phosphorylate it at Ser1288. They demonstrated that
the presence of RSK is essential for the association
between RhoA and ARHGEF12, and for subsequent
RhoA activation. Inactivation or inhibition of RSK
eliminated RhoA activation in response to extracellular
stimulation. Our experiments gave similar results with
RSK1, highlighting the central role of the RSK PBM in
this process (Figs. 7 and S6).

Kinetic compensation in dynamic networks

Many direct substrates or substrate-tethering scaf-
folds of RSK (e.g., ARHGEF12 or MAGI1) contain an
OFF dimmer PDZ domain. This creates a paradoxical
situation, because the active kinase will down-regulate
complex formation, and thus, only a smaller fraction of
the kinase should be capable of mediating the
phosphoryl transfer. Despite this, phosphorylation of
suchOFFdimmer type substrates can bedetectedwith
high confidence (e.g., Ser1288 of ARHGEF12). Here,
we propose that the lifetime of these OFF dimmer
interactions can substantially increase their phosphor-
ylation. In our experiments, OFF dimmer PDZ domains
showed 5 times slower dissociation rates than ON
dimmer interactions (Figs. 6 and S4). This kinetic
compensation can largely contribute to substrate
phosphorylation (Fig. S5). We should emphasize
here that these are general principles and they should
be true for many other feedback-coupled enzymatic
processes [42].

Phosphorylation-sensitive PDZ domains

Phosphorylation of PBMs is a very common regula-
tory mechanism in human cells [18]. Based on our
experiments, we identified a set of PDZ domains that
are responsible for mediating the OFF or ON dimmer
effects of the phosphorylatable −3 position of the RSK
PBM. Comparison of PDZ sequences reveals that
there is no obvious driving force behind OFF dimmer
behavior, but there areat least three positionswithin the
peptide binding groove that can be important for ON
dimmers (Fig. 8). The first of them is the outward facing
residue of the second strand (βB) of the PDZ domain.
This side chain is positioned in close proximity of the
phosphate group, and while it is usually a Ser/Thr
residue in PDZ domains, an Asn residue is preferred
within ON dimmers. The other two altered side chains
are within the third strand (βC) of the PDZ domain.
Here, both external side chains are altered in ON
dimmers. Interestingly, the closest residue to the
phosphosite is most frequently a Ser residue and the
other one is a basic amino acid. The role of two of these
residues in the coordination of the phosphate group
was captured in a crystal structure of SNX27 [43].

Asn56 from βBandSer82 from βCmediate a hydrogen
bond with the phosphate group of PBMs. Moreover,
replacing the basic residue in the βC (Arg762) to Ala in
Scribble can swap the RSK3 binding properties from
ON- to OFF-dimmer [18]. These observations led us to
the conclusion that ON dimmer propensity is deter-
mined by the presence of phosphate acceptor sites
while OFF dimmer propensity is currently not under-
stood. Further studies are needed to collect more
evidence about such effects and classify PDZ domains
on the basis of their response to phosphorylation
events at different positions of their target PBM
sequences.

Fig. 8. Determinants of −3 phospho-PBM specificity. The
PBM-binding groove of ON dimmer PDZ domains displays
some notable sequence preferences. Sequence logos were
generated from every human PDZ sequences or from
identified dimmer subsets of the RSK1 peptide partners.
Important differences are underlined in the ON dimmer
sequence logo, and their side-chains are shown with sticks
in the structure of the OFF dimmer MAGI1. In contrast to ON
dimmers, no preferences was identified for OFF dimmers.
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Response to phosphorylation: switches and
dimmers

Phosphorylation can alter linear motif binding by
multiple ways. In the literature, most examples of
phosphorylation-induced PPI changes are considered
as switches (usually called “phospho- switches”), which
can turn PPIs on or off. However, signaling processes
are not solely based on binary events and may also
involve fine-tuning mechanisms. A “switch” refers to
binary transitions between two distinct states (the
interaction occurs or does not occur), while a “dimmer”
allows a fine tuning mechanism (smaller or larger
changes in the affinity of an interaction). The dimming
mechanism makes sense for describing events based
on non-covalent interactions, however in some cases
(e.g., in the context of additional binding events)
synergism can enhance this effect resulting in switch-
like changes. Our results demonstrate a continuum
between ON and OFF switches, including many
gradually altered dimmers, suggesting that, among
phosphorylation-induced changes, ON/OFF dimmer
effects may predominate, while ON/OFF switches
represent only extreme cases.

Materials and Methods

Holdup assay

Theautomated holdup assaywas carried out against
peptides (RSK1725–735) in triplicates as previously
described [19] with minor modifications. In brief, we
measured the fraction of PDZ depletion (BI) in the fluid
phase during a pull-down experiment. For the detailed
protocol, please look at Ref. [20]. The sequences of the
clones of the PDZome v2 were designed according to
[2]. All geneswere codon optimized forEscherichia coli
expression and cloned into a pETG41A plasmid. All
protein constructs were expressed in E. coli following
the previous protocol [19] with minimal modifications.
All constructs were checked for solubility, and cell
lysate soluble fractions were adjusted to approximately
4 μM concentration and frozen in 96-well plates. In
addition, mass spectrometry was used to confirm the
identity of each PDZ clones. For the detailed protocols
of production and quality control, please look at Ref.
[20]. We measured interactions against 255 proteins
with the unphosphorylated peptide and against 252
proteins with the phosphorylated peptide. The missing
proteins from the human PDZome (consisting of 266
proteins) showed problems with the expressions or
stability of these constructs, or we had technical issues
during the assay. In this work, BI = 0.2was used as the
minimal BI threshold value to define high-confidence
PDZ–PBM pairs, as proposed previously [19]. Figure
S1 contains the BI values of the RSK1 and phospho-
RSK1 data sets. Data were analyzed as formerly

described [19]. All plots and calculations in this work
were done using these conventional data sets. In
addition, we already provide the values calculated with
an updated protocol in the supplemental file, because
the new calculation approach will set the standard for
future holdup papers. These were generated using an
automated computational protocol awaiting for publi-
cation. This updated analysis revealed three new
interaction partners of the native RSK1 peptide
(SCRIB-3, MPDZ-10, and RHPN1) and four new
partners of the phosphorylated peptide (SCRIB-3,
LIN7A, PDZRN3–2, and DLG3). Apart from these
weak interaction partners, most values are coherent
between calculations.

Protein expression and purification and peptide
synthesis

Tandem affinity (Ni- and MBP-) purified MBP-PDZ
proteins were used in biochemical assays. Unpho-
sphorylated RSK1683–735 peptides were recombinantly
expressed with an N-terminal cleavable GST tag. After
affinity purification, the GST tag was removed and the
peptide was isolated by reverse phase HPLC. A
fraction of the isolated peptide was phosphorylated
with a constitutively active (T573E mutant) RSK1 C-
terminal kinase domain as formerly described [19].
Unphosphorylated, phosphorylated, and fluorescein-
labeled or -unlabeled RSK1729–735 peptides were all
chemically synthesized on an automated PSE Peptide
Synthesizer (Protein Technologies, Tucson, AZ, USA)
with Fmoc strategy. Biotinylated RSK1725–735 peptides
were purchased fromJPT InnovativePeptideSolutions
with 70%–80%purity. The biotin groupwas attached to
the N-terminal via a TTDS linker. Protein (and Tyr
containing peptide) concentrationswere determined by
UV spectroscopy. For peptides that lacked an aromatic
residue, their dry mass was directly measured.
Predicted peptide masses were confirmed by mass
spectrometry.

Isothermal titration calorimetry

ITC measurements were carried out in 20 mM
Hepes (pH 7.5), 150 mM NaCl, and 500 μM TCEP
using a VP-ITC apparatus (MicroCal). MBP-PDZ
domain (50 μM) was titrated with concentrated
peptides at 37 °C. The Origin for ITC 5.0 (Originlab)
software package was used for data processing.

Surface plasmon resonance

SPR measurements were performed on a Biacore
T200 instrument equipped with CM5 sensor chip.
Streptavidine was immobilized on the sensor chip with
EDC-MS using a standard protocol. Biotinylated
peptides (RSK1, pRSK1, HPV16E6) were immobilized
on streptavidine, and after an extensive washing step,
MBP-PDZ domains were injected onto the chip at eight
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different concentrations and with two additional repli-
cates. Unfortunately, our SPR analysis did not reveal
the kinetic parameters of the studied PDZ–peptide
interactions due to biphasic and very fast behavior. The
saturated phase of the reference channel subtracted
data was fitted with a hyperbolic function.

Steady-state FP

FP wasmeasured in 384-well plates (Corning) using
Synergy H4 multi-mode reader (BioTek). For direct
titration experiments, 50 nM reporter peptide
(RSK1729–735) was mixed with increasing amount of
MBP-PDZ domains. In competitivemeasurements, the
50 nM reporter peptide was mixed with the PDZ
domain in a concentration to achieve high degree of
complex formation. Subsequently, increasing amount
of unlabeled peptide (RSK1683–735) was added to the
reactionmixture. Titration experimentswere carried out
in triplicate, and the average FP signal was used for
fitting the data to a quadratic or competitive binding
equation.

Monte Carlo modeling

To estimate the dissociation constant of weak
interactions, we used the measured BI values from
the HU assay. This parameter equals the bound
fraction of the PDZ domain; therefore, it can be
inserted directly into the general binding equation:

K d ¼
PDZfree½ # $ RSKfree½ #

PDZ−RSKcomplex½ #

¼
PDZtot½ # − BI $ PDZtot½ #ð Þ $ RSKtot½ # − BI $ PDZtot½ #ð Þ

BI $ PDZtot½ #

Assuming that the total PDZ domain concentration is
~4 μM, the only unknownparameter is the total peptide
concentration. Insteadof a simple nonlinear fit, wehave
used an in-house Python script for Monte Carlo
modeling and least squares fitting to utilize the standard
deviations of the HU assay and the Kdmeasurements.
Each fitting was repeated 10,000 times, and the
average peptide concentration along with the lower
and upper quartiles was plotted in Fig. 2B. Based on
our SPR measurements, the RSK peptide concentra-
tion should be around 20 μM (most probably between
18 and 21 μM). Direct FP indicates that this concen-
tration should be around 14 μM (most probably
between 6 and 20 μM). In the case of the competitive
FP, we have found that the peptide concentration
shouldbearound14 μM(most probably between9and
18 μM). For Kd extrapolation, we have used a peptide
concentration of 17 μM.

Protein–protein interaction assay

The NanoBiT PPI MCS starter system was pur-
chased from Promega. The N-terminus of RSK1 was

tagged with the short NanoBiT tag (SmBiT) and either
the N- or the C-terminus of the interaction partner with
the large NanoBiT tag (LgBiT). Full-length RSK1 was
cloned into pBit2.1-N[TK/SmBiT] vector. Full-length
MAGI1 and ERK2 constructs were previously cloned
into the LgBiT vector. Full-length ARHGEF12 (isoform
2), GOPC (isoform 2), PARD3B (1–913), and
SYNJ2BP were cloned into the pBit1.1-N[TK/LgBiT]
vectors. All constructs were cloned from HEK293T or
HeLa cDNA pools and were confirmed by sequencing.
HEK293T cells were cultured in Dulbecco's modified
Eagle medium (Lonza) containing 10% fetal bovine
serum and 1% penicillin/streptomycin/amphotericin B.
2 × 104 cells/well were seeded onto a white, TC-
treated96-well plate (Greiner) 24 hprior to transfection.
Transient transfections were carried out with FuGene
HD reagent (Promega) according to the NanoBiT
system's instructions. Four hours after transfection,
cells were starved for 20 h in CO2-independent
medium (Thermo). Cells were assayed 24 h after
transfection using Nano-Glo reagent (Promega) and a
Synergy H4 plate reader (BioTek). Experiments were
carriedout according to themanufacturer's instructions.
To validate the interaction sensors, we compared the
steady-state luminescence signals of different mutants
in serum-starved cells. Stimulation was performed
using 20 ng/ml EGF (Sigma-Aldrich). Each experiment
wasperformedwith at least six biological replicates.We
must note that we observed that the observed
periodicity in the luminescence appeared environment
dependent, as even under slightly modified conditions
(i.e., different media, cell density or protein expression
level) no periodic features appeared.

Signaling pathway modeling

Rule-based network modeling was carried out with
the software package BioNetGen with the ordinary
differential equation solver running on a desktop PC.
The simulated pathway was described in Fig. S5A.
Pathway activationwas initiated fromapre-equilibrated
state. The simulation was initiated by introducing the
“Stim” to the system. This simplified, artificial signal
generator was adjusted to mimic the natural activation
profile of the ERK pathway upon EGF stimulation.

Stopped-flow FP

Fast kineticmeasurementswere performedwith the
stopped-flow instrument SFM-300 (Bio-Logic) with
polarized excitation at 488 nm. Parallel and perpen-
dicular fluorescent emissions weremeasured through
a 550 ± 20-nm band-pass filter (Comar Optics). All
reactions were measured at 25 °C in a buffer
containing 20 nM Hepes (pH 7.5), 150 mM NaCl,
and 150 μM TCEP. Post-mixing fluorescent peptide
concentration was 0.5 μM. The fluorescent peptide
(RSK1729–735) was pre-complexed with high amount
of MBP-PDZ domain (5–40 μM, post-mix). To

1246 Rewiring of RSK–PDZ Interactome



measure the dissociation of the labeled peptide, we
rapidly mixed the PDZ bound complex with highmolar
excess of unlabeled peptide (RSK1729–735 100 μM,
post-mix). Each experiment was carried out multiple
times (n N 9), and the averaged transients were fitted
using a single exponential function. Corrections were
applied to estimate the unbiased binding of an
unlabeled peptide based on the dissociation constant
differences between the direct FPmeasurements and
the unbiased HU assay.

Immunofluorescence

For detection of the intracellular localization of
transfected proteins, 1 × 105 cells/well were seeded
onto a cover slip-containing (Assistent) 24-well plate.
Cells were fixed with 4% PFA solution and blocked for
1 h in 5% BSA and 0.3% Triton-X 100, dissolved in
PBS at room temperature. The RSK1/2 knockout
(CRISPR) HEK293 cell line was a kind gift from Fanxiu
Zhu. To introduce exogeneous WT or mutant RSK1
into these cell lines, we created pIRES2-EGFP based
vectors, which expressed untagged RSK1s along with
a GFP transfection reporter gene. Phosphorylated
RSKwas detected with the help of anti-pRSK pSer380
(1:800, CST) primary and Alexa Fluor 647 (anti-rabbit,
1:800, Thermo) conjugated secondary antibodies.
ARHGEF12 (isoform 2) was cloned into a pmCherry-
C1 vector.Mutationswere introduced byQuickChange
site-directed mutagenesis. Nuclear staining was
performed using DAPI (0.1 μg/ml). After washing,
cover glasses were mounted to microscopy slides
by Mowiol 4–88 mounting medium (Sigma-Aldrich).
Confocal microscopy was carried out using a Zeiss
LSM 710 system (Carl Zeiss Microscopy GmbH, Jena,
Germany) with a 40× oil objective. Images were
processed by the ImageJ software.

RhoA activation assay

The commercially available luminescence-based
G-LISA RhoA activation assay (Cytoskeleton) was
used to measure the GTP bound RhoA levels in cell
cultures. 2 × 105 cells/well were seeded onto a
24-well plate. G-LISA assaywas performed according
to the manufacturer's recommendations, 24 h after
transfection with the exception of the concentration
and the antibody dilutions. Sample concentrations
were equalized to 1 mg/ml. Primary and secondary
antibodies were diluted to 1:500 and 1:1000, respec-
tively. Luminescence signal was detected on a
Synergy H4 plate reader (BioTek). The RSK inhibitor
BI-D1870 treatment was performed at 100 nM for 1 h.
The MEK inhibitor CI1040 was incubated ON at
100 nM. Inhibitor treatments were performed in
Dulbecco's modified Eagle medium supplemented
with 10% fetal bovine serum.Serum stimulation (20%)
was performed with serum-starved cells for 5 min.

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2019.01.038.

Acknowledgments

This work was supported by the National Research
Development and Innovation Office, Hungary:
K 119359 (to L.N.), NN 114309 and KKP 126963
(to A.R.). G.G. and M.S. were supported through the
New National Excellence Program of the Hungarian
Ministry of Human Capacities. This work was com-
pleted in the ELTE Institutional Excellence Program
(783-3/2018/FEKUTSRAT) supported by the Hungar-
ian Ministry of Human Capacities. The work was also
supported in part by the Ligue contre le cancer (équipe
labellisée 2015 to G.T.), by the National Institutes of
Health (Grant R01CA134737 to G.T.), by the Europe-
an Union (PDZnet network, Marie Sklodowska-Curie
Grant No. 675341 to G.T. and P.J.), and by the French
Infrastructure for Integrated Structural Biology ANR-
10-INBS-05.
Author Contributions:G.G. conceived theproject,

carried out the experiments, analyzed data, and wrote
the paper. L.N., G.T., and A.R. supervised the
research, analyzed data, and wrote the paper. F.B.,
P.J., Y.N., R.V., and G.T. performed and analyzed the
holdup experiments. B.B.-K., C.K., V.B., and M.S.
contributed by carrying out cell-based and in vitro
experiments.
Conflict of Interest: There is no conflict of interest.

Received 10 December 2018;

Received in revised form 16 January 2019;

Accepted 28 January 2019

Available online 3 February 2019

Keywords:

phosphorylation;
PDZ;
RSK;

MAPK;
protein–protein interaction

Abbreviations used:

PBMs, PDZ-binding motifs; RSK, ribosomal S6 kinase; BIs,
binding intensities; ITC, isothermal titration calorimetry; SPR,
surface plasmon resonance; FP, fluorescence polarization;

WT, wild type.

References

[1] V. Neduva, R.B. Russell, Linear motifs: evolutionary interac-
tion switches, FEBS Lett. 579 (2005) 3342–3345, https://doi.
org/10.1016/j.febslet.2005.04.005.

1247Rewiring of RSK–PDZ Interactome



[2] K. Luck, S. Charbonnier, G. Travé, The emerging contribution
of sequence context to the specificity of protein interactions
mediated by PDZ domains, FEBS Lett. 586 (2012)
2648–2661, https://doi.org/10.1016/j.febslet.2012.03.056.

[3] M. Sheng, C. Sala, PDZ domains and the organization of
supramolecular complexes, Annu. Rev. Neurosci. 24 (2001)
1–29, https://doi.org/10.1146/annurev.neuro.24.1.1.

[4] J. Saras, C.H. Heldin, PDZ domains bind carboxy-terminal
sequences of target proteins, Trends Biochem. Sci. 21 (1996)
455–458, https://doi.org/10.1016/S0968-0004(96)30044-3.

[5] G.M. Thomas, G.R. Rumbaugh, D.B. Harrar, R.L. Huganir,
Ribosomal S6 kinase 2 interacts with and phosphorylates PDZ
domain-containing proteins and regulates AMPA receptor
transmission, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
15006–15011, https://doi.org/10.1073/pnas.0507476102.

[6] F.J. Sulzmaier, S. Young-Robbins, P. Jiang, D. Geerts, A.M.
Prechtl, M.L.M.L. Matter, S. Kesari, J.W. Ramos, RSK2
activity mediates glioblastoma invasiveness and is a poten-
tial target for new therapeutics, Oncotarget 7 (2016)
79869–79884, https://doi.org/10.18632/oncotarget.13084.

[7] K.G. Hartman, M.I. Vitolo, A.D. Pierce, J.M. Fox, P. Shapiro,
S.S. Martin, P.T. Wilder, D.J. Weber, Complex formation
between s100b protein and the p90 ribosomal S6 kinase
(RSK) in malignant melanoma is calcium-dependent and
inhibits extracellular signalregulated kinase (ERK)-mediated
phosphorylation of RSK, J. Biol. Chem. 289 (2014)
12886–12895, https://doi.org/10.1074/jbc.M114.561613.

[8] J. Pouysségur, V. Volmat, P. Lenormand, Fidelity and spatio-
temporal control in MAP kinase (ERKs) signalling, Biochem.
Pharmacol. 64 (2002) 755–763, https://doi.org/10.1016/
S0006-2952(02)01135-8.

[9] A. Alexa, G. Gógl, G. Glatz, Á. Garai, A. Zeke, J. Varga, E.
Dudás,N. Jeszenői, A.Bodor,C.Hetényi, A.Reményi, Structural
assembly of the signaling competent ERK2–RSK1 heterodimer-
ic protein kinase complex, Proc. Natl. Acad. Sci. 112 (2015)
2711–2716, https://doi.org/10.1073/pnas.1417571112.

[10] M. Frödin, C.J. Jensen, K. Merienne, S. Gammeltoft, A
phosphoserine-regulated docking site in the protein kinase
RSK2 that recruits and activates PDK1, EMBO J. 19 (2000)
2924–2934, https://doi.org/10.1093/emboj/19.12.2924.

[11] M. Frödin, T.L. Antal, B.a. Dümmler, C.J. Jensen, M. Deak, S.
Gammeltoft, R.M. Biondi, A phosphoserine/threonine-
binding pocket in AGC kinases and PDK1 mediates
activation by hydrophobic motif phosphorylation, EMBO J.
21 (2002) 5396–5407, https://doi.org/10.1093/emboj/cdf551.

[12] Á. Garai, A. Zeke, G. Gógl, I. Törő, F. Ferenc, H. Blankenburg,
T.Bárkai, J. Varga,A.Alexa,D. Emig,M.Albrecht, A. Reményi,
Specificity of linear motifs that bind to a common mitogen-
activated protein kinase docking groove, Sci. Signal. 5 (2012),
ra74. https://doi.org/10.1126/scisignal.2003004.Specificity.

[13] G. Gógl, A. Alexa, B. Kiss, G. Katona, M. Kovács, A. Bodor,
A. Reményi, L. Nyitray, Structural basis of ribosomal S6
kinase 1 (RSK1) inhibition by S100B protein: modulation of
the extracellular signal-regulated kinase (ERK) signaling
cascade in a calcium-dependent way, J. Biol. Chem. 291
(2015) 11–27, https://doi.org/10.1074/jbc.M115.684928.

[14] S. Kang, S. Dong, A. Guo, H. Ruan, S. Lonial, H.J. Khoury, T.
Gu, J.Chen,Epidermal growth factor stimulatesRSK2activation
through activation of theMEK/ERK pathway and Src-dependent
tyrosine phosphorylation of RSK2 at Tyr-529, 283 (2008)
4652–4657, https://doi.org/10.1074/jbc.M709673200.

[15] G. Gógl, B. Biri-Kovács, Á.L. Póti, H. Vadászi, B. Szeder, A.
Bodor, G. Schlosser, A. Ács, L. Turiák, L. Buday, A. Alexa, L.
Nyitray, A. Reményi, Dynamic control of RSK complexes by

phosphoswitch-based regulation, FEBS J. 285 (2018) 46–71,
https://doi.org/10.1111/febs.14311.

[16] P.V. Hornbeck, B. Zhang, B. Murray, J.M. Kornhauser, V.
Latham, E. Skrzypek, PhosphoSitePlus, 2014: mutations,
PTMs and recalibrations, Nucleic Acids Res. 43 (2015)
D512–D520, https://doi.org/10.1093/nar/gku1267.

[17] K.N. Dalby, N. Morrice, F.B. Caudwell, J. Avruch, P. Cohen,
Identification of regulatory phosphorylation sites in mitogen-
activated protein kinase (MAPK)-activated protein kinase-1a/
p90rsk that are inducible by MAPK, J. Biol. Chem. 273 (1998)
1496–1505, https://doi.org/10.1074/jbc.273.3.1496.

[18] G.N. Sundell, R. Arnold, M. Ali, P. Naksukpaiboon, J. Orts, P.
Güntert, C.N. Chi, Y. Ivarsson, Proteome-wide analysis of
phospho-regulated PDZ domain interactions, Mol. Syst. Biol.
14 (2018) 1–22, https://doi.org/10.15252/msb.20178129.

[19] R. Vincentelli, K. Luck, J. Poirson, J. Polanowska, J. Abdat, M.
Blémont, J. Turchetto, F. Iv, K. Ricquier, M.-L. Straub, A. Forster,
P. Cassonnet, J.-P. Borg, Y. Jacob, M. Masson, Y. Nominé, J.
Reboul, N.Wolff, S. Charbonnier, G. Travé, Quantifying domain-
ligand affinities and specificities by high-throughput holdup
assay, Nat. Methods 12 (2015) 787–793, https://doi.org/10.
1038/nmeth.3438.

[20] Y. Duhoo, V. Girault, J. Turchetto, L. Ramond, F. Durbesson,
P. Fourquet, Y. Nominé, V. Cardoso, A.F. Sequeira, J.L.A.
Brás, C.M.G.A. Fontes, G. Travé, N. Wolff, R. Vincentelli,
High throughput production of a newly designed library of
soluble human single and tandem PDZ domains allows semi-
quantitative PDZ–peptide interaction screening through high
throughput holdup assay., Methods Mol. Biol. in press (n.d.).

[21] G.-X. Shi, W.S. Yang, L. Jin, M.L. Matter, J.W. Ramos, RSK2
drives cell motility by serine phosphorylation of LARG and
activation of Rho GTPases, Proc. Natl. Acad. Sci. 115 (2018)
E190–E199, https://doi.org/10.1073/pnas.1708584115.

[22] L.R. Pearce, D. Komander, D.R. Alessi, The nuts and bolts of
AGC protein kinases, Nat. Rev. Mol. Cell Biol. 11 (2010)
9–22, https://doi.org/10.1038/nrm2822.

[23] A.S. Dixon, M.K. Schwinn, M.P. Hall, K. Zimmerman, P. Otto,
T.H. Lubben, B.L. Butler, B.F. Binkowski, T. MacHleidt, T.A.
Kirkland, M.G. Wood, C.T. Eggers, L.P. Encell, K.V. Wood,
NanoLuc complementation reporter optimized for accurate
measurement of protein interactions in cells, ACS Chem. Biol.
11 (2016) 400–408, https://doi.org/10.1021/acschembio.
5b00753.

[24] M. Cargnello, P.P. Roux, Activation and function of theMAPKs
and their substrates, the MAPK-activated protein kinases,
Microbiol. Mol. Biol. Rev. 75 (2011) 50–83, https://doi.org/10.
1128/MMBR.00031-10.

[25] H.C. Lim, T.-S. Jou, Ras-activated RSK1 phosphorylates
EBP50 to regulate its nuclear localization and promote cell
proliferation, Oncotarget 7 (2016) 10283–10296, https://doi.
org/10.18632/oncotarget.7184.

[26] J.A. Galan, K.M. Geraghty, G. Lavoie, E. Kanshin, J.
Tcherkezian, V. Calabrese, G.R. Jeschke, B.E. Turk, B.A.
Ballif, J. Blenis, P. Thibault, P.P. Roux, Phosphoproteomic
analysis identifies the tumor suppressor PDCD4 as a RSK
substrate negatively regulated by 14–3–3, Proc. Natl. Acad.
Sci. 111 (2014) E2918–E2927, https://doi.org/10.1073/pnas.
1405601111.

[27] A. Moritz, Y. Li, A. Guo, J. Villén, Y. Wang, J. MacNeill, J.
Kornhauser, K. Sprott, J. Zhou, A. Possemato, J.M. Ren, P.
Hornbeck, L.C. Cantley, S.P. Gygi, J. Rush, M.J. Comb, Akt–
RSK–S6 kinase signaling networks activated by oncogenic
receptor tyrosine kinases,Sci. Signal. 3 (2010)https://doi.org/10.
1126/scisignal.2000998.

1248 Rewiring of RSK–PDZ Interactome



[28] D. Avey, S. Tepper,W. Li, Z. Turpin, F. Zhu,Phosphoproteomic
analysis of KSHV-infected cells reveals roles of ORF45-
activated RSK during lytic replication, PLoS Pathog. 11
(2015) 1–30, https://doi.org/10.1371/journal.ppat.1004993.

[29] E.B. Ünal, F. Uhlitz, N. Blüthgen, A compendium of ERK targets,
FEBSLett. 591 (2017)2607–2615, https://doi.org/10.1002/1873-
3468.12740.

[30] D. Shahbazian, P.P.Roux, V.Mieulet,M.S.Cohen, B.Raught, J.
Taunton, J.W.B. Hershey, J. Blenis, M. Pende, N. Sonenberg,
The mTOR/PI3K and MAPK pathways converge on eIF4B to
control its phosphorylation and activity, EMBO J. 25 (2006)
2781–2791, https://doi.org/10.1038/sj.emboj.7601166.

[31] Y. Zhou, N. Yamada, T. Tanaka, T. Hori, S. Yokoyama, Y.
Hayakawa, S. Yano, J. Fukuoka, K. Koizumi, I. Saiki, H. Sakurai,
Crucial roles of RSK in cell motility by catalysing serine
phosphorylation of EphA2, Nat. Commun. 6 (2015) 1–12,
https://doi.org/10.1038/ncomms8679.

[32] R. Lara, M.J. Seckl, O.E. Pardo, The p90 RSK family
members: common functions and isoform specificity, Cancer
Res. 73 (2013) 5301–5308, https://doi.org/10.1158/0008-
5472.CAN-12-4448.

[33] T. Houles, S.P. Gravel, G. Lavoie, S. Shin, M. Savall, A.
Meant, B. Grondin, L. Gaboury, S.O. Yoon, J. St-Pierre, P.P.
Roux, RSK regulates PFK-2 activity to promote metabolic
rewiring in melanoma, Cancer Res. 78 (2018) 2191–2204,
https://doi.org/10.1158/0008-5472.CAN-17-2215.

[34] M. Artamonov, K. Momotani, D. Utepbergenov, A. Franke, A.
Khromov, Z.S. Derewenda, A.V. Somlyo, The p90 ribosomal S6
kinase (RSK) is a mediator of smooth muscle contractility, PLoS
One 8 (2013), e58703. https://doi.org/10.1371/journal.pone.
0058703.

[35] F. Cuello, A.K. Snabaitis, M.S. Cohen, J. Taunton, M. Avkiran,
Evidence for direct regulation of myocardial Na+/H+ exchang-
er isoform 1 phosphorylation and activity by 90-kDa ribosomal
S6 kinase (RSK): effects of the novel and specific RSK inhibitor
fmk on responses to 1-adrenergic stimulation, Mol. Pharmacol.
71 (2006) 799–806, https://doi.org/10.1124/mol.106.029900.

[36] S. Kerrien, B. Aranda, L. Breuza, A. Bridge, F. Broackes-Carter,
C. Chen, M. Duesbury, M. Dumousseau, M. Feuermann, U.
Hinz, C. Jandrasits, R.C. Jimenez, J. Khadake, U. Mahadevan,

P. Masson, I. Pedruzzi, E. Pfeiffenberger, P. Porras, A.
Raghunath, B. Roechert, S. Orchard, H. Hermjakob, The IntAct
molecular interaction database in 2012, Nucleic Acids Res. 40
(2012) 841–846, https://doi.org/10.1093/nar/gkr1088.

[37] L.A. Harris, J.S. Hogg, J.J. Tapia, J.A.P. Sekar, S. Gupta, I.
Korsunsky, A. Arora, D. Barua, R.P. Sheehan, J.R. Faeder,
BioNetGen 2.2: advances in rule-based modeling, Bioinfor-
matics 32 (2016) 3366–3368, https://doi.org/10.1093/
bioinformatics/btw469.

[38] M.D. Larrea, F. Hong, S.A. Wander, T.G. da Silva, D. Helfman,
D. Lannigan, J.A. Smith, J.M. Slingerland, RSK1 drives
p27Kip1 phosphorylation at T198 to promote RhoA inhibition
and increase cell motility, Proc. Natl. Acad. Sci. 106 (2009)
9268–9273, https://doi.org/10.1073/pnas.0805057106.

[39] E.Grabocka, P.B.Wedegaertner, Disruption of oligomerization
induces nucleocytoplasmic shuttling of leukemia-associated
rho guanine-nucleotide exchange factor, Mol. Pharmacol. 72
(2007) 993–1002, https://doi.org/10.1124/mol.107.035162.

[40] R. Kristelly, G. Gao, J.J.G. Tesmer, Structural determinants
of RhoA binding and nucleotide exchange in leukemia-
associated rho guanine-nucleotide exchange factor, J. Biol.
Chem. 279 (2004) 47352–47362, https://doi.org/10.1074/jbc.
M406056200.

[41] S.W. Pedersen, L. Albertsen, G.E. Moran, B. Levesque, S.B.
Pedersen, L. Bartels, H. Wapenaar, F. Ye, M. Zhang, M.E.
Bowen, K. Strømgaard, Site-specific phosphorylation of PSD-95
PDZ domains reveals fine-tuned regulation of protein−protein
interactions, ACS 12 (2017) 2313–2323, https://doi.org/10.1021/
acschembio.7b00361.

[42] J. Corzo, M. Santamaria, Time, the forgotten dimension of
ligand binding teaching, Biochem. Mol. Biol. Educ. 34 (2006)
413–416, https://doi.org/10.1002/bmb.2006.494034062678.

[43] T. Clairfeuille, C. Mas, A.S.M. Chan, Z. Yang, M. Tello-Lafoz,
M. Chandra, J. Widagdo, M.C. Kerr, B. Paul, R.D. Teasdale,
N.J. Pavlos, V. Anggono, B.M. Collins, A molecular code for
endosomal recycling of phosphorylated cargos by the
SNX27–retromer complex, Nat. Struct. Mol. Biol. 23 (2016)
921–932, https://doi.org/10.1038/nsmb.3290.

1249Rewiring of RSK–PDZ Interactome



Chapter 10

Dual Specificity

PDZ- and 14-3-3-Binding Motifs:

A Structural and Interactomics Study

Status: Published in Structure as co-author.

10.1 Summary

Background: PTM in PBM/PDZ interactions are not always easy to measure. In

the literature, it is usually try to solved the issue by using mimics [6,62,63]. In the

case of RSK1, instead of the phosphorylation at p-3, a glutamic acid is used to

compensate size and negative charge [6]. On the other hand, E6 protein of “high-

risk” HPV has been proposed to switch their domain preferences to 14-3-3 domains

when phosphorylated in a pivotal PBM recognition position like p-2 [118–120].

Results: We used the holdup assay and complementary FP measurements to

screen the RSK1 wild-type RSK1 phosphorylation at p-3, RSK1 phosphomimic at

p-3, E6 protein HPV16 in the wild-type, E6 phosphorylation at p-2 and E6 phos-

phomimic at p-2 against the whole PDZome. We obtain all the binding profiles and

transformed them into Kd to make a better comparison of the PDZ domain pref-

erences. This showed completely different BI profile between the phosphorylated

RSK1 and the phosphomimic version. Lastly, we obtained the crystal structures of

all the mentioned PBM in complex with MAGI1-2 and the E6 phosphorylated at
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p-2 in complex with the 14-3-3σ domain. We obtained crystal structures for even

those PBM/PDZ interaction that were unable to be measured experimentaly.

Conclusions: We showed the difference between altering pivotal PBM and

regulatory sites. This showed the probable dynamic interplay between PDZ and 14-

3-3 domains. The crystal structures solved for these PBM/PDZ interactions which

were supposed to not bind may strength up the point of view of PPI interactions

happening in the continuum. We lastly showed that the phosphomimic strategy

might be suitable to reproduce clashes in pivotal positions but not for the regulatory

sites.

Contribution: I proposed the PBM to synthesize and conceived the first line

of the topic to discuss. I wrote a preliminary stage draft of the paper before the

introduction of the 14-3-3 topic. I participated in the final discussion of the re-

sults. I also performed the holdup analysis: I performed the data curation of the

elecropherograms using the software presented in chapter 15, I processed the data

and crosschecked them with previous results (chapter 9) and created the supple-

mentary figures of the electropherogram data. I also calculated the conversion of

Binding Intensities into the affinity scale.
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SUMMARY

Protein-protein interaction motifs are often alterable

by post-translational modifications. For example,

19%of predicted human PDZ domain-binding motifs

(PBMs) have been experimentally proven to be

phosphorylated, and up to 82% are theoretically

phosphorylatable. Phosphorylation of PBMs may

drastically rewire their interactomes, by altering their

affinities for PDZ domains and 14-3-3 proteins. The

effect of phosphorylation is often analyzed by per-

forming "phosphomimetic" mutations. Here, we

focused on the PBMs of HPV16-E6 viral oncoprotein

and human RSK1 kinase. We measured the binding

affinities of native, phosphorylated, and phosphomi-

metic variants of both PBMs toward the 266 human

PDZ domains. We co-crystallized all the motif

variants with a selected PDZ domain to characterize

the structural consequence of the different modifica-

tions. Finally, we elucidated the structural basis of

PBM capture by 14-3-3 proteins. This study provides

novel atomic and interactomic insights into phos-

phorylatable dual specificity motifs and the differen-

tial effects of phosphorylation and phosphomimetic

approaches.

INTRODUCTION

Short linear motifs are peptide segments that are disordered in

isolation yet fold upon complex formation with globular domains,

thereby participating in protein-protein interaction (PPI) net-

works (Davey et al., 2012). Consensus sequence features help

to define families of motifs, which generally correspond to fam-

ilies of domains that recognize these particular motifs (Kumar

et al., 2019). Most domain-motif PPI networks are rather promis-

cuous, i.e., each individual domain can interact with numerous

distinct motifs, and vice versa (Ivarsson and Jemth, 2019).

Furthermore, domain-motif networks are often modulated by

post-translational modifications (PTMs). The most abundant

PTM is phosphorylation, a reversible biochemical reaction,

catalyzed by protein kinases and reverse catalyzed by protein

phosphatases, that transfers the g-phosphoryl group of an

ATP molecule to a receiver residue, most often to the hydroxyl

group of a Ser/Thr, or Tyr residue via forming a phosphoester

bond (Hunter, 2012). Phosphorylated amino acids have unique

properties that can alter biochemical properties of substrate pro-

teins in different ways. Many in vitro and in cellulo experiments

involve "phosphomimetic" acidic (Glu/Asp) mutations that are

easy to introduce by recombinant approaches and are meant

to reproduce the biochemical effect of site-specific phosphory-

lation events, despite being chemically distinct (Sieracki and

Komarova, 2013). Across evolution of orthologous proteins,

acidic amino acids are often seen to replace phosphorylated

sites, and conversely (Pearlman et al., 2011).

PDZs are globular protein domains displaying a conserved

antiparallel b barrel fold composed of five to six b strands and

one to two a helices. PDZ domains recognize short conserved

PDZ-binding motifs (PBMs) mostly located at the extreme C-ter-

minus of their target proteins (Songyang et al., 1997). The se-

quences of C-terminal PBMs fall into three main classes (Luck

et al., 2012). The last C-terminal residue (position 0) is almost

always hydrophobic (mainly, Leu/Val/Ile). The third last residue

(position -2) can be Ser/Thr (class 1), Val/Tyr/Phe (class 2), or

Asp/Glu (class 3). The human proteome contains !266 PDZ do-

mains (the PDZome) dispersed over !150 proteins, and a few

thousand putative PBMs (Luck et al., 2012). This creates an

extensive PDZ/PBM interactome, which is often hijacked by viral

intruder proteins bearing their own PBMs (Javier and Rice, 2011;

Banks et al., 2012; James and Roberts, 2016). Many PBMs are

potentially phosphorylatable (Sundell et al., 2018). The phos-

phorylation of a PBM may cause a general change in its

"PDZome-binding profile," namely the list of binding strengths

exhibited by the PBM toward each individual human PDZ

domain. This was recently demonstrated for ribosomal protein

S6 kinase 1 (RSK1), a kinase from the Ras/ERK-MAPK pathway

Structure 28, 1–13, June 2, 2020 ª 2020 Elsevier Ltd. 1
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which is regulated by auto-phosphorylation of its own C-terminal

PBM (Gógl et al., 2019). In addition, phosphorylation of a PBM

can also alter its interactions with other protein families. For

example, the 14-3-3 family, which contains seven members in

humans, can also recognize C-terminal motifs in a phosphoryla-

tion-dependent manner (Coblitz et al., 2006). Worthy of note,

viral E6 oncoproteins of high-risk mucosal human papillomavirus

(HPV) types responsible for cervical cancers (Suarez and Trave,

2018) comprise C-terminal PBMs, which are subjected to phos-

phorylation events prone to modulate their interaction with PDZ

domains and 14-3-3 proteins (Boon and Banks, 2013).

PDZ/PBM interactions display weak affinities, with low-micro-

molar dissociation constants for the best binders (Luck et al.,

2011). Thus, accurately measuring the steady-state dissociation

constant of a PDZ/PBM interaction can be challenging.We devel-

opeda high-throughput experimental approach, called the holdup

assay, that can accuratelymeasure suchweak interactions (with a

limit of quantitation of up to 100–150 mM dissociation constant)

(Vincentelli et al., 2015). We have specially adapted the holdup

assay to the PDZ domain family, by cloning and expressing the

266 known human domains (Duhoo et al., 2019). The approach al-

lows us to measure complete PDZome-binding affinity profiles of

any peptide sequence with high sensitivity.

Here, we combined quantitative interactomics and crystallog-

raphy to investigate the differential effects of phosphorylation

and phosphomimetic substitution of two phosphorylatable

PBMs found in the HPV16 E6 viral oncoprotein and the human

RSK1 kinase. To this aim, we measured all the affinities of wild-

type, phosphorylated, and phosphomimetic versions of RSK1

and E6 PBMs toward the 266 human PDZ domains. We crystal-

lized wild-type and modified RSK1 and E6 PBMs with the second

PDZ domain of MAGI1 (MAGI1_2). Finally, we solved the crystal

structure of phosphorylated E6 PBM bound to 14-3-3s.

RESULTS

Proteome-wide Identification of Ser/Thr

Phosphorylatable PBMs

To evaluate the extent of human PBMs potentially modulatable by

phosphorylation, we searched the human proteome with the

"SLiMSearch" program (Krystkowiak and Davey, 2017) using the

most restrictive definition of a PBM, defined by the "ELM" linear

motif database (Kumar et al., 2019). This way, we identified

1,926 human PBMs (956 class 1, 458 class 2, and 512 class 3).

In Table 1, we counted for each PBM class the number of poten-

tially phosphorylatable Ser/Thr sites at different positions of these

PBMs, as well as the numbers of such sites that have experimen-

tally been proven to be phosphorylated in cellulo according to the

PhosphoSitedatabase (Hornbecketal., 2015).We found thatup to

82% (1,578) of the 1,926 predicted humanPBMsbear one ormore

Table 1. Ser/Thr Phosphorylatable PBMs: Summary of Our Bioinformatic Analysis of Human PBMs

Class 1 PBM Class 2 PBM Class 3 PBM All 3 Classes

Consensus

No. of

Motifs Consensus

No. of

Motifs Consensus

No. of

Motifs No. of Motifs

[ST]x[LVI]$ 956 [VYF]x[LVI]$ 458 [ED]x[LVI]$ 512

1926

Position of

Modification

Phosphorylatable

Class 1 PBM

Phosphorylatable

Class 2 PBM

Phosphorylatable

Class 3 PBM All 3 Classes

Consensus

No. of

Motifs Consensus

No. of

Motifs Consensus

No. of

Motifs

No. of

Motifs % of Total

-1 [ST][ST][LVI]$ 172 (43) [VYF][ST][LVI]$ 73 (13) [ED][ST][LVI]$ 59 (15) 304 15.8

-2 [ST]x[LVI]$ 956 (113) not phosphorylatable by Ser/Thr kinases 956 49.6

-3 [ST][ST]x[LVI]$ 138 (12) [ST][VYF]x[LVI]$ 80 (13) [ST][ED]x[LVI]$ 63 (9) 281 14.6

-4 [ST]x[ST]x[LVI]$ 134 (18) [ST]x[VYF]x[LVI]$ 56 (5) [ST]x[ED]x[LVI]$ 64 (13) 254 13.2

-5 [ST]x(2)[ST]x[LVI]$ 144 (26) [ST]x(2)[VYF]x[LVI]$ 59 (8) [ST]x(2)[ED]x[LVI]$ 57 (13) 260 13.5

-6 [ST]x(3)[ST]x[LVI]$ 165 (29) [ST]x(3)[VYF]x[LVI]$ 65 (10) [ST]x(3)[ED]x[LVI]$ 67 (14) 297 15.4

-7 [ST]x(4)[ST]x[LVI]$ 138 (24) [ST]x(4)[VYF]x[LVI]$ 57 (14) [ST]x(4)[ED]x[LVI]$ 70 (14) 265 13.8

-8 [ST]x(5)[ST]x[LVI]$ 120 (24) [ST]x(5)[VYF]x[LVI]$ 65 (12) [ST]x(5)[ED]x[LVI]$ 76 (15) 261 13.6

-9 [ST]x(6)[ST]x[LVI]$ 137 (33) [ST]x(6)[VYF]x[LVI]$ 37 (6) [ST]x(6)[ED]x[LVI]$ 56 (9) 230 11.9

-10 [ST]x(7)[ST]x[LVI]$ 123 (26) [ST]x(7)[VYF]x[LVI]$ 50 (9) [ST]x(7)[ED]x[LVI]$ 71 (16) 244 12.7

No. of phosphorylatable motifs 956 291 331 1,578 81.9

No. of phosphorylated motifs 218 65 92 375 19.5

No. of phosphorylatable sites 2,227 542 583 3,352

No. of phosphorylated sites 348 90 118 556

Putative phosphorylatable PBMs were searched using SLiMSearch (Krystkowiak and Davey, 2017), using a disorder score cutoff of 0.3. Note that we

used the most restrictive definition of PBM consensus motifs according to the ELM database (Kumar et al., 2019) and only focused on C-terminal

PBMs. Numbers in parentheses indicate the number of motifs that were found to be phosphorylated in low- or high-throughput mass spectrometry

datasets in the PhosphoSite database (Hornbeck et al., 2015). Phosphorylatable motifs contain at least a single Ser/Thr residue at their last 11

C-terminal sequences. Phosphorylated motifs are those found at least once in the PhosphoSite database on at least one site. Phosphorylatable

Ser/Thr residues within consensus motifs are highlighted in bold. $ denotes the C terminus (-COOH). For further details, see Table S1.
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potential phosphorylatable Ser/Thr sites between positions -1 and

-10, and that 19% (375) have been found to be phosphorylated at

least once on at least one site. In total, the predicted humanPBMs

contained, between positions -1 and -10, 3,352 potential and 556

experimentally proven potential phosphorylatable Ser/Thr sites

(see also Table S1 for further details concerning a chosen subset

of phosphorylatable class 1 motifs). Thus, phosphorylation of

PBMs turns out to be very common, pointing to a dynamic regula-

tion of their PPI interactome.

Class 1 PBMs, which systematically comprise a phosphorylat-

able Ser/Thr residue at position -2, are twice as frequent as class

2 or class 3motifs and they harbor four times asmany phosphor-

ylatable sites. Worthy of note, phosphorylation of position -2

introduces an acidic charge, thereby creating a "pseudo-class

3 PBM," and its phosphomimetic substitution creates a class 3

PBM. The most common phosphorylated sites, proportionally

to their occurrence, can be found at the position -1 of class 1

and class 2 PBMs. More than 25% of these sites (56 out of

245) are found to be phosphorylated in cellulo. In contrast, the

least phosphorylated sites can be found at position -3 of class

1 PBMs. Less than 9% of these sites (12 out of 138) are found

to be phosphorylated in cellulo. The most abundant PBM phos-

phorylation site affects position -2 of class 1 motifs with 113

experimentally proven instances.

Theabove list ofphosphorylatableand/orphosphorylatedPBMs

is probably not exhaustive. As mentioned before, we used restric-

tive consensusmotifs thatmayexcludeseveral knownPBMs (Vac-

caro and Dente, 2002). For example, some functional PBMs may

have a Cys, Met, and other residues at position 0 (Thomas et al.,

2016), and others are not even positioned at theC terminus of pro-

teins.Also,anumberofphosphorylatablePBMsmayonlybemodi-

fied under special conditions that have never been experimentally

addressed. Finally, somephosphorylatedPBMsmay bedifficult to

detect by mass spectrometry (Lucrèce et al., 2011). For example,

the HPV-E6 oncoproteins, whose expression is essential for

HPV-transformed cells, such as HeLa, comprise a phosphorylat-

able PBM that is addressed in the present work. However, E6 on-

coproteins are only expressed at a very low amount in cells and

have a basic residue at position -4. Thus, a standard proteolytic

digestion is expected to yield small amounts of a very small frag-

ment, making it difficult to identify by mass spectrometry. Further-

more, the sequence of E6, being a viral protein, is not always pre-

sent in standard lists of human proteins, so that a database

search on the human proteome might skip E6-derived fragments.

Phosphorylation at Distinct Sites of the RSK1 PBM

Differentially Impacts Its Binding Affinity for a Panel of

PDZ Domains

The RSK1 kinase harbors a C-terminal class 1 PBM (.

RRVRKLPSTTL-COOH) (Thomas et al., 2005). RSK1 can

autophosphorylate its C-terminal tail at positions -3, -2, and -1,

leading to a rearrangement in its PDZ specificity (Gógl et al.,

2018). In addition, in the PhosphoSite database RSK1 PBM is

the class 1 PBMmost frequently phosphorylated at the -3 position

(Table S1). Here, we used RSK1 to assess the potential impact of

phosphorylation of different positions of a class 1 PBMon its bind-

ing affinity for PDZdomains.Basedonprevious results (Gógl et al.,

2019), we selected 19 PDZ domains and tested their interactions

with competitive fluorescence polarization assay against all

possible (mono) phosphorylated RSK1 peptides (Figures 1 and

S1).Within the detection range of fluorescence polarization, phos-

phorylation at position -2 apparently abolished most interactions,

whereas phosphorylation at positions -3 and -1 rather modulated

their binding affinities. Therefore, in terms of phosphorylation, the

-2 position has a higher impact on PDZ interactions than the

-3 and -1 positions. This corroborates a previous study that

analyzed the effect of phosphorylation on the binding properties

of 100 putative phosphorylatable PBMs, assayed against three

distinct PDZ domains (Boisguerin et al., 2007).

PDZome-Binding Profiles of Native, Phosphorylated,

and Phosphomimetic PBMs

For further studies, we set out to investigate at proteome-wide

level how phosphorylation and phosphomimetic mutations

A B

Figure 1. Affinity Measurements of Phosphorylated RSK1 Peptides with PDZ Domains

(A) Competitive fluorescence polarization assay was used to monitor 19 RSK interaction partners against four versions of the RSK1 PBM, native, or phos-

phorylated at position -1, -2, or -3. The interaction between the RSK1 and ARHGEF12PDZ domains is shown as an example; all other data are shown in Figure S1.

(B) Heatmap of the measured interactions against the different, position-specific phospho-peptides. Based on the records of reported instances on the

PhosphoSitePlus database, and also supported experimentally (Hornbeck et al., 2015; Gógl et al., 2018), RSK is most often modified at the -3 position and least

often at the -1 position. Detectable interactions of RSK1 weremodulated by phosphorylation at position -3 and -1 and weremostly eliminated by phosphorylation

at position -2. The heatmap is colored by affinities, according to the scale bar on the right side.
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directed at a higher- or a lower-impact position of class 1 PBMs

would alter their full PDZome interactome. This question was ad-

dressed using the phosphorylatable PBMs of RSK1 kinase and

of HPV16 E6 oncoprotein (herein defined as 16E6). The PBM of

16E6 (. SSRTRRETQL-COOH) harbors phosphorylatable sites

at positions -2, -6, -8, and -9, and it was proven to be phosphor-

ylated by various kinases at position -2 (e.g., by basophilic ki-

nases due to a basic patch at position -5, such as PKA) (K€uhne

et al., 2000). To generate PDZome-binding profiles of

RSK1 and 16E6 PBM variants, we performed holdup assays

(Vincentelli et al., 2015) using an updated version of our PDZ li-

brary, which includes individual clones of all possible 266 PDZ

domains as MBP-fused proteins (Duhoo et al., 2019). We

measured the binding profiles of the 16E6 peptides (native,

SSRTRRETQL; phosphorylated, SSRTRREpTQL; phosphomi-

metic, SSRTRREEQL) against all human PDZ domains. In

the case of RSK1, we had previously determined the binding pro-

files of the native (RRVRKLPSTTL) and the phosphorylated

(RRVRKLPpSTTL) peptides (Gógl et al., 2019). Here, we

measured the binding profile of the phosphomimetic peptide

(RRVRKLPETTL) along with an additional reference profile of

the phosphorylated peptide (Figures 2 and S2; Table S2).

In a holdup experiment, a cell lysate containing an overex-

pressed PDZ domain of known concentration is incubated with

a peptide-saturated resin, the mixture is rapidly filtered, and the

remaining PDZ concentration in the filtrate is measured. The

experiment provides, for each PDZ domain, a steady-state

depletion factor (binding intensity, or BI), that can in principle

be converted into a steady-state dissociation constant. This

conversion is necessary if we need to compare multiple binding

profiles, as each peptide might reach a different concentration

during resin saturation. Estimating the dissociation constant re-

quires access to three concentrations: free PDZ, free peptide,

and PDZ-peptide complex. As stated above, the holdup assay

delivers, for each PDZ-PBM pair, the concentrations of free

PDZ and complex, while the concentration of free peptide re-

mains unknown. However, using an orthogonal approach, we

can obtain steady-state dissociation constants for a subset of

PDZ-PBM pairs. We can then use these dissociation constants

to back-calculate the peptide concentration in the holdup assay,

which is expected to be the same for all PDZ-PBM pairs in that

assay. We used a competitive fluorescence polarization assay

and measured the binding affinities of the 6 studied peptides

against 21 purified PDZ domains (Figure S1) (Roehrl et al.,

2004). In the holdup assay, we had already determined the corre-

sponding BI values for most of these 126 interactions. We com-

plemented the binding profiles with 9 interactions that we only

measured with the fluorescence polarization assay in Table S2.

For each given interaction, where both a quantifiable (>0.2) BI

value and a dissociation constant were available, we calculated

the apparent peptide concentration present in the holdup assay.

Then, we used the average peptide concentrations obtained in

that way to convert the original BI profiles into profiles displaying

actual dissociation constants (Figure 3A). In the case of themodi-

fied 16E6 peptides, we only detected very weak interactions with

the holdup assay that we failed to detect with fluorescence polar-

ization. For thesepeptides,weused the average of the other pep-

tide concentrations (of RSK1s and 16E6) for the conversion.

Holdup experiments for 16E6_-2P, 16E6_-2E, and RSK1_-3E

were performed in singlicate. These singlicate holdup runs

provided highly reliable data, as shown by the strong agreement

of dissociation constants obtained from holdup assays and fluo-

rescence polarization assays (Figure 3B). Based on our previous

experience, the holdup assay is highly sensitive with a limit of

A B

Figure 2. PDZome-Binding (BI) Profiles of the Studied PBMs, Measured by the Holdup Assay

(A) The general flowchart of the holdup assay and the conversion of binding intensities into dissociation constants with the aid of competitive fluorescence

polarization assays. The holdup assay generates a BI profile that can be converted into steady-state dissociation constants, if we know the approximate peptide

concentration during the holdup experiment. This concentration can be estimated using dissociation constants of a small set of interactions, determined by an

orthogonal approach.

(B) BI profiles of the studied PBMs. Because each profile is ordered by decreasing BI values, the order of PDZ domains differs between panels. Gray dashed lines

represent the conservative threshold of accurate binding quantitation by holdup assay (BI = 0.2).
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detection of BI = 0.1 (10% PDZ depletion in solution) when ex-

periments are run in triplicate (Vincentelli et al., 2015). Here,

based on our comparison with fluorescence polarization, and

on the fact that the holdup assays were run in singlicate, we

set a conservative lower limit of quantitation at BI = 0.2 (20%

PDZ depletion in solution), roughly corresponding to a 100 mM

dissociation constant (Figure 3C).

Interactomic Consequence of Phosphorylation or

Phosphomimetics of RSK1

Using the holdup assay, we were able to measure the interac-

tion of RSK1 against 259, 260, and 232 PDZ domains for the

native, phosphorylated, and phosphomimetic peptides, ac-

counting for 97.4%, 97.7%, and 87.2% of coverage of the com-

plete human PDZome, respectively (Figure 4). Using the

threshold of BI = 0.2 for a quantifiable interaction, we detected

23, 13, and 67 significant interactions for the native, phosphor-

ylated, and phosphomimetic peptides, respectively (8.9%, 5%,

and 28.9% of the tested PDZome). Phosphorylation at position

-3 generates a decrease in overall affinity and reorganizes the

preferences of the RSK1 PBM for individual PDZ domains.

Compared with the native RSK1 PBM, phosphorylated RSK1

retains, loses, and gains 10, 13, and 3 detectable partners,

respectively. ARHGEF12 (an important substrate of RSK) (Shi

et al., 2018) is among the lost binders, while SYNJ2BP is among

the gained ones.

The phosphomimetic mutation also reshuffles the individual

PDZ binding preferences of the native RSK1 PBM, but in

contrast to phosphorylation it globally enhances the affinities in

the binding profile, resulting in a larger number of detected

interaction partners. Compared with the native RSK1 PBM, the

phosphomimetic PBM retains, loses, and gains 22, 1, and 45

detectable partners, respectively. Overall these data point to

strong differences between the phosphorylated and phosphomi-

metic RSK1 PBMs. Although phosphorylation strongly reorga-

nizes the RSK1 PBM interactome, with numerous losses and

gains of binders detected within a given affinity range, the phos-

phomimetic mutation expands the RSK1 interactome by

increasing the number of detected binders without almost any

loss. Far from accurately mimicking the phosphorylated state,

the phosphomimetic peptide is essentially a very promiscuous

peptide that binds all partners of both native and phosphorylated

RSK1 PBM, plus numerous additional ones.

Structural Consequence of Phosphorylation or

Phosphomimetics of RSK1

Previously, we determined crystal structures of the MAGI1_2

PDZ domain bound to the native RSK1 and RSK1_-3P peptides

(Gógl et al., 2018). The PDZ domain was fused to Annexin A2 to

enhance crystal formation, which enabled us to gain molecular

insight into these PDZ/PBM complexes (Ecsédi et al., 2020).

We used the same construct to obtain the complex with the

Figure 3. PDZome-Binding (Kd) Profiles of the Studied PBMs, Measured by the Holdup Assay

(A) Determined PBM peptide concentrations in the holdup assay, based on competitive fluorescence polarization experiments. Vertical lines in the violin plot

show the minimal and maximal observed peptide concentration after outlier rejection. Horizontal lines show the mean and the standard deviation of the peptide

concentration after outlier rejection. The gray dashed line shows the average peptide concentration that was used to convert the 16E6_-2P, 16E6_-2E profiles.

(B) Correlation of dissociation constants determined by the two orthogonal biochemical methods.

(C) Kd profiles of the studied PBMs. Because each profile is ordered by Kd values, the order of PBZ domains differs between panels. For clarity, we omitted most

of the undetected binders. Gray lines represent the limit of accurate binding quantitation by the holdup assay (BI = 0.2).
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phosphomimetic RSK1 peptide (Figure 5; Table S3). In the crys-

tal, MAGI1_2 exhibits the common PDZ fold consisting of five b

strands and two a helices. The RSK1 peptides bind to the con-

ventional binding groove of the PDZ domain (outlined by b-2,

a-2, and the carboxylate-binding ‘‘GLGF loop’’).

The RSK1 peptides establish all canonical interactions of a

class 1 PBM (Hung and Sheng, 2002). As a C-terminal anchor,

the C terminus of the peptide interacts with the carboxylate-

binding loop and the peptide adopts an antiparallel b strand

conformation, which complements the exposed b-2 strand of

the PDZ fold. A Thr residue at position -2 of the PBM mediates

a hydrogen bond with His530 from the a-2 of the PDZ domain.

Upon phosphorylation, this conformation is maintained, but

some minor local conformation changes were observed around

the phosphorylation site. Lys499 is located on the b-3 strand of

the PDZ and its side chain is solvent-exposed, facing the -3

position of a PBM. As already observed in previousworks (Zhang

et al., 2007; Charbonnier et al., 2011), Lys499 is at an ideal

position to mediate specific interactions with PBMs. Indeed, an

interaction was observed between this residue and the Ser at

position -3 of the RSK1 PBM (with a distance of 2.9 Å). Upon

phosphorylation, this phospho-Ser residue was captured in

two different rotamer conformations (in two closely related crys-

tals), but both of them formed an interaction with the side chain

of Lys499 (with a distance of 2.7–3.5 Å) (Gógl et al., 2018). The

Figure 4. Pairwise Rearrangements in

PDZome-Binding Kd Profiles of the Studied

RSK1 PBMs

The PDZs are ordered by the determined fold-

change (DDG) between the two compared motifs.

Dashed line represents the averaged limit of ac-

curate binding quantitation by the holdup assay

(BI = 0.2; [PBM] = 27 mM; Kd = 105 mM).

phosphomimetic peptide forms a similar

interaction with the same amine group

(with a distance of 2.2 Å).

Interactomic Consequence of

Phosphorylation or

Phosphomimetics of HPV16 E6

Using the holdup assay, we were able to

measure the interaction of 16E6 PBM

against 266 PDZ domains for the native

peptide, 213 for the phospho-peptide,

and 209 for the phosphomimetic peptide

(Figure 6). These account to 100.0%,

80.1%, and 78.6% of coverage of the

complete human PDZome, respectively.

Using the limit of quantitation of our sin-

glicate holdup assay (BI = 0.2, corre-

sponding to a dissociation constant of

60–100 mM), we detected 41 significant

interactions for the native-, 6 for the phos-

pho-, and 15 for the phosphomimetic

peptide (15.4%, 2.8%, and 7.2% of the

tested PDZome, respectively). Moreover,

the detected interactions of the modified

peptides were markedly weaker compared with the average

binding affinity of the native motif. In many cases, we failed to

confirm the binding of these weak partners of the phosphory-

lated and the phosphomimetic peptides with the fluorescence

polarization assay (Figures S1 and S3). Thus, we hardly detected

any significant interaction partners upon modification of the

HPV16-E6 motif at the -2 position.

Upon phosphorylation, 16E6 lost all of the experimentally sig-

nificant binders of the native peptide with the exception of the

weak binder FRMPD4 (Figure S3). Upon phosphomimetic sub-

stitution, 16E6 lost 31 significant binders of the native peptide.

In addition, only a small overlap (consisting of 3 detected

binders) was detected between the identified weak interaction

partners of the phospho- and the phosphomimetic 16E6 PBM.

An analogous phosphomimetic substitution on the 18E6 PBM

was previously found to dramatically reduce its ability to interact

with SNX27 (Ganti et al., 2016).

Structural Consequences of Phosphorylation or

Phosphomimetics of HPV16 E6

MAGI1_2 is one of the strongest PDZ partners of 16E6 but, upon

16E6 phosphorylation at position -2, its affinity fell below the

detection limits of both holdup and standard fluorescence

polarization assays (Figure S1; Table S2). To estimate the very

weak affinity of this complex, we repeated the competitive
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fluorescence polarization experiment by extending the range of

titration from 200 mM to 2.5 mM. Under this modified condition,

we managed to estimate the dissociation constants both for

16E6_-2P (Kd! 2.5mM) and for 16E6_-2E (Kd! 1mM) (Figure 7).

Despite these fairly weak associations, we managed to crystal-

lize both complexes, as well as a third complex, including

wild-type 16E6 peptide, using the Annexin A2-fused MAGI1_2

construct. To push the reaction toward complex formation, we

used an overall PDZ concentration of 135 mM (just as before),

supplemented with 2 mM of modified peptides. In a crystal of

this fused PDZ domain, the concentration of the PDZ site is

approximately 11 mM (based on the typical unit cell dimensions

and space group of the obtained crystals). In this situation,

approximately 44% complex formation should be expected

with the phosphorylated peptide. However, this calculation

does not take into account synergistic effects within the crystal,

which might significantly increase the fraction of complex

formed. Indeed, co-crystallization resulted in isomorphous crys-

tal with high peptide occupancy.

The 16E6 peptide adopts a classical PBM fold, satisfying all the

required interactionswith the PDZ domain ofMAGI1 (Figure 7; Ta-

ble S3). As described previously in detail (Charbonnier et al., 2011;

Zhangetal., 2007), the16E6PBMmediatesseveral bondswith the

PDZ domain, including a side-chain-mediated contact between

Glu494 of MAGI1 (of the b-2, b-3 loop) and an Arg from position

-5of thePBM. Incontrast, in thephosphorylatedcomplex theclas-

sical b strand structure of the PBM is disrupted. Here, the only

interaction reminiscent of a class 1motif is that involving the C ter-

minusof thePBMand theGLGF loopof thePDZ.TheThr residueat

position -2 is unable tomediate a bondwith its hydroxy groupwith

His530 from the a-2, because it is part of the phosphoester bond.

This is somewhat compensated by a weak interaction between

oneof theoxygenatomsof thephosphategroupand the imidazole

ring of His530. The main chain of the PBM has moved away,

impeding the b strand conformation of the bound peptide. The

structure of the phosphomimetic peptide is similar, although not

identical.Wedonot observe anydirect contact between the acidic

residue andHis530, but the interactionsof thepeptide are similarly

limited to the extreme C terminus. Thus, both the phosphorylation

and the phosphomimetic mutation at position -2 resulted in a sig-

nificant alteration in the bound b conformation of the PBM.

Phosphorylated PBMs Are Also Potential 14-3-3 Binding

Motifs

C-Terminal motif binding is not an exclusive property of PDZ

domains. For example, PBM phosphorylation can also create

an alternative binding site for 14-3-3 proteins (Espejo et al.,

2017). To test the possibility of these alternative interactions,

we measured the interactions of 14-3-3s with the PBM of

RSK1, a kinase that was previously shown to interact with

14-3-3 proteins (Cavet et al., 2003). Although RSK1 did not de-

tectably interact, RSK1_-3P showed indications of a weak

phosphorylation-dependent interaction, and both RSK1_-2P

and RSK1_-1P bound strongly to the tested 14-3-3s (Figures

8A and S4). RSK1_-2P and RSK1_-1P are, according to exper-

imental data, the minor PBM autophosphorylation sites of

RSK1 (Figure 1) (Hornbeck et al., 2015; Gógl et al., 2018). All

three phosphopeptides fit to the documented consensus of

mode III 14-3-3-binding motifs (Figure 8B). 14-3-3 interactions

are centered around the phosphate moiety, and mode III 14-3-

3-binding motifs are C-terminal motifs phosphorylated at posi-

tion -1, -2, or sometimes -3 relative to the C terminus, with Pro

being excluded immediately after the phospho-residue (Kumar

et al., 2019; Panni et al., 2011; Sluchanko, 2018). The latter

Figure 5. Crystal Structures Show the Molecular Consequence of RSK1 Phosphorylation on MAGI1_2 PDZ Binding

Isomorphous MAGI1_2-bound RSK1 peptides are shown in parallel with their affinities. Competitive fluorescence polarization assay was used to monitor the

binding of RSK1 peptides to this PDZ domain (see Figure S2 for further details). RSK1 is modified at its position -3, facing Lys499 of MAGI1. The interaction

between these residues remains possible, independently of the presence of the phosphorylation or the mutation. The crystal structures of MAGI1_2, bound to

RSK1 (left panel) and RSK1_-3P (middle panel) were solved in our previous work (PDB: 5N7D and 5N7F) (Gógl et al., 2018). See Table S3 for statistical details

about crystallographic data collection and refinement.
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restriction excluding proline only affects class 1 PBMs that are

phosphorylated at position -2 (Figure 8B; Table S1). Among a

large number of PBMs phosphorylatable at such positions,

only 29 putative and 5 detectably phosphorylated PBMs do

not satisfy the requirements of the mode III 14-3-3-binding

consensus (34 in total out of all 956 class 1 motifs). Thus, all

the remaining phosphorylatable PBMs (1,507 putative motifs)

are also potential 14-3-3 binders (Figure 8C).

Crystal Structure of 14-3-3s Protein Bound to

Phosphorylated HPV16 E6 PBM

The HPV E6 oncoproteins were already described as interaction

partners of several 14-3-3 proteins (Boon and Banks, 2013; Boon

et al., 2015). We found that the C-terminal PBM of 16E6 can

mediate phosphorylation-dependent interaction with 14-3-3s, a

well-characterized member of the 14-3-3 family (Figure 9A). We

went on to solve their co-crystal structure using a crystallization-

optimized protein (Sluchanko et al., 2017). As observed for most

14-3-3 binding motifs, the phosphate group is very well coordi-

nated by the 14-3-3s protein (Figure 9B) (Obsil and Obsilova,

2011; Sluchanko et al., 2017). It interacts with several residues of

the 14-3-3 protein (e.g., Arg56, Arg129, and Tyr130) and it is also

stabilized intra-molecularly by an Arg residue from position -4 of

the same PBM peptide. In addition, the peptide forms several

main-chain-mediated bonds, including an interaction between

theC terminus of the PBMand Lys122of 14-3-3s. TheArg residue

at position -5 of the PBM is involved in a stacking interaction with

Arg60 of 14-3-3s.

In contrast to the phosphorylated 16E6 PBM, the phosphomi-

metic 16E6 PBM did not detectably interact with 14-3-3s

(Figures 9A and S4), confirming previous data showing that a

phosphomimetic 18E6 PBM failed to interact with 14-3-3z

(Boon and Banks, 2013). In line with these observations, our

phospho-PBM-bound 14-3-3 structure shows a strict coordina-

tion of the phosphate group. An acidic mutation would be inad-

equate to mediate the same mode of binding, as already

observed for other binding partners of 14-3-3 proteins (Zheng

et al., 2003).

Figure 6. Pairwise Rearrangements in

PDZome-Binding Kd Profiles of the Studied

16E6 PBMs

The PDZs are ordered by the determined Kd ratio

(DDG) between the two compared motifs. Dashed

line represents the average limit of accurate

binding quantitation by the holdup assay (BI = 0.2;

[PBM] = 27 mM; Kd = 105 mM).

DISCUSSION

New Perspectives in Quantitative

Interactomics

In this work, we have quantitatively as-

sessed a very large number of affinities,

for !1,500 distinct PDZ-peptide pairs.

Although we obtained binding constants

for !170 pairs, we also showed that the

remaining !1,330 pairs displayed affin-

ities below our quantitation threshold.

Both types of data are important for building our understanding

of interaction networks. Although the former inform us on the

"interactome," the latter inform us on its complementary, often

neglected side: the "negatome," comprising all non-favored in-

teractions in the network.

The Consequences of PBM Phosphorylation

Although the human proteome contains thousands of putative

phosphorylation sites within PBMs (Table 1), the only case

when a PTM may target a high-impact, key motif position for

PDZ binding are class 1 motifs phosphorylatable at position -2.

All other modification sites affect lower-impact, modulatory

positions.

Our results demonstrate that phosphorylation at position -3 of

the RSK1 PBM reorganizes its PDZome-binding profile by

increasing its affinity for some PDZ domains and decreasing it

for others. This rearrangement in the RSK1 interactome can be

measured both in vitro and in cellulo (Gógl et al., 2019). Phosphor-

ylation at key position -2 of 16E6outlines amore drastic effect as it

suppressesmost of the detectable interactions of the nativemotif,

as shown by our structural data, by disrupting the b conformation

of the bound peptide. This finding supports the previously

described phospho-dependent disruption of different E6 PBMs

with several PDZ domains and the phospho-regulation of other,

non-viral PBMs (Boon et al., 2015; Cohen et al., 1996).

Although phosphorylation at a key motif position can disrupt

molecular interactions to a degree that makes them undetectable

with standard methods, phosphorylation at lower-impact sites

tends to preserve the overall bound conformation, while modu-

lating affinity and specificity profiles. As an example, the PBM

of b2AR (. CSTNDSLL-COOH) harbors three phosphorylatable

residues (Clairfeuille et al., 2016). Although the native b2AR

PBM binds moderately to the PDZ domain of SNX27, its variants

phosphorylated at modulatory positions -5 and -6 bind more

strongly, and the variant phosphorylated at key position -2 binds

significantly more weakly. Yet, solution NMR experiments

showed that the chemical environment of the carboxylate-binding

GLGF loop was altered in presence of the -2 phosphorylated
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PBM, indicating that phosphorylation at key position -2 still al-

lowed a residual binding mode compatible with our crystal struc-

ture of the MAGI1_2 bound 16E6_-2P peptide.

Out of all the putative PBM phosphorylation sites analyzed in

this study, we have found that 1,507 PBMs are also putative

binders of the 14-3-3 family, thereby presenting characteristics

of dual specificity motifs (Van Roey et al., 2012). In these interac-

tomic rearrangements, phosphorylation has a strong impact.

Although some 14-3-3 binding affinities may seem moderate

(like that of the 16E6/14-3-3s interaction documented here),

they may be relevant in cellulo since 14-3-3 isoforms are present

at a high concentration in many tissues (Boston et al., 1982).

Thus, an extensive dynamic interplay is likely to occur between

the PDZ and 14-3-3 interaction networks. Moreover, phosphor-

ylatable PBMs that are capable of binding PDZ and 14-3-3

proteins are also expected to bind transiently to kinases and

phosphatases. That a motif bears information for the recognition

by at least four different protein families has particular

evolutionary consequences, since each interaction mode should

impose its own constraints. This is remarkably illustrated by the

HPV16 E6 PBM, which we captured here in crystal structures of

two different types of complexes, one with a PDZ family member

and one with a 14-3-3 family member. In both types of

complexes, the same conserved residue of E6, namely Arg at

position -5 of the PBM, was found to establish critical interac-

tions, yet of a different nature. Furthermore, the same E6 PBM

was, in our hands, very efficiently phosphorylated by protein

kinase A (Figure S3). This kinase, as well as other members of

the kinome, preferably acts on target consensus sequence pre-

senting an Arg residue three positions upstream of the target

threonine residue, i.e., precisely at the position of Arg-5

(Sarabia-Vega and Banks, 2019). The PBM of HPV16 E6 viral on-

coprotein thus appears to have evolved sequence features that

place it at a crossroad of four important protein families partici-

pating in the intricate, dynamic PPI network of the host organism.

PBM phosphorylation may affect not only the bound conforma-

tion, but also the free form of the motif. In the case of RSK1, we

already showed that the free phosphorylated peptide adopts a

transient structure in solution, where the phosphate group is

involved in interactions with its preceding basic residues (Gógl

et al., 2018). This intra-molecular interaction not only masks the

strong negative charge of the phospho-residue, but also masks

thesiteagainst inter-molecular interactionpartnersas it introduces

an extra conformational selection step in the binding process.

Such effects modulate both the kinetics and thermodynamics of

the interaction. In the case of a phosphomimetic substitution,

such transient charge-clamp interactionmight not beasstable, re-

sulting in a more accessible pseudo-phosphorylated PBM.

When Are Phosphomimetics a Lesser Evil Strategy?

Here, we presented a comprehensive quantitative interactomic

approach tostudy theglobaleffectofaPTMand itsmimeticmutant

Figure 7. Crystal Structures Show the Molecular Consequence of 16E6 Phosphorylation on MAGI1_2 PDZ Binding

Isomorphous MAGI1_2-bound 16E6 peptides are shown in parallel with their affinities. Competitive fluorescence polarization assay was used to monitor the

binding of 16E6 peptides to this PDZ domain (see Figure S1 for further details). 16E6 is modified at its position -2, which is involved in a bond with His530 in most

class 1 PBZ/PBM complexes. Upon phosphorylation, this interaction is eliminated and only a minor contact remains possible between the His residue and the

phosphate group. In the weak complexes of thesemodified peptides, the secondary structure of the peptide is also disturbed and the peptide seems to not adopt

an optimized b strand conformation. The lower panels show themain-chain-mediated contacts (distances are given between non-hydrogen atoms). See Table S3

for statistical details of crystallographic data collection and refinement.
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alternative on the PDZome-binding profiles of two PBMs. We

further refined our previously described approach, which consists

in experimentallymeasuring theaffinities of all the possible interac-

tionswithin the studiedPPI network. This approach allows not only

to demonstrate that phosphorylation can alter some particular in-

teractions but also to exhaustively analyze, in quantitative terms,

phosphorylation-dependent dynamics of the PDZ-PBM interac-

tome. We hope that such approaches, which address domain-

motif affinities and specificities and their potential PTM-induced

changes for all possible interactions, rather than for a few selected

ones, will be progressively adopted by the research community.

In an in vitro experiment, the phosphomimetic approach can be

avoided by using a synthetic phospho-peptide, by phosphory-

lating a purified protein with a kinase, or by directly incorporating

phospho residues during translation (Rogerson et al., 2015; Zhu

et al., 2019). This is more difficult to achieve in a cellular assay.

One can either activate specific pathways with external stimuli or

treat the cells with phosphatase inhibitors to exceed basal phos-

phorylation levelsof the target.However neitherof these strategies

will result in a pure, homogeneous phospho-state. Moreover the

effectwill notbespecific for asinglePTMsite, sinceahugenumber

of phosphorylation or dephosphorylation events may simulta-

neously hit other sites within the same protein and in other ones.

Because of its ease of use, the introduction of acidic residues to

replace phosphorylated Ser/Thr residues will probably remain

common in cellular (and even in in vitro) assays (Caria et al.,

2019; Baliova and Jursky, 2019; Sundell et al., 2018).

Our study should raise further awareness about how the

chemical discrepancy between phosphorylation and phos-

phomimetic substitution is prone to lead to quantitative bind-

ing discrepancies on an interactomic scale. Although a phos-

phomimetic substitution might be sufficient to reproduce the

effect of a steric, structural clash induced by phosphorylation,

it is likely to fail to imitate phosphorylation events that intro-

duce novel interactions or even just modulate them, as exem-

plified here with 16E6 and RSK1, respectively. This limitation

of the phosphomimetic strategy has already been stressed

in other studies (Toto et al., 2017; Sundell et al., 2018). In

addition, one should keep in mind that each motif can have

multiple interaction partners (such as various PDZ domains

and 14-3-3 proteins in the case of a PBM), due to their pro-

miscuous binding properties. Although a phosphomimetic

mutation may sometimes reproduce the effect of a phosphor-

ylation for one particular interaction, it will fail to do so for

many others. After all, a carboxyl group is not chemically iden-

tical to a phosphate ester.
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STAR+METHODS

KEY RESOURCES TABLE

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gergo

Gogl (goglg@igbmc.fr). The study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study focused on human proteins and peptides, expressed in E. coli BL21(DE3) or synthesized chemically.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Bacteria: E.coli BL21(DE3) NEB Cat#C2527I

Chemicals, Peptides, and Recombinant Proteins

RSK1 peptide (Gógl et al., 2019) N/A

RSK1_-1P peptide This paper N/A

RSK1_-2P peptide This paper N/A

RSK1_-3P peptide (Gógl et al., 2019) N/A

RSK1_-3E peptide This paper N/A

16E6 peptide (Vincentelli et al., 2015) N/A

16E6_-2P peptide This paper N/A

16E6_-2E peptide This paper N/A

pB6 peptide Severn Biotech N/A

Deposited Data

Crystal structure of RSK1 + MAGI1_2 (Gógl et al., 2018) PDB ID: 5N7D

Crystal structure of RSK1_-3P + MAGI1_2 (Gógl et al., 2018) PDB ID: 5N7F

Crystal structure of RSK1_-3E + MAGI1_2 This paper PDB ID: 6TWY

Crystal structure of 16E6 + MAGI1_2 This paper PDB ID: 6TWQ

Crystal structure of 16E6_-2P + MAGI1_2 This paper PDB ID: 6TWX

Crystal structure of 16E6_-2E + MAGI1_2 This paper PDB ID: 6TWU

Crystal structure of 16E6_-2P + 14-3-3s This paper PDB ID: 6TWZ

Recombinant DNA

PDZome library (His6-MBP-PDZ constructs in

modified pET15b)

(Duhoo et al., 2019) N/A

Plasmid: ANXA2-fused MAGI1_2 (His6-tagged in

modified pET15b)

(Gógl et al., 2018) N/A

Plasmid: 14-3-3s (His6-tagged in modified pET28) (Sluchanko et al., 2017) N/A

Plasmid: 14-3-3s optimized for crystallization (His6-

tagged in modified pET28)

(Sluchanko et al., 2017) N/A

Plasmid: PKA (His6-tagged in pET15b) Narayana et al., 1997 Addgene Plasmid #14921

Software and Algorithms

XDS (Kabsch, 2010) xds.mpimf-heidelberg.mpg.de/

Phaser (McCoy et al., 2007) www.phenix-online.org

Phenix (Adams et al., 2010) www.phenix-online.org

ProFit (Simon et al., 2020) github.com/GoglG/ProFit
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METHOD DETAILS

1. MBP-PDZ Library Preparation, Peptide Synthesis

We used an updated version of our original PDZome library, that contains all the human (266) PDZ domains as soluble, isolated

His6-MBP-PDZ constructs. This PDZome v2 library was prepared as previously described in details (Duhoo et al., 2019). Briefly,

His6-MBP-PDZ constructs were individually overexpressed in E. coli BL21(DE3) with an autoinduction media. The His6-MBP-

PDZ concentrations of soluble cell lysate fractions were evaluated with a microfluidic capillary electrophoretic system (Caliper

LabChip GXII, PerkinElmer, Waltham, Massachusetts) and were adjusted to 4 mM by dilutions.

Tandem affinity purified proteins were used for affinity measurements. His6-MBP-PDZ constructs were purified on a Ni-IDA col-

umn and they was further purified by amylose affinity chromatography. For crystallization, ANXA2-fusedMAGI1_2 was captured on a

Ni-IDA column, the His6 tag was removed with a TEV protease and the protein was purified by cation exchange on a HiTrap SP HP

column (GE Healthcare, Chicago, Illinois).

For affinity measurements an N-terminally His6-tagged 14-3-3s (1-231) protein was used that lacked its flexible C-terminal exten-

sion. For crystallization, an engineered version of this protein was used, carrying amino acid substitutions 159KKE161 -> 159AAA161

to reduce surface entropy (Sluchanko et al., 2017). Both 14-3-3 proteins were expressed in E. coli BL21(DE3) and purified by Ni-af-

finity chromatography and gel-filtration. In the case of the engineered isoform, the expression tag was removed with 3C protease

followed by a reverse Ni-affinity purification and gel-filtration.

Peptides used for holdup experiments (16E6: biotin-ttds-SSRTRRETQL; 16E6_-2P: biotin-ttds-SSRTRREpTQL; 16E6_-2E:

biotin-ttds-SSRTRREEQL; RSK1: biotin-ttds-RRVRKLPSTTL; RSK1_-3P: biotin-ttds-RRVRKLPpSTTL; RSK1_-3E: biotin-ttds-

RRVRKLPETTL) and the fluorescent peptides (f16E6: fluorescein-RTRRETQL; fRSK1: fluorescein-KLPSTTL and fpRSK1: fluores-

cein-KLPpSTTL) were chemically synthesized on an ABI 443A synthesizer with Fmoc strategy. In all cases, the biotin group was

attached to the N-terminus via a TTDS linker and fluorescein was coupled directly to the N-terminus. The pB6 peptide (WLRRAp-

SAPLPGLK) was commercially purchased (Severn Biotech, Kidderminster, UK). Predicted peptide masses were confirmed by

mass-spectrometry.

His6-tagged PKA (Addgene #14921) (Narayana et al., 1997) was expressed in E. coli BL21(DE3) and was purified on a Ni-IDA col-

umn. Kinase reaction on f16E6 (800 mM) was performed in the presence of 5 mM MgCl2 and 2 mM ATP and 50 mM kinase for 3 h at

room temperature. The kinase was removed from the reaction by boiling and centrifugation and the remaining peptide solution was

buffer exchanged. pB6 peptidewas labeledwith sub-stoichiometric FITC (Sigma-Aldrich, St. Louis,Missouri) in a basic HEPES buffer

(pH 8.2) and the reactionwas stoppedwith 100mMTRIS. The peptidewas buffer exchanged in order to separate from the fluorescent

contaminants.

The concentration of proteins, or peptides that contained aromatic residues were determined by their UV absorption at 280 nm.

The concentration of peptide solutions which lacked aromatic residues were estimated based on the dry mass of the peptides and

later confirmed by their far UV absorption (at 205 and 214 nm).

2. Holdup Assay

The automated holdup assay was carried out with the peptides 16E6, 16E6_-2P, 16E6_-2E, RSK1_-3P and RSK1_-3E in singlicates

using a previously described protocol. (As 16E6 was used as a benchmark peptide for the new PDZome library, we measured its

binding profile at least 5 times.) First, streptavidin resin was saturated with biotinylated peptides or with biotin (as a negative control).

Then, the resins were depleted with an excess of biotin and were washed with a biotin-free buffer. Concentration-adjusted His6-

MBP-PDZ containing cell lysates (PDZome v2 library) were incubated with the resins for a sufficient time for complex formation

(30 min). The supernatant was separated from the resin by a fast filtration step, carried out by using filter plates (Millipore, Burlington,

Massachusetts). PDZ concentrations were evaluated using a microcapillary electrophoretic system (Caliper; PerkinElmer, Waltham,

Massachusetts) and BI values were calculated using Equation 1.

BI =
Itotal " Idepleted

Itotal
(Equation 1)

where Itotal is the total Intensity of the PDZ peak (measured by the biotin control) and Idepleted is the intensity of PDZ peak in the

peptide depleted reaction. In the holdup buffer at least a single internal standard was used (BSA and/or lysozyme) for peak intensity

normalization (Figure S2).

3. Fluorescence Polarization (FP) Assay

Fluorescence polarization was measured with a PHERAstar (BMG Labtech, Offenburg, Germany) microplate reader by using 485 ±

20 nm and 528 ± 20 nm band-pass filters (for excitation and emission, respectively). In direct FP measurements, a dilution series of

the MBP-PDZ or 14-3-3 protein was prepared in 96 well plates (96 well skirted pcr plate, 4ti-0740, 4titude, Wotton, UK) in a 20 mM

HEPES pH 7.5 buffer that contained 150 mM NaCl, 0.5 mM TCEP, 0,01% Tween 20 and 50 nM fluorescently-labeled peptide. The

volume of the dilution series was 40 ml, which was later divided into three technical replicates of 10 ml during transferring to 384 well

micro-plates (low binding microplate, 384 well, E18063G5, Greiner Bio-One, Kremsm€unster, Austria). In total, the polarization of the

probe was measured at 8 different protein concentrations (whereas one contained no protein and corresponded to the free peptide).

In competitive FP measurements, the same buffer was supplemented with the protein to achieve a complex formation of 60-80%,
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based on the titration. Then, this mixture was used for creating a dilution series of the competitor (i.e. the studied peptides) and the

measurement was carried out identically as in the direct experiment. Analysis of FP experiments were carried out using ProFit, an in-

house developed, Python-based fitting program (Simon et al., 2020). The dissociation constant of the direct and competitive FP

experiment was obtained by fitting the measured data with quadratic and competitive equation, respectively (Roehrl et al., 2004).

Competitive titrations in the main figures are reproduced from Figures S1 or S4 (without their direct experimental pairs) unless it is

defined differently in the text.

4. Crystallization

The MAGI1_2 complexes were reconstituted by mixing purified the ANXA2-fused PDZ domain (135 mM) and synthetic (biotinylated)

peptides in a 1:3-1:15 stoichiometric ratio, depending on the dissociation constant of the crystallized complex. 14-3-3s (300 mM)was

supplemented with 16E6_-2P peptide in a 1:3 molar ratio. Crystallization conditions were screened using commercially available and

in-house developed kits (Qiagen, Hampton Research, Emerald Biosystems) by the sitting-drop vapor-diffusion method in 96-well

MRC 2-drop plates (SWISSCI, Neuheim, Switzerland), using a Mosquito robot (TTP Labtech, Cambridge, UK). After optimization,

PDZ crystals grew rapidly in a drop made from 5 ml of protein solution and 5 ml of reservoir solution containing 20-25% polyethylene

glycol 3000, 100mM sodium citrate buffered at pH 5.5 and 100mM trisodium-citrate at 20#C. The optimized condition of the 14-3-3s

crystals consisted of 20% polyethylene glycol 3350, 0.1M Bis-tris propane buffered at pH 6.5 and 0.2 M K/Na-tartarate at 4#C. All

crystals were flash-cooled in a cryoprotectant solution containing 20% glycerol and stored in liquid nitrogen.

X-ray diffraction data were collected at the Synchrotron Swiss Light Source (SLS) (Switzerland) on the X06DA (PXIII) beamline and

processed with the program XDS (Kabsch, 2010). The crystal structure was solved by molecular replacement with a previously deter-

mined crystal structure of the same chimera (PDB ID 5N7D), orwith an apo 14-3-3s structure (PDB ID 5LU2) using Phaser (McCoy et al.,

2007) and structure refinement was carried out with PHENIX (Adams et al., 2010). TLS refinement was applied during the refinement.

The crystallographic parameters and the statistics of data collection and refinement are shown in Table S3. The refined model and the

structure factor amplitudes have been deposited in the PDB with the accession codes 6TWQ, 6TWU, 6TWX, 6TWY and 6TWZ.

A final electron density map, along with a simulated annealing difference omit map, is shown for all the determined crystal struc-

tures in Figure S5. A crystallographic dataset was also collected at a resolution of 2.9 Å of an APO ANXA2-fused MAGI1_2 crystal in

order to calculate isomorphous difference maps on all the PDZ-bound complexes determined in this study.

QUANTIFICATION AND STATISTICAL ANALYSIS

1. Fluorescence Polarization Assay

The reported dissociation constants and errors are the average and the standard deviations of 500 independent Monte-Carlo

simulations, calculated using ProFit as described in Simon et al., 2020.

2. Conversion of Holdup Binding Intensities to Dissociation Constants

Steady-state binding intensities (deduced from holdup assays) can be converted to steady-state dissociation constants using

Equation 2:

Kd =
ð½PDZ& " BI ' ½PDZ&Þ ' ð½PBM& " BI ' ½PDZ&Þ

BI ' ½PDZ&
(Equation 2)

where [PDZ] is the total PDZ concentration (set to 4 mM in usual cases in our assays) and [PBM] is the total peptide concentration. This

parameter is unknown that makes a direct and accurate conversion impossible.

To reveal this missing parameter for accurate conversion, we used the orthogonal affinity values from the fluorescence polarization

assay. For each BI-Kd pairs, where both affinity measurements showed a detectable binding, we calculated an apparent peptide

concentration based on Equation 2.

The calculated peptide concentrations showed a tailed distribution, with a few clear outliers in each cases. To estimate a global

peptide concentration that is most compatible between every BI-Kd datasets, we performed an outlier rejection based on the abso-

lute distances from the median (Figure 3A). Based on these criteria, we could calculate the average peptide concentration for each

peptides using approximately 10 BI-Kd pairs. For the conversion of the modified 16E6 peptides, for which we lacked any reliable

BI-Kd pairs, we used a peptide concentration of the average of the other peptides. We performed the conversion until the limit of

detection of the holdup assay (BI = 0.1) in ‘ S2.

DATA AND CODE AVAILABILITY

The accession number for the crystal structure of RSK1_-3E +MAGI1_2 reported in this paper is PDB ID: 6TWY. The accession num-

ber for the crystal structure of 16E6 + MAGI1_2 reported in this paper is PDB ID: 6TWQ. The accession number for the crystal struc-

ture of 16E6_-2P + MAGI1_2 reported in this paper is PDB ID: 6TWX. The accession number for the crystal structure of 16E6_-2E +

MAGI1_2 reported in this paper is PDB ID: 6TWU. The accession number for the crystal structure of 16E6_-2P + 14-3-3s reported in

this paper is PDB ID: 6TWZ. Any additional data, that is not directly available in the supplement, can be requested from the authors.
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Chapter 11

Interactomic affinity profiling by holdup

assay: acetylation and distal residues

impact the PDZome-binding specificity of

PTEN phosphatase

Status: Submitted to PLoS One as first author.

11.1 Summary

Background: Related to the previous chapter, we assayed the difference in acetyla-

tion as PTM and a synonym mutation in PTEN, as well as the impact of extending

the PBM length. We prepared 11 residues long PTEN in the wild-type form, PTEN

acetylated at p-1, PTEN K to R mutation at p-1 and 13 residue long PTEN in the

wild-type form.

Results: We used the holdup assay and complementary FP measurements to

analyze the impact of the acetylation, a synonym mutation and the length of

PTEN in its interaction with the PDZome. We also introduced for the first time

a specificity quantification for our BI Profiles.

Conclusions: We showed that synonym mutations may affect the PBM/PDZ

interactions as well as inclusion of PTM and extension in length. We moreover con-

ducted this paper in a methodological way to validate holdup assay complemented
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122 Part IV. Results

by FP.

Contribution: I curated the holdup data using the software presented in chapter

15. I realized the differences among our PTEN and the one of our collaborator

(turning out to be PTEN 11 and PTEN 13 respectively), hence I started to the

story of the PBM length impact. I performed the bibliographical search of previous

results in PTEN/PDZ interactions. I also proposed the PDZ index value which will

be used for the specificity assessment of the PBMs. I wrote the first draft of the

paper. I performed the draft of the figures. I participated in the final discussion of

the results.
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Abstract 

 

Protein domains often recognize short linear protein motifs composed of a core conserved consensus 
sequence surrounded by less critical, modulatory positions. Here we used an accurate experimental 
approach combining high-throughput holdup chromatographic assay and fluorescence polarization to 
measure quantitative binding affinity profiles of the PDZ domain-binding motif (PBM) of PTEN 
phosphatase towards the 266 known human PDZ domains. Inclusion of N-terminal flanking residues, 
acetylation or mutation of a lysine at a modulatory position significantly altered the PDZome-binding 
profile of the PTEN PBM. A specificity index is also introduced to quantify the specificity of a given 
PBM over the complete PDZome. Our results highlight the impact of modulatory residues and post-
translational modifications on PBM interactomes and their specificity. 

 

 

Categories 

Biophysics, bioenergetics 

 

 

 

Keywords 

PDZ / PBM interaction, PTEN, holdup assay, Acetylation, Binding specificity 

Exosite, high-throughput interaction data, fluorescence polarization 

 

 

 

Abbreviations 

PDZ: PSD95/DLG/ZO-1 

PBM: PDZ-binding motif 

HPV: Human Papilloma Virus 

FP: fluorescence polarization 

MBP: Maltose-Binding Protein 

TRX: Thioredoxin 

  



 

3 

Introduction 

PDZs, named from the three proteins PSD-95, DlgA and ZO1, are globular protein domains that adopt 
a conserved antiparallel β-barrel fold comprising 5 to 6 β-strands and 1 to 2 α-helices. PDZ domains 
are involved in diverse cellular activities, such as cell junction regulation, cell polarity maintenance or 
cell survival [1]. PDZs recognize short linear motifs (called PDZ Binding Motif or PBMs) that follow 
particular sequence requirements and are mostly located at the extreme carboxy terminus of target 
proteins [2]. The human proteome contains 266 PDZ domains dispersed over 152 proteins [3] and 
thousands of presumably disordered C-termini matching a PBM consensus [4]. 

The core of a C-terminal PBM is formed by four residues, which are disordered in the unbound state 
but form, upon binding, an anti-parallel β-strand that inserts between a β-strand and a α-helix of the 
PDZ domain. A C-terminal PBM contains two conserved residues (positions are thereafter numbered 
backwards from the C-terminus, starting at p-0): a hydrophobic residue at p-0 and a characteristic 
residue at p-2, which actually determines the PBM classification: Ser / Thr for class I, a hydrophobic 
residue for class II and Asp / Glu for class III. Other positions located within or upstream of the core 
motif may also modulate the binding affinity ([5]–[8] and reviewed in [3]). In particular, systematic 
mutagenesis experiments have shown that amino acid replacements at positions -1, -3, -4 and -5, and 
sometimes even at upstream positions, can strongly alter the binding properties depending on the PDZ 
domain [9]–[11]. We and others have also shown that the length of the peptides or upstream or 
downstream sequences of the PDZ constructs used may influence the binding affinity in the assays 
[12]–[16]. 

Additionally, post translational modifications (PTM) at residues within or upstream of the PBM core 
are susceptible to alter the binding affinity for PDZ [17], and therefore the PDZ / PBM network. 
Protein acetylation is an example of PTM that mainly targets lysine residues. Acetyltransferases 
catalyze the transfer of an acetyl group from acetyl-coenzyme A to the ε-amino group of a lysine 
residue, inducing the neutralization of the positive charge of the lysine side chain. The reaction can be 
reversed by lysine deacetylases. By modifying the chemical nature of the protein, the acetylation 
process may alter its binding properties. In particular, an acetylated protein may become "readable" by 
specialized acetyl-lysine binding domains such as bromodomains [18]. Acetylation occurs in a large 
variety of protein substrates and plays important roles in protein regulation, DNA recognition, protein / 
protein interaction and protein stability [19]. Originally widely described for histone proteins, it has 
also been observed for a growing number of non-histone proteins [20], such as PTEN [21]. 

PTEN is a lipid phosphatase protein located in the cell nucleus with a prominent tumor suppressor 
activity. When brought to the plasma membrane, PTEN is able to antagonize the phosphatidylinositol 
3-kinase (PI3K), inhibiting the PI3K-dependent cell growth, survival and proliferation signaling 
pathways [22]. Interestingly, PTEN harbors a class I PBM –ITKVCOOH– that appears to be critical for 
regulating its functions [23],[24]. The PDZ binding to the PTEN PBM leads to a stabilization of PTEN 
and an increase of its catalytic activity [25]. The PBM of PTEN presents several original 
characteristics. On the one hand, a structural study revealed an unconventional mode of binding of 
PTEN to the PDZ domain of the human kinase MAST2 [26]: while the core of the PTEN PBM 
displays a canonical interaction with the PDZ domain, a Phe residue at p-11 (F392) distal from the 
core PBM establishes additional contacts with MAST2 through a hydrophobic exosite outlined by β2- 
and β3-strands of the PDZ domain. On the other hand, lysine K402, located at the p-1 position of the 
PBM core in PTEN, has been suggested to represent a putative target of an acetylation reaction that 
might modulate PTEN binding to PDZ domains and thereby affects other PTEN activities [21]. 
Remarkably, those original characteristics of the PBM of PTEN (unconventional PDZ binding mode of 
PTEN and potential modulation by acetylation) have been examined only in context of interaction with 
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a few PDZ domains. It is thereafter interesting to cover their impact on the interactome with the full 
PDZome, thus requiring the use of a high-throughput screening method, as the holdup. 

The holdup method is a chromatographic approach in solution developed in our group that allows to 
measure the binding strength of a peptide, attached to a resin, against a library of domains of a same 
family. We initially proposed this method to explore the interaction between PBM peptides and the 
human PDZ domains [27]. Briefly, a soluble cell lysate containing individually overexpressed PDZ 
domain is incubated until equilibrium with a calibrated amount of streptavidin-resin saturated either 
with the target biotinylated PBM peptide or with biotin as a reference. The flow-throughs containing 
the unbound protein fraction are recovered by filtration and loaded on a capillary electrophoresis 
instrument to quantify the amount of remaining free PDZ. The stronger the steady-state depletion of 
the PDZ domain in the flow-through as compared to the reference, the stronger the PDZ / PBM 
binding interaction. The assay is particularly suited to quantitatively evaluate and compare large 
numbers of interactions. This method delivers, for each PBM / PDZ pair, a "binding intensity" (BI), 
whose value can in principle range from 0.00 (no binding event detected) to 1.00 (maximal binding 
event). The approach has been automated [28] and the human PDZ library was recently extended to the 
complete 266 PDZ domains known in human proteome [29]. The high-throughput assay is 
implemented on 384 well-plates, and can probe a single peptide in triplicate or up to 3 different 
peptides in singlicate against the 266 PDZ domains. The full processing leads to a binding profile, i.e. 
a list of binding strengths in decreasing order exhibited by a given PBM towards the entire PDZome. 
The high accuracy and efficiency of the holdup assay has been validated previously [4],[15],[28],[30]. 
Very recently, a manual version of the holdup assay with purified samples and using widespread 
benchtop equipment has been implemented and has proven to be reliable [31]. 

 

In the present work, we investigated how the acetylation at position K402 in PTEN (–ITAcKVCOOH– 
thereafter corresponding to p-1 position in the PBM), would alter the binding affinity profile of the 
PTEN C-terminus to the full complement of known human PDZ domains (the PDZome). We also 
assessed the contribution of the K402R mutation, expected to preserve the positive charge and the 
overall bulkiness of the lysine residue, as well as the effect of the presence of the hydrophobic residue 
at p-11 (F392). For these purposes, we combined the updated high-throughput holdup assay with 
fluorescence polarization (FP) measurements allowing to convert each BI value into affinity. We 
obtained all the affinities of the complete human PDZ library for wild-type, acetylated and mutated 
versions of the PBM of an 11-mer PTEN C-terminal peptide as well as an extended 13-mer peptide. 
We also introduced a tentative "promiscuity index" to quantify the PDZome-binding specificity of 
each peptide. The results show that acetylation affects the affinities for the PDZome and highlight the 
importance of the exosite in modulating the PDZome specificity for the PDZ-binding motif of PTEN. 

 

 

Material and Methods 

Protein expression and purification 

The 266 PDZ domains that constitute the used PDZ library (“PDZome V.2”) were produced using 
constructs with optimized boundaries as described previously [32]. All the genes were cloned into 
pETG41A or pETG20A plasmid. The expressions in E.coli resulted in a recombinant protein fused to 
an N-terminal solubility tag (His-MBP or TRX). The expressed tag-PDZ concentrations were 
quantified using capillary gel electrophoresis and cell lysates were diluted to reach approximately 4 
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µM tag-PDZ before freezing in 96-well plates. A detailed protocol of the PDZ library production, 
expression and benchmarking can be found in [29]. PDZ domains are named according to their 
originating protein name followed by the PDZ number (e.g. NHERF1-1 as the first PDZ domain of the 
NHERF1 protein). 

For FP assay, tandem affinity purified His6-MBP-PDZ proteins were used. Cell lysates were purified 
on Ni-IDA columns, followed by an MBP-affinity purification step. Protein concentrations were 
determined by far-UV absorption spectroscopy. A detailed protocol has been published previsouly [4]. 

 
Peptide synthesis 

All 11-mer biotinylated peptides (PTEN_11: DEDQHTQITKV, PTEN_Ac: DEDQHTQITacKV  and 
PTEN_KR: DEDQHTQITRV) were chemically synthesized on an ABI 443A synthesizer with Fmoc 
strategy by the Chemical Peptide Synthesis Service of the IGBMC, while PTEN_13 
(PFDEDQHTQITKV) was purchased from JPT Innovative Peptide Solutions with 70%–80% purity. A 
biotin group was systematically attached to the N-terminal extremity of the peptide via a TTDS linker 
while fluorescent peptides were prepared by directly coupling fluorescein to the N-terminus. Predicted 
peptide masses were confirmed by mass spectrometry. Due to the lack of aromatic residue, peptide 
concentrations were first estimated based on the dry mass of the peptide powders and subsequently 
confirmed by far-UV absorption (at 205 and 214 nm). 

 

Holdup assay 

The Holdup assay was performed in singlicate for the three 11-mer PTEN variants and the 13-mer 
PTEN variant as described in [28],[29]. Prior to interaction assay, the streptavidin resin was saturated 
with biotinylated PBM peptides and then washed with an excess of free biotin, while the reference 
resin was incubated only with biotin. Right before the holdup experiment, the PDZ library was spiked 
with an internal standard of lysozyme. Then, the biotin- or PBM-saturated resins were incubated with 
diluted cell lysates, each in a distinct well of a 384-well plate, allowing to adjust the concentration of 
tag-PDZ at around 4 µM. After a sufficient time for the complex to form (15 min.), a fast and mild 
filtration step is performed and the tag-PDZ concentrations were measured by capillary electrophoresis 
instrument (LabChip GXII, PerkinElmer, Massachusets, USA). A detailed protocol of how to run the 
holdup assay in an automatic way using liquid handling robots can be found in [29]. Standard markers 
were used to convert migration time into molecular weight on the LabChip software and inappropriate 
molecular weight markers were corrected or excluded.  

 
Holdup data quality check and processing 

Holdup data can be missing for some tested pairs mainly for three reasons: i/ biochemical issues, 
specially when the over-expressed domain is not concentrated enough in the sample, ii/ acquisition 
problems mainly because of a misreading of the Caliper data, iii/ technical difficulties related to data 
processing. For points i/ and ii/, many efforts have been made to optimize the expression and to run the 
LabChip GXII instrument in the best conditions. For point iii/, we developed bioinformatics 
processing tools in order to improve the accuracy and reproducibility of the intensity measurement of 
the tag-PDZ peak in the chromatogram [33]. Briefly a baseline correction of the electropherograms is 
first performed in order to remove the background noise and extract the real intensities using Python 
package available in https://spikedoc.bitbucket.io under the name of SPIKE.py [34],[35]. Then 
intensities are normalized using the internal standard (lysozyme as previously mentioned) to correct 
potential variations over all the protein concentrations. Lastly, both the sample and the reference 
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electropherograms were superimposed by adjusting the molecular weight on the X-axis according to a 
linear transformation (translation and dilation) of the sample electropherogram as compared to the 
reference one. 

Beyond the purpose of this article, we have accumulated several tens of thousands of PDZ / PBM 
interaction data with the holdup protocol used here. Experienced holdup data curators combined four 
quantitatively evaluable quality criteria to retain or discard data during visual inspection. Individual 
electropherograms must display a sufficiently high intensity of the normalization peak (criterium 1) 
and of the tag-PDZ peak (criterium 2) while the signal of crude extract should be kept as low as 
possible compared to the tag-PDZ peak (criterium 3) (Fig. 1A). When comparing two 
electropherograms, the elution profiles must be sufficiently aligned (criterium 4) (Fig. 1B). In order to 
rationalize and accelerate data curation, we assigned to each criterium an individual quality score 
ranging from 0 to 1 from the lowest to the highest quality data (Fig. 1C). To avoid a cut-off effect, a 
linear or quadratic transition was introduced depending on the quality criteria type. The product of the 
resulting individual scores led to a global quality score in the 0-to-1 range. We calculated such scores 
for holdup data sets that had been treated by expert curators, then compared the scores of the data that 
had been either rejected or retained by the curators. This allowed us to semi-empirically set a threshold 
value of 0.6 which maximizes the true positive rate and minimizes the false negative rate. This 
threshold was automatically used to distinguish data to be rejected from those to be retained in a way 
that generally agrees with the expert curator's decision. For the datasets used in the present study, the 
percentage of rejection never exceeded 10%. 

For filtered data, the BI was extracted with the following equation (Eq. 1) that estimates the depleted 
fraction after superimposition of the sample and reference electropherograms: 

!" !
!!"#!!!"#
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           Eq. 1 

where Iref and Ilig are the intensities of the tag-PDZ peaks measured in the reference and the sample 
electropherograms, respectively, for a given PDZ domain / PBM peptide interaction pair. 

Data reproducibility has been previously explored for several PDZ / PBM pairs resulting in a standard 
error of the mean of about 0.07 BI unit (data not shown + [28]). This suggests that the maximal BI 
values differ significantly from PTEN_Ac or PTEN_KR constructs as compared to PTEN_11 and in a 
less extend to PTEN_13. In some cases, negative BI values as low as -0.20 can be observed and seem 
to be reproducible (data not shown). This could result from a lower intensity of the reference PDZ / 
PBM peak as compared to the sample PDZ / PBM peak, potentially due a preference of the PDZ 
domain for beads fully saturated with biotin as compared to beads with biotinylated peptide. As 
reported previously, we have also investigated the limit of detection by repeating the holdup 
experiments for an irrelevant "neutral" peptide owing no specific PBM consensus sequence. Almost all 
BI values were below 0.10 (98% of all measured PDZ / PBM pairs) and showed a standard deviation 
of less than 0.10 (considering 95% of the data) [28]. According to this, we applied a conservative 
safety factor of 2 that leads to a limit for BI of 0.20. This cut-off represents a very stringent threshold 
retaining only high-confidence PDZ / peptide interactions, and eliminating most of the false positives. 

 
Steady-state fluorescence polarization 

FP data were measured in 384-well plates (Greiner, Frickenhausen, Germany) using a PHERAstarPlus 
multi-mode reader (BMG labtech, Offenburg, Germany) with 485 ± 20 nm and 528 ± 20 nm band-pass 
filters for excitation and emission, respectively. N-terminal fluorescein-labeled HPV16E6 (fluorescein-
RRETQL), RSK1 (fluorescein-KLPSTTL) and phospho-RSK1 (fluorescein-KLPpSTTL) were used as 
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tracers. In competitive measurements, the 50 nM fluorescent reporter peptide was first mixed in 20 
mM HEPES pH 7.5 buffer (containing 150 mM NaCl, 0.5 mM TCEP, 0,01% Tween 20) with the PDZ 
domain at a sufficient concentration to achieve high degree of complex formation. Subsequently, 
increasing amount of unlabeled peptide was added to the reaction mixture with a total of 8 different 
peptide concentrations (including the 0 nM peptide concentration i.e. the absence of peptide). Titration 
experiments were carried out in triplicate. The average FP signal was used for fitting the data to a 
competitive binding equation with ProFit, an in-house Python-based program [36], allowing to extract 
the apparent affinity values. In our competitive assays, every tested PDZ domain detectably bound to 
at least one PBM peptide, in agreement with well folded PDZ domains. 

 
Conversion from BI values to dissociation equilibrium constants 

BIs were transformed into dissociation constants (KD) using the following formula: 
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      Eq. 2 

where [PDZtot] and [PBMtot] correspond to the total concentrations of the PDZ domain (usually around 
4 µM) and the PBM peptide used during the assay. Since the PBMtot concentration in the resin during 
the holdup assay parameter may differ from one peptide to another and remains unknown, it is 
impossible to directly convert BI values into KD constants. To extract the PBM concentration, we 
systematically determined by FP the KD constants for a subset of PDZ / PBM pairs that were used to 
back-calculate the peptide concentrations in the holdup assays when quantifiable and significant 
(>0.20) BI values were available for the same pairs (Eq. 2). For each PBM, the average peptide 
concentration was calculated after outlier rejection based on the absolute distances from the median as 
compared to three times the standard deviation (3σ rule), with never more than 2 values rejected.  

 

Results 

An experimental strategy to measure large numbers of reliable affinity data. 

For this study, we wished to generate accurate and complete PDZome-binding affinity profiles for four 
peptide variants of the C-terminal PBM of PTEN. In practise, this requires measuring the individual 
affinities of 4x266=1064 distinct PBM-PDZ pairs. A singlicate holdup experiment is well suited for 
such a task. Taking into account the additional ~360 biotin-PDZ negative control measurements 
required for data treatment, the assay delivers ~1400 filtrates of protein extracts, which must each be 
individually subjected to capillary electrophoresis. Next, individual electropherograms must be 
visually curated and analyzed by an expert user to extract the binding intensities (BI) values that will 
compose the final profiles. As described in the material and methods section, we rationalized the data 
curation step by introducing a numerical global quality score. Since the assay requires expensive 
materials and labor-intensive data treatment, one should favor an approach based on singlicate holdup 
runs. We therefore used a strategy that combines one holdup assay run in singlicate with a medium-
throughput competitive FP protocol run on a large proportion of the PDZ / PBM interacting pairs 
detected in the holdup assay (see material and methods). This strategy warrants the obtention of highly 
reliable affinity data for all PDZ / PBM interacting pairs that pass the quality score filtering step after 
the holdup assay. Representative holdup data recorded for one PBM (PTEN_11) are shown in Fig. 2A. 
After normalization of the two capillary electropherograms recorded for both the PBM of interest and 
the biotin reference, the comparison of the intensities of the two resulting PDZ peaks informs about the 
strength of the interaction: the stronger the depletion, the stronger the binding. Representative FP data 
are shown in Fig. 2B. The apparent affinities were obtained by fitting the anisotropy data considering a 
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competitive binding model [37]. The holdup BI values and the binding strength derived from 
competitive FP measurements are consistent: higher the BI, stronger the affinity. 

 

Generating PDZome-binding BI profiles of the four PTEN variant PBMs by holdup assay. 

We applied the holdup assay to generate PDZome-binding profiles of three 11-mer peptides 
(PTEN_11 for the native sequence, PTEN_Ac and PTEN_KR for the acetylated and K402R mutated 
version of PTEN_11, respectively), as well as an extended 13-mer peptide (PTEN_13). Considering 
the quality score filtering step, we managed to quantify the interactions of 213, 233, 215 and 257 PDZ 
for the PTEN_11, PTEN_Ac, PTEN_KR and PTEN_13 peptides, respectively, which corresponds to 
80%, 81%, 88% and 97% of the human PDZome. All holdup plots that detected a binding event with a 
binding intensity BI>0.20 are shown in Supp. Fig. S1. The four resulting holdup datasets were then 
plotted independently in the form of “PDZome-binding profiles” representing the individual BI values 
versus the PDZ domains ranked from higher to lower BI values (Fig. 3). PTEN_11 showed a maximal 
BI value of 0.71, i.e. a lower binding strength as compared to the ones of PTEN_KR, PTEN_Ac or 
PTEN_13 (BI = 0.86, 0.90 and 0.81, respectively). Using BI>0.2 as a minimal threshold value for 
retaining high-confidence PDZ / peptide interactions, the holdup assay identified 19, 43, 37 and 24 
PDZ domains as potential binders for the PTEN_11, PTEN_Ac, PTEN_KR and PTEN_13 peptides, 
respectively. Altogether, they represent a total of 123 potential binders, of which 60 are non-redundant 
PDZ domains distributed over 46 distinct proteins.  

 
Orthogonal validation by competitive FP and conversion of holdup BI data into dissociation 

constants of the four PTEN PBMs versus the human PDZome. 

Calculation of an equilibrium constant for a PDZ-PBM interaction requires three concentrations: free 
PBM, free PDZ and PDZ-PBM complex. The holdup assay delivers for each PDZ / PBM pair the 
concentrations of free PDZ and PDZ-PBM complex, but not that of free PBM. To circumvent this 
problem we systematically measured by competitive FP, an orthogonal approach to holdup, the KD 
constants for the 4 PTEN peptides against a subset of 20 PDZ domains (Supp. Fig. S2), resulting in 
approx. 8 to 10 significant KD for each PBM. These accurate dissociation constants were used to back-
calculate the peptide concentrations in the holdup assays (Fig. 4A). We found the concentrations of the 
different PBM peptides to vary between 10 and 90 µM, with averages between 17 and 34 µM 
depending on the PBM after outlier rejection. A global mean of 26 µM considering all the peptides 
was determined. A plot of experimental KD obtained by FP versus BI superimposed well with the 
theoretical affinity values calculated using the global average peptide concentration of 26 µM (Supp. 

Fig. S3). This shows a very good agreement between the holdup BI values and the binding strength 
derived from competitive FP measurements.  

Using the mean concentration obtained above for every PTEN peptide, the experimental BI values 
recorded by holdup for all tested domain / peptide pairs were subsequently transformed into 
equilibrium dissociation constants. A strong agreement is observed between the affinity constants 
obtained from holdup and FP assays with a coefficient of determination R2 = 0.74 (Fig. 4B), 
confirming that singlicate holdup runs provided highly reliable data. At this stage, affinity data 
measured by FP assay were also included for the few PDZ domains (MAST1-1, MAST2-1, SNX27-1, 
MAGI1-2 and GRID2IP-2) for which holdup data were missing according to the quality score 
filtering, representing 1 to 3 additional PDZ binders per PTEN construct. A total of 215, 234, 218 and 
259 interaction data were obtained for PTEN_11, PTEN_Ac, PTEN_KR and PTEN_13, respectively. 
The transformation into affinity values makes then possible to compare binding affinity profiles 
obtained for different peptides and different batches. 
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From binding profiles to specificity quantification 

The above described holdup-FP strategy delivers binding affinity constants, a universal chemical 
property. The affinity values obtained for each PTEN peptide were plotted in a logarithmic scale, 
hence proportional to free energies of binding ∆G at a fixed temperature (Fig. 5). The resulting 
profiles contains information about specificity or promiscuity since a promiscuous peptide as seen by 
hodlup would bind to a large number of PDZ. We then looked for a numerical parameter that would 
express, in a quantitative way, this specificity or promiscuity information. For this purpose, we 
calculated for each profile the difference between the maximal and minimal affinity values detected by 
the assay, ∆Gmax – ∆Gmin. Next, we introduced a threshold affinity, called "half-maximal binding 
affinity" defined as follows: ∆Ghalf = ∆Gmin + (∆Gmax – ∆Gmin)/2. We then defined the half-maximal 
binding promiscuity index IP as the percentage of PDZ domains bound to the PBM with an affinity 
superior to the half-maximal affinity relative to the total number of PDZ domains that were 
successfully measured in the assay (Fig 5). Alternatively, the specificity index IS could be defined as 
1 – IP. Therefore, the lower the promiscuity index, the higher the specificity index, the higher the 
specificity of the PBM for a few selected domains across the PDZome. For instance, if 250 PDZ 
domains were fully assayed, and only 5 PDZ domains bound to the PBM with an affinity superior to 
the half-maximal affinity, the specificity index will be 98%. If 25 domains bound with an affinity 
superior to the half-maximal affinity, the specificity index will be 90%. 

We probed the specificity index on the PDZome-binding profiles of the four PTEN peptides. In both 
the BI-based and the affinity-based representations (Fig. 2 and 5), the shapes of the profiles of 
PTEN_11, PTEN_Ac, PTEN_KR look similar, while the PTEN_13 presents a sharper, faster-
decreasing profile. This indicates, in qualitative terms, that the PTEN_13 peptide selects PDZ domains 
in a more specific -less promiscuous- way than that of the three of other peptides. This is fully 
confirmed by the computed specificity indexes, which yield close values for PTEN_11, PTEN_Ac, and 
PTEN_KR (95.8%, 94.9%, 95.9%, respectively), while the extended wild-type peptide PTEN_13 
displays a higher specificity index (98.5%) indicative of a higher specificity towards a few selected 
PDZ domains.  

 
Rearrangements of the binding profiles due to minor changes in PTEN 

The PTEN-bound PDZ domains are distributed over a diversity of PDZ-containing proteins (Fig. 6). 
Several PDZ domains such as MAST2-1, PDZD7-3, SNX27-1, MAGI1-3 and GRASP-1 were 
systematically among the strongest interaction partners of all four PTEN PBM variants. We compared 
our data to previously published studies, bearing in mind that sequences and boundaries of PTEN and 
PDZ constructs may differ (Table 1). Our results agree with isothermal titration calorimetry data 
obtained for SNX27-1 / PTEN [38] and MAST2-1 / PTEN complexes [26] and, in part, with FP data 
obtained for PARD3-1 / PTEN complex [39]. Interestingly, some of our newly identified PTEN-
binding PDZ domains, such as MAGI1-3, MAGI2-3 and DLG4-1 bound wild-type PTEN peptides 
with a stronger affinity than the domains of the same proteins that were previously published to bind 
PTEN, such as MAGI1-2 [40], MAGI2-2 [24] and DLG4-3 [41], respectively.  This result illustrates 
the strength of the complementary holdup / FP approach which can provide an affinity ranking of PDZ 
domains even within multi PDZ-containing proteins. 

Although the shapes of the dissociation constant profiles for the three 11-mer PTEN variants were 
globally similar, the PDZ domains are reshuffled between the various profiles (Fig 7). We detected at 
least 20 additional new partners for PTEN_Ac, and 11 for PTEN_KR (Fig. 7A & Supp. Info. S1). The 
acetylated peptide is highly promiscuous and binds to all the partners of the native PTEN_11 PBM, 
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plus numerous additional ones. Furthermore, the arginine mutation does not seem able to efficiently 
reproduce the acetylated state as seen by the number of partners (8 over a total of 37) detected for 
PTEN_KR and not for PTEN_Ac. The opposite effect with 15 over a total of 43 detected for 
PTEN_Ac and not for PTEN_KR is even more pronounced, suggesting that the acetylation effect on 
binding is mainly due to the acetyl group rather than the size of the side chain carried by the acetylated 
lysine residue. 

The impact of the PTEN peptide length was noticeable by comparing the dissociation constant profiles 
of PTEN_11 and PTEN_13 (Fig. 7B). The detected interactions of PTEN_13 were markedly stronger 
compared to the affinities observed for the same PDZ partners in PTEN_11. The strongest effect is 
observed for MAST2, the top binder for both PTEN_11 and PTEN_13, for which the –log(KD) value 
increases from 4.9 to 5.9 in log(M) unit (i.e. a jump from 13 µM to 1 µM), corresponding to about a 10 
fold stronger affinity. Only a few interactions, in the low range affinities, were potentially slightly 
strengthened although most likely not significantly. Moreover, 24 new binders appear due apparently 
to the presence of the two extra residues in the N-terminus of the peptide. These rearrangements are 
particularly noteworthy since the mutations or the Pro-Phe inclusion introduced for this work are 
located at positions described as non-critical for PBM binding. 

 

 

Discussion 

Insight into the holdup: a powerful semi-automated tool for medium-to-low affinity 

measurements 

In this work, we quantitatively assessed more than 1,000 distinct PDZ-peptide affinities by using a 
"crude holdup assay" protocol, which quantifies the disappearance of a single protein peak (the tag-
PDZ peak) out of a complex crude overexpression extract. This protocol requires a rigorous approach. 
Some critical biochemical steps have been previously identified [28] [29] including the standardized 
expression of the complete PDZome, the verification of its quality, the calibration of its concentrations 
in the crude extract, and a careful quality control of capillary electrophoresis runs. For data treatment, 
we developed a computational processing step for accurate superimposition of the electropherograms 
to improve the precision of binding intensities [33]. Here, a four-criteria quality score was introduced 
to further rationalize data curation. These improvements allow us to minimize the amount of false 
positive and false negative results. In addition, to spare costs and manpower for data treatment, holdup 
experiments were run in singlicate and combined with an orthogonal approach, the competitive FP. 
This generated high-confidence affinity data and allowed us to convert holdup binding intensities (BI) 
values into affinities (∆G or KD). The use of such an intrinsic universal parameter of molecular 
complexes also presented the advantage to facilitate the comparison with data available in the 
literature. In future developments of the automated holdup assay, we envision to replace crude 
overexpression extracts by purified proteins, which greatly facilitate both readout and data treatment 
[31]. 

 
Impact of PTEN PBM acetylation on its PDZ interactome 

Lysine acetylation is a PTM difficult to study and reproduce in vitro. Some studies have explored 
lysine acetylation by proteomic approaches [42], while others have mutated lysine residues to 
glutamine or arginine to mimic acetylation or suppress acetylatability, respectively [21],[43]–[45]. In 
the present study, we investigated with chemically synthetized peptides that allow to fully control 
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PTM the differential effects of acetylation or mutation of a lysine residue on the PDZ interactome of 
PTEN. PTEN is a tumor suppressor that is frequently inactivated in human cancers [46],[47]. Some in 

vivo activities of PTEN such as PI3K signaling regulation seem to be abolished when PTEN is 
acetylated [48]. In addition, the Lys-to-Arg mutation at PTEN position 402 (corresponding to non-
essential p-1 position of its C-terminal PBM) abolished PTEN acetylatability [21]. However, this may 
either mean that K402 is a direct acetylation target or indicates that the integrity of the PTEN PBM 
sequence is required for PBM-dependent acetylation of PTEN at other sites distinct from K402. 

We found that K402 acetylation (inducing a loss of a positive charge and a slight increase of 
bulkiness) altered both the strength and the number of detected PDZ binders of PTEN. In contrast, the 
K402R mutation (preserving the positive charge but further increasing the bulkiness) did not alter the 
overall binding strength nor the number of binders. Furthermore, the K402R mutant retains binding to  
most partners of the native motif and also binds to a subset of the acetylated peptide partners. 
Therefore, at the p-1 position of the PTEN PBM, the presence or absence of a positive charge appears 
more critical for PDZ recognition than the bulkiness of the side chain. 

Although a few PDZ domains including several from MAGI and NHERF detectably bound to all three 
peptides PTEN_11, PTEN_Ac and PTEN_KR, several PDZ domains bound only one or two of those 
peptides. For instance, both PTEN_Ac and PTEN_KR bound stronger than wild-type PTEN_11 to 
MAGI2_2 or DLG1_2 domains, in agreement with Ikenoue et al. Since our study is performed over 
the full PDZome, this implies that acetylation generally increases the affinity of PTEN for PDZ 
domains. Overall, the rather large number of PDZ partners associating with the PTEN PBM confirms 
that domain / motif networks are rather promiscuous [49]. 

 
Lessons from distal residues on the PTEN interactome 

There is no consensus for the precise residue length of a given PBM needed to complete the interaction 
with a PDZ domain. Although the four C-terminal residues are usually thought to constitute the core of 
a PBM, it was shown that peptides comprising the last 10 positions of a PBM undergo a significant 
change in their PDZ-binding affinities as compared to peptides comprising only the last 5 positions  
[13]. Such affinity variations may result from differences of entropy of the free peptides, from altered 
interface contacts in the resulting PDZ-PBM complexes, or a combination of both. Accordingly, 
synthetic or recombinant PBMs employed for PDZ interactions generally include at least 9 to 11 
residues [4],[5],[15],[17],[28],[50]. Indeed, the presence of distal sites altering PDZ-PBM binding has 
already been described [51], even at positions as far as at p-36 [52]. In the particular case of PTEN, 
Terrien et al. previously demonstrated the existence of a distal "exosite" at F392 (p-11), that triggers 
novel contacts within a secondary exposed hydrophobic surface of MAST2 [26]. Here, we showed that 
the inclusion of two extra residues, including F392, (PTEN_13 versus PTEN_11) affected both the 
PDZ interactome identified for PTEN and the specificity of its PBM. Indeed, several PDZ domains 
detectably bound only to the longer construct, in line with the idea of a global affinity increase because 
of the larger number of atomic contacts. Furthermore, while the three 11-mer peptides displayed 
equivalent PDZ-binding specificity, PTEN_13 showed an increased specificity. The addition of the 

distal exosite was therefore more influential for specificity than the chemical variations (Lys 

acetylation or Lys to Arg mutation) at p-1 position.  

In principle, one may argue that domain-motif binding events may be altered by any distal region, so 
that only studies full-length protein / protein interactions are relevant. Notwithstanding the 
methodological issues (large full-length proteins can be very difficult to handle), one must keep in 
mind that most full-length multi-domain proteins are prone to many conformational changes (inducible 
by partner binding, ligand binding, PTM, molecular crowding, and so forth), which in turn influence 
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the availability of their globular domains or linear motifs for binding events. This justifies the 
'domainomics' approach [53] undertaken in this work, that focuses on the binding properties of 
minimal interacting fragments of proteins, such as a globular domains (e.g., PDZs) and short linear 
motifs (e.g., PBMs). Even if our binder list might be incomplete as compared to studies involving full-
length proteins, it provides a list of the PDZ domains capable to interact with the motif of the PTEN 
PBM, constituting the minimal block at the binding interface of protein / protein interaction. 

 
To bind or not to bind 

In this work, by covering almost the entire PDZ family, we quantified both the number of interacting 
and non-interacting partners for a given PBM. The knowledge of the two numbers is important since 
the count of 3 binding partners over a dataset of 10 domains, or 3 partners over a dataset of 100, is not 
reporting the same specificity. Over the years, we have accumulated holdup data for many peptides 
and noticed that more than 90% (244/266) of the PDZs in our expressed PDZome are functionally 
active since they interacted significantly with at least one PBM [29]. This indicates that most of the 
non-binders detected in our profiles are trustable. The holdup assay is therefore a reliable approach to 
address not only the specificity but also the 'negatome' in the sense of the negative interaction dataset 
as originally proposed [54].  

In this work, we derived from the PDZome-binding profiles a single numerical index to evaluate the 
degree of specificity of a given PBM towards particular PDZ domains. One can assume the probability 
of binder occurrence to be all the more similar in the validated and untested PDZ datasets as the 
validated dataset is covering a large part (>~80%) of the entire human PDZome. The calculation of the 
specificity index will thus be roughly the same for both the validated and the complete PDZ datasets. 
One must notice that this index is not fully satisfying and cannot be considered as a universal 
parameter beyond our particular PBM-PDZome affinity profiling studies. In particular this index is 
only operative to compare profiles with a roughly continuous decreasing shape, e.g. in absence of 
discontinuous "breaks" or "stairs". But the concept of specificity index affords the advantage of 
introducing a numerical value attached to each PBM profile, that will ease their comparison. 

 
 

Conclusion 

In this study, we showed that the hydrophobic exosite at position p-11, not only impacts the interaction 
of the PTEN C-terminal tail with MAST2 as previously reported [26], but also affects its binding to a 
large set of other PDZ interaction partners, suggesting to well control the length of the polypeptide 
used for in vitro interaction studies. More importantly, we also showed that both, the K402 acetylation 
and even the K402R point mutation at p-1, a non-critical position of the canonical PBM motif for 
PDZ / PBM interaction, significantly increased the number of targeted PDZ domains. This could be of 
primary relevance, knowing that the activities of the tumor suppressor PTEN protein is regulated by 
acetylation. Finally, we also introduced a way to quantify specificity that could be extended to other 
interaction studies covering a whole domain family. 
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Supplementary information 

- Supp. Fig. S1: contains the entire data set obtained by holdup for BI>0.20. For each panel, after 
superimposition of the two electropherograms recorded for the PBM of interest (blue dotted line) 
and for the biotin reference (black solid line), the normalization of the electropherogram of the 
PBM compared to the one of the reference is done using the signal of the lysozyme added in every 
sample at a constant concentration (red peak). The region between 20 and 60 kDa which contains 
peaks of the crude extract supposedly to be constant, is used to verify the proper intensity 
normalization of the two electropherograms. The intensities of the peak of interest after proper 
alignment along the molecular weight scale (region covered by the green dotted line) are 
subsequently used to quantify the depletion of an individual PDZ domain and then the BI value. All 
those normalization and alignment steps are performed automatically.  

- Supp. Fig. S2: contains the entire data set obtained by FP. Average of FP data recorded in triplicate 
are represented with black dots. The reported dissociation constants and errors are the average and 
the standard deviations of 500 independent Monte-Carlo simulations, calculated using ProFit as 
described in Simon et al., 2020.  

-   Supp. Fig. S3: contains the experimental (BI, KD) plot superimposed with KD obtained with Eq. 2. 
Error bars are representative of peptide concentration uncertainty after propagation to the –log(KD) 
values. 

- Supp. Info S1 file: contains the data set with all the BI values together with the transformed 
dissociation equilibrium constants for each PDZ-PBM interaction. All the plots in this study are 
performed according to this data set. 

 

Acknowledgements 

This work received institutional support from Centre National de la Recherche Scientifique (CNRS), 
Université de Strasbourg, Institut National de la Santé et de la Recherche Médicale (INSERM) and 
Région Alsace. G.G. was supported by the "Post-doctorants en France" program of the ARC 
foundation. The work was supported by funding from the European Union´s Horizon 2020 research 
and innovation program under the Marie Sklodowska-Curie grant agreement No 675341, by the Ligue 
contre le cancer (équipe labellisée 2015), by the National Institutes of Health (Grant R01CA134737), 
by the Canceropôle Grand-Est (projet Emergent), and by the French Infrastructure for Integrated 
Structural Biology (FRISBI). 
 

Author contributions 

PJ: conceptualization; data analysis and interpretation; drafting and revising the article. GG: 
conception and design; data acquisition; data analysis and interpretation; drafting and revising the 
article. CK: data acquisition; revising the article. GB: data analysis; revising the article. VG: data 
acquisition; revising the article. CCS: data acquisition; revising the article. PE: peptide synthesis; 
revising the article. RV: data acquisition, revising the article. NW: funding acquisition; conception and 
design; data analysis and interpretation; revising the article. GT: funding acquisition; conception and 
design; data analysis and interpretation; drafting and revising the article. YN: funding acquisition; 
conception and design; data analysis and interpretation; drafting and revising the article. 

 



 

14 

References  

(1) Sheng M., & Sala C. (2001) PDZ domains and the organization of supramolecular 
complexes. Annu. Rev. Neurosci. 24(1); 1–29. 

(2) Nourry C., Grant S.G.N., April J.B., Nourry C., Grant S.G.N., & Borg J. (2003) PDZ Domain 
Proteins : Plug and Play ! Sci. STKE 1791–13. 

(3) Luck K., Charbonnier S., & Travé G. (2012) The emerging contribution of sequence context 
to the specificity of protein interactions mediated by PDZ domains. FEBS Lett. 586(17); 
2648–2661. 

(4) Gogl G., Jané P., Caillet-Saguy C., Kostmann C., Bich G., Cousido-Siah A., Nyitray L., 
Vincentelli R., Wolff N., Nominé Y., Sluchanko N.N., & Travé G. (2020) Dual Specificity 
PDZ- and 14-3-3-Binding Motifs: A Structural and Interactomics Study. Structure 1–13. 

(5) Fournane S., Charbonnier S., Chapelle A., Kieffer B., Orfanoudakis G., Travé G., Masson 
M., & Nominé Y. (2011) Surface plasmon resonance analysis of the binding of high-risk 
mucosal HPV E6 oncoproteins to the PDZ1 domain of the tight junction protein MAGI-1. J. 

Mol. Recognit. 24(4); 511–523. 

(6) Ye F., & Zhang M. (2013) Structures and target recognition modes of PDZ domains: 
recurring themes and emerging pictures. Biochem. J. 455(1); 1–14. 

(7) Mamonova T., Zhang Q., Khajeh J.A., Bu Z., Bisello A., & Friedman P.A. (2015) Canonical 
and noncanonical sites determine NPT2A binding selectivity to NHERF1 PDZ1. PLoS One 
10(6); 1–17. 

(8) Clairfeuille T., Mas C., Chan A.S.M., Yang Z., Tello-Lafoz M., Chandra M., Widagdo J., 
Kerr M.C., Paul B., Mérida I., Teasdale R.D., Pavlos N.J., Anggono V., & Collins B.M. 
(2016) A molecular code for endosomal recycling of phosphorylated cargos by the SNX27-
retromer complex. Nat. Struct. Mol. Biol. 23(10); 921–932. 

(9) Wiedemann U., Boisguerin P., Leben R., Leitner D., Krause G., Moelling K., Volkmer-
Engert R., & Oschkinat H. (2004) Quantification of PDZ domain specificity, prediction of 
ligand affinity and rational design of super-binding peptides. J. Mol. Biol. 343(3); 703–718. 

(10) Vouilleme L., Cushing P.R., Volkmer R., Madden D.R., & Boisguerin P. (2010) 
Engineering peptide inhibitors to overcome PDZ binding promiscuity. Angew. Chemie - Int. 

Ed. 49(51); 9912–9916. 

(11) Amacher J.F., Cushing P.R., Brooks L., Boisguerin P., & Madden D.R. (2014) 
Stereochemical preferences modulate affinity and selectivity among five PDZ domains that 
bind CFTR: Comparative structural and sequence analyses. Structure 22(1); 82–93. 

(12) Charbonnier S., Stier G., Orfanoudakis G., Kieffer B., Atkinson R.A., & Travé G. (2008) 
Defining the minimal interacting regions of the tight junction protein MAGI-1 and HPV16 
E6 oncoprotein for solution structure studies. Protein Expr. Purif. 60(1); 64–73. 

(13) Luck K., Fournane S., Kieffer B., Masson M., Nominé Y., & Travé G. (2011) Putting into 
practice domain-linear motif interaction predictions for exploration of protein networks. 
PLoS One 6(11); . 

(14) Kozlov G., Gehring K., & Ekiel I. (2000) Solution structure of the PDZ2 domain from 
human phosphatase hPTP1E and its interactions with C-terminal peptides from the Fas 
receptor. Biochemistry 39(10); 2572–2580. 

(15) Gógl G., Biri-Kovács B., Durbesson F., Jané P., Nominé Y., Kostmann C., Bilics V., Simon 
M., Reményi A., Vincentelli R., Travé G., & Nyitray L. (2019) Rewiring of RSK–PDZ 
Interactome by Linear Motif Phosphorylation. J. Mol. Biol. 431(6); 1234–1249. 



 

15 

(16) Zhang Y., Yeh S., Appleton B.A., Held H.A., Kausalya P.J., Phua D.C.Y., Wong W.L., 
Lasky L.A., Wiesmann C., Hunziker W., & Sidhu S.S. (2006) Convergent and divergent 
ligand specificity among PDZ domains of the LAP and zonula occludens (ZO) families. J. 

Biol. Chem. 281(31); 22299–22311. 

(17) Sundell G.N., Arnold R., Ali M., Naksukpaiboon P., Orts J., Güntert P., Chi C.N., & 
Ivarsson Y. (2018) Proteome‐wide analysis of phospho‐regulated PDZ domain 
interactions. Mol. Syst. Biol. 14(8); 1–22. 

(18) Zeng L., & Zhou M. (2002) Bromodomain : an acetyl-lysine binding domain. FEBS Lett. 
513124–128. 

(19) Kouzarides T. (2000) Acetylation : a regulatory modification to rival phosphorylation ? 
EMBO J. 19(6); 1176–1179. 

(20) Kim S.C., Sprung R., Chen Y., Xu Y., Ball H., Pei J., Cheng T., Kho Y., Xiao H., Xiao L., 
Grishin N. V., White M., Yang X.J., & Zhao Y. (2006) Substrate and functional diversity of 
lysine acetylation revealed by a proteomics survey. Mol. Cell 23(4); 607–618. 

(21) Ikenoue T., Inoki K., Zhao B., & Guan K.L. (2008) PTEN acetylation modulates its 
interaction with PDZ domain. Cancer Res. 68(17); 6908–6912. 

(22) Chow L.M.L., & Baker S.J. (2006) PTEN function in normal and neoplastic growth. Cancer 
Lett. 241(2); 184–196. 

(23) Takahashi Y., Morales F.C., Kreimann E.L., & Georgescu M.M. (2006) PTEN tumor 
suppressor associates with NHERF proteins to attenuate PDGF receptor signaling. EMBO J. 
25(4); 910–920. 

(24) Valiente M., Andrés-Pons A., Gomar B., Torres J., Gil A., Tapparel C., Antonarakis S.E., & 
Pulido R. (2005) Binding of PTEN to specific PDZ domains contributes to PTEN protein 
stability and phosphorylation by microtubule-associated serine/threonine kinases. J. Biol. 

Chem. 280(32); 28936–28943. 

(25) Sotelo N.S., Schepens J.T.G., Valiente M., Hendriks W.J.A.J., & Pulido R. (2015) PTEN-
PDZ domain interactions: Binding of PTEN to PDZ domains of PTPN13. Methods 77147–
156. 

(26) Terrien E., Chaffotte A., Lafage M., Khan Z., Préhaud C., Cordier F., Simenel C., 
Delepierre M., Buc H., Lafon M., & Wolff N. (2012) Interference with the PTEN-MAST2 
interaction by a viral protein leads to cellular relocalization of PTEN. Sci. Signal. 5(237); 1–
12. 

(27) Charbonnier S., Zanier K., Masson M., & Travé G. (2006) Capturing protein-protein 
complexes at equilibrium: The holdup comparative chromatographic retention assay. 
Protein Expr. Purif. 50(1); 89–101. 

(28) Vincentelli R., Luck K., Poirson J., Polanowska J., Abdat J., Blémont M., Turchetto J., Iv 
F., Ricquier K., Straub M.-L., Forster A., Cassonnet P., Borg J.-P., Jacob Y., Masson M., 
Nominé Y., Reboul J., Wolff N., Charbonnier S., & Travé G. (2015) Quantifying domain-
ligand affinities and specificities by high-throughput holdup assay. Nat. Methods 12(8); 
787–93. 

(29) Duhoo Y., Girault V., Turchetto J., Ramond L., Durbesson F., Fourquet P., Nominé Y., 
Cardoso V., Sequeira A.F., Bra J.L.A., Fontes C.M.G.A., Travé G., Wolff N., & Vincentelli 
R. (2019) High-throughput production of a new library of human single and tandem PDZ 
domains allows quantitative PDZ-Peptide interaction screening through high-throughput 
Holdup assay, in Methods In Molecular Biology Clifton Nj, pp 439–476. 

(30) Khan Z., Terrien E., Delhommel F., Lefebvre-omar C., Vitry S., Bernard C., Ramirez J., 



 

16 

Chaffotte A., Ricquier K., Vincentelli R., Buc H., Prehaud C., & Wolff N. (2019) Structure-
based optimization of a PDZ-binding motif within a viral peptide stimulates neurite 
outgrowth. J. Biol. Chem. 294(37); 13755–13768. 

(31) Bonhoure A., Forster A., Babah K.O., Gógl G., Eberling P., Kostmann C., Volkmer R., 
Mancilla V.T., Travé G., & Nominé Y. (2020) Benchtop Holdup Assay for Quantitative 
Affinity-Based Analysis of Sequence Determinants of Protein-Motif Interactions [published 
online ahead of print, 2020 May 16]. Anal. Biochem. 

(32) Luck K., Charbonnier S., & Travé G. (2012) The emerging contribution of sequence context 
to the specificity of protein interactions mediated by PDZ domains. FEBS Lett. Federation 
of European Biochemical Societies. 

(33) Jané P., Chiron L., Bich G., Travé G., & Nominé Y. (2020) A computational protocol to 
analyze PDZ/PBM affinity data obtained by high-throughput holdup assay. Methods Mol. 

Biol. In press. 

(34) Tramesel D., Catherinot V., & Delsuc M.A. (2007) Modeling of NMR processing, toward 
efficient unattended processing of NMR experiments. J. Magn. Reson. 188(1); 56–67. 

(35) Van Agthoven M.A., Chiron L., Coutouly M.A., Delsuc M.A., & Rolando C. (2012) Two-
dimensional ECD FT-ICR mass spectrometry of peptides and glycopeptides. Anal. Chem. 
84(13); 5589–5595. 

(36) Simon M.A., Ecsédi P., Kovács G.M., Póti Á.L., Reményi A., Kardos J., Gógl G., & 
Nyitray L. (2019) High-throughput competitive fluorescence polarization assay reveals 
functional redundancy in the S100 protein family. FEBS J. 1–13. 

(37) Roehrl M.H.A., Wang J.Y., & Wagner G. (2004) A general framework for development and 
data analysis of competitive high-throughput screens for small-molecule inhibitors of 
protein-protein interactions by fluorescence polarization. Biochemistry 43(51); 16056–
16066. 

(38) Shinde S.R., & Maddika S. (2017) PTEN Regulates Glucose Transporter Recycling by 
Impairing SNX27 Retromer Assembly. Cell Rep. 21(6); 1655–1666. 

(39) Wu H., Feng W., Chen J., Chan L.N., Huang S., & Zhang M. (2007) PDZ Domains of Par-3 
as Potential Phosphoinositide Signaling Integrators. Mol. Cell 28(5); 886–898. 

(40) Kotelevets L., Hengel J., Bruyneel E., Mareel M., Roy F., & Chastre E. (2005) Implication 
of the MAGI‐1b/PTEN signalosome in stabilization of adherens junctions and suppression 
of invasiveness. FASEB J. 19(1); 115–117. 

(41) Jurado S., Benoist M., Lario A., Knafo S., Petrok C.N., & Esteban J.A. (2010) PTEN is 
recruited to the postsynaptic terminal for NMDA receptor-dependent long-term depression. 
EMBO J. 29(16); 2827–2840. 

(42) Dormeyer W., Ott M., & Schnölzer M. (2005) Probing lysine acetylation in proteins: 
Strategies, limitations, and pitfalls of in vitro acetyltransferase assays. Mol. Cell. 
Proteomics 4(9); 1226–1239. 

(43) Hecht A., Laroche T., Strahl-Bolsinger S., Gasser S.M., & Grunstein M. (1995) Histone H3 
and H4 N-termini interact with SIR3 and SIR4 proteins: A molecular model for the 
formation of heterochromatin in yeast. Cell 80(4); 583–592. 

(44) Huang R., Holbert M.A., Tarrant M.K., Curtet S., Colquhoun D.R., Dancy B.M., Dancy 
B.C., Hwang Y., Tang Y., Meeth K., Marmorstein R., Cole R.N., Khochbin S., & Cole P.A. 
(2010) Site-specific introduction of an acetyl-lysine mimic into peptides and proteins by 
cysteine alkylation. JACS 132(29); 9986–9987. 



 

17 

(45) Wang X., & Hayes J.J. (2008) Acetylation mimics within individual core histone tail 
domains indicate distinct roles in regulating the stability of higher-order chromatin 
structure. Mol. Cell. Biol. 28(1); 227. 

(46) Myers M.P., & Tonks N.K. (1997) PTEN: Sometimes taking it off can be better than putting 
it on. Am. J. Hum. Genet. 61(6); 1234–1238. 

(47) Stambolic V., Suzuki A., De la Pompa J.L., Brothers G.M., Mirtsos C., Sasaki T., Ruland J., 
Penninger J.M., Siderovski D.P., & Mak T.W. (1998) Negative regulation of PKB/Akt-
dependent cell survival by the tumor suppressor PTEN. Cell 95(1); 29–39. 

(48) Okumura K., Mendoza M., Bachoo R.M., DePinho R.A., Cavenee W.K., & Furnari F.B. 
(2006) PCAF modulates PTEN activity. J. Biol. Chem. 281(36); 26562–26568. 

(49) Ivarsson Y., & Jemth P. (2019) Affinity and specificity of motif-based protein–protein 
interactions. Curr. Opin. Struct. Biol. Elsevier Ltd. 

(50) Tonikian R., Zhang Y., Sazinsky S.L., Currell B., Yeh J.H., Reva B., Held H.A., Appleton 
B.A., Evangelista M., Wu Y., Xin X., Chan A.C., Seshagiri S., Lasky L.A., Sander C., 
Boone C., Bader G.D., & Sidhu S.S. (2008) A specificity map for the PDZ domain family. 
PLoS Biol. 6(9); 2043–2059. 

(51) Appleton B.A., Zhang Y., Wu P., Yin J.P., Hunziker W., Skelton N.J., Sidhu S.S., & 
Wiesmann C. (2006) Comparative structural analysis of the Erbin PDZ domain and the first 
PDZ domain of ZO-1 Insights into determinants of PDZ domain specificity. J. Biol. Chem. 
281(31); 22312–22320. 

(52) Pascoe H.G., Gutowski S., Chen H., Brautigam C.A., Chen Z., Sternweis P.C., & Zhang X. 
(2015) Secondary PDZ domain-binding site on class B plexins enhances the affinity for 
PDZ-RhoGEF. PNAS 112(48); 14852–14857. 

(53) Jadwin J.A., Ogiue-Ikeda M., & MacHida K. (2012) The application of modular protein 
domains in proteomics. FEBS Lett. 586(17); 2586–2596. 

(54) Smialowski P., Pagel P., Wong P., Brauner B., Dunger I., Fobo G., Frishman G., Montrone 
C., Rattei T., Frishman D., & Ruepp A. (2009) The Negatome database: A reference set of 
non-interacting protein pairs. Nucleic Acids Res. 38(SUPPL.1); 540–544. 

(55) Yang L., Wang Y., Chen P., Hu J., Xiong Y., Feng D., Liu H., Zhang H., Yang H., & He J. 
(2011) Na(+)/H(+) Exchanger Regulatory Factor 1 (NHERF1) is required for the estradiol-
dependent increase of phosphatase and tensin homolog (PTEN) protein expression. 
Endocrinology 152(12); 4537–4549. 

(56) Verrastro I., Tveen-Jensen K., Woscholski R., Spickett C.M., & Pitt A.R. (2016) Reversible 
oxidation of phosphatase and tensin homolog (PTEN) alters its interactions with signaling 
and regulatory proteins. Free Radic. Biol. Med. 9024–34. 

  



 

18 

Protein a 
PDZ 

dom 
b
 

Method 
c
 Ref KD 

d
 

PTEN_11  
e
 

PTEN_Ac 
e 

 

PTEN_KR
 

e  
PTEN_13 

e
  

MAGI1 

2 Co-IP  [40]  nd nd nd nd 

3    30 10 15 10 

MAGI2 

2 Pull-down, IP, Co-IP [24]  152 56 29 149 

3    47 15 21 30 

MAGI3 2 Co-IP [39]  nd 39 29 21 

NHERF1 1 Pull-down, Co-IP [55]  33 14 4 nm 

NHERF2 

1 Co-IP, Pull-down, 
Overlay assay 

[23] 
 nd nd 120 134 

2  35 nd 21 125 

SNTB2 1 LC-MS [56]  nd nm nd 64 

SDCBP 1 LC-MS [56]  nd nd nd nd 

PTPN13 

2 Pull-down [25]  148 nd 153 16 

4    nd 10 nd 36 

DLG1 2 Pull-down [24]  nd 36 71 81 

DLG4 

1    293 155 81 nd 

3 Co-IP [41]  nd nd nd nd 

SNX27 1 ITC [38] 38 14 (*)  4 8 (*) 6 

MAST1 1 Pull-down [24]  39 26 32 8 (*) 

MAST2 1 ITC [26] 2 13 4 7 1 (*) 

MAST3 1 Pull-down  [24]  241 85 82 nd 

MAST4 1 Pull-down [24]  nd nd nd nd 

PARD3 1 FP  [39] 19 160 nd 56 96 

 
Table 1. PDZ domains interactors for PTEN according to literature and the present study 

Each row corresponds to a protein for which a binding to PTEN has been been described in 
literature. The main methods and the PDZ domain number are indicated. The four last columns 
contain information obtained by combining the holdup and FP methods in the present study. 
a Protein name 
b Domain interaction site for PTEN 
c Detection methods described in literature 
d Affinity provided in the literature when available (in µM) 
e Affinity measured by holdup in this study (in µM) 
* Affinity measured by FP in this study (in µM) 
IP: Immunoprecipitation 
Co-IP: Co-immunoprecipitation 
nd: not detected in the holdup assay 
nm: not measured in the holdup assay 
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Legends 

 
 

Fig 1. Quality criteria and their conversion to the individual quality scores used to filter the 

holdup data. (A) A schematized electropherogram showing intensities of the normalization peak 
(Norm_Int) and of the MBP-PDZ peak (Ref_Int) visible in the red and blue regions, respectively. 
The region in green corresponds to the proteins of the crude extract, which is supposed to be kept 
low as compared to Norm_Int and Ref_Int in order to ensure that the MBP-PDZ is not 
underexpressed (B) The linear transformation used to superimpose the sample and reference 
electropherograms should be as neutral as possible: the TranslX translation factor and the ScalX 
scaling coefficient (>1 for dilation or <1 for a contraction) should be as close as possible to 0.0 
and 1.0, respectively. (C) Profiles of the individual quality scores used to filter the data. In order 
to ensure that the analyzed samples were not too diluted, the scores vary linearly between 0 (low 
quality) and 1 (high quality) for the intensity of the normalization peak (Qnorm) or the MBP-PDZ 
peak (Qint). Q2nd is a quality score allowing to reject samples with low MBP-PDZ expression 
while Qdelta combines the TranslX and ScalX parameters and varies exponentially. 
Double column fitting image. 

 

Fig 2. Complementarity of holdup and fluorescent polarization data. The interaction data of 
PTEN_11 with MAST2-1, HTRA1-1 and SCRIB-3 are shown as examples of strong affinity, 
weak affinity or non-binding, respectively, all measured by holdup (A) and FP (B) methods. (A) 
After superimposition of the two electropherograms recorded for the PBM of interest (blue 
dotted line) and for the biotin reference (black solid line), the normalization of the 
electropherogram of the PBM compared to the one of the reference is done using the signal of 
the lysozyme added in every sample at a constant concentration (red peak). The region between 
20 and 60 kDa which contains peaks of the crude extract supposedly to be constant, is used to 
verify the proper intensity normalization of the two electropherograms. The intensities of the 
peak of interest after proper alignment along the molecular weight scale (region covered by the 
green dotted line) are subsequently used to quantify the depletion of an individual PDZ domain. 
All those normalization and alignment steps are performed automatically and are important as 
the electropherogram overlap is never perfect. The holdup ultimately delivers "binding 
intensities" (BI) for each PBM/PDZ interaction pair, which in principle vary in a range from 0.00 
(no binding) to 1.00 (strong binding). (B) In competitive FP measurements, polarization signal 
was recorded for increasing amounts of unlabeled peptide added to a solution of pre-formed 
PDZ / labeled peptide complex. The complexes consisted of MAST2-1, HTRA1-1 and SCRIB-3 
mixed with 50 nM of labeled fpRSK1, fRSK1 and f16E6 peptides, respectively. The PDZ 
concentration depends on each sample and is adjusted to reach >50-80% complex formation to 
ensure a satisfactory signal-to-noise ratio. Each panel shows the average of three titration curves 
(black dots) and the fit results (red curves with the apparent KD values) using competitive 
binding model. 
Single column fitting image. 

 
Fig 3. PDZ binding profiles of the four PTEN peptides. Holdup binding profiles obtained are 
shown for PTEN_11 (A), PTEN_Ac (B), PTEN_KR (C) and PTEN_13 (D). In each profile, the 
PDZ binders are ranked from left to right of the plot in BI decreasing order along the X-axis. 
Data for all the measured holdup data are shown. The grey dotted line shows the threshold for 
confidence value, set at BI = 0.20 (see main text). For each experiment, the number of PDZ 
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domains for which we obtained a measurement that passed the quality filtering step, and could 
therefore be included in the plot, is indicated (red case numbers). The holdup data for 
PDZ / PBM pairs with BI>0.20 are shown in Supp. Fig. S1. 
Single column fitting image. 
 
Fig 4. Conversion of the holdup binding intensities into affinities constants. (A) The violin 
plots shows the distribution of all the back-calculated apparent peptide concentrations obtained 
when both a quantifiable and significant (>0.20) BI value by holdup and a dissociation constant 
by FP were available for a given PDZ / PBM pair. The vertical line indicates the range of the 
distribution while the horizontal lines show the final mean peptide concentration and its final 
standard deviation after outlier exclusion (considering the 3σ rule). The final average peptide 
concentrations represented by the thick lines are used to convert the holdup BI values into KD. 
(B) Comparison between the converted dissociation constants from the holdup assay and the 
dissociation constants directly measured by FP assay. The dotted line represents the perfect 
theoretical correlation. Since the data points seem to be randomly distributed on both sides of 
this dotted line, the R2 is indicative of the goodness of fit. 
Single column fitting image. 

 
Fig 5. Determination of the specificity index for the PTEN binding profiles. For every 
profile, the significant PDZ binder affinity values are ranked from left to right along the X-axis 
in -log(KD) decreasing order. The non-significant or undetected binders were omitted for clarity. 
The grey dotted line corresponds to the threshold BI value after converting it into -log(KD) scale, 
while the blue and red dotted lines represent the highest affinity and the affinity at half the 
difference between the maximal and weakest significant affinity values, respectively. The reader 
can note that, for a constant threshold BI value (0.20), the weakest affinity values may vary 
moderately due to non-constant peptide concentrations. The numbers of PDZ domains above the 
half-maximal binding affinity" are indicated in red, while the numbers of tested and validated 
PDZ domains are in green. Values calculated for the promiscuity index (IP) and the specificity 
index (IS) are given (see main text). Full data sets for holdup and FP are visible in Supp. Fig. S1 

and S2, respectively. 
Double column fitting image. 

 
Fig 6. Domain representations of the impacted PDZ domains by the different PTEN 

peptides. Proteins containing PDZ domains significantly bound to one PTEN peptide are colored 
and ranked from strongest to weakest binding strength depending on the best individual PDZ 
binder within each protein. The color code from white to black is indicative of the -log(KD) 
values in the range of 4.0 – 6.0 after filtering step and BI conversion. The symbol (#) denotes 
PDZ domain for which the BI value could not be measured directly by holdup and has been 
inferred from FP measurements. Protein names appeared in bold when significant –log(KD) 
values are observed for the four PTEN PBM. 
Double column fitting image. 

 
Fig 7. Changes in the PDZ binding profiles induced by changes in the PTEN peptides. (A) 
Comparison between PTEN_11 (grey), PTEN_KR (light purple) and PTEN_Ac (dark blue) 
using a shared PDZ axis. For the wild-type PTEN_11 peptide, the PDZ domains were ranked in 
descending affinity order along the X-axis, from left to right according to the significant 
affinities for PTEN_11, and from right to left according to the significant affinities solely 
detected for PTEN_13. The remaining PDZ domains that bind only to the PTEN_KR peptide 
were added in the middle region. (B) Comparison between PTEN_11 (grey) and PTEN_13 
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(orange) on a shared PDZ axis. The PDZ domains were ranked along the X-axis in descending 
order, from left to right according to the significant affinities for PTEN_11, and from right to left 
according to the significant affinities exclusively detected for PTEN_13. The left and right 
regions thus show PDZ domains that prefer the shorter or the longer PTEN PBM version, 
respectively. The overall uncertainty on log(KD) values was estimated to be roughly ± 0.2 in 
log(M) unit by propagating BI uncertainty estimated in previous studies. 
Double column fitting image. 
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11.3 Validating the Affinity Vs Specificity map

through the showed BI Profiles in this thesis

In this chapter, we presented for the first time a manner to quantify specificity

from our holdup results (see previous section). The aim in this section will be to

assess specificity quantification with the other presented results in this thesis. As a

refreshment from the papers, here are the residue composition of the used PBMs:

• 16E6: SSRTRRETQL (see chapter 10)

• 16E6 -2P: SSRTRREpTQL (see chapter 10)

• 16E6 -2E: SSRTRREEQL (see chapter 10)

• RSK1: RRVRKLPSTTL (see chapter 10)

• RSK1 -3P: RRVRKLPpSTTL (see chapter 10)

• RSK1 -3E: RRVRKLPETTL (see chapter 10)

• PTEN 11: DEDQHTQITKV (see chapter 11)

• PTEN KR: DEDQHTQITRV (see chapter 11)

• PTEN Ac: DEDQHTQITacKV (see chapter 11)

• PTEN 13: PFDEDQHTQITKV (see chapter 11)

As we have seen, the introduction of variations in the PBM affects up to 10

fold the affinity strength as well as the specificity. Once we calculate the half-

maximal binding promiscuity index (see previous section), we plot it together with

the max affinity of each BI profile on a scatter plot. This way, we can show the x-

(specificity) and y- (affinity) axis descriptors that modulates our BI profile into a

2D map. When looking at figure 11.1, the conclusions mentioned in the presented

papers are also visible here. We can see that not only affinities are different between

phosphorylated or phosphomimicked residues for RSK1 and 16E6, but also the now

quantified specificities are showed quantitatively different. This confirms what it

was showed in the presented paper in chapter 10.
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Figure 11.1: Quantitative affinity-specificity map. An Affinity Vs Specificity
map is plotted to quantitatively asses the differences between the different profiles
according to affinity and specificity (colored by PBM origin).

On the other hand the values obtained for PTEN 11 and PTEN 13 confirm

clear differences in both affinity and specificity. PTEN Ac and PTEN KR are found

to be closer to each other in terms of affinity and specificity. However, in the work

of Ikenoue et al. [25], the original purpose of the PTEN KR mutation was to make

it more akin to a non acetylable PTEN (represented by PTEN 11 in our peptides)

rather than to an acetylated PTEN (represented by PTEN Ac in our peptides).

The result is opposite to their expectation, as already showed in the presented

paper in this chapter.

Overall we can see that mapping the PBMs assayed with the holdup into an

Affinity-Specificity map helps to observe at glance, and quantitatively, the impact

of PTM introduction, mutations or even differences between unrelated PBMs.
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Chapter 12

The interactome

12.1 The human interactome

The human interactome is a large subset of PPI which are related in a given

biological system. In the case of the human proteome, it involves approximately

26 000 genes encoding 60 000 different proteins when accounting for splicing

isoforms. Furthermore, these can be altered by multiple combinations of PTM,

as already explained. Interactions between proteins are (as discussed previously)

the core of any cellular process, which makes the rendering of these into a protein

network relevant. It allows us to extract the overall functional organization of

proteins in the cell [161]. Currently, the efforts are ongoing to “map” the human

interactome assessing the 26 000 x 26 000 potentials interactions, excluding the

spliced isoforms and multiple PTMs mentioned above [8, 140, 144].

In a given interactome the specificity emerges from the comparison of indi-

vidual affinities within the same protein family. Most interactomic approaches

deliver binary results (either “bind” or “not bind”) [4, 5]. However, this binary

information is an inaccurate and incomplete way to describe interactomes, since

protein-protein interactions can display a very large palette of affinities. Equilib-

rium affinity constants (Kd) can range from the picomolar scale (10−12 M) to the

millimolar scale (10−3 M) [6–8]. For this purpose, many large-scale technology

tools have been developed to report large number of PPI to study a “subinterac-

tome” given by a simplified system or a protein recognition family (like the PDZ

domain family) [6–8].
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12.2 The PDZome interactome

The full mapping of the affinities of the entire human PBM/PDZ network will

require the measurement of 266 PDZ domains against 3617 putative PBM, if

possible, in a quantitative affinity manner.

Measuring the affinity constants for an entire domain family (like the PDZ

domains) is the best way to determine the specificity of a domain for a motif and

to compare it with all the possible competing interactions involving either partner

of the interaction. Computational prediction would be an appealing alternative, but

to our knowledge there is no robust and accurate approach for predicting domain-

motif affinities so far. Specially in the PDZ domain context, where PBM/PDZ

binding has at least two critical disorders states: the PBM and the β2-β3 loop

from the PDZ domains, increasing exponentially the variables that we should take

into account. Therefore, the specificity of interactions is often tackled either by

qualitative approaches (interaction assays performed in the presence of a large

amount of potential competitors in background, washing steps/buffers supposed

to retain only specific interactions, etc. . . ) or by comparative assessment of small

number of affinities for a given system [4, 5, 165].

Measuring domain-motif affinities at high-throughput thus represents a possible

approach to describe quantitatively the specificity of domain-mediated interaction

networks at a proteome wide scale [7]. Here, we presented a simple but quanti-

tative approach to assess the specificity of a PBM/PDZome interactions allowing

a comparison between wild-type PBMs and their mutations or modification by

PTMs. Moreover, we introduce for the first time a specificity quantification mea-

sure for a whole interactome. This will allow in the future to further compare

different PBM/PDZ profiles.

12.3 Future perspectives in the interactome study

Along all this thesis, I insisted in the relevance of measuring binding affinities in a

quantitative way, but we already saw that not all the HTS methods are suitable to

deliver such values. Instead, they compensate the lack of the affinity value with

a huger interactomic data set measured in a semi-quantitative or qualitative way
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(“bind” or “does not bind”).

Computers are perfect tools to deal with thousands of produced data by large-

scale assays, and as consequence, some prediction tools started to be built taking

profit of the produced data. In the past years, computers made a quality jump

allowing to make tons of calculations in a shorter time. One may think that this

could be the key of the success to produce predictors, but in reality, the sample

and the quality data are the key of it. For instance, the prediction of most PPI

relies on the amino acid representation, which are characterized by one-letter code,

and therefore, in a qualitative manner, but biological networks in cells do not work

in a qualitative way. Therefore, it implies a loss of resolution of the information

in the computational study [166]. Some analysis requires to take into account

extra information like the intrinsic properties of such letters, and more concretely,

their physicochemical properties [166, 167]. To this, we need to stress that most

predictors are not even taking into account more than a few amino acids of the

sequence from both, ligand and binding domain, to perform their predictions.

In the PBM/PDZ predictors case, these are based on a total of 1000 to 2000

interactions measurements. Considering the putative PDZ interactome (266 PDZ

domains x 3617 PBM), this does not even represents the 1% of the total of its

interactome, and therefore, the trained dataset will be very limited and exclusively

working for a very specific and reduced dataset.

This could explain why PBM/PDZ interaction predictors were poorly perfor-

mant according to Katja Luck’s thesis [168]. Since then, some of the public

available PBM/PDZ predictors have actually disappeared, like iSPOT [169] or the

one made by Wiedemann et al. [170], perhaps due lack of reliability or maintenance

costs. Other predictors like POW!, from Bader’s lab [171, 172], are poorly per-

formant when comparing with our holdup results. One can barely find similitude

between our holdup database and their predicted bindings.

Computational predictions should start to consider amino acids as a vectors,

which could contain a range of up to 20 physicochemical properties (such as

volume, charge, polarity etc) [167]. This way, we could treat the amino acids as

Euclidian Vectors in the space and compute the metric distance between them

[167]. The computation of amino acid differences will be the result of comparing

metric matrices and the quantification of real distances. Many prediction tools

might increase their reliability using such method instead of simply relying on
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the amino acid letter code. I did something similar on a side-project with Dr.

Bálint Mészáros (not shown in this thesis), which was correlating pretty well with

the experimental results and could had work as a tool to find similar PBMs to

asses with the holdup. However, the bottle-neck in this kind of projects always is

going to be the same: the amount of available data, which are always too low,

and its quality. Computational approaches can only be validated with a strong

benchmarking using many affinity data i.e. from HTS methods. Robust HTS

methods are the key to explore the landscape and improve benchmarking of the

computational PPI approaches, and therefore, to serve as starting point to more

reliable computational tools using strong algorithms, such as machine learning.



Chapter 13

The holdup

13.1 Insight into the holdup: a powerful measure-

ment tool

Domain-motif networks are often modulated by reversible PTMs. Phosphorylation

and acetylation processes are difficult to reproduce in vitro. While some strategies

aim at mimicking these processes [6, 25–29], others rather focus on the impact

of PTMs on interactomes [30]. Here, we used chemically synthetized PBMs to

reproduce different conditions, such as a wild-type, acetylation or phosphorylation,

or addition of extra exosites, and then to test residue mimication of the literature.

These peptides were used for interaction studies using the holdup assay, an assay

originally developed in our laboratory. The holdup assay is a comparative chro-

matographic retention approach that quantifies the equilibrium binding affinity of

proteins towards ligands. We observed how PTM as well as extra residues addition

to a given PBM can switch its PDZ domain binding preferences. Moreover, we

analyzed the “PDZ-binding impacting potential” of particular residue positions of

PBMs when they are mutated or subject to a PTM.

The experimental holdup assay requires a rigorous approach to warrant its best

performances. Several critical steps are identified in the following stages: the

expression of the PDZome, the verification of its quality and the calibration of its

concentrations. Since the first automatized holdup assay was published [7], further

improvements have been implemented to reach high quality for the mentioned

stages [31].

158



Chapter 13. The holdup 159

A first aspect concerns the optimization of the cost- and time-effectiveness of

measurements. Now, we performed holdup measurements in singlicate, also allow-

ing to improve the number of different PDZ-PBM pairs that we can address. To

make sure about the accuracy of our data, we checked the PBM/PDZ interaction

point by point from its expression levels to the electropherogram superimposition

step.

A second point concerns the quality of PDZome extracts. An optimal prepara-

tion does not always warrant the quality of the measurements, as protein degrada-

tion may occur during storage. We implemented a computational processing step

to better superimpose the caliper’s electropherograms leading to a better reliability

of the holdup assay. These quality control steps allow us to improve accuracy and

precision of the holdup data, reducing the amount of false positive and negative

results. The protocol showed in the thesis has been applied to over 20 000 pairs

of interactions resulting in a curated PBM/PDZ interaction database.

Finally, we validated subsets of the positive interactions resulting from the

holdup assay by Fluorescent Polarization (FP), an orthogonal powerful approach for

quantitative binding affinity measurements that uses fluorescently labelled peptides.

The binding affinity data obtained by FP were then used to interpolate all the

binding affinity constants (Kd) measured by the holdup assays.

Worthy of note, the holdup assay delivers powerful information about both,

the PDZome “interactome” and the “negatome” [32]. Note that negatome in this

context does not mean a strict not binding case but our limit of affinity quantifi-

cation. Instead of providing “binary affinities” (“binds” or “does not bind”), we

quantified PBM interactions against the whole PDZome. This provides us with an

extra information to dig further in the PDZome network. The interactome shows

the potential preferences of the PBM for a given subset of the PDZ domains

assuming equal conditions in a giving system (whereas, in a cellular system, the

expression and localization of the proteins comprising those PBMs and PDZs may

greatly vary). Despite its high sensitivity, the holdup assay usually does not detect

more than 50 PDZ domains “binders” for a given PBM [7,31,33,34]. This means

that a “binders-only” interactome would deliver less than 20% of the PDZome

network information. Yet, the specificity is determined, not only by the actual

interactions, but also by all the interactions that do not take place (or, to be more

accurate, that are beyond the detection threshold of the binding assay utilized).

Therefore, the study of the negatome is highly relevant, especially when considering
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that it also allows us to explore the “grey zone” of interactions that only happen

under certain circumstances (high copy number protein, protein localization, and

so forth). By adding the negatome to our studies, we actually cover up to 100%

of the PBM/PDZome network. This allows us to further study variations of PBM,

such as PTM and mutations, in the PDZome. Therefore, a strong point of interest

of the holdup assay is its ability to provide, thanks to the systematic measurement

of binding affinities, quantitative information on binding specificities. In this the-

sis, we propose a simple yet robust approach to quantify the specificity of any

measured PBM against the whole PDZome using the “PDZome-binding profiles”

obtained from the holdup assay. We used this approach to compare the specifici-

ties of PBMs either in wild-type form or subjected to mutations or modification

by PTMs.

13.2 Relevance of the holdup in protein interac-

tomics and its future perspectives

An increasing number of PDZ biochemists -particularly in the “PDZnet” Marie

Sk lodowska-Curie international training network I was part from- have realized the

power of the holdup assay and used it for their research. The demand for this assay

will certainly increase in the future. The method first required to express all the

PDZ library. This work was done by Vincentelli et al. [7], another member of the

network. The holdup assay was performed by a consortium of three laboratories

including ours. Finally, since I was deeply involved in the data curation, I had access

to -and could treat using my approaches- most of the holdup data measured in

the team network.

All the data curation performed in this thesis will allow the holdup to face one

of its main problems: the costs. Our lab is currently improving the method by

using fluorescence to quantify the affinity data. This will allow us to avoid the

caliper step and to reduce the complexity of the bioinformatics processes. The use

of FP will be still necessary to validate the data and calculate PBM concentrations.

However, this cannot be done without a strong and robust dataset like the one we

possess now (over 20 000 interactions). The new method will be faster and more

cost-effective, paving the way to the future completion of the full quantitative

PBM/PDZome interactome affinity map.
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The holdup measures domain-motif affinities. In cells, proteins are full-length

and therefore they may display affinities, which differ from the fragmental domain-

motif affinities we measured in this thesis due to contextual effects, diverse con-

formational states, and so forth. Furthermore, the expression, the localization, the

concentration, the turnover, the PTM of proteins may vary depending on the cell

type and on the cell state. Nevertheless, it remains that the domain-motif affinities

that we measure are intrinsic physical properties of elements of these cellular sys-

tems. These physical properties are then used by cells to produce phenotype. One

measurable and quantifiable phenotype is the expressed transcriptome. Therefore,

our lab is now starting to move into the transcriptomic field to investigate how

intrinsic quantitative interactome properties such as those we could measure are

utilized by cells to produce an expressed transcriptome.
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Conclusions

In this thesis the impact of PBM modifications (mimicking mutations in the core,

PTM or addition of exosites) in its interaction with the PDZome is shown. These

modifications lead to a global change in the binding profiles -and therefore in

the PDZ-binding capability- providing quantitative information on the biological

effect that such modifications may have in the context of full-length proteins. As

any alteration in the sequence of the PBM (like mutations, modifications, or the

change of the peptide length) may lead to global rearrangements of the PDZ

binding profile, such alterations are to be used and interpreted with great caution

considering additional structural, cellular or even whole-organism studies. The

crystal structure solved for a “non-complex” between PDZ domain and a “switcher-

off” PBM phosphorylated at p-2 (see chapter 10 of this thesis) shows that binding

may happen below the detection limits of most usual methods. Such findings

could not have been possible without the holdup assay, and the subsequent data

curation strategy that we developed, allowing to obtain robust affinity data. We

also proposed a way to quantify and compare the specificities of particular motifs

towards a whole subset of the proteome (PDZome). Altogether, the proposed

approach for the quantification of affinity and specificity of motif-domain networks,

might bring the affinity-based unraveling of the quantitative human interactome a

tiny bit closer.
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bution of sequence context to the specificity of protein interactions mediated

by pdz domains. FEBS letters, 586(17):2648–2661, 2012.

[16] Kyung-Ok Cho, Carol A Hunt, and Mary B Kennedy. The rat brain post-

synaptic density fraction contains a homolog of the drosophila discs-large

tumor suppressor protein. Neuron, 9(5):929–942, 1992.



166

[17] Declan A Doyle, Alice Lee, John Lewis, Eunjoon Kim, Morgan Sheng, and

Roderick MacKinnon. Crystal structures of a complexed and peptide-free

membrane protein–binding domain: molecular basis of peptide recognition

by pdz. Cell, 85(7):1067–1076, 1996.

[18] Ho-Jin Lee and Jie J Zheng. Pdz domains and their binding partners:

structure, specificity, and modification. Cell Communication and Signaling,

8(1):8, 2010.

[19] Ylva Ivarsson. Plasticity of pdz domains in ligand recognition and signaling.

FEBS letters, 586(17):2638–2647, 2012.

[20] Baruch Z Harris and Wendell A Lim. Mechanism and role of pdz domains

in signaling complex assembly. Journal of cell science, 114(18):3219–3231,

2001.

[21] Z Songyang, AS Fanning, C Fu, J Xu, SM Marfatia, AH Chishti, A Cromp-

ton, AC Chan, JM Anderson, and LC Cantley. Recognition of unique

carboxyl-terminal motifs by distinct pdz domains. Science, 275(5296):73–77,

1997.

[22] Tony Hunter. Why nature chose phosphate to modify proteins. Philosophical

Transactions of the Royal Society B: Biological Sciences, 367(1602):2513–

2516, 2012.

[23] Tony Kouzarides. Acetylation: a regulatory modification to rival phosphory-

lation? The EMBO journal, 19(6):1176–1179, 2000.

[24] Ibraheem Ali, Ryan J Conrad, Eric Verdin, and Melanie Ott. Lysine acetyla-

tion goes global: from epigenetics to metabolism and therapeutics. Chemical

reviews, 118(3):1216–1252, 2018.

[25] Tsuneo Ikenoue, Ken Inoki, Bin Zhao, and Kun-Liang Guan. Pten acetylation

modulates its interaction with pdz domain. Cancer research, 68(17):6908–

6912, 2008.

[26] Rong Huang, Marc A Holbert, Mary Katherine Tarrant, Sandrine Curtet,

David R Colquhoun, Beverley M Dancy, Blair C Dancy, Yousang Hwang,

Yong Tang, Katrina Meeth, Ronen Marmorstein, Robert C Cole, Saadi

Khochbin, and Philip A Cole. Site-specific introduction of an acetyl-lysine



Bibliography 167

mimic into peptides and proteins by cysteine alkylation. Journal of the

American Chemical Society, 132(29):9986–9987, 2010.

[27] Andreas Hecht, Thierry Laroche, Sabine Strahl-Bolsinger, Susan M Gasser,

and Michael Grunstein. Histone h3 and h4 n-termini interact with sir3 and

sir4 proteins: a molecular model for the formation of heterochromatin in

yeast. Cell, 80(4):583–592, 1995.

[28] Xiaodong Wang and Jeffrey J Hayes. Acetylation mimics within individual

core histone tail domains indicate distinct roles in regulating the stability of

higher-order chromatin structure. Molecular and cellular biology, 28(1):227–

236, 2008.

[29] Nathan A Sieracki and Yulia A Komarova. Studying cell signal transduction

with biomimetic point mutations. Genetic Manipulation of DNA and Protein-

Examples from Current Research, pages 381–392, 2013.

[30] Wilma Dormeyer, Melanie Ott, and Martina Schnölzer. Probing lysine acety-

lation in proteins: strategies, limitations, and pitfalls of in vitro acetyltrans-

ferase assays. Molecular & Cellular Proteomics, 4(9):1226–1239, 2005.

[31] Yoan Duhoo, Virginie Girault, Jeremy Turchetto, Laurie Ramond, Fabien

Durbesson, Patrick Fourquet, Yves Nominé, Vânia Cardoso, Ana Filipa Se-
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Michael E Cusick, yu Xia, Albert-Lázló Barabási, Lila M Iakoucheva, Patrick

Aloy, Javier De Las Rivas, Michael A Tavernier Jan, Calderwood, David E

Hill, Tong Hao, Frederick P Roth, and Vidal Marc. A proteome-scale map

of the human interactome network.

[165] Colin A Smith and Tanja Kortemme. Structure-based prediction of the

peptide sequence space recognized by natural and synthetic pdz domains.

Journal of molecular biology, 402(2):460–474, 2010.

[166] William R Atchley, Jieping Zhao, Andrew D Fernandes, and Tanja Drüke.
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Chapter 15

Electropherogram curation software

15.1 Installation process

• Install mercurial:

https://www.mercurial-scm.org

• Cloning the ”binding extract” project via terminal:

hg clone https://holdup user@bitbucket.org/lc/bindings extract

• Introduce password if needed: billythekid

• Install Anaconda or upgrade Python to latest version. We recommend Ana-

conda since this way you will be sure that almost all the needed python

packages are installed

• No matter which python are you using, run the following commands in the

terminal to install flask-socketio and eventlet packages:

– pip install flask-socketio

– pip install eventlet

15.2 Running the software

• Go through the terminal to the ”binding extract” folder and type:

python -m Interf.run
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• Once the graphical interface is open:

– Click the Begin button

– Click the Processing button

– Select the desired parameters

– Click the Validation button and wait for the data processing

15.3 Troubleshooting

• If you decided to install Anaconda and the software does not run:

– type on the terminal in the user folder: nano .bash profile

– add the following line to the file:

export PATH=”/Applications/anaconda/bin:$PATH”

– The path of the previous line may change depending on where your

Anaconda set up was installed

• If you did not install Anaconda and the software does not run, then pay atten-

tion to the error messages in the terminal. They will show you which python

packages are you missing. To install them use the pip install command

• If the terminal looks running the problem but no graphical interface is dis-

played, then “ctrl+click” on the printed server link in the terminal.



Chapter 16

Scripts

16.1 Converting BI into Affinity scale

#!/usr/bin/env python

# Libraries

import pandas as pd

import sys

from math import log10

import numpy as np

def conversion(BI ,ConCPept ,threshold ,PDZ_tot):

# BI: Binding Intensity of the PBM/PDZ interaction

# ConCPept: Determined concentration of the PBM for the holdup

assay

# threshold: High confident value to determine a detected

binder

# PDZ_tot: PDZ concentration

threshold = threshold

PDZ_tot = PDZ_tot

BI = BI.where(BI > threshold , threshold)

Kd = (PDZ_tot - BI*PDZ_tot) * (ConCPept - BI*PDZ_tot) / (BI*

PDZ_tot)

LogKd = -np.log10(Kd/1000000)
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print(Kd , LogKd)

return LogKd

# Variables here:

def BI_2_LogKd ():

# threshold: High confident value to determine a detected

binder

# PDZ_tot: PDZ concentration

threshold = 0.2

PDZ_tot = 4

# Retrieve concentracions of our PBMs and construct a

dictionary

ConcPept = pd.read_csv(’/Users/janepalp/Documents/PhD/bin/

DataBases/Concentrations/

dict_Conc_Pept.csv’)

ColumGrouping = sorted(list(ConcPept.columns.values))

dictConc = dict(zip(ConcPept[ColumGrouping[1]], ConcPept[

ColumGrouping[0]]))

# Extract the Binding Intensities from our PBM/PDZ interactions

BIs = pd.read_csv(’/Users/janepalp/Documents/PhD/bin/DataBases/

Concentrations/PDZList.csv’)

ListPBMs = []

for i in range(1,len(sys.argv)):

df = BIs[[’PDZ’,’BI_’+str(sys.argv[i])]]

ConcPept = float(dictConc[str(sys.argv[i])])

# Convert our Binding Intensities into Affinity using the

conversion function made above

df[’Log(Kd)_’+str(sys.argv[i])] = conversion(BIs[’BI_’+str(sys.

argv[i])], ConcPept , threshold ,

PDZ_tot)

df[’Log(Kd)_’+str(sys.argv[i])] = np.where(np.isnan(df[’BI_’+

str(sys.argv[i])]) == True , np

.nan , df[’Log(Kd)_’+str(sys.

argv[i])])

# Removing PDZ names from index

df = df.set_index(’PDZ’)
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df.index.name = None

# Extracting min value of affinity

Kd_Min = (PDZ_tot - threshold*PDZ_tot) * (ConcPept - threshold*

PDZ_tot) / (threshold*PDZ_tot)

# Extract affinity data coming from orthogonal assay (FP) and

transform it into the -log(KD)

scale

NewPoints = pd.read_csv(’/Users/janepalp/Documents/PhD/bin/

DataBases/Concentrations/

NewKDPoints.csv’)

NewPoints = NewPoints[NewPoints.PBM == str(sys.argv[i])]

NewPoints[’KD’] = np.where(NewPoints[’KD’] > Kd_Min , Kd_Min ,

NewPoints[’KD’])

NewPoints[’KD’] = -np.log10(NewPoints[’KD’]/1000000)

print(NewPoints)

# Search empty holdup PBM/PDZ interaction measurements that

were succesfully measured by FP

and add it to our list

ColumGroupingNewPoints = sorted(list(NewPoints.columns.values))

print(ColumGroupingNewPoints)

NewPointsdict = dict(zip(NewPoints[ColumGroupingNewPoints[3]],

NewPoints[

ColumGroupingNewPoints[0]]))

print(NewPointsdict)

# Build the dataframe

df[’Log(Kd)_’+str(sys.argv[i])].update(pd.Series(NewPointsdict)

)

if i == 1:

result = df

else:

result = pd.concat([result , df], axis=1, join_axes=[result.

index])
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print(result)

return result

BI_2_LogKd ()

16.2 Calculating and plotting the affinity vs speci-

ficity map

import numpy as np

from scipy.stats import entropy

from math import log , e

import pandas as pd

import matplotlib.pyplot as plt

from random import gauss

from mpl_toolkits.mplot3d import Axes3D # noqa: F401 unused

import

import sys

sys.path.append(’/Users/janepalp/Documents/PhD/bin/pybin’)

from BI2LogKd import BI_2_LogKd

# Extract the PDZ index

def PDZIndex_calculation(df):

y2 = df.values

slope = True

Ymiddle = (max(y)+min(y))/2

if Ymiddle in y2:

Yup = Ymiddle

Ydown = Ymiddle

slope = False

else:

Ydown = y2[y2 < Ymiddle].max()

Yup = y2[y2 > Ymiddle].min()

for n, i in enumerate(y):

if i == Ydown:
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Xdown = n + 1

break

for n, i in enumerate(y):

if i == Yup:

Xup = n + 1

if slope != False:

m = (Yup-Ydown)/(Xup-Xdown)

PDZIndex = (Ymiddle - Ydown + (m*Xdown))/m

else:

PDZIndex = (Xup + Xdown)/2

PDZIndex = (PDZIndex/len(y2)) * 100

return PDZIndex ,Ymiddle ,Xup ,Xdown ,Yup ,Ydown

# Plot the Affinity Vs Specificity map

def ScatterMap2D(x_scatter ,y_scatter ,PBMName):

fig , ax = plt.subplots ()

Virus = [’HPV16 -E6’,’HPV16 -E6-Ph2’,’HPV16 -E6-Pm2’,’HPV18 -E6’,’

HPV35 -E6’,’HTLV -TAX1’,’H5N1 -NS1

’,’NS5 -WNV’]

CloseVirus = [’NET1’, ’VNGL2 ’]

PTEN = [’PTEN -L11’,’PTEN -L13’,’PTEN -L11 -KR’,’PTEN -L11 -Ac’]

RSK1 = [’RSK1’, ’RSK1 -Ph3’, ’RSK1 -Pm3’]

FirstVirus = True

FirstCloseVirus = True

FirstPTEN = True

FirstRSK1 = True

Others = True

for i,m in enumerate(PBMName):

x = x_scatter[i]

y = y_scatter[i]
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if m in Virus:

if FirstVirus == True:

ax.scatter(x, y, marker=’1’, color=’red’,label=’HPV16’)

FirstVirus = False

else:

ax.scatter(x, y, marker=’1’, color=’red’)

elif m in CloseVirus:

if FirstCloseVirus == True:

ax.scatter(x, y, marker=’1’, color=’black’, label=’Close to

Virus’)

FirstCloseVirus = False

else:

ax.scatter(x, y, marker=’1’, color=’black’)

elif m in PTEN:

if FirstPTEN == True:

ax.scatter(x, y, marker=’1’, color=’blue’, label=’PTEN’)

FirstPTEN = False

else:

ax.scatter(x, y, marker=’1’, color=’blue’)

elif m in RSK1:

if FirstRSK1 == True:

ax.scatter(x, y, marker=’1’, color=’black’, label=’RSK1’)

FirstRSK1 = False

else:

ax.scatter(x, y, marker=’1’, color=’black’)

else:

if Others == True:

ax.scatter(x, y, marker=’1’, color=’black’, label=’Others ’)

Others = False

else:

ax.scatter(x, y, marker=’1’, color=’black’)

ax.set_ylabel(’Max Affinity ($-log(K_{D})$)’)

ax.set_xlabel(’Half -PDZ’)
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plt.savefig(’ScatterMap2D.png’,dpi=300)

’’’

Backbone starts here

’’’

#Convert BI into -Log(KD) values from the previous script (

section 16.1)

values = BI_2_LogKd ()

df = values.filter(like=’Log(Kd)_’)

vmin = df.min().min()

vmax = df.max().max() + 0.1

# Extracting the max affinity and the PDZ Index for each PBM

All_MaxAffinities = []

All_HalfPDZ = []

PBMName = []

for j in df.columns:

PBM = j[8:]

df_data = df.sort_values(by=j, ascending=False)

y = df_data[j].values.tolist ()

affinity = max(y)

PDZIndex ,Ymiddle ,Xup ,Xdown ,Yup ,Ydown = PDZIndex_calculation(

df_data[j])

plotted_Profile = Scatter_Profile(y,PDZIndex ,Ymiddle ,Xup ,Xdown ,

Yup ,Ydown ,PBM ,vmax)

All_PDZIndex.append(PDZIndex)

All_MaxAffinities.append(affinity)

PBMName.append(PBM)
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result2D = ScatterMap2D(All_HalfPDZ ,All_MaxAffinities ,PBMName)

ScatterMappResults = pd.DataFrame(

{

’Half -PDZ’: All_HalfPDZ ,

’Entropy ’: All_entropies ,

’Max Affinities ’: All_MaxAffinities ,

’PBM’: PBMName

})

ScatterMappResults.to_csv(’ScatterMappResults.csv’)

print(ScatterMappResults)

16.3 Affinity Profiles

import matplotlib.pyplot as plt

import numpy as np

import random

import sys

sys.path.append(’/Users/janepalp/Documents/PhD/bin/pybin’)

from BI2LogKd import BI_2_LogKd

import matplotlib.gridspec as gridspec

from mpl_toolkits.axes_grid1 import make_axes_locatable

from brokenaxes import brokenaxes

from matplotlib.gridspec import GridSpec

import pandas as pd

import math

# Calculating the threshold for each Affinity Profile

def Threshold(ConCPept):

BI = 0.2

PDZ_tot = 4

Kd = (PDZ_tot - BI*PDZ_tot) * (ConCPept - BI*PDZ_tot) / (BI*

PDZ_tot)

thresholdPlot = -np.log10(Kd/1000000)

return thresholdPlot
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# Plot the Affinity Profile using breaks in the barplot

def plot_BreakBar(df ,MinCon ,MaxCon):

vmin = MinCon

vmax = MaxCon + 0.2

# Retrieve concentracions of our PBMs and construct a

dictionary

ConcPept = pd.read_csv(’/Users/janepalp/Documents/PhD/bin/

DataBases/Concentrations/

dict_Conc_Pept.csv’)

ColumGrouping = sorted(list(ConcPept.columns.values))

dictConc = dict(zip(ConcPept[ColumGrouping[1]], ConcPept[

ColumGrouping[0]]))

# Plotting conditions for the break bar

sps1 = GridSpec(len(list(df.columns)),1)

sps1.update(wspace=0, hspace=0.4)

fig = plt.figure(figsize=(12 ,15))

brokelimit = []

for col in df.columns:

searchlen = df[df[col] > MinCon]

brokelimit.append(len(searchlen))

limitXleft = max(brokelimit)

# Loop to plot all the break profiles in a vertical manner

one above the other. Comparison

gets easier and axis will

uniformly adjusted

for col , j in zip(df.columns ,range(0,len(df.columns))):

df = df.sort_values([col], ascending = False)

y = df[col].values

a = len(y) - 1

PDZ = np.arange(len(y))

PDZ = PDZ + 1

bax = brokenaxes(xlims=((-1,limitXleft+3),(260 ,len(y))),

subplot_spec=sps1[j,0])
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bax.bar(PDZ , y, color=’black’)

thresholdHU = Threshold(float(dictConc[col[8:]]))

print(thresholdHU)

bax.plot([-1, limitXleft+3], [thresholdHU , thresholdHU],

linewidth=3, color=’grey’,

linestyle=’--’)

bax.plot([260 ,len(y)], [thresholdHU , thresholdHU], linewidth=

3, color=’grey’, linestyle=’--’

)

bax.set_ylim(t2lim)

bax.set_title(col[8:], fontsize=24 , loc=’center ’)

bax.tick_params(labelsize=24)

if len(sys.argv) - 2 != j:

bax.set_xticklabels([])

# Text axis and saving the plot

fig.text(0.55 , 0.05 , ’PDZ rank’, ha=’center ’, size=24)

fig.text(0.11 , 0.9, ’-Log(K$_{{D}}$)’, ha=’center ’, size=24)

plt.savefig(’AffinityProfile.png’,dpi=300) #, orientation=’

landscape ’)

plt.show()

#Convert BI into -Log(KD) values from the previous script (

section 16.1)

values = BI_2_LogKd ()

values.to_csv(’Data_Points.csv’)

LogKDs = values.filter(like=’Log(Kd)_’)

# Extract the minimal and maximal values to adjust axis

uniformly

MinCon = LogKDs.min().max()

MaxCon = LogKDs.max().max()

LogKDs.to_csv(’AffinityProfile.csv’)

result = plot_BreakBar(LogKDs ,MinCon ,MaxCon)
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