~

UNIVERSITE DE STRASBOURG

o’

THESE de I’université de Strasbourg

Présentee
Pour I’obtention du grade de

DOCTEUR DE L’UNIVERSITE DE STRASBOURG
Discipline Chimie

par

Youssef EL KHOURY

Mid and far infrared spectroelectrochemical studies on the

metal—ligand interactions in respiratory chain enzymes

These soutenue le 23 Septembre 2010 devant la commission d’examen

Prof. Petra HELLWIG Directrice de thése
Prof. Bernd LUDWIG Rapporteur externe
Prof. Boniface KOKOH Rapporteur externe

Prof. Helena SAVINOVA Examinatrice






I. Table of contents

ii. List of figures

iii. List of abbreviation

Iv. The twenty amino acids
v. List of publications

vi Abstract

vii Résumé

viii Acknowledgments

Xl

Xl

XV

XVI

XVIII

XX



Table of contents

Table of contents

i L oo (U Ty o] o [ USSR OPPTRUTRTSRPRS 1
1.1, Metals in DIOIOQY ..cccuooiiiiiiieie e 1
1.1.1. SOdium and POLASSTUM ...c..oiueriiriiriiiiieieee ettt 1

1.0.2. CICIUM et bbbt 2

1.0.30 IMIAQNESTUIM .ottt bbbt 2

114, IMMANQANESE. ...eieiieieitiie sttt stee st e st e et e et e et e e e b e e s sbb e e e bb e e sbb e e sbe e e nnbeeeanbeee s 2

O O T4 | oS UUURTRSTPRRRRRS 3

116, INICKEL bt 3

LLd7. FON e nee e 4

L1180 CODAIT ... 5

L.100. COPPET ettt 6
1.1.10. TOXICItY OF MELalS.......ccviiiiice e 7

1.2. Respiratory chain Proteins..........ccceiiieiiieiiee e 9
1.2.1. Role, localization and 0rganization...........cc.ccceevereeiesieenesie e see e 9

O O 1 1] o] 1= G TSSOSO 10

1.2.30 COMPIEX Tl 14

I S O 1 1] o] 1= | I USRS 16

1.2.5. COMPIEX TV oo 19

1.2.6. COMPIEX V oottt re e 22

1.3, Tron—sulfur Proteins .............ccccooiiiiiiiiiiie e 23
1.3. 1. RUBIEUOXIN ..ottt 23

IR T = 1 (10 (o) ] USSP 24

1.3.3. The RIESKE ProteiN .....cc.ccviiieeie e 24

1.4, INfrared SPECIIOSCOPY ....cciuriiurerieeiieesieesteeesteeseeeste e s e e ssaeesreeeaeeanaeesnneennnes 26
1.4.1. Physical DaCKgrouNd ..........cccooiiiiiiiiiieiee s 26

1.4.2. Infrared spectroScopy Of ProteiNS.........ccccciveieiiieiieie e 29

1.5. The aim of the theSIS ..o, 35
2. Materials and Methods ..o 37
2.1, SaMPIe Preparation ... 37
2.1.1. The copper COOTTINALION. ........ccuiieieieieiesie sttt 37

2.1.2. The Rieske protein SAMPIES........ccciveiiiiieiieie e 38

2.1.3. RUDredoxin Samples ... 38

2.1.4. FerredoXin SAMPIES .....cc.ociiiiee e 38

2.1.5. NADH deshydrogenase fragment ............ccccooeiiriiiiieienene e 39

2.1.6. The cytochrome bCy COMPIEX......c.coieiiiiiiiieie e 41

2.1.7. The CcytoChrome € OXIdaSe.........ccueivrieriiriiiiiisisiiee e 42

2.1.8. LFA-T domain of inteEIINS ....ccvvvviiiiiiiiiiiieiicie e 42

2.1.9. PLL ANA PLA .ottt st et ne e 42

2.2, SPECIIOSCOPY .. .veerveiiuriiiirieiirie sttt et ettt sb et e e be e enbn e sne e nes 43
2.2.1. The Fourier transform infrared Spectrometer ...........ccccovevveiiievie e csie e, 43

2.2.2. UV=VIS SPECLIOSCOPY .nvevveriartirieisiietesiresieestessesteestesssesieesseasesssesseasesneesneas 46

2.3. EleCtroChemiStIY .......covoiiiiiie s 47
3. ReSUItS and diSCUSSION.......cueiiiiieeieesiee et 50
3.1. The copper coordiNation ..........cccceiiieiiieiie e 50
3.1.1. The copper coordination DY PLH ..........cccoociiiiiiiiiiieeec e 50

3.1.2. The copper coordination by amyloid—beta 16...........cccccovvviriiiiiiiiiiiiiiinn, 63

3.2. The inhibitory effects of Zn cations on the cytochrome bc, complex ....... 97



Table of contents

3.2. 1. INEOTUCTION ..t 97

3.2.2. Difference spectroscopy of the wild—type bcy COMPIEX.....cccvevvviiviviiiiiinnen. 98

3.2.3. Difference spectroscopy of the Glu295Val mutant bc; complex................. 107

3.2.4. Difference spectroscopy of the subcomplex of the bc; complex................. 113

3.2.5. CONCIUSION. ...ccuiiiiiieite ittt 117

3.3. The inhibitory effect of Zn cations on the cytochrome c oxidase............ 120

1 TR 8¢ R 11 7T [N o4 o o S PSPPR 120

3.3.2. Difference spectroscopy of the wild—type CCO ......ccovcviiviiiiiiie i, 122

3.3.3. Difference spectroscopy of the GIu78Ala CCO........cccccvevvvviieiiiieiiee 131

3.3.4. CONCIUSION. ...ttt ettt 136

3.4. Far infrared SPECLIOSCOPY .....ccoveiieiieeiieiieesieesteesteesteesteeste e eee e saesre e 138
3.4.1. Introduction and development of the method ............ccccoovvieiiciicc i 138

4.2, AMIUE V..ot e e e 140

3.4.3. Far infrared electrochemically induced FITR difference spectroscopy ....... 148

3.4.4. Far infrared hydrogen bonding SIgNAtUre ...........cccvveevieniesieneeie e 168

YU 0 10 0 T= 1 PO PPPSRIN 174
5. RETEIEINCES ...t 177
TN o] 0 1=1 T 1 GOSN 194



List of figures

List of figures

Figure 1.1.1. Chemical structure of the chlorophyll A.........cccoi i, 2
Figure 1.1.2. Structure of the zinc finger protein—DNA complex (PDB code 1TF6). The
zinc finger protein is presented as magenta cartoon, the DNA double helix as

green cartoon and zinc atoms as blue sphere. ..., 3
Figure 1.1.3. Structure of the iron—protoporphyrin IX. ........cccceiiiiiiiiiiiii e 4
Figure 1.1.4. Chemical structure of the Vitamin B, .....cccoeveiiiiiiiiieecccec e 6

Figure 1.1.5. The active site of tyrosinase as example of type 3 copper—containing
enzyme. The coordinating histidines are presented as sticks, the Cu atoms as
orange balls, and the water molecule as red sticks (PDB code 2ZMX).%................. 7

Figure 1.2.1. The classical model of the mitochondrial respiratory chain and the ATP
synthase. The structures are based on the following PDB codes: 3M9S
(NADH:ubiquinone oxidoreductase); 1QLB (Fumarate reductase); 1ZRT
(cytochrome bc; complex); 3HB3 (CcO); 1BMF (F; part of the ATP

SYNENASE). .ttt bbb 9
Figure 1.2.2. Chemical structure of (A) ubiquinone, (B) menaquinone and (C)
PRYHOQUINONE. ...t bbb 10

Figure 1.2.3. The decline of standard potentials of the redox cofactors of the
mitochondrial respiratory chain as electron pairs flow down the respiratory
chain to oxygen. The blue arrows denote the difference in standard potentials
between each step. The NAD stands for Nicotine Adenine Dinucleotide, Q
stands for quinol, b, c and a stand for the corresponding heme type. ........c............ 11

Figure 1.2.4. (A) Overall architecture of the hydrophilic domain of the complex I from
T. thermophilus and (B) the organization of the redox cofactors. The FMN is
colored in blue and presented as sticks; the iron and sulfur atoms are colored
in red and yellow, respectively and presented as spheres. The arrows present
the electron transfer between the cofactors (PDB code 3I9V). ......cccocvvvviinncnne. 12

Figure 1.2.5. Architecture of the complex | and the proposed coupling mechanism.*
FMN is presented magenta balls, the Fe—S clusters are presented in yellow
and red and the quinone is presented in blue. The blue arrows indicate the
electron transfer pathway and the black ones indicate the proton pathways.

The helices which undergo a conformational movement in the hydrophilic
part are the Nqo4 (green cylinders) and Ngo6 (red cylinder). In the membrane
domain, the HL helix is colored in magenta and the discontinuous helices are
COIOTEA TN TEA.P ...t 13

Figure 1.2.6. (A) Crystal structure of the QFR from Wolinella succinogenes (PDB code
1QLB) and (B) the organization of redox cofactors where the FAD and the
hemes are presented as sticks and the Fe—S clusters as spheres. The arrows
indicate the electron transfer pathway from the hemes to the fumarate
Presented as red SHICKS. ......cviiiiiece et 15

Figure 1.2.7. (A) Crystal structure of the bcifrom Rhodobacter capsulatus (PDB code
1ZRT). (B) The organization of the redox cofactors and schematic
presentation of the Q—cycle. The by hemes are presented as sticks and colored
in orange, the b_ in blue, the cytochrome c; in red. The Rieske [2Fe—2S]
clusters are presented as spheres. Q and H,Q represent quinone and quinol,
respectively. The orange arrows indicate the electron transfer pathway and the
red arrow indicates the proton translocation pathway. ..........cccccceveeniiiniiininienen, 17



List of figures

Figure 1.2.8. (A) The release of the first proton from the Q, site via the His156. (B) The
release of the second proton via the Glu295.'®° The heme by is presented in
green sticks, the PEWY motif is colored in yellow, the Rieske [2Fe—2S]
cluster is presented as spheres and the coordinating amino acids are presented

as sticks. The H,Q and Q are presented as cyan StickS..........ccccovvevviieieeieiiiennnn,

Figure 1.2.9. (A) Structure of the CcO from P. denitrificans. (B) Schematic presentation
of the electron and proton uptake pathways. The hemes a and as are presented
as sticks and colored in orange and magenta, respectively. The Cu atoms are
presented as spheres and colored in dark yellow, Ca in green and Mg/Mn in
clear blue. The D124, E278 and K354 amino acids are presented as sticks.
The dashed red arrows indicate the proton pathways (PDB code 3HB3). The

orange arrows indicate the electron transfer. ...

Figure 1.2.10. (A) The active site of the CcO. The heme a3 is colored in magenta. The
Cug is presented as a sphere and the coordinating His325 and His326 are
presented as yellow sticks. The crosslinking residues Tyr280 and His276 are
presented in green and blue, respectively. (B) The catalytic turnover of the
active site. The black arrows indicate the transition between the different

states and the orgnge dashed arrows represent the proton pumping stets (for
107

AetailS SEE TEXL). T .eiiiii et

Figure 1.3.1. Representation of the most common Fe—S clusters (A) [2Fe—2S] (PDB
code 1RIE), (B) [3Fe—4S] (PDB code 1FRF), (C) [4Fe—4S] (PDB code
1FRE) and (D) [7Fe—7S] (PDB code IMIN. Iron atoms are presented as
orange balls, Sulfur atoms are yellow balls. The coordinating amino acids are

PrESENES @S STICKS. ....veiieiieiieie et
Figure 1.4.1. Normal mode VIDIations. .........ccceiiiieiieiciic et
Figure 1.4.2. The harmonic oscillator model. ...,

Figure 1.4.3. Absorbance spectra of the CcO in the oxidized state (blue trace) and in the

reduced State (Fed trACE). .......ccuriiieieieeeie e

Figure 1.4.4. Schematic presentation of the OTTLE cell. The red arrow indicates the

beam path through the Cell.™ ..o

Figure 1.4.5. Fully oxidized minus fully reduced difference spectrum of the CcO from
P. denitrificans recorded at pH 8.0. The positive signals (blue) are arising
from the oxidized protein and the negative ones (red) from the reduced

010 (=T 1 TSRS

Figure 1.4.6. Attenuated Total Reflection unit and an enlarged view of the evanescent

WAV, o

Figure 2.1.1. Typical UV absorbance spectrum of the AB16 peptide. The dashed line

represents the absorption used to determine the concentration. ...............c.cc.o.......

Figure 2.1.2. Chromatography profiles on Fractogel EMD of the purification of both
NDF from E. coli. The black line displays the NaCl gradient, the blue line
shows the absorbance at 280 nm and the red line displays the
NADH/ferricyanide oxidoreductase activity. The panel A shows the data for
the unlabelled (*°Fe) sample and the panel B shows the data for the

*Fe—labelled SAMPIE. .......c.evveereereereereseeeseeessesses s es s

Figure 2.1.3. Chromatography profiles on the affinity (StrepTag)—Sepharose. (A) For
the unlabelled NDF and (B) for the **Fe—labelled NDF. The blue line displays
the absorbance at 280 nm, the red line displays the NADH/ferricyanide

OXIAOredUCLASE ACLIVILY. ...ecveeieiiciic et

.. 20

.23
.27
.27

.31

.32

.. 33

.. 38

.40

.40



List of figures

Figure 2.1.4. SDS-PAGE of the preparation of (A) unlabelled NDF and (B)
>*Fe—labelled NDF. The bands were assigned to the individual subunits due to
their apparent molecular weight using the etalon scale (C)........cccccccevvvevviicieennenn, 41
Figure 2.2.1. (A) The main optical parts of a conventional FTIR spectrometer. (B) The
shape of a typical interferogram. (C) A typical protein spectrum obtained
after the transformation of its corresponding interferogram............cc.ccoovvvvvnnnnenn 43
Figure 2.3.1. Schematic presentation of the three—clectrode setup. WE stands for the
working electrode, Ref for the reference electrode and CE for the
counter—electrode. The potential is controlled between the WE and the Ref
while the current is controlled between the WE and the CE. ... 47
Figure 2.3.2. Schematic representation of the modified gold grid. The cysteamine is
colored in black, the 3—mercaptopropionic acid in red and the gold grid in
1Y =1 1[0 USSR 48
Figure 3.1.1. The four possible protonation state of the imidazole ring of His. N is the
one close to the CH; and N° is the one far from the CH,. (A) N° is protonated,
(B) N™ is protonated, (C) both nitrogens are protonated and (D) the Im ring is

(o[- T 0] (0] = (=0 RSOOSR 50
Figure 3.1.2. UV—Vis spectra of: (A) the Cu—Im and (B) the Cu—PLH complexes at pD
2.0 (Black), at pD 7.0 (Blue) and pD 9.5 (magenta). ........ccccevveveeveieeriesie e 51

Figure 3.1.3. MIR spectra of the Im and Cu—Im—D,4 complexes. (A) at pD 2.0, (B) at pD
7.0 and (C) at pD 9.5. The right panel shows the chemical structure of the

Im—D4. ..................................................................................................................... 52
Figure 3.1.4. MIR spectrum of the CuSO,—Im—H,4 sample recorded at pH 2.0....................... 53
Figure 3.1.5. FIR absorbance spectra of the free and Cu—bound deuterated Im. (A) at pD

2.0, (B)atpD 7.0 and (C) at PD 9.5, oo oii i 54
Figure 3.1.6. FIR spectrum of the Cu—Im—H4 complex at pH 7.0. ..., 55
Figure 3.1.7. MIR spectra of the PLH and Cu—PLH complexes. (A) at pD 2.0, (B) at pD

7.0and (C) AL PD 9.5, i 57
Figure 3.1.8. FIR absorbance spectra of the PLH and Cu—bound PLH. (A) at pD 2.0, (B)

at pD 7.0 and (C) @t PD 9.5 e 60
Figure 3.1.9. Schematic presentation of the healthy brain neurons and AD patient brain.

The tangles are colored in black and the AP are colored in blue.............ccceeveeenn. 63

Figure 3.1.10. The coordination modes of Cu®* by APl6 at 5physiological pH.
Component | at pH 6.50 and component Il at pH 9.0.®° The coordinating
Aspl is colored in red, His are colored in green and magenta and the alanine
T = o =TSO UR OSSR 65
Figure 3.1.11. Global view of the spectra of the free unlabelled and isotopically labelled
peptides recorded at pH 6.50 in the 1800—-700 cm™ infrared range. The
spectra are colored in black (unlabelled), red (H6), blue (H13), green (H14)

aNd MAGENTA (ASPL). ..veeiveeie ettt ettt re e 66
Figure 3.1.12. Enlarged view of the 1600-1200 cm™ spectral region. ...........cccc.coervrrernnenee. 67
Figure 3. 1.13.1Spectrum of 0.5 % w/v of TFA at pH 12 recorded in the region 1800—700

(011 0 PP PP PR OPR RO 68
Figure 3.1.14. Global view of the spectra of the Cu**~AB16 peptides recorded at pH

6.50 in the 1800—900 cm™ infrared range. ...........coo.eveeverreseieeerieeeese s 69
Figure 3.1.15. Global view of the spectra of the AB16 peptides recorded at pD 6.50 in

the 1800—900 cm™ INFrared FANGE. ..........o.ovveeveeeeeeeseeeeeeeeee s 70
Figure 3.1.16. Enlarged view of the spectra of the AB16 peptides recorded at pD 6.50 in

the 1750—1350 cm ™ iNfrared FANGe. ........c.ovveveeeeeeseeee e 71



List of figures

Figure 3.1.17. Enlarged view of the spectra of the AB16 peptides recorded at pD 6.50 in

the 1100—900 cm™ INFrared FaNGE..........co..vveveereeeseeeeeeseeesesssssses s eeseesasse 72
Figure 3.1.18. Global view of the spectra of the Cu**~AB16 complexes recorded at pD

6.50 in the 1800—900 cm™ iNfrared rANGE. ..........covveveeveresreieeeseeesiessesssseesseeneons 73
Figure 3.1.19. Enlarged view of the spectra of the Cu?**~AB16 complexes recorded at

pD 6.50 in the 1750—1350 cm™ infrared range...........covvvveevereenreneereeeseessnisneane, 74
Figure 3.1.20. Enlarged view of the spectra of the Cu?**~AB16 complexes recorded at

pD 6.50 in the 1100-900 cm™ infrared range.............coevevemresreenrenresrsnseensssesseone, 74
Figure 3.1.21. Global view of the spectra of the AB16 peptides recorded at pH 9.0 in the

1800—900 cm™ INFrared FaNGE. ........c.vveeeeeceeeeeeeeeeeeee st 75
Figure 3.1.22. Global view of the spectra of the Cu**~AB16 complexes recorded at pH

9.0 in the 1800—900 cm™ infrared raNGe. .........coo.vvveveeeverreseeineeeseeseessesesseesseneeons 76
Figure 3.1.23. Enlarged view of the spectra of the Cu?**~AB16 complexes recorded at

pH 9.0 in the 1750—1350 cm™ infrared range.............coeeeverevesreenreeneesrsnseensesisseons, 77
Figure 3.1.24. Global view of the spectra of the AB16 peptides recorded at pD 9.0 in the

1800—900 cm™ INFrared FANGE. ....c...vveeeeeveceeeeeieeees et 78
Figure 3.1.25. Enlarged view of the spectra of the AB16 peptides recorded at pD 9.0 in

the 1750—1350 cm™ iNfrared FANGE. ........o..ovveveeeeeeseeeeeeeee s 79
Figure 3.1.26. Enlarged view of the spectra of the AB16 peptides recorded at pD 9.0 in

the 1100—900 cm™ INFrared FaNGE..........cov.vvevereeeeseeeeeeeeeesseessesseessesss e 80
Figure 3.1.27. Global view of the spectra of the Cu**~AB16 complexes recorded at pD

9.0 in the 1800—900 cm™ iNfrared raNGe. .........cooovvvevveveereseeieeeeeeeseessssssseeseesneons 80
Figure 3.1.28. Enlarged view of the spectra of the Cu?*~AB16 complexes recorded at

pD 9.0 in the 1750—1350 cm™ infrared range...........ccoeevvervvsreesrernenreieseesssessenne, 81
Figure 3.1.29. Enlarged view of the spectra of the Cu?*~AB16 complexes recorded at

pD 9.0 in the 1100—-900 cm™ iNfrared raNGe...........covveveeverevsreesreeeeesseeseeesssissenne, 82
Figure 3.1.30. Global view of the spectra of the AB16 free peptides recorded at pH 11.0

in the 1800—900 cm™ INfrared raANGE. ........coccovverveereereeriereeseseeese e 83
Figure 3.1.31. Enlarged view of the spectra of the AB16 free peptides recorded at pH

11.0 in the 1800—700 cm ™ infrared raNGe. ........c.covvvveeveeeeereniesreeseseeeese e, 84
Figure 3.1.32. Enlarged view of the spectra of the AB16 free peptides recorded at pH

11.0 in the 1100900 cm™ infrared raNGe. ........o.covvvveveeeresresesreeseseeeeeeeesese s, 85
Figure 3.1.33. Global view of the spectra of the Cu**~AB16 complexes recorded at pH

11.0 in the 1800—900 cm ™ infrared raNGe. ..........covvvveeveeeeereriesreseseeeeessese s, 85
Figure 3.1.34. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at

pH 11.0 in the 1750—1350 cm™ infrared range...........coc.eveeveeeeeeerrereeneeseresneane, 86
Figure 3.1.35. Enlarged view of the spectra of the Cu?*~Af16 complexes recorded at

pH 11.0 in the 1100-900 cm™ infrared range.............coceeveereerrererrsrsereensesssnenns, 87
Figure 3.1.36. Global view of the spectra of the AB16 peptides recorded at pD 11.0 in

the 1800900 cm™ INFrared FANGE. .........c.vveveeeeeeeeeeeeeeee e 87
Figure 3.1.37. Enlarged view of the spectra of the AB16 peptides recorded at pD 11.0 in

the 1750—1350 cm™ INFrared FANGE. ..........oveeveeeeeeeeieeeeee et 88
Figure 3.1.38. Enlarged view of the spectra of the AB16 peptides recorded at pD 11.0 in

the 1100—900 cm™ iNFrared FANGE. ........co.e.eveeeeeeeeeeeeeeeeee e 88
Figure 3.1.39. Global view of the spectra of the Cu**~AB16 complexes recorded at pD

11.0 in the 1800—900 cm™ INfrared FANGE. ...........coorvvrveereeeeerereeeeeee s 89
Figure 3.1.40. Enlarged view of the spectra of the Cu?**~AB16 complexes recorded at

pD 11.0 in the 1750—1350 cm™ infrared range...........cocevveeveeeeeeenreresseeesesesneane, 89
Figure 3.1.41. Enlarged view of the spectra of the Cu**~Ap16 complexes recorded at

pD 11.0 in the 1100-900 cm™ Iinfrared range.........c.covveeveeverrrererresrseseessessinsenne, 90

VI



List of figures

Figure 3.1.42. Electrochemically induced FTIR difference spectrum of the Cu—AB16

complex recorded in the 1800-1000 cm™ range at pH 6.50. ..........coveevvrverrverienenn. 92
Figure 3.1.43. Electrochemically induced FTIR difference spectrum of the Cu—AB16

complex recorded in the 1800-1000 cm™ range at pH 9.0. .....cooovvvvvecvererrerrienenn, 93
Figure 3.1.44. Electrochemically induced FTIR difference spectrum of the Cu—AB16

complex recorded in the 1800-1000 cm™ range at pH 9.0. .....coovvvvvecvererrerrienenn, 94

Figure 3.1.45. Electrochemically induced FTIR difference spectrum of the Cu—AB16
complex recorded in the 1800-1000 cm™ range at pH 9.0 (black) and pD 9.0

(=] ) TSRS PSSR 94
Figure 3.1.46. Proposed coordination modes of Cu cations by AB16 at: pH 6.50 (left),
pH 9.0 (middle) and pH 11.0 (FIgNt). ....c.ocoiiieiieeceee e 95

Figure 3.2.1. Zn cations binding site within the bc; of R. capsulatus (PDB code 1ZRT).
Zinc cations are blue, the binding partners are colored in red, the heme by is

in yellow and the hemes by and ¢y are in black. ..o, 97
Figure 3.2.2. UV-Vis difference spectra of the wild—type DC1....cccevvvvvviiiiiiiiiiiicee 99
Figure 3.2.3.2UV-Vis difference spectra of the wild—type bc; in presence of 200 uM of

4 OO TR 99
Figure 3.2.4. Ox-red FTIR difference spectra in the region 1800-800 cm™ of the

wild—type bc, before (black) and after the inhibition (red). .........ccccooviiiiiennnn. 100

Figure 3.2.5. Enlarged view of the 1775-1600 cm™ spectral region of the FTIR
difference spectra of the wild—type bc; (black) and Zn*—inhibited enzyme

Figure 3.2.6. Enlarged view of the 1600-1100 cm™ spectral region of the FTIR
difference spectra of the wild—type bc; (black) and Zn?*—inhibited enzyme

(=] ) TSSOSO 102
Figure 3.2.7. The chemical structure of the heme. The symbols of the carbon atoms of
the porphyrin ring are also indicated. ..........c.ccovevieie i 103

Figure 3.2.8. Enlarged view of the 1000-800 cm™ spectral region of the FTIR
difference spectra of the wild—type bc; (black) and Zn*—inhibited enzyme

(=10 ) TSSO PR PSPPI 104
Figure 3.2.9. Ox-red FTIR difference spectra recorded at pD 8.0 in the region 1800—800

cm™ of the wild—type bc; before (black) and after the inhibition (red)................. 105
Figure 3.2.10. Ox-red spectrum of the native enzyme minus oXx-red Zn—poisoned

enzyme recorded at PD 8.0. ......ooviiiiiiiiiiee 106
Figure 3.2.11. Titration curves of the bc; in the native form (left panel) and in presence

of Zn cations (Fght PANE). ......c.ooviiie e 107
Figure 3.2.12. UV-Vis difference spectra of the Glu295Val bey. .....ccocovvvvvviiiiiciiiiicn, 108
Figure 3.2.13. UV-Vis difference spectra of the Glu295Val bc; in presence of 200 uM

o 174 OO 108
Figure 3.2.14. Ox-red FTIR difference spectra in the region 1800—-800 cm™ of the

Glu295Val bc; before (black) and after the inhibition (red).........c.ccocvoviiiiinneee, 109

Figure 3.2.15. Enlarged view of the 1775-1600 cm™ spectral region of the FTIR
difference spectra of the Glu295Val bc; (black) and Zn**—inhibited enzyme

Figure 3.2.16. Enlarged view of the 16001100 cm™ spectral region of the FTIR
difference spectra of the Glu295Val bc; (black) and Zn®*~inhibited enzyme

Figure 3.2.17. Enlarged view of the 1000—-800 cm™ spectral region of the FTIR
difference spectra of the Glu295Val bc; (black) and Zn?*—inhibited enzyme



List of figures

Figure 3.2.18. UV-Vis difference spectra of the subcompleX..........cccocvveiieiiiiein e, 113
Figure 3.2.192.+UV-Vis difference spectra of the subcomplex in presence of 200 uM of
4 RSP RUS ST PP PRURPRPPIR 113
Figure 3.2.20. Ox-red FTIR difference spectra in the region 1800-800 cm™ of the
subcomplex before (black) and after the inhibition (red). .......c.ccccooviviiiiiiiieen, 114
Figure 3.2.21. Enlarged view of the 17751600 cm™ spectral region of the FTIR
difference spectra of the subcomplex (black) and Zn?*—inhibited enzyme

Figure 3.2.22. Enlarged view of the 1600-1100 cm™ spectral region of the FTIR
difference spectra of the subcomplex (black) and Zn?*—inhibited enzyme

Figure 3.2.23. Enlarged view of the 1000-800 cm™ spectral region of the FTIR
difference spectra of the subcomplex (black) and Zn?*—inhibited enzyme

Figure 3.2.24. The proposed mechanism of inhibition of the bc; by Zn cations. Panels A
and B show the release of the second proton from the Q, site. Panels C and D
show the binding of ZNn CatioNS..........cccooeiiiii i 119
Figure 3.3.1. The proton pathways in the CcO from P. denitrificans (PDB code 3HB3).
The D—pathway is colored in blue, the K—pathway in green and the exit
pathways in cyan. The water molecules are shown as black balls, the hemes
as sticks and the metals as SPRErES. .......ccccveii i 120
Figure 3.3.2. High affinity binding site of Cd (or Zn) cations within the CcO from R.
sphaeroides (PDB code 2GSM). The Glul01 and His96 are in magenta
sticks. The Cd cation is shown as a bleu sphere. The shown subunits are |
(green) and Il (yellow). The proton uptake pathways are represented as red

AITOWS. .ttt ettt ettt ettt ettt e e sttt e e skt e kbt e ekt e ek b e e e kbt e e R bt e e b b e e e b n e e e b e e e nnne e e nnne s 122
Figure 3.3.3. UV-Vis difference spectra of the CcO at pH 8.0.......ccoevvviveiveii i, 123
Figure 3.3.4. UV-Vis difference spectra of the CcO in presence of 200 pM of Zn*" at

PH 8.0, <ottt bbb 123
Figure 3.3.5. Ox-red FTIR difference spectra in the region 1800—1000 cm™ of the CcO

before (black) and after the inhibition (red). .......ccccocoovieiiiiiice, 124
Figure 3.3.6. Enlarged view of the ox-red FTIR difference spectra in the region

1775-1600 cm™ of the CcO before (black) and after the inhibition (red)............. 125
Figure 3.3.7. Enlarged view of the ox-red FTIR difference spectra in the region

1600—1200 cm™ of the CcO before (black) and after the inhibition (red)............. 125
Figure 3.3.8. Double difference spectrum in the 1800—1000 cm™ range of the inhibited

CcO minus the native CcO at PH 8.0. .....coveiiiiiiiieee e, 126
Figure 3.3.9. Comparison between the oxidized minus reduced difference spectra of the

wild—type CcO recorded at pH 8.0 (black) and at pD 8.0 (red). ........cccceevvvvennnne. 128
Figure 3.3.10. Ox-red FTIR difference spectra in the region 1800—1200 cm™ of the CcO

recorded at pD 8.0 before (black) and after the inhibition (red)............cccceeneenee.. 128

Figure 3.3.11. Enlarged view of the ox-red FTIR difference spectra in the region
1800-1200 cm™ of the CcO recorded at pD 8.0 before (black) and after the
INNIDITION (FEA). .. 129

Figure 3.3.12. The neo—classical model of the anti—cooperativity of the heme centers of
CcO. The left site is the a3 site and the right site is the a site. Ep, stands for the
midpoint potential, R for the reduced state and O for the oxidized state. The
letter in parenthesis shown for each E,, indicate the redox state of each center
Not uNdergoing a redoX FEACTION. .........everiiriiriie e 130

VIl



List of figures

Figure 3.3.13. Titration curves of the wild—type CcO in the native form (left panel) and

in presence of Zn cations (right panel). ... 131
Figure 3.3.14. UV-Vis difference spectra of the Glu78Ala CcO at pH 8.0.......cccvevvrreneen. 132
Figure 3.3.15. UV-Vis difference spectra of the Glu78Ala CcO in presence of Zn

CAtIONS AL PH 8.0, 1. 132

Figure 3.3.16. Ox-red FTIR difference spectra in the region 1800—1200 cm™ of the
Glu78Ala CcO recorded at pH 8.0 before (black) and after the inhibition

Figure 3.3.17. Double difference spectrum of the wild—type CcO minus Glu78Ala CcO

recorded at pH 8.0. The difference spectra were normalized to the d42

Vibration of the NEMES. .......coi i 134
Figure 3.3.18. Double difference spectrum of the inhibited Glu78Ala CcO minus the

native Glu78Ala at pH 8.0. The difference spectrum was normalized to the

042 VIDIation OF the NBMES. ....cciceiii e 134
Figure 3.3.19. Titration curves of the Glu78Ala CcO in the native form (left panel) and

in presence of Zn cations (right panel). ... 136
Figure 3.4.1. Typical contribution found in the FIR spectrum of a metalloprotein

(RIESKE). .ttt bbbttt 139
Figure 3.4.2. FIR-ATR aborbance spectra of the NDF (black) and the MES buffer (red). .. 140
Figure 3.4.3. FIR ATR absorbance spectrum of the NDF in 20 mM MES buffer at pH

6.0 containing 20 MM KClL .......coioiiiceee e 140
Figure 3.4.4. Amide I/amide I’ and amide VI/amide VI’ band of PLL in H,O (Black), in

D,0 (Red), at pH 11.20 (Blue) and at pD 11.20 (Magenta). ........ccccceevververvrennenne. 142
Figure 3.4.5. Amide I and amide VI band of: PLA at pD 9.0 (Black) and PLH at pD 7.0

(R ) TR PSRRI 145
Figure 3.4.6. Amide | and amide VI bands of: the CcO (Black), the bc; (Red) and the

Rieske Protein (BIUE). .......ocouiiiiiece ettt 146

Figure 3.4.7. Structure of the horse heart cytochrome ¢ (PDB code 1HRC). The heme is
colored in white, the coordinating His in blue and the coordinating Met in
VEITOW. .ot 149
Figure 3.4.8. (A) Reduced minus oxidized difference spectrum of the horse heart
cytochrome c obtained in the ANKA synchrotron facility and (B) obtained in
the laboratory in Strasbourg..........c.cveiiii e 149
Figure 3.4.9. FIR ATR absorbance spectrum of liquid Water. ...........cccccooivinininininiceen, 150
Figure 3.4.10. Optical setups for the electrochemically induced FIR difference
spectroscopy. (A) The setup developed by Berthomieu et al., (B) the setup
used at ANKA and (C) the setup developed in our laboratory...........cccccceevvrienenn 150
Figure 3.4.11. Iron—sulfur clusters of (A) Rb from C. pasteurianum, (B) Fd from
spinach, (C) Rieske from T. thermophilus and (D) Fd from C. pasteurianum...... 151
Figure 3.4.12. Crystal structure of Rb from C. pasteurianum (PDB code 1FHH). The

iron is presented as a sphere and the coordinating Cys are inred. .........cc.ccccveuee. 151
Figure 3.4.13. FIR absorbance spectrum of the Rb from C. pasteurianum at pH 7.4. .......... 152
Figure 3.4.14. Electrochemically induced difference spectrum of the Rb from C.

pasteurianum at pH 7.4 in the 450—100 cm™ spectral range. ...........c.ccocvveveruenn. 153
Figure 3.4.15. Crystal structure of Fd from spinach (PDB code 1A70). The iron atoms

are in orange, the sulfur in yellow and the coordinating Cys in red. ..................... 154
Figure 3.4.16. FIR absorbance spectrum of the Fd from Spinach at pH 7.5.........c.ccccoveneeeee. 155
Figure 3.4.17. Electrochemically induced FTIR difference spectrum of the Fd from

Spinach at pH 7.5 in the 450—100 cm™ Spectral range. ...........cccovvvvvvveenesrrennenne. 156



List of figures

Figure 3.4.18. Solution structure of the Fd from C. pasteurianum (PDB code 1CLF).
The iron atoms are in orange, the sulfur in yellow and the coordinating Cys in

=T RSO PR S PR 157
Figure 3.4.19. FIR absorbance spectrum of the Fd from C. pasteurianum at pH 7.5............. 157
Figure 3.4.20. Electrochemically induced FTIR difference spectrum of the Fd from C.

pasteurianum at pH 7.5 in the 450—100 cm™ spectral range. ........c...co.ovvevrnnenne. 158

Figure 3.4.21. Crystal structure of the Rieske protein from T. thermophilus (PDB code
INYK). The iron atoms are in orange, the sulfur in yellow, the coordinating

Cys in red and the coordinating His in blue. ... 159
Figure 3.4.22. Absorbance spectra of the Rieske protein in the 600-50 cm™ spectral
range for pH 6.0 (black), 8.0 (red), 10.2 (blue) and in pure water (green)............ 160

Figure 3.4.23. Electrochemically induced difference spectra of the Rieske from T.
thermophilus at pH: 10.2 (black), 8.0 (red) and 6.0 (blue) in the 450100 cm™
SPECLIAL FANGE. ...ttt bbb 164

Figure 3.4.24. The Fe—S clusters of the NDF. The backbone is in light grey, the Fe—S
clusters are in balls, the coordinating His residue is in bleu and the Cys

FESIAUBS TN TEU. ..ttt ettt e et et e saeesteeneesreenre e 165
Figure 3.4.25. FIR absorbance spectra of the *®Fe—NDF (black) and of the **Fe—labelled

INDIF (FE). e oeeeeeeeeeeee e esssssseeee e eesess e 165
Figure 3.4.26. MIR electrochemically induced difference spectra of the *°Fe—NDF

(black) and of the **Fe—labelled NDF (£ed). ..........ooviurerrereseseseeseeeerescesessnenn. 166
Figure 3.4.27. FIR electrochemically induced difference spectra of the *°Fe—NDF

(black) and of the **Fe—labelled NDF (£ed). ..........oeviurerreseseseseeseesesessesesseenn. 166

Figure 3.4.28. Cartoon view of the closed I-domain taken from the low affinity structure
(PDB code 1LFA). The MIDAS magnesium ion is shown as a magenta

sphere. The a7 helice is colored in red. .........ccoovveiiiiiiieiiie e 170
Figure 3.4.29. FIR temperature dependent spectra of the LFA-I domain at pH 7.4 in
presence of (A) Mg, (B) Mn, (C) Caand (D) Fe cations..........ccccceevrververeseennnnn 172



List of Abbreviations

List of abbreviations

AB16
Abs
ADP
ATP
ATR
bcy
CcO
CHES
C. Pasteurianum
DDM
dTGS
Em
FAD
Fd

FIR
FMN
FTIR
H2Q

Im

KDa
MCT
MES
MIR
NADH
OTTLE
P. denitrificans
PLA
PLH
PLL

Q

R. capsulatus
Rd

Amyloid—f 16

Absorbance

Adenosine Diphosphate
Adenosine Triphosphate
Attenuated Total Reflection
Cytochrome bc; complex

Cytochrome c oxidase

N—Cyclohexyl—2—aminoethanesulfonic acid

Clostridium pasteurianum
n—Dodecyl—f3—maltoside
Deuterated Triglycine sulfate
Midpoint potential

Flavine adenine dinucleotide
Ferredoxin

Far Infrared

Flavine mononucleotide
Fourier transform infrared
Quinole

Imidazole

Kilo Daltons

Mercury Cadmium Telluride

2— (N—morpholino)ethanesulfonic acid

Mid infrared

Nicotine adenine dinucleotide

Optically Transparent Thin—Layer Electrochemical cell

Paracoccus denitrificans
Poly—L—alanine
Poly—L-histidine
Poly—L-lysine

Quinone

Rhodobacter capsulatus

Rubredoxin

Xl



List of Abbreviations

SHE

T. Thermophilus
THz

Tris

UV-Vis

v

Sy

L))

¢caSss

o
Esip
ESQp

8def

Standard Hydrogen Electrode
Thermus thermophilus

Terahertz
tris(hydroxymethyl)aminomethane
Ultraviolet—Visible

Stretching vibration

Symmetric stretching vibration
Antisymmetric stretching vibration
Bending vibration

In—plane deformation
Out—of—plane deformation
Deformation vibration

Wagging vibration

Xl



The twenty amino acids

The twenty amino acids

Aromatic amino acids

o o
OH OH
NH, NH,
HO
L-Tyrosine L-Tryptophane L-phenylalanine
Tyr Try Phe
Acidic amino acids
[¢]
HO.
OH HO OH
o] NH, NH,
L-aspartic acid L-glutamic acid
Asp Glu
Basic amino acids
o o NH o]
HoN N )J\
OH </ / OH HoN N OH
NH, HN NH, NH,
L-lysine L-Histidine L-arginine
Lys His Arg
Hydrophilic amino acids
[¢] OH (¢) [¢] [¢] o
H,N
HO OH OH OH H,N OH
NH, NH, o NH, NH,
L-serine L-threonine L-asparagine L-glutamine
Ser Thr Asn Gln

Hydrophobic amino acids

o o o)
NH, NH,

NH,
L-Glycine L-isoleucine L-leucine L-alanine L-valine
Gly Ile Leu Ala Val
Sulfur containing amino acids Special structure amino acid
[¢] [¢]
(o}
H OH ~ OH
OH
NH, NH,
NH
L-cysteine L-methionine
Cys Met L-proline
Pro

X1



List of publications

List of publications

Published

El Khoury, Y., Hielscher, R., Voicescu., M, Gross, J., and Hellwig, P. On the Specificity of
the Amide VI band for the Secondary Structure of proteins. Vibr Spectrosc. Submitted.

El Khoury, Y., Trivella, A., Gross, J., and Hellwig, P. Probing the hydrogen bonding
structure in the Rieske protein by means of redox induced mid infrared spectroscopy and

temperature derived far infrared spectroscopy. ChemPhysChem. Accepted.

Voicescu, M., EI Khoury, Y., Martel, D., Heinrich, M. and Hellwig, P. Spectroscopic
Analysis of Tyrosine Derivatives: On the Role of the Tyrosine - Histidine Covalent Linkage
in Cytochrome ¢ Oxidase (2009) J Phys Chem B. 113(40), 13429-36.

El Khoury, Y., and Hellwig, P. Infrared Spectroscopic Characterization of Copper-
Polyhistidine from 1800-50 cm™: Model Systems for the Cu Coordination (2009) Biol Inorg
Chem. 14(1):23-34.

In preparation

El Khoury, Y., and Hellwig, P. Electrochemically induced far infrared difference spectra of

iron—sulfur clusters.

El Khoury, Y., Dorlet, P., Faller, P., and Hellwig, P. New insignts into the coordination of
copper by the amyloid—beta 16 peptide from FTIR spectroscopy and isotopic labelling.

Lee, D. W., El Khoury, Y., Daldal. F., and Hellwig, P. The inhibition of the proton pumping

of the cytochrome bc; complex from Rhodobacter capsulatus by Zn cations.
Conference publications

El Khoury, Y., Lee, D. W., Daldal. F., and Hellwig, P. The Zn** cations inhibitve effects on
the cytochrome bc; complex from Rhodobacter capsulatus as revealed by the FTIR
difference spectroscopy. Biochem Biophys Acta (2010) 1797, 13-14.

XV



List of publications

Trivella, A., El Khoury, Y., Gaillard, T., Stote, R. H., Merino, N., Francisco J. Blanco, F. J.,
and Hellwig, P. Temperature Dependence of the Far Infrared Signature of Internal Hydrogen
Bonds in Proteins as Probed for Integrins. AIP Conf Proc (2010) 1214(1), 3-6.

Hellwig, P., EI Khoury,Y., and Hielscher, R. Far infrared spectroscopic studies on hydrogen
bonding features in proteins from the respiratory chain. Biochem Biophys Acta (2008) 1777,
S92-S92.

XV


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=N1dlIfOnhigm5KiJahg&page=2&doc=19&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=N1dlIfOnhigm5KiJahg&page=2&doc=19&colname=WOS

Abstract

Abstract

FTIR spectroscopy is a powerful analytical tool to investigate biological molecules. In the
mid infrared domain, valuable information about the backbone reorganization and
information at the level of individual amino acids side chain absorptions can be obtained.
Importantly, the far infrared domain includes metal—ligand vibrations as well as the hydrogen

bonding motions. This spectral range is currently being developed for biological molecules.

The thesis includes three main parts. First, the copper complexes vibrations have been probed
in the mid and far infrared range. Copper is the cofactor of several proteins and most of the
time it is coordinated by histidine residues. It is thus critical to understand the coordination
modes of copper. In order to do so, the mid and far infrared absorption spectra of
copper—poly—L—histidine complexes were investigated as a function of pH. The study
allowed the observation of the backbone reorganization of the poly amino acid as well as the
observation of metal—ligand vibrations in the far infrared domain. The copper binding to the
amyloid—beta—16 is suggested to be a key step in the development of Alzheimer’s. The
copper—amyloid—beta—16 complexes were studied in the mid infrared domain at different pH
values. Combined with the isotopically labelled amyloid—beta—16, the mid infrared FTIR

absorption spectroscopy allowed determining the coordination modes of copper.

In the second part of the thesis, we used the technique to study enzymes from the respiratory
chain. The respiratory complexes are transmembrane proteins found in the inner
mitochondrial membrane of eukaryotic cells and in the plasma membrane of prokaryotic cells.
The respiratory complex I, 1l and IV couple the electron transfer reactions to the proton
pumping across the membrane, creating thus the protonmotive force required for the synthesis
of ATP. Zn cations are known to inhibit the proton pumping by the respiratory enzymes. In
order to better understand the inhibitive effects of Zn on the respiratory complex Il and 1V,
the electrochemically induced FTIR difference spectroscopy was used. The binding of Zn
cations is shown to take place via the Glu295 of the heme—b subunit of the complex I1l. The
complex 1V seems to have more than one binding site for Zn. One binding site was shown to
involve the Glu78 residue of subunit Il while another one is suggested to inhibit the protons
exit.

Finally, in the last part of the thesis, the far infrared was developed, including an

electrochemical approach. The far infrared range offers a tool to observe the metal-ligand
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Abstract

vibrations, the amide VI signature as well as the signature of the hydrogen bonding. The far
infrared absorbance spectra of several iron—sulfur proteins are recorded. Interestingly, it was
found that the far infrared spectra of proteins showed a broad band below 300 cm™ which
arose from the hydrogen bonding collective motions. The hydrogen bonding signature of the
[2Fe—2S] Rieske protein was probed for different pH values at low temperatures. The study
pointed towards the effect of the protonation state of the coordinating histidines on the overall

structure of the protein and the hydrogen bonding signature.
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Résumé

Résumeé

La spectroscopie IRTF est un outil analytique important pour 1’étude de molécules
biologiques. En utilisant le moyen infrarouge, des informations importantes concernant la
réorganisation de la chaine peptidique de méme que des informations concernant 1’absorption
des chaines latérales des acides aminés peuvent étre obtenues. Le domaine du lointain
infrarouge contient les vibrations métal—ligand et les vibrations des liaisons hydrogéne. Ce
domaine spectral est en cours de développement pour les molécules biologiques.

La thése contient trois parties principales. Les vibrations de complexes de cuivre ont été
étudiées en moyen et lointain infrarouge. Le cuivre est le cofacteur de plusieurs protéines, et
souvent, sa coordination a lieu via des résidus histidines. Il est donc critique de comprendre
les modes de coordinations du cuivre. Pour cela les spectres des complexes
cuivre—poly—L—histidine ont été enregistrés en fonction du pH en moyen et lointain
infrarouge. Cette étude a permis d’observer la réorganisation de la chaine peptidique. De
méme, les vibrations métal-ligand ont été observées dans le lointain infrarouge. La
coordination du cuivre par I’amyloide—beta—16 est une étape déterminante dans 1’apparition
de la maladie d’Alzheimer. Les complexes cuivre— amyloide—beta—16 ont été étudiés dans le
moyen infrarouge a différentes valeurs de pH. L’utilisation d’échantillons marqués

isotopiquement pour cette étude a permis de déterminer les modes de coordination du cuivre.

Dans la deuxieme partie de la thése, nous avons utilisé le moyen infrarouge pour étudier des
protéines de la chaine respiratoire. Les complexes de la chaine respiratoire sont des protéines
transmembranaires qu’on trouve dans la membrane interne des mitochondries des cellules
eucaryotes ou dans la membrane plasmique des cellules procaryotes. Les complexes
respiratoires I, III et IV couplent les réactions de transfert d’électrons au pompage de protons
a traves la membrane, créant ainsi un gradient de protons nécessaire pour la production
d’ATP. Les cations Zn?* sont connus pour leur pouvoir inhibiteur vis-a-vis du pompage de
protons par les enzymes respiratoires. Pour mieux comprendre 1’effet de 1’inhibition par le Zn
sur les complexes III et IV, la spectroscopie différentielle IRTF induite par I’électrochimie a
été utilisée. L’étude montre que le chélation du Zn par le complexe III a lieu via le résidu
Glu295 appartenant a la sous-unit¢é des heme—Db. L’inhibition du complexe IV se fait
probablement dans deux sites de chélation. On a montré que le résidu Glu78 de la sous-unité
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Résumé

IT intervient dans la chélation du Zn. Cependant on propose qu’un deuxiéme site de chélation
est présent dans les chemins de sortie des protons.

Finalement, dans la derniére partie de la thése, le lointain infrarouge a été développé, y
compris une approche électrochimique. Le domaine du lointain infrarouge offre un outil pour
observer les vibrations métal—ligand, la signature amide VI et la signature des liaisons
hydrogene. Les spectres d’absorbance de plusieurs protéines a centres fer—soufre ont été
enregistrés. On a trouvé qu’une bande large apparait en dessous de 300 cm™. Ce signal
contient les vibrations des liaisons hydrogéne. La signature des liaisons hydrogene de la
protéine Rieske a [2Fe—2S] été étudiée en fonction du pH a basses températures. L’étude a

permis de discuter 1’effet de 1’état de protonation des histidines qui coordinent le centre

fer—soufre sur la structure de la protéine de méme que sur la signature des liaisons hydrogene.
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1.

Metal ions in biology

Introduction

1.1. Metals in biology

Metal cations are present everywhere in the biosphere and are involved in innumerable
vital biological processes. Few metals are considered as essential for Life (Na*, K*, Mg*,
Ca?*, Zn*, Mn?*, Ni**, cu™", Fe®"® Co*"®"). Most of the time these trace elements are
bound to proteins.* The other metals are considered to be toxic to a large extent.” The ability
of a given protein to bind a specific metal comes from being capable of fulfilling the metal
ions requirements. Indeed, the selectivity for a specific metal is mainly governed by its
charge, ionic radius and the architecture of the metal binding pocket.

Oxygen, nitrogen and sulfur are the most important donors in metalloproteins. Depending on
the properties of the cation, the binding can occur via oxygen, nitrogen and/or sulfur donors.
Most of the time metals are bound to the side chain of amino acids and rarely to an oxygen or
nitrogen atoms of the backbone. Oxygen is offered by Asp, Glu or Typ. Nitrogen is offered by
His, Asn, GIn or Pro. Sulfur can be offered by Cys or Met. His is by far the most important
amino acid regarding metal ligation in metalloprotein since it binds metals in a large number

of metalloproteins.*
1.1.1. Sodium and potassium

These essential metal cations are charged ions, and thus they cannot access the cell on
their own through the hydrophobic plasma membrane lipid bilayer. Highly specific channels
are present in the cell walls allowing the cations to access the inside of the cell; this is the case
for example of Na*, K* and Ca*". In fact Na* and K* play a central role in the regulation of
cardiac impulse, as well as in the electrical signaling in the nervous system.® The regulation
mechanism is based on the ratio between Na* and K" concentration in the cells. This ratio is
governed by Na' and K" channels, which are transmembrane proteins capable of
discriminating between these two cations to a large extent.®’ The permeability of the

membrane to these cations is directly related to the membrane potential.®
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1.1.2. Calcium

Ca®" is a critical element to all living cells. It is involved in a wide range of biological
processes such as the cellular signaling, gene expression regulation and metabolism.? Keeping
the normal level of Ca* in the cell requires a complex extrusion mechanism where Ca®* can

be pumped in or out of the cell.’
1.1.3. Magnesium

Mg®" is involved in the regulation of Ca** and Na* transport as well as in a variety of
cellular functions such as the signal transduction, enzyme activities, energy metabolism,
nucleic acid and protein synthesis.’> Mg®* is used by the photosynthetic species to produce

chlorophylls (Figure 1.1.1), the key molecules for sunlight absorption and energy conversion.

Figure 1.1.1. Chemical structure of the chlorophyll A.

1.1.4. Manganese

Mn can exist in the oxidation states (I1), (I1l) and sometimes (IV). In light of its
multiple oxidation states, Mn is employed by many biological systems as a redox cofactor as
well as a structural support for proteins. In photosynthesis, Mn has an important role since a
Mn cluster is used as the redox cofactor of the photosystem 11.*! It is also the cofactor of the
manganese superoxide dismutase, oxidizing water to produce O,. In other cases, Mn helps
maintaining some proteins in specific conformations without being involved as a cofactor.
This is the case of the pyruvate carboxylase that binds tightly one Mn atom and many

metallohydrolases.*?
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1.1.5. Zinc

Zn®* transport towards the cytoplasm can be observed via two families of
Zn—transporters, ZnT and Zip proteins.”® The regulation of the Zn®* concentration in the
cytoplasm is ruled out by metallothionine which is a cysteine—rich protein and can coordinate
up to seven Zn®* cations. The tightly bound Zn®* can be released by the oxidation of the
cysteines.** ** Zinc can be found in a significant number of proteins, hence it is involved in
numerous vital biological mechanisms. Zn** is a cofactor in many oxidoreductases, protein
kinases, superoxide dismutases, phosphatases, aminopeptidases. ..'® The so—called Zinc finger
proteins superfamily are probably the most studied Zn—containing systems. These proteins are
DNA binding transcription factors (Figure 1.1.2)."” Most of the time, Zn is bound in a
tetrahedral coordination mode to four proteins by their side chains. This binding mode

facilitates the interaction between the zinc finger proteins and DNA.*

Figure 1.1.2. Structure of the zinc finger protein—DNA complex (PDB code 1TF6). The zinc finger protein is
presented as magenta cartoon, the DNA double helix as green cartoon and zinc atoms as blue sphere.

1.1.6. Nickel

There are eight different Ni containing enzymes; glyoxylase |, acireductone
dioxygenase, nickel superoxide dismutase, urease, NiFe hydrogenase, CO dehydrogenase,
acetyl-CoA synthase and methyl-CoM reductase. The nickel center can perform redox
reactions in a potential range up to 1.5 V.* This is the result of the highly flexible
coordination mode of Ni. Despite the fact that Ni—containing enzymes are crucial for the
growth and development of many species, Ni is toxic to the cells. The synthesis of the
Ni—containing enzymes is a delicate process, where Ni is meticulously transported to the cell
and delivered to the adequate apoprotein with the help of specific metallochaperones.?
Although Ni is an essential element for many plants and bacteria, its utility for humans is far
from being certain. Ni is toxic at different levels for humans and animals. Beside of causing
multiple biological alteration and diseases, it seems that Ni may disturb the generation of

reactive oxygen species (ROS) that serve as signal transduction messengers in controlling
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gene expression. The toxicity of Ni comes also from its ability to induce DNA damage and
inhibiting DNA repair system.”*

1.1.7. Iron

Iron need to be transferred with the help of specific Fe—chelators. In animals, plants

and microorganisms, iron is stored in large specialized proteins, called ferritin in which up to
2500 iron atoms can be stored.?*® The Fe atoms can be then delivered to the cell via a protein
called transferrin. It should be noted that the soluble form of Fe, namely Fe?" is easily
oxidized by O, and that the highly insoluble form of Fe, Fe** becomes the major source of Fe.
In microorganisms a family of molecules called siderophores plays the role of delivering the
Fe atoms to the cell. These organic molecules show a very high affinity to Fe>* with formation
constant up to 10°°.%2 The Fe®*" complex can be dissociated in the cell by several mechanisms;
protonation of the Fe®** binding ligands, reduction of the Fe** to Fe®*, or chelation via ligand
exchange.?* Once the Fe atom is released, it can be used by the cellular machinery.
The free Fe?"®* can be toxic to the cell since they can easily react with O, and produce free
radicals, believed to be responsible of serious cellular damaging.? In order to avoid such a
dramatic scenario, Fe is inserted into prosthetic groups such as protoporphyrin, where Fe
cations are pentacoordinated or hexacoordinated most of the time. This coordination mode
prevents O, to bind to the Fe cations. A wide variety of enzymes can be produced by
introducing the iron—protoporphyrin based cofactor (Figure 1.1.3) into an apoprotein.
Depending on the hosting protein, hemoglobin or myoglobin can be produced. These proteins
are of small size and specialized in O; binding and transfer in the blood.?®

Figure 1.1.3. Structure of the iron—protoporphyrin IX.
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Beside the O, transfer, the iron cofactor plays a crucial role in the electron transfer. Thanks to
the variable oxidation state of the Fe atom, it can play the role of an electron acceptor as well
as of an electron donor. Similar to the O, transport, the electron transport requires heme—type
cofactors, where hemes are iron—protoporphyrin based cofactors covalently bound to a fatty
ester.

The heme—containing proteins are for example present in mitochondria where the oxidative
phosphorylation occurs. Different types of hemes exist; some are covalently bound to the
apoprotein, such as the heme c. The corresponding protein is the cytochrome c. Other hemes
can be maintained inside the apoprotein without being covalently bound such as the a—type,
b—type and o—type hemes.?’

Besides, Fe can be bound to S to produce inorganic Fe complexes, so—called Fe—S clusters.
The insertion of the Fe—S cluster into an apoprotein leads to the generation of a
metalloprotein.?* These Fe metalloproteins are known to be implicated in many important
biological functions. Among these functions we can cite the respiration, the ribosome
biogenesis and the regulation of gene expression.! The ratio Fe/S atoms in the Fe—S cluster is
tuned by its function.® Despite the existence of many synthetic analogues of Fe—S clusters,*
the most common natural Fe—S clusters are [2Fe—2S], [3Fe—4S] or [4Fe—4S] (Also see 3.4
Far infrared spectroscopy).

Fe can also be found in the active site of hydrogenases. The superfamilies of Fe—only and
Fe—Ni hydrogenases catalyze the reversible reduction of H* into H,. The evolution of the
equilibrium between H* and H, can be modified to increase or decrease the number of

reducing equivalents of H*.%

1.1.8. Cobalt

Co® is the central metal in the vitamin Biy, also called cobalamin (Figure 1.1.4).%
The Vitamin B, is a water soluble vitamin that can be transferred to the cell by
transcobalamin 11, a plasma protein in charge of binding this vitamin and delivering it to the
cell. The delivery process involves the formation of a complex between the transcobalamin 11
and a specific receptor. Eventually, the vitamin is released inside the cell by a complex
endocytosis mechanism.®**°
The cobalamin exists as a coenzyme in the cell, methylcobalamin, and adenosylcobalamin.
The methylcobalamin is produced by the methylation of the cobalamin via a

methyltransferase enzyme. This enzyme transfers methyl groups from the N°—methyl—
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tetrahydrofolate to homocysteine, thereby forming tetrahydrofolate and methionine. The
disproportion between the homocysteine, the Vitamin Bj, and folate is generally associated to
poor cognitive functions.*® The particularity of the synthesized cobalamin coenzymes is that

one of the six Co®" ligands is either a methyl group or a 5'-deoxy—5'—adenosyl moiety.*®

Figure 1.1.4. Chemical structure of the Vitamin By,.

Both, the Vitamin By, and folate are involved in the transfer of methyl groups to DNA also in
proteins synthesis.>” Besides the Vitamin By, Co is the cofactor of several enzymes such as

methionine aminopeptidase, prolidase, nitrile hydratase.®
1.1.9. Copper

Copper is an ion essential to all living organisms. The redox state of Cu can be either
in the stable Cu(ll) state or in the instable Cu(l) state. The Cu(Il)/Cu(l) couple allows the
copper—containing proteins to perform a single—electron transfer, crucial to many biological
functions.

As many transition metals cited above, the free Cu can be toxic to the cell since it can also be
at the origin of the production of free radicals, responsible of damaging nearby proteins,
DNA, phospholipids and other biological molecules.>?® Copper chaperons are required to
introduce the Cu cations into the cell without exposing them to oxygen to avoid the
production of free radicals. In order to do so, the free Cu(ll) present outside the membrane is
reduced to Cu(l) and inserted to the cell by a transmembrane protein. The Cu uptake as Cu(l)
by the chaperons can take place, then it can be transferred to the target protein.*

Proteins containing a single copper atom can be classified according to their absorption in the

visible range. Type—1 copper proteins also called ‘blue copper proteins”, have an intense



Metal ions in biology

absorption band near 600 nm. Many type—1 copper proteins are known, as for example
azurins, plastocyanins or amicyanins.”® These proteins play the role of shuttling an electron
from an electron donor and delivering it to an electron acceptor. Type—2 copper proteins have
a weak absorption in the visible range. Most of time the type—2 copper proteins coordinate Cu
by four N or O atoms and one coordination site remains empty. This coordination mode
allows these proteins to play catalytic roles as in the copper amine oxidase, nitrite reductase
and Cu—Zn superoxide dismutase.**

Proteins containing two antiferromagnetically coupled Cu bridged by molecular oxygen or a
hydroxyl belong to the type—3 copper proteins (Figure 1.1.5). The active site of these proteins
consists of a Cua and a Cug sites. Tyrosinase, catecholoxidase as well as hemocyanin bind

oxygen and thus catalyze the oxidation of organic compounds such as phenol and catechol.*?

Figure 1.1.5. The active site of tyrosinase as example of type 3 copper—containing enzyme. The coordinating
histidines are presented as sticks, the Cu atoms as orange balls, and the water molecule as red sticks (PDB code
2ZMX).®
Moreover, enzymes like laccase, ascorbate oxidase, or ceruloplasmin contain multiple copper
centers and combine type—1, type—2 and type—3 copper centers.* These proteins are oxidases
that couple the electrons transfer to the reduction of O, to water. Besides the naturally
occurring copper containing protein, a new copper protein was obtained artificially, the

so—called type—zero copper protein, which absorbs around 800 nm.*
1.1.10. Toxicity of metals

It is obvious that nature uses transition metals from the first row in order to build
metalloproteins required to accomplish pivotal biological function. Besides the free radicals
that might be produced from the essential elements themselves, other toxicity comes from the
replacement of an essential metal, in a given cofactor, by another essential metal or by a
“toxic” metal. This is the reason why well-defined metal uptake, transfer and insertion

pathways are required to make sure that the right metal cations get into the right proteins.“® In
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fact, the biological media is more or less rich with the required transition metals as well as
with other trace elements such as transition metals from the second and third row. These
metals can bind to proteins in similar ways to many essential metals from the first raw.
Indeed, they can compete with these latter ones and replace them in the metalloproteins.
Under certain conditions, Co can produce oxidative stress during the biogenesis of iron—sulfur
clusters and alters the cluster formation. Furthermore, Co can replace iron in the cluster before
its insertion into the target protein thus inactivating pathways that depend on iron—sulfur
clusters.”’

An example of the toxicity caused by replacing an essential metal by a toxic one is the
replacement of Zn by Hg. The toxicity of Hg®" is related to its binding mode, similar to Zn*".
Hg?* can be bound more tightly than Zn?* and thus replace it in zinc—containing proteins.’
Other elements compete with other essential metals like Mg®* which can be displaced by AI**
thus leading to produce an inactive metalloprotein. Ln®" inactivates Ca—containing proteins by
removing the Ca®* from its binding site.® Besides the displacement of the active metal from its
binding site, the coordination of a nonnative metal may lead to the aggregation of the
metalloprotein.

The aggregation phenomenon is widely accepted as the origin of multiple neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, Huntington’s, amyotrophic lateral sclerosis and
prion.48 Large aggregates are produced by amyloid deposition, a peptide with a B—sheet
conformation also called amyloid—3 peptide (AP peptide). The AP peptide derives from the
cleavage of a protein called “amyloid precursor protein”.49 The toxicity of the AP peptides
arises from their ability to bind transition metals such as Cu and Zn which induce the
aggregation of AP peptides. Furthermore, the binding of a redox metal ion such as Cu is also

supposed to induce neuronal dysfunction by the production of ROS.*
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1.2. Respiratory chain proteins

1.2.1. Role, localization and organization

The cellular respiration is the hallmark of the modern bioenergetics. The respiratory
chain enzymes contain many cofactors such as Fe—S clusters, cytochromes and copper
centers. It is indeed a good representative of the importance of metal ions in biology.
Respiration is the biochemical process where an aerobic cell produces its own energy by
oxidizing molecules such as sugar, fatty acids, or amino acids by molecular oxygen. A series
of chemical reactions are undertaken in the cell in order to accomplish the respiration.

The respiratory chain is located in the inner membrane of the mitochondria of eukaryotes and
in the plasma membrane of photosynthetic bacteria and the closely related respiratory
bacteria. Similarly, the respiratory chain is located inside the thylakoides, functional
analogues of mitochondria in plants. Beyond the classical model of the respiratory chain
(Figure 1.2.1), the respiratory chain complexes are organized as supercomplexes, which may
consist of two copies of the complex I, one copy of the complex Il and two copies of the
complex 1V.>! The complex Il is not observed in the supercomplexes, probably because of its

involvement in the citric acid cycle.

_I_ P Cytochrome bc, Cytochromec
NADH:Ubiquinone complex oxidase

oxydoreductase

H* H*  Cytochrome H* ATPsynthase

Fumarate
reductase QH,

NAD* NADH

—_ Fumarate Succinate

H+

Figure 1.2.1. The classical model of the mitochondrial respiratory chain and the ATP synthase. The structures
are based on the following PDB codes: 3M9S (NADH:ubiquinone oxidoreductase); 1QLB (Fumarate reductase);
1ZRT (cytochrome bc; complex); 3HB3 (CcO); 1BMF (F; part of the ATP synthase).
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This organization is not common to all organisms, where the number of copies of each
complex varies from an organism to another. The complex V, the ATP—synthase can be active

as a monomer, dimer,>? or assembled into large oligomeric chains.”
1.2.2. Complex |

The first step of respiration starts when for example sugar is oxidized to produce the
Acetyl—-CoA. The second step is the entry of the Acetyl-CoA into the citric acid cycle during
which Nicotinamide Adenine Dinucleotide (NAD") intermediate molecules are produced. The
third step is the electron transport and the oxidative phosphorylation. The link between the
second step and the third step of the respiration process is done by the respiratory complex I,
also called NADH:ubiquinone oxidoreductase, by coupling the proton pumping across the
membrane to the oxidation of NADH to the reduction of ubiquinone, a biological electron
carrier deriving from quinone.>® In mitochondria ubiquinones, in prokaryotes menaquinones
and in plants phylloquinones are typically found (Figure 1.2.2).

Complex | catalyzes the electron transfer to the next member of the respiratory chain, the
complex Il also called fumarate reductase. The complex Il couples the oxidation of succinate

to fumarate to the reduction of ubiquinone to ubiquinol, derivatives of the coenzyme Q.

A
O
0O
"0 N TH
O 6-10
Ubiquinone Menaquinone Phylloquinone

Figure 1.2.2. Chemical structure of (A) ubiquinone, (B) menaquinone and (C) phylloquinone.

Complex I, also called the cytochrome bc; complex (bc;) couples the proton pumping across
the membrane to the electron transfer from the coenzyme Q derivatives towards a c—type
cytochrome which binds to the complex 1V, the cytochrome ¢ oxidase (CcO). Molecular
oxygen binds to the CcO that couples the reduction of molecular oxygen to water to the
proton pumping across the membrane.*

The proton pumping by the complexes I, 111 and VI generates a proton gradient that can be

used by the ATP—synthase to accomplish the oxidative phosphorylation. The successive
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electron transfer steps in the respiratory chain and the production of ATP can be correlated to

the standard redox potentials of each respiratory complex (Figure 1.2.3).>

0.0
+0.2-
+0.4-

1 0.53V
+0.6 1

+0.8

Figure 1.2.3. The decline of standard potentials of the redox cofactors of the mitochondrial respiratory chain as
electron pairs flow down the respiratory chain to oxygen. The blue arrows denote the difference in standard
potentials between each step. The NAD stands for Nicotine Adenine Dinucleotide, Q stands for quinol, b, ¢ and
a stand for the corresponding heme type.

The structure—to—function relationship in the mitochondrial and bacterial respiratory
complexes is far from being fully understood. Furthermore, the mechanism by which the
respiratory complexes couple the redox reactions of their corresponding substrates to the
proton translocation is constantly debated. Several studies have been performed on the

different complexes isolated from different organisms.

The NADH:ubiquinone oxidoreductase is by far the largest respiratory chain complex with a
molecular weight of 980 kDa in mitochondria® and 520 kDa in the prokaryotic cells.*®
Electron microscopy revealed the architecture of the complex I; a boot—like shape enzyme
containing two domains, a soluble and membrane bound domains.*® Three different types of
complex | are known so far and the classification is made according to their sensitivity to
rotenone, a quinone structural analogue inhibitor.>” Hence, the type—I and type—II complex I
are the rotenone sensitive and insensitive complex I, respectively. However, the sensitivity to
rotenone is not the same for all the species, e.g. the complex | from Escherichia coli (E. coli)
is rotenone insensitive.”® The type—IIl complex I pumps Na* instead of protons and it is
known as the Na+—pumping NADH:quinone oxidoreductase (NQR), including a completely
different set of cofactors.

The crystal structure of the hydrophilic domain of the complex | from Thermus thermophilus
(T. thermophilus) (Figure 1.2.4A) has been resolved with a resolution of 3.3 A (PDB code
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319V) and recently the complete structure of the complex | was determined with a resolution
of 4.5 A.>° The hydrophilic domain contains all the cofactors of the complex 1, namely one

flavin—mononucleotide (FMN) and up to nine Fe—S clusters (Figure 1.2.4B).

Figure 1.2.4. (A) Overall architecture of the hydrophilic domain of the complex | from T. thermophilus and (B)
the organization of the redox cofactors. The FMN is colored in blue and presented as sticks; the iron and sulfur
atoms are colored in red and yellow, respectively and presented as spheres. The arrows present the electron
transfer between the cofactors (PDB code 319V).

The complex 1 is the entry point of electrons into the respiratory chain. The NADH binding
site is located in the hydrophilic part of the complex I, close to the FMN (redox potential of
—340 mV vs. the Standard Hydrogen Electrode at pH 7.0 (SHE”)) binding site and the N3
Fe-S cluster.” The oxidation of NADH (redox potential of -320 mV vs. SHE’) to NAD*
reduces the FMN to FMNH, releasing thus two electrons, each by a one electron transfer
step.® The same redox reaction is known to induce a conformational changing of the complex
1. The transfer of the released electrons starts by the reduction of the N3 Fe—S cluster (redox
potential of -100 mV vs. SHE’) followed by the reduction of the Fe—S clusters chain until
reaching the quinone binding site. It should be noted that the N1a Fe—S cluster has the lowest
redox potential among the Fe—S of the complex I (-380 mV vs. SHE”) which prevents the
direct electron transfer from the FMN. Furthermore, the N1a cluster is conserved in all the
versions of the complex | found in different species. The role of the Nla Fe—S cluster is
however, not clearly understood. In line with its low redox potential, the Nla Fe—S cluster
was found to accept one of the two electrons from the reduced flavosemiquinone limiting thus

the formation of ROS.%%%*
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The electron flow arriving to the N2 Fe—S cluster reduces the quinone (redox potential of
+110 mV vs. SHE’) into quinol. The quinone reduction is believed to be the key step in the
proton pumping mechanism since the redox potential of the N2 Fe—S cluster is pH
dependent.®® These findings support the hypothesis of the direct coupling between the electron

transfer and the proton pumping mechanism (Figure 1.2.5).%°

Figure 1.2.5. Architecture of the complex | and the proposed coupling mechanism.*® FMN is presented magenta
balls, the Fe—S clusters are presented in yellow and red and the quinone is presented in blue. The blue arrows
indicate the electron transfer pathway and the black ones indicate the proton pathways. The helices which
undergo a conformational movement in the hydrophilic part are the Ngo4 (green cylinders) and Nqo6 (red
cylinder). In the membrane domain, the HL helix is coloreclgin magenta and the discontinuous helices are colored
in red.

The complete structure of the complex | shows some unexpected features which may clarify
the proton pumping mechanism. In fact, the membrane part is constituted by 63
transmembrane helices among them one helix (HL) is oriented sideways instead of being
extended over the surface of the membrane (Figure 1.2.5). Three discontinuous helices were
also resolved in the hydrophilic part of the enzyme and two positively charged amino acids,
Glul44 and Lys234, are conserved in the three helices.”® Previous site—directed mutagenesis
investigations showed that the mutation at the level of these amino acids inhibits the proton
pumping activity.®’

A model of the coupling mechanism (Figure 1.2.5) has been proposed based on previous
studies and the recently resolved structure of the entire complex | at 4.5 A (ref. * and
references therein). The reduction of FMN leads to the oxidation of NADH into NAD" which
donates two electrons delivered to the N2 cluster via the Fe—S clusters chain to finally reach
the quinone binding site near the N2 site. The quinone present in the site moves out of the
membrane by about 10 A during its reduction. Meanwhile, the first proton is pumped at the
interface between the hydrophilic and hydrophobic domains (Figure 1.2.5) and redox induced

difference spectroscopy showed that the GIu®’ residue, which belongs to the NuoB subunit
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protonates upon the oxidation of the N2 Fe—S cluster.®® Besides Glu67, two Tyr residues,
namely Tyrl114 and Tyr139 were shown to be involved in the proton translocation process by
combining the site directed mutagenesis and the FTIR difference spectroscopy.®® These data
are supported by EPR studies which show the involvement of quinone and semiquinone in the
proton translocation process.”®™ It should be noted that EPR spectroscopy is one of the best
methods to follow the reaction of the complex I since the cofactors (FMN and Fe—S clusters)
have overlapping and broad absorption bands in optical spectroscopy.’® It is worth to mention
that EPR spectroscopy is capable of detecting the metal centers with unpaired electrons. Thus,
all the Fe—S clusters of the complex I are detectable in the reduced state while flavin and
quinone are detectable in the free radical state.

In line with FTIR data (reviewed in ref.

), the redox reaction is coupled to conformation
movements in the soluble part of the complex which are then transmitted to the hydrophobic
part. The helix HL moves then backward and forward. As a result the, three discontinuous
helices undergo tilting movement which modifies the environment of the conserved charged
residues in the three proton channels resulting in the pumping of three protons (Figure
1.2.5).%

Unlike the quinone structural analogues inhibitors blocking the redox reaction itself, Zn**
cations do not affect the quinone reduction neither the NADH oxidation but they inhibit the
proton translocation across the membrane.” In a zinc—poisoned complex I of the bovine heart
mitochondria a ratio of one Zn®*cation to one flavin was found. Despite the identification of
the four ligands that trap the Zn**, namely two His and two Cys residues, the location of the
binding site remains elusive due to the lack of structural information about the bovine heart

complex I.”
1.2.3. Complex Il

The succinate:quinone oxidoreductase (SQR), the complex Il of the aerobic
respiratory chain, is also a member of the citric acid cycle. It couples the oxidation of
succinate to fumarate to the reduction of quinone to quinol and also catalyses the reverse
reaction without translocating protons across the membrane. The complex Il of the anaerobic
respiratory chain is the quinol:fumarate oxidoreductase (QFR). Unlike its aerobic analogue
SQR, the QFR couples the reduction of fumarate into succinate to the oxidation of quinol
without being involved in a proton translocation process. The superposition of the structures
of both SQR and QFR shows high similarities.
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The crystal structure of the complex Il from E. coli was recently resolved with a resolution of
2.4 A (PDB code 2WDQ)." The highest resolution available so far is the one from Wolinella
succinogenes with a resolution of 2.2 A (PDB code 1QLB).”” The crystal structure of the QFR
from Wolinella succinogenes is shown in the Figure 1.2.6A and the organization of the redox

cofactors in the Figure 1.2.6B.

Fumarate

Figure 1.2.6. (A) Crystal structure of the QFR from Wolinella succinogenes (PDB code 1QLB) and (B) the
organization of redox cofactors where the FAD and the hemes are presented as sticks and the Fe—S clusters as
spheres. The arrows indicate the electron transfer pathway from the hemes to the fumarate presented as red
sticks.

The QFR is the terminal respiratory complex of fumarate respiration where fumarate is the
terminal electron acceptor. It consists of three different subunits. The subunit A carries one
covalently bound Flavin Adenine Dinucleotide (FAD), the subunit B carries three Fe—S
clusters (one [2Fe—2S] one [3Fe—4S] and one [4Fe—4S] clusters) and the subunit C carries
two type—b hemes, namely heme b, (high—potential) for the “proximal” and heme by
(low—potential) for the “distal” heme b./"™®

Fumarate reduction suggested to be catalyzed via Van der Waals interaction between FAD
and the fumarate molecule where efficient electron transfer can take place. In contrast, the
electrons required to reduce fumarate are produced by the oxidation of menaquinol within the
membrane domain of the QFR, in the “proximal” and “distal” menaquinol binding sites. In
both cases, the generated electrons are delivered to the fumarate reduction site through the
Fe—S clusters wire traveling thus an unusual long distance of about 27 AT

The protons required to achieve the reduction of fumarate into succinate are delivered via the
“E—pathway”, named so after the highly conserved Glul80 of the subunit C. The

79

“E—pathway” hypothesis '~ suggests a cotransfer of one proton per electron across the

membrane. Upon oxidation of menaquinol into menaquinone, two other protons are released
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in the periplasm. Since the QFR does not contribute to the generation of the proton gradient
membrane, the two protons released in the periplasm are compensated via the coupling of the
electron transfer through the hemes to the translocation of two protons from the periplasm by
the intermediate of the ring C propionate of the heme by and the amino acid Glul180 until
reaching the cytoplasm. The released protons in the cytoplasm compensate those used for the

reduction of fumarate.
1.2.4. Complex Il

The complex 111, also called the bc;, is the third enzyme of the respiratory chain before
the CcO. It couples the electron transfer to the proton translocation across the membrane.
The crystal structure of the mitochondrial bc; from bovine heart was the first to be resolved
and the complete structure of the enzyme is constituted by eleven subunits that bear the
prosthetic groups of the enzymes.* The enzyme is a dimer that contains two low potential
hemes (heme by), two high potential hemes (heme by), two cytochromes c; as well as two
copies of the high potential Rieske iron—sulfur protein.**® The midpoint potentials as well as
the absorption maxima in the visible range of each cofactor are presented in the Table 1.2-1.%2
The Rieske protein was found at varying positions in the structure of the bc; from chicken,

suggesting a long-range movement of the Rieske during the catalytic turnover.®®

Cofactor Midpoint potential vs SHE’ Amax
Heme b, —90/~115 mV 558/565
Heme by +50/+60 mv 560.5
Rieske [2Fe—2S] +270 /+460 mV 460
Cytochrome c; +290/+340 mV 552

Table 1.2-1. Midpoint potential and absorption maxima in the visible range of the cofactors determined for the
bc, from Rhodobacter capsulatus. ®) The UV-Vis maxima are those of the oxidized Rieske from T.
Thermophilus.

Crystal structures of the bc, from the yeast Saccharomyces cerevisiae,® the photosynthetic
bacteria Rhodobacter capsulatus (R. capsulatus)® and Rhodobacter sphaeroides,®® as well as
the bc; homologous, the cytochrome bsf complex from the chloroplast of Mastigocladus
laminosus were resolved.®’

bc; is a dimer and its enzymatic turnover can be explained by the protonmotive Q—cycle first

proposed by Mitchell %% and modified later.*°* The mechanism of the enzyme remains
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debated including the discussion whether it is a functional monomer or dimer.>® More
recently, data from different laboratories support the hypothesis of the functional dimer which
accounts for the intermonomer communication.®** The bc; is a dimer where two (Qo)
quinone binding site exist at the interface between the subunit bearing the b—type hemes and

the Rieske iron—sulfur protein as well as two (Q;) quinol binding sites (Figure 1.2.7A).

B

.
mo oM —

Figure 1.2.7. (A) Crystal structure of the bc,from Rhodobacter capsulatus (PDB code 1ZRT). (B) The
organization of the redox cofactors and schematic presentation of the Q—cycle. The by hemes are presented as
sticks and colored in orange, the by in blue, the cytochrome c; in red. The Rieske [2Fe—2S] clusters are presented
as spheres. Q and H,Q represent quinone and quinol, respectively. The orange arrows indicate the electron
transfer pathway and the red arrow indicates the proton translocation pathway.

According to the heterodimeric aspect of the bc; presented in ref. * (Figure 1.2.7B), the
catalytic cycle starts when a quinol molecule binds at the Q, site of one monomer where it is

oxidized to yield a quinol molecule, two protons and two electrons.

Following a bifurcated mechanism, the Rieske protein delivers one electron to the heme by by
passing through the heme b, and undergoes a macro movement toward the cytochrome c;
transferring thus another electron. The cytochrome c; is then reduced and delivers on its turn
the electron to an external c—type cytochrome.

Meanwhile, a quinone molecule enters the Q; binding site of the other monomer where it is
reduced to yield a stable semiquinone. At that time, the Rieske protein of the first monomer
cannot be docked in the Q, site due to a physical shielding as long as a semiquinone is present
at the Q; site. A quinol molecule is then reduced at the Q, site of the other monomer. After
intermonomer equilibration at the level of the low potential heme b chain, the semiquinone
free radical leads to the formation of one quinone and one quinol molecule at both Q; sites.
The return of one of the Rieske proteins to the Q, sites becomes then possible and induces the

start of the next enzymatic turnover. By the end of one Q—cycle, two protons are withdrawn

from the negative side of the membrane and translocated across the membrane to the positive
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side of the membrane, hence, contributing to the creation of the electrochemical proton
gradient, the driving force of the ATP—synthase.** The Rieske protein is in charge of electron
transfer, it plays also the role of delivering the released protons to the positive side of the
membrane.

Stigmatellin is a quinol structural analogue which blocks the Q, active site by interacting with
the Glu295 from the highly conserved PEWY motif and the His156 (R. capsulatus
numbering) that coordinate the [2Fe—2S] cluster.2%% |t is known that the midpoint potential
of the Rieske protein is pH—dependent.’”*® Upon the oxidation of quinol, the reduced Rieske
captures one proton via the His156 (

Figure 1.2.8A).

The oxidation of the Rieske by the cytochrome c; makes the His156 a weak base and favors
the proton release.”® Upon the dissociation of the electron donor complex formed by the
PEWY motif, quinol and the Rieske protein, the Glu295 carries a proton and undergoes a
rotational movement of 170° to face the propionate of the heme by_ (

Figure 1.2.8B) where the proton is released via a water molecule.

Subsequently, the proton is carried to the aqueous phase via a hydrogen bonded water chain
99,100

stabilized by the residues from the cytochrome b subunit.

Rieske [2Fe-2S] Rieske [2Fe-2S]

Figure 1.2.8. (A) The release of the first proton from the Q, site via the His156. (B) The release of the second
proton via the Glu295.%° The heme by is presented in green sticks, the PEWY motif is colored in yellow, the
Rieske [2Fe—2S] cluster is presented as spheres and the coordinating amino acids are presented as sticks. The
H,Q and Q are presented as cyan sticks.
Heavy metals cations such as Zn?* are capable of inhibiting the bc; in a pH—dependent
manner. The X—ray structure of the Zn?*—poisoned bc; from chicken revealed two binding
sites for Zn®* cations in each monomer and the data showed that one of the two Zn?* binding
site may interfere with the Q, site while the other one is located in the hydrophobic channel

between the Q, site and the bulk lipid phase; the latter binding site, however, is not certain.'®
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The X-ray absorption studies of the Zn** binding sites in the bc,; from bovine heart
mitochondria, chicken and R. capsulatus showed similar binding patterns that include
protonable acidic residues reflecting thus the competition between Zn®* and protons.'%

1.2.5. Complex IV

The complex 1V, also called the CcO, is the terminal enzyme of the respiratory chain
where the reduction of molecular oxygen to water takes place. The mammalian enzyme is
composed of 13 subunits and its molecular weight is about 200 kDa.'® The enzyme couples
efficiently the electron transfer to the proton pumping across the membrane. The crystal
structure of the CcO from P. denitrificans (aas—type oxidase) has been resolved'®**® and the
enzyme consists of four subunits, namely subunit I, I, Il and IV (Figure 1.2.9A). The
subunits I and 11 bear all the prosthetic groups: The Cua binuclear site, the heme a, the heme
az—Cug binuclear site. The structure reveals also the presence of one Ca®* and one Mg”* or
Mn®* (Figure 1.2.9B).

The reduced cytochrome c delivers one electron to the CcO via the Cua center. The electron is
then transferred to the heme az—Cug binuclear site via the heme a. The active site of the CcO
ensures the cleavage of the O—O bond. The formation of two water molecules requires four
protons which can be delivered to the active site by the D and K—pathways, named after the
highly conserved Aspartic acid124 (D124) and the Lysine354 (K354), respectively (Figure
1.2.9B).1%1 The free energy produced by the reduction of molecular oxygen into water is
used to pump protons via the D— and K—pathways. The protons exit pathway is not well

characterized. A complete turnover of the CcO can be summarized by the equation 1:*
4eytc® + O, +4H! +4H! —4cytc® +2H,0+4H; Equation 1

[IP%2]
S

The protons denoted by the subscript are substrate protons, used in the production of

water and those denoted by the subscript “p” are the pumped protons.

The proton pathways can be blocked by micromolar concentrations of Zn** or Cd®*. The
crystal structure of the CcO from Rhodobacter sphaeroides with Cd®* bound revealed the
existence of four binding site that alter the proton transfer from the D and the K—pathways as

well as the possible backflow from the exit pathway.'*
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A third proton pathway (the “H—pathway”) was proposed in the mitochondrial CcO from
bovine heart.'®® However, a similar pathway is far from being functional in the bacterial
Cc0s.'%

Figure 1.2.9. (A) Structure of the CcO from P. denitrificans. (B) Schematic presentation of the electron and
proton uptake pathways. The hemes a and a; are presented as sticks and colored in orange and magenta,
respectively. The Cu atoms are presented as spheres and colored in dark yellow, Ca in green and Mg/Mn in clear
blue. The D124, E278 and K354 amino acids are presented as sticks. The dashed red arrows indicate the proton
pathways (PDB code 3HB3). The orange arrows indicate the electron transfer.

In order to better understand the complex catalytic activity of the CcO several approaches
were used including the site—directed mutagenesis, the inhibition of the oxygen reduction by
carbon monoxide as well as by nitrogen monoxide.****? Site—directed mutagenesis was
successful in identifying crucial amino acid involved in the proton translocation mechanism in

113118 |n addition, the combination between FTIR difference

both proton pathways.
spectroscopy, site directed mutagenesis and the isotopic labeling of the heme propionates
allowed to elucidate the protonation states of the propionate rings in the course of the

enzymatic turnover. %%

The catalytic turnover'**#123

of the active site of the CcO begins with the R state where the
heme as is in the ferrous state, the Cug is in the cuprous state and the Tyr of the
Tyr280—His276 crosslink (Figure 1.2.10A) is in the protonated state. The binding of
molecular oxygen to the heme az leads to the A state (Figure 1.2.10B). At this level of the

catalytic turnover, the O—O bound scission can be done. Two facultative states can then be
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reached depending on the redox state of the heme a when reducing O,. When the heme a is
reduced, the state Pg is reached, if it is oxidized, the state Py is reached. It should be noted
that the reduction of O, requires four electrons and four protons. For the Py, the reaction
proceeds by oxidizing the covalently bound Tyr280 which also donates one proton. By the
end of this reaction, the O—O bound is broken and one oxygen atom is bound to the iron atom
of the heme a; in the ferryl state (Fe'Y), the Cug is oxidized and bound a hydroxyl radical and
the Tyr280 is in the radical state.

A B
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Figure 1.2.10. (A) The active site of the CcO. The heme a3 is colored in magenta. The Cug is presented as a
sphere and the coordinating His325 and His326 are presented as yellow sticks. The crosslinking residues Tyr280
and His276 are presented in green and blue, respectively. (B) The catalytic turnover of the active site. The black

arrows indicate the transition between the different states and the orange dashed arrows represent the proton

pumping stets (for details see text).™’
The formation of the Pg state requires the uptake of one electron from the heme a instead of
the Tyr280 which presumably donates one proton and becomes a tyrosinate state which is the
only difference between the Pg and the Py states (Figure 1.2.10B). The redox states of the
heme a3 and the Cug are conserved during the formation of the F state. During the formation
of the F state two protons are uptaken from the negative side of the membrane, one of them is
used for the formation of a water molecule whereas the other one is translocated across the
membrane. The oxidized catalytic site is reached after the uptake of one electron and one

proton. It is designated as the Oy state in which both the Fe"' and Cu " atoms are bound to

hydroxyl groups and the Tyr280 comes back to its neutral state. In addition, the formation of

the Oy state is coupled to the pumping of one proton across the membrane. Once in the fully
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oxidized state, the reduction process of the catalytic site begins by the uptake of one electron
and proton leading to the formation of the E state. The first one is required for the reduction of

the Cug to Cul, while the latter one is required to the formation of one water molecule. The

transition between the Oy state and the E state is coupled to the translocation of one proton
across the membrane. The final step of the catalytic turnover consists of the transition
between the E state and the R state during which the heme ajs is reduced to the Fe'' state. This
step requires also one electron and one proton and it is coupled to the translocation of one

proton across the membrane (Figure 1.2.10B).*”

1.2.6. Complex V

The ATP—synthase, also called complex V, is a large multisubunit protein acting as a
molecular engine. The proton gradient generated by the respiratory complexes I, Il and 1V is
consumed by the ATP—synthase in order to undergo a rotational movement essential to the
catalysis of ATP synthesis. The reaction also produces inorganic phosphate and

simultaneously protons are pumped back to the negative site of the membrane.***
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1.3. Iron—sulfur proteins

The iron—sulfur proteins play a ubiquitous biological role mainly as electron transfer
agents and they are also involved in various catalytic and sensing activities.*? A large number
of proteins containing Fe—S clusters exist, however, only a small number of Fe—S clusters are
known so far. The Fe—S clusters have the particularity to exchange ligands within the
protein.30 Most of the time the Fe—S clusters are held within proteins by the coordination of
the Fe atoms by Cys via the thiolate groups. The ligation by His, Ser, Asp or a backbone
amide occurs less frequently.'?

Fe—S proteins have been extensively studied by a survey of techniques such as EPR
spectroscopy, NMR, Mdssbauer, Raman spectroscopy as well as by FTIR spectroscopy. In
addition, synthetic Fe—S clusters were also produced in order to mimic the active sites of
several Fe—S proteins.31 Thus, the Fe—S proteins are well—characterized and their functions
are well understood compared to more complex proteins. Indeed, the wealth of the data
available for Fe—S proteins makes them good candidates to develop new approaches to study

proteins such as the low temperature and redox induced FIR spectroscopies.
1.3.1. Rubredoxin

The simplest Fe—S cluster is the cofactor of Rubredoxin (Rb), it contains one Fe atom
whereas the more complex ones contain two, three, four or eight Fe atoms (Figure 1.3.1). Rb
are soluble low—weight proteins and the crystal structures of several Rb have been solved.*?”
129 The high—spin Fe""' coordinated to four Cys residues undergoes a reversible one—electron

reduction in a pH independent manner at around -50 mV vs. SHE’.

A B C
Figure 1.3.1. Representation of the most common Fe—S clusters (A) [2Fe—2S] (PDB code 1RIE), (B) [3Fe—4S]

(PDB code 1FRF), (C) [4Fe—4S] (PDB code 1FRE) and (D) [7Fe—7S] (PDB code 1MIN. Iron atoms are
presented as orange balls, Sulfur atoms are yellow balls. The coordinating amino acids are presents as sticks.

J
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1.3.2. Ferredoxins

Ferredoxins (Fd) are small proteins containing Fe—S clusters. According to their
prosthetic groups, Fd can be classified as type—I and type—Il. The type—I Fd are usually found
in plants and algae (plant—type Fd) and they bear a [2Fe—2S] cluster (Figure 1.3.1C)."** The
type—I Fd are mainly involved in photosynthesis. The type—II Fd contain one or two
[4Fe—4S]™' cluster (or one or two [3Fe—4S])'* (Figure 1.3.1); they are also called
bacterial-type Fd and they are mainly involved in anaerobic processes. The type—I Fd have a
low—potential (around -400 mV vs. SHE”) whereas the type—II Fd can be of low (-700 to -150
mV vs. SHE) or high—potentials (+50 to +400 mV vs. SHE")."* The latter ones can be
mainly found in photosynthetic purple bacteria having a reaction center—bound
cytochrome. ™
Under physiological conditions, the [2Fe—2S] cluster can be found in two oxidation states, +II
and +1. The [4Fe—4S] cluster can also switch between two oxidation states, namely +1I and
+1, the higher oxidation states (+111 and +1I) are exclusive for the high—potential [4Fe—4S]
clusters. In contrast, the [3Fe—4S] cluster has three possible oxidation states, +I, 0 and —Il. In
the latter oxidation state, all the Fe atoms are in the ferrous state and the stabilization of this
state requires the uptake of three protons.’*> These Fe—S cluster can undergo mutual
interconversion in model systems as well as in proteins under physiological conditions. The
most common example is the interconversion of the [4Fe—4S] cluster into [3Fe—4S] under

mild oxidizing conditions when one of the coordinating amino acids is not a Cys.***
1.3.3. The Rieske protein

The Rieske protein contains a [2Fe—2S] cluster coordinated by two His and two Cys
(Figure 1.3.1A). It is a part of the bc; as well as of its chloroplastal analogue, the bgf complex.
In contrast to the above cited Fe—S proteins, the Rieske protein couples the redox reaction of
the cluster to the protonation/ deprotonation process of the coordinating His. This particularity
explains also the high—potential of the Rieske protein required for the mechanism of the bc;.
The Rieske protein from the extremophilic organism T. thermophilus does not form a subunit
of the bcy; however, its midpoint potential is high and pH—dependent (+140 mV vs. SHE”).%
The Rieske protein undergoes a redox transition between the +II and the +I oxidation state.

The all ferrous state of the Rieske protein from bovine can be reached and stabilized by
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protonation.136 In addition, the hydrogen bonding between the Fe—S cluster and neighboring

amino acids were shown to affect the midpoint potential of the Rieske protein.**"*
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1.4, Infrared spectroscopy

1.4.1. Physical background

The absorption of light by a given molecule leads to an energetic transition from an
initial state to a final state of higher energy. Depending on the energy of the absorbed light,
the transition can occur for example at the electronic or vibrational levels. According to
Lambert—Beer’s law, the intensity of an absorption band is related to the concentration of the
sample, the pathlength as well as the absorption coefficient.

I
A=Log TO =dC Equation 2

Where:

A is the absorbance

o is the intensity of the initial beam

| is the intensity of the transmitted light

¢ is the absorption coefficient (Mol™.L.cm™)

| is the pathlength (cm)

C is the samples’ concentration (Mol.L™)
Infrared spectroscopy is an analytical technique based on the absorption of infrared light by
molecules since chemical bonds can rotate or vibrate at specific frequencies. The vibrational
frequencies depend on the nature of the functional groups present in a given molecules. They
also depend on the properties of the chemical bond as well as on the mass of the atoms.
The transition from an initial state (i) to a final state (f) of higher energy requires the
absorption of one photon of energy equal to AE, (Equation 3) which gives rise to an
absorption signal.

AE = hc(i —i) Equation 3
A A

Where:

AE is the energy of transition (J)

h is the Planck’s constant (6.626 x 10°* J.s)

c is the speed of light (3 x 10%° cm.s™)

2 is the wavelength in cm
For a non—linear molecule of N atoms, there are 3N-6 normal vibrational modes. A normal

vibrational mode is infrared active if dipole moment changing takes place during the course of
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the vibration. Several vibrational modes can be observed by infrared spectroscopy such as the
stretching vibrations which involve the chemical bond length, the bending vibrations which
involve the modification of the bond angle as shown in Figure 1.4.1.

T T —> - —> >
B B B B B B B B B B
Symmetric Asymmetric Bending Deformation Rocking
stretching stretching
B B B B
Ny Ny A
N L R B T A
1 B«
B
Wagging Twisting Out-of-plane bending In-plane-bending

Figure 1.4.1. Normal mode vibrations.

The infrared frequencies of the molecular vibrations can be predicted and the easiest way to
do so is to use the harmonic oscillator model where the atoms can be considered as point—like
masses and the chemical bond as a spring (Figure 1.4.2). For a diatomic molecule, the atoms
M1 and M2 are of m; and m, mass, respectively. The application of the harmonic oscillator
requires the assumption that both molecules move in phase and at the same amplitude during

the vibration.

M1 M2

Figure 1.4.2. The harmonic oscillator model.
The stretching of the spring, which represents the chemical bond, can be described by the
equation 4:

F= - kx Equation 4
Where:

F is the restoring force of the spring (in N)
k is the force constant of the spring (N/cm)

X is the displacement of the spring from its equilibrium position (cm).
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The mass of the diatomic molecule M1-M2 can be represented by the reduced mass p as in
the equation 5:
m1m2

= Equation 5
m, +m,

The kinetic and potential energies of the molecule can be written as below:
E, = Y (mx¢ +mx}) ; E, = 2 (ky —k,)’
Where:

Ex is the Kinetic energy

E, is the potential energy

X is the derivative of x.

In classic mechanics, the harmonic oscillator can be studied using Lagrange’s equations:

d ok,

—)+ =0
m, X,—k(x, —x) =0 : m, X2+ k(X, —%,) =0
In order to resolve the equations system, we set:
X, = A cos( ot +y, ) ; X, =A, cos(at+y,)

Where:
Ais a constant
w 1S the pulsation
¢ is the phase

Two solutions are possible:

w=0 : wz\/E:Zm)
H

The first solution corresponds to a translational movement while the second one corresponds
to a vibrational frequency. Indeed the equation relating the vibrational frequency to the

reduced mass can be written (Equation 6):

1 [k
v=—|— Equation 6 where pis given in cm™.
27C \| U

Thus the frequency of the infrared vibration depends on two molecular parameters, the force

constant k of the chemical bond and the reduced mass p of the atoms. Molecules with a large
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force constant will absorb at higher frequencies and molecules formed of heavy atoms will
absorb at lower frequencies.

Consequently, the isotopic labeling would shift the frequency of the absorption bands and can
be useful to accurately assign the vibrational modes in an infrared spectrum. It should be
noted that the absorption shifts are exclusively due to the mass effect because the force
constant determined by electronic motions does not change when an isotopic labeling is
performed. Examples about the isotopic labeling on the absorption frequencies of some

functional groups are collected in Table 1.4-1.

Bond Vibrational mode Frequency (cm™)
C-H; C-*H (D) v(C—H); v(C—?H) (D) 3000; 2120
2c=0; Bc=0 v(**C=0); v(**C=0) 1700; 1650
¥NH,; *NH, v(*N-H); o*N-H) 3400; 3000
N-"°Fe; N—>'Fe v(N—"°Fe); o(N—>°Fe) 350; 356

Table 1.4-1: The impact of the isotopic labeling on the vibrational frequencies of some functional groups.

The infrared spectra of large molecules are significantly more complicated than the one of
diatomic molecules. Hence, the harmonic oscillator model is not sufficient to determine the
infrared active normal vibrational modes. Another mathematical approach is available and is
based on the group theory which allows the study of the molecular symmetry and by the same
allows the determination of the infrared active normal vibrational modes. Moreover, the
normal mode analysis of macromolecules such as proteins cannot be undertaken with the help

of the group theory due to the very important number of atoms.
1.4.2. Infrared spectroscopy of proteins

The mid infrared (MIR) absorbance spectra of proteins are dominated by the so—called
amide bands which arise from the polypeptide backbone vibrations (Table 1.4-2). In the FIR
domain (below 400 cm™), the backbone vibrations overlap with the metal—ligand vibrations
as well as with the hydrogen bonding signature.

Among the amide bands observed in the absorbance spectrum of a protein, the amide | band is
the most sensitive to the secondary structure organization of the protein. In order to analyze
the secondary structure of proteins, the amide | band needs to be deconvoluted. Model
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compounds™® as well as proteins of known secondary structure were analyzed.**® A

correlation between the amide | band position and secondary structures elements is generally
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accepted (Table 1.4-3) and it allows the estimation of the secondary structure of a protein

using the infrared spectroscopy.

Frequency range

Designation 1 Assignment
(cm™)
Amide A ~3300 v(N-H)
Amide B ~3100 v(N—H) in resonance with first amide II overtone
Amide | 1690-1610 80 % v(C=0); 10 % v(C—N); 10 % S(N—H)
Amide I 1575-1480 60 % 3(N—H); 40 % v(C—N)
30 % 8(C—N); 30 % S(N—H); 10 % v(C=0);
Amide 111 1320—1220 10 % 6(O=C—-N); coupled and overlapped with other
modes
Amide IV 765-625 40 % 3(0O=C—N); 60 % other modes
Amide V 800625 Sop(N—H)
Amide VI 605-635 8(C=0/C—-C—-N)
Amide VII ~200 Skeletal torsion

Table 1.4-2: designation, frequencies and assignments of the absorption bands of proteins backbone. ™42

H,0 (cm™) D,0 (cm™) Assignment
1624—1642 1624—1637 B—sheet
1648 1645 Random coils
1656 1653 a—helix
1663 1641 310—helix
1667—-1685 1663—1671/1683—1689 B—tuns
1691-1696 1675 B—sheet

Table 1.4-3: Assignment of protein secondary structure elements by the amide I band deconvolution.*®

The amide | band analysis is a fast method to obtain the secondary structure of a protein.
However, it remains limited by the high absorption of the water in the amide I region. The
amino acids side chain absorption may overlap with the amide I modes. In addition, the
analysis itself requires some data manipulation such as the baseline correction. These factors
taken together make the analysis of the amide | band less accurate; the typical error is of 5-10
%.

1.4.2.1. Transmission mode

The absorbance spectrum can provide information about the secondary structure of a
protein, but it does give information concerning the function of the protein, which is the scope
of studying proteins. In other words, the absorbance spectra of a given protein recorded for
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two different states (redox states in the case of the respiratory chain enzymes) are almost
identical (Figure 1.4.3).

104 Amide I + water

Oxidized protein

0.8 1 Reduced protein

0.6

Abs
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1800 1700 1600 1500 1400 1300 1200 1100 1000
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Figure 1.4.3. Absorbance spectra of the CcO in the oxidized state (blue trace) and in the reduced state (red trace).

In order to get insight into the protein mechanism by infrared spectroscopy, a differential
spectroscopic technique was developed to visualize subtle changes taking place during the
course of the protein reaction. The technique is based on recording the spectrum of the protein
in a well—defined state (e.g. oxidized state) and then recording a spectrum of the protein in
another state (e.g. reduced state). The subtraction of the spectra one from the other leads to a
difference spectrum of the protein (oxidized minus reduced difference spectrum). The
redox—induced difference spectrum can be obtained with the help of the OTTLE cell (Figure
1.4.4), developed in the early 1990°s.*** It consists of an electrochemical cell with a small

pathlength to avoid the high absorption of the water.

a. Optically transparent windows

b. Plexiglass

c. PVC

d. Platinum counter-electrode

e. Gold grid working electrode

f. O ring

g. Reference electrode Ag/AgCl 3M KCl

Figure 1.4.4. Schematic presentation of the OTTLE cell. The red arrow indicates the beam path through the
cell.*
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The analysis of the difference spectrum can be undertaken with the help of infrared data
obtained for individual amino acids, isolated cofactors as well as model compounds.

The difference spectrum can then reveal key events taking place during the redox reaction of
the protein. The protonation—deprotonation process of acidic amino acids can be detected in
the spectral region 17501700 cm™, modifications of the secondary structure of the protein
can be detected in the amide I region (1690-1610 cm™). Signals arising from the
environmental modifications around the cofactors can also be detected in the 1600—1500 cm™
region for example (Figure 1.4.5). Although the difference spectrum shows only the signals
arising from the protein component involved in the reaction, the accurate assignments of the
signals cannot be easily done. Most of the time the side chain absorption of amino acids
overlaps with the absorption of backbone vibrations as well as the cofactors signals. The
accurate assignment can be done by following different strategies: (i) The H-D exchange of
the labile protons in the protein induces important shifts in the backbone vibrations, especially
the amide II band. In addition, the signals arising from the solvent—exposed amino acids
would downshift because of the H-D exchange; solvent—inaccessible amino acids would not
exchange their protons. Indeed, the H-D exchange can bring information about the location
of amino acids involved in the proteins reaction. The method is particularly efficient toward

145

protonated acidic residues.”™ (ii) The specific labeling of the cofactors is also a successful

method to differentiate between the “apoprotein” signals and the cofactors themselves.?°
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Figure 1.4.5. Fully oxidized minus fully reduced difference spectrum of the CcO from P. denitrificans recorded

at pH 8.0. The positive signals (blue) are arising from the oxidized protein and the negative ones (red) from the
reduced protein.
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The specific labeling amino acids (e.g. Tyr residues of the CcO of P. denitrificans) helped for
assigning the signals arising from these amino acids.**®

(iv) Finally, The comparison between the spectra of the wild—type protein and site—directed
mutants is a powerful tool to determine the crucial amino acids required for the protein
activity.'*’

The ability of the infrared difference spectroscopy to detect subtle changes taking place within

the protein with a high signal—to—noise ratio makes it a powerful tool to investigate proteins.

1.4.2.2. Attenuated total reflection mode

The ATR unit is an optical setup where the infrared beam undergoes multiple
reflections on the surface of an internal reflection element (Diamond, Silicon, ZnSe...). The
infrared beam is focused at the end of the internal reflection elements and enters it where it is
reflected several times along the crystal. At each reflection, an evanescent wave of infrared
light penetrates a short distance from the internal reflection element into the sample (Figure

1.4.6). Details about the ATR—FTIR spectroscopy can be found in ref.*434°

Evanescent wave
Rum

]

PV Vo d

IR radiation To detector

Figure 1.4.6. Attenuated Total Reflection unit and an enlarged view of the evanescent wave.

An infrared spectrum can be recorded using an ATR setup under two conditions: (i) the
sample must be in contact with the prism because of the short pathlength of the evanescent
wave (~ 1 um). (ii) The prism must have a greater refracting index than the samples because
the depth of the evanescent wave depends on both refracting indexes as shown in the equation

7' 150
2
L
P
27 \/(sinz 9_(fV %
nl

Equation 7

Where:
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dp is the depth of the evanescent wave
6 is the incident angle

Ny is the refracting index of the prism
Ny is the refracting index of the sample

A is the wavelength

The ATR-FTIR spectroscopy is a useful method to study proteins and has some advantages
when compared to the transmission mode. (i) It requires fewer amounts of sample (1-2 uL)
than the transmission mode (6—8 pL). (ii) The multiple reflections allow the evanescent wave
to pass through the sample several times; indeed the signal is increased leading to improve the
signal—to—noise ratio. On the other hand, several inconveniences appear such as the sample
orientation effect on the spectra recorded with two different ATR prisms (Diamond and
silicon). The ATR vyield is not always the same; indeed, the relative intensities are not the
same when spectra are recorded for the same sample during two different experiments.

As for the transmission mode, the ATR—FTIR reaction—induced spectroscopy was also
developed. An electrochemical cell was developed to combine ATR measurements with
electrochemistry. Furthermore, perfusion measurements can be performed using an ATR
setup combined with a dialysis kit. The sample is placed in contact with the ATR crystal
which must be hydrophobic enough to interact with the protein and prevents it from being
washed away when the perfusion is performed.* The perfusion itself allows modifying the
protein environment in situ. The method is particularly successful in exchanging buffers
where information about the pH—dependent signals can be obtained. Furthermore, H-D
exchange kinetics can also be followed by perfusion to learn more about the solvent

accessibility to the protein.™2
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1.5. The aim of the thesis

The research presented in this thesis is mainly concerned with four aspects of the

coordination of metals within biologically important molecules as well as within proteins of

the respiratory chain by means of FTIR spectroscopy.

The copper coordination

Copper ions are present in many proteins and often its coordination takes place via His
residue. It is indeed important to study model Cu—complexes. To better understand the
copper coordination, the copper—PLH complexes were investigated as a model
compound. The study of such model compounds in the FIR range would be useful to
the observed the metal-ligand vibrations.

The amyloid—beta—16 (AB16) is a peptide constituted of a sequence of 16 amino acids
and it binds tightly transition metals cations such as Cu** and Zn**. These complexes
are found as aggregates in the brain tissues of Alzheimer’s patients and are thought to
initiate the disease by producing reactive oxygen species. Using the FTIR
spectroscopy, we aim to better understand the coordination of copper by the AB16 in a

pH dependent manner.
The interaction of the respiratory enzymes with Zn®*

Three of the four respiratory enzymes are proton—pumping machines which produce
an electrochemical proton gradient that can be used by the ATP—synthase. Protons
cross the membrane from the negative side to the positive side via protons pathways
constituted by highly conserved amino acids as well as wires of water molecules. In
presence of Zn®*, the proton pumping is inhibited to a large extent. The effect of the
Zn?* binding to the respiratory chains complexes 111 and IV is studied at the molecular

level by a redox—induced difference spectroscopic approach.
The study of metals as cofactors

The electrochemically—induced FTIR difference spectroscopy in MIR domain is
useful to observe the modification occurring at the level of the backbone as well as
individual amino acids. On the other hand, the method does not allow the observation
of modifications taking place at the level of metal-ligand vibrations. The FIR domain

offers the possibility to obtain information about the metal—ligand vibrations. In order
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to determine the redox signature of the cofactors themselves, the
electrochemically—induced FTIR spectroscopic technique was adapted to the FIR
range where metal—ligand vibrations occur.

The electrochemically—induced FTIR spectroscopy in the FIR range offered the
opportunity to observe the redox signature of the metal—ligand vibrations of several
small Fe—S containing proteins. These signatures can be useful in analyzing the FIR

signature of more complex proteins such as the soluble fragment of the complex I.
The hydrogen bonding signature

Beside of the metal-ligand vibrations, the internal hydrogen bonding signature of
proteins can be observed in the FIR domain. The investigations concern the
understanding of the effect on the metal environment in tuning the whole tertiary
structure of metalloproteins.

The analysis of the hydrogen bonding in a temperature and pH—dependent manner of
the Rieske protein shows different patterns at the level of the phase transition at
different pH values. These results point towards the effect of the [2Fe—2S] cluster
environment on the mechanism of the protein.

The LFA—I domain of integrins can bind metal cations such as Ca®*, Fe?*, Mn** and
Mg®*. The protein is only active when Mg?®* is bound. The protein was studied in a

temperature—dependent manner.
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2. Materials and methods

2.1. Sample preparation

2.1.1. The copper coordination

The poly—L—histidine (PLH) peptide (Sigma) was dissolved in D,O (Aldrich 99.9%)
or in milliQ water. The final PLH concentration was 5 mM. Imidazole and deuterated
imidazole (Aldrich) were dissolved in milliQ water or in D,0O to a final concentration of 200
mM. CuCl,.2H,0 (Riedel-de Haén) was dissolved in distilled water or D,O to a final
concentration of 100 mM.

CuS04.5H,0 (Carlo Erba Reactifs) was dissolved in water to a final concentration of 100
mM. In the Cu—containing samples, the final concentrations of Im and PLH were 100 mM
and 2.5 mM, respectively. All products were used without further purification. The pH (pD)
adjustment was done using HCI (DCI) or NaOH (NaOD).

Unlabelled Ap—16 peptides were purchased from GENEPEP (Prades-le-Lez, France). It was
synthesized chemically. The labelled amino—acids were purchased from Eurisotop (St-Aubin,
France) and sent to GENEPEP for synthesis of the labelled—peptides.

For the ATR spectroscopy, the peptides were dissolved in pure water or in D,O to a final
concentration of 5 mM. The final concentration of Cu when added was 5 mM. The pH/ pD
was controlled by the addition of small amounts of HCI/ (DCI) or NaOH/ (NaOD). 2 pL of
each sample were dried on the ATR crystal to form a thin film. The final concentration of the
peptide was determined by measuring the Tyr absorption at 275 nm (e=1410 Mol™.L.cm™)
(Figure 2.1.1) of a 700 times diluted sample of the mother solution used for the FTIR
spectroscopy.

For the electrochemically induced difference spectroscopy of the Cu—AB—16 complexes the
concentration of the peptide as well as Cu cations was of 10 mM. The medium was buffered
with 50 mM phosphate buffer for pH 6.50 and 9.0 and with 50 mM CHES buffer for pH 11.0.
All the buffers contained 50 mM of KCI as a supporting electrolyte.
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Figure 2.1.1. Typical UV absorbance spectrum of the AB16 peptide. The dashed line represents the absorption
used to determine the concentration.

2.1.2. The Rieske protein samples

The T. thermophilus Rieske protein was prepared in the laboratory of Prof. B. Ludwig
(Institute of Biochemistry, Molecular Genetics, Biocenter Goethe—Universitit, Frankfurt,
Germany). For the FIR electrochemistry, the protein was transferred in the following buffer
solutions, each of 100 mM: MES pH 6.0, Tris—HCI pH 8.0 and CHES pH 10.2. All the
buffers contained 100 mM KCI as a supporting electrolyte. For the FIR absorption
measurements, the protein was equilibrated in the following buffer solutions each, 20 mM
MES, pH 6.0; Tris, pH 8.0 or CHES, pH 10.2. The protein concentration used was typically
2.5 mM as determined using UV—Vis spectroscopy.'*® 2 pL of each sample were dried on the
ATR crystal for the ATR and 5 pL were dried on polyethylene substrate for the temperature

dependent measurements.
2.1.3. Rubredoxin samples

Clostridium pasteurianum (C. pasteurianum) Rb protein samples (Sigma) were
received in 50 mM Tris—HCI buffer. For the electrochemistry measurements the buffer was
exchanged against 50 mM Tris—HCI buffer pH 7.4 containing 100 mM KCI as a supporting

electrolyte. The protein final concentration was about 4 mM.
2.1.4. Ferredoxin samples

C. pasteurianum Fd protein samples (Sigma) were received as lyophilized powder (39

% Fd). For the electrochemistry measurements the protein was dissolved in Tris—HCI buffer
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50 mM pH 7.5 containing 100 mM KCI as a supporting electrolyte. The protein final
concentration was about 4 mM.

The Spinacia oleracea (spinach) Fd protein samples (Sigma) were received in 150 mM
Tris—HCI buffer pH 7.5. The protein concentration was 1—-3 mg/mL. For the electrochemistry
measurements the buffer was exchanged against 50 mM Tris—HCI pH 7.5 buffer containing

100 mM KCl as a supporting electrolyte. The protein final concentration was about 15 mM.

2.1.5. NADH deshydrogenase fragment

The NADH dehydrogenase fragment (NDF) samples were prepared in the laboratory
of Prof. Thorsten Friedrich, Institute of Organic Chemistry and Biochemistry at Albert—
Ludwigs—Universitdt in Freiburg, Germany.

The E. coli strain BL21(DE3) and the plasmid pET1la (AGS, Heidelberg) were used as
described in ref.*>*. Ampicillin was added to 100 pg/mL. All enzymes used for recombinant
DNA techniques were from Pharmacia, Freiburg or Biolabs, Schwalbach. For the
overexpression of the NADH dehydrogenase fragment, the protocol is described in ref. **
with some modification of the medium where a minimal M9 medium was used.® The cells
were broken by a single pass through a French pressure cell at 110 MPa. Cell debris and the
cytoplasmic membranes were removed by ultracentrifugation at 250000 g for 60 min. The
cytosol was applied to a 50 mL anion exchange chromatography column (Fractogel, EMD,
Merck) equilibrated with 50 mM MES/NaOH, 50 mM NacCl, pH 6.0, 30 uM PMSF and 5 mM
DTT. The column was washed with the same buffer until the absorbance at 280 nm decreased.
Proteins were eluted with a 300 mL linear salt gradient from 50 to 300 mM NaCl in 50 mM
MES/NaOH, pH 6.0 using a flow rate of 5 mL/min. Fractions exhibiting NADH/ferricyanide
reductase activity were pooled and adjusted to pH 6.6 with 200 mM NaOH (see profiles in
Figure 2.1.2).

The total concentration of the proteins was determined using the biuret test, where samples of
400 uL of protein were mixed with biuret in presence of ferricyanide. The activity of the
protein was controlled by following the NADH oxidoreductase activity against ferricyanide at
410 nm. The concentration of the harvested proteins was 11.7 (100 pL) and 14.4 mg/ mL (108
ML) for the native and labelled preparations, respectively. The samples were then applied to a
10 mL Strep—Tactin Sepharose column (0.4 x 1.6 cm, IBA) equilibrated with 50 mM
MES/NaOH, 50 mM NaCl, pH 6.6, 30 pM PMSF and 5 mM DTT at a flow rate of 0.8
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mL/min. The NADH dehydrogenase fragment was eluted with 2.5 mM D-—desthiobiotine in
50 mM MES/NaOH, 50 mM NacCl, pH 6.0.
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Figure 2.1.2. Chromatography profiles on Fractogel EMD of the purification of both NDF from E. coli. The
black line displays the NaCl gradient, the blue line shows the absorbance at 280 nm and the red line displays the
NADH/ferricyanide oxidoreductase activity. The panel A shows the data for the unlabelled (**Fe) sample and the

panel B shows the data for the >*Fe—labelled sample.

The fractions with NADH/ferricyanide reductase activity were pooled (See profile in Figure
2.1.3). By the end of the preparation, 7.1 and 8.0 mg of unlabelled and **Fe labelled NDF,

respectively, were obtained. The samples were concentrated by ultrafiltration (100 kDa

MWCO Amicon, Millipore), shock frozen in liquid nitrogen and stored at -80 °C until use.
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Figure 2.1.3. Chromatography profiles on the affinity (StrepTag)—Sepharose. (A) For the unlabelled NDF and
(B) for the **Fe—labelled NDF. The blue line displays the absorbance at 280 nm, the red line displays the
NADH/ferricyanide oxidoreductase activity.
The presence of the three subunits (NuoF, NuoE and NuoG) was confirmed by SDS-PAGE
gel filtration'*® performed on small samples of the unlabelled and labelled samples (~ 5pg of
protein for each sample) (Figure 2.1.4). The ATR absorbance spectra of the NDF were

recorded in presence of 20 mM MES buffer pH 6.0 containing 20 mM KCI. The
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electrochemically induced difference spectra were recorded in 50 mM MES buffer pH 6.0

containing 50 mM KCI. For, FITR spectroscopy, the sample concentration was ~1 mM.

A B C
W App MW (kDa)
NuoG —- 100
NuoF —-60
NuoE — 20

Figure 2.1.4. SDS-PAGE of the preparation of (A) unlabelled NDF and (B) >*Fe—labelled NDF. The bands were
assigned to the individual subunits due to their apparent molecular weight using the etalon scale (C).

2.1.6. The cytochrome bc; complex

The wild—type R. capsulatus bc;, the Glu295Val mutant enzyme and the bc; lacking
the Rieske protein (subcomplex) samples were prepared in the laboratory of Prof. Fevzi
Daldal (Department of biology, university of Pennsylvania, USA) as previously
reported.**>"*°® The samples contained the protein in a final concentration of 7 mg / mL. The
buffer concentration was 100 mM Tris—HCI buffer pH 8.0 containing 350 mM KCI and 0.05
% n—dodecyl —D— maltoside (DDM). The samples were concentrated using membranes of
100 kDa MWCO Amicon purchased from Millipore; simultaneously the buffer was
exchanged against 100 mM Tris—HCI buffer pH 8.0 containing 100 mM KCI and 0.05 %
DDM (AppliChem). The ZnSO4.H,0 99.99 % (Sigma—Aldrich) was dissolved in the same
buffer as the protein sample to a final concentration of 2 mM. The final concentration of the
Zn cations, when mixed to the protein sample, was 200 uM. The ZnSO, was added to the
sample on ice 15 hours before the measurements in order to maximize the filling of the high

affinity Zn binding site within the protein.
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2.1.7. The cytochrome c oxidase

The wild—type Paracoccus denitrificans (P. denitrificans) CcO as well as the
Glu78GIn mutant samples were prepared in the laboratory of Pr. Bernd Ludwig (Institute of
Biochemistry, Molecular Genetics, Biocenter Goethe—Universitdt, Frankfurt, Germany). The
protein samples were concentrated using membranes of 50 kDa MWCO Amicon purchased
from Millipore; simultaneously the buffer was exchanged against 100 mM Tris—HCI buffer
pH 8.0 containing 100 mM KCI and 0.05 % DDM (AppliChem). The Zn inhibition procedure
is the same as described for the bc; samples. For spectroscopy, the final concentration of the
protein is ~0.5 mM.

2.1.8. LFA-I domain of integrins

The LFA-I domain was purified according to the previously reported method.*® The
samples were dissolved in PBS buffer pH 7.4 (137 mM NaCl, 10 mM sodium phosphate, 2.7
mM KCI and 2 mM potassium phosphate) with one of the following salts (at a final
concentration of 10 mM): MgSQ,, CaCl,, MnCl; or FeSO,.

2.1.9. PLL and PLA

PLL 45 kDa and PLA 1076 Da were purchased from Sigma. The samples were
prepared in an ice bath to avoid the spontaneous aggregation. The pH and the pD value was
adjusted by adding small amounts of 0.1 M NaOH (NaOD) or HCI (DClI).
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2.2. Spectroscopy

This thesis deals mainly with infrared and UV—Vis spectroscopies. This part contains
a general description of the optics of the used infrared spectrometer in the MIR and FIR

ranges.

2.2.1. The Fourier transform infrared spectrometer

2.2.1.1. Main optical elements

The infrared spectra are recorded with the help of FTIR spectrometers. They are
equipped with different infrared sources for different spectral domains. The infrared light is
transformed to an interferogram by the Michelson interferometer and then the light goes into
the sample compartment and finally reaches the detector which also depends on the spectral
range used. The Figure 2.2.1 shows the main parts of an infrared spectrometer. The
Michelson interferometer consists of a beamsplitter, two mirrors, M1 and M2. The latter one
is @ mobile (Figure 2.2.1A). The infrared light comes from the source to the beamsplitter
which reflects 50 % of the initial beam to the mirror M1, the remaining 50 % continue to hit
the mirror M2. The beams coming back from both mirrors pass then through the sample to the

detector.
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Figure 2.2.1. (A) The main optical parts of a conventional FTIR spectrometer. (B) The shape of a typical
interferogram. (C) A typical protein spectrum obtained after the transformation of its corresponding
interferogram.
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The movement of the mirror M2 makes unequal the optical paths of the two beams, indeed
interference occurs and it is detected by the detector (Figure 2.2.1B). The interferogram
represents the intensity (y axis in the Figure 2.2.1B) as a function of the mirror M2
displacement (x axis in the Figure 2.2.1B). If the mirror movement is uniform, the x axis in
the Figure 2.2.1B) represents the time scale rather than the mirror displacement x. The
Fourier transform (Equation 8) allows the transformation of the interferogram to a spectrum
(Figure 2.2.1C).

B(v)= I I(S5)cos(2z50 )do Equation 8

Where B is the intensity of the signal in the spectrum, | is the intensity in the interferogram, v
is the frequency (cm™) and & is the optical path difference of the two beams (d is equal to
twice the velocity of the M2 mirror).

The FT requires the integration between -0 and +oo, however, it is physically impossible to
scan the interferogram in this domain. It is indeed necessary to restrict the scan domain to
fixed limits, -L and +L. The resolution of an infrared spectrum depends on this restricted
domain and it is given by the equation 9 where 2L is the optical retardation.

AU = L Equation 9
2L

In addition, the intensity of a given infrared signal (Equation 10) is correlated to the intensity
of the incident radiation lo, to B(5 ), the absorption coefficient of the sample and to @ , the
angular modulation of light.

| JoB(D)
@

Equation 10

It should be noted that is the product of the mirror rate V and the infrared frequency v and

is described as @ =40 . It is indeed obvious that the high scan rate yields signals of low

intensity and vice versa.

2.2.1.2. Optical elements by spectral range

In order to obtain the spectrum of a sample in a given infrared range, the optics needs
to be adequately chosen. The modification concerns the source, the detector, the beamsplitter,
as well as the sample compartment material (windows). The appropriate optics for each
spectral range is listed in the Table 2.2-1.
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Three spectrometers were used during the thesis, all of them from Bruker Optics, Karlsruhe.
The vertex 70 was used to perform the redox induced FTIR—difference spectroscopy of the
bcy and the CcO. The source was the globar source; the difference spectra in the 1800—1000
cm™ range were recorded using CaF, (Korth Kristalle GMBH) as window material. In the
range 1800700 cm™ ZnSe windows (Korth Kristalle GMBH) were used.

Preferred scan

] Cell Spectral range ]
Source Beamsplitter Detector . L velocity
window (cm™)
(kHz)
CaF, 4000—-1000
Ge covered KBr BaF, 4000—-800
MCT 40-10
ZnSe 4000-700
Globar Diamond* 4000-700
Diamond
Si dTGS Si 700-50 2.5-1.6
Polyethylene
Si dTGS Diamond* 700-50 2.5-1.6
Hg vapor Si; 6um dTGS Si
gvap H 700-30 5-1.6
Mylar—Si** Bolometer*>* Polyethylene

Table 2.2-1. The appropriate optics for each infrared spectral range. *The ATR unit is equipped with diamond
crystal. ** The 6 um Si—Mylar beamsplitter and bofl;)élinlciettieer;vere used at the ANKA and BESSY II synchrotron
The redox induced FTIR MIR spectra of the NADH deshydrogenase fragment were recorded
with the help of an IFS 28 spectrometer. The detector was the room temperature—dTGS, the

scan velocity was 10 kHz and the window material was ZnSe.

The redox induced FIR spectra of the Rieske protein from T. thermophilus as well as for the
Fd from C. pasteurianum were obtained at the ANKA facility, using an IFS 66/v spectrometer
equipped with helium cooled bolometer and Hg vapor source. The scan velocity was 5 kHz
and the windows were 2 mm Si (Korth Kristalle GMBH). At least 20 redox cycles (64 scans
each) with 4 cm™ spectral resolution were averaged to obtain the difference spectrum of one
sample. The FIR data of the Rieske protein from T. thermophilus and the Fd from C.
pasteurianum were reproduced in the laboratory with the help of the vertex 70 spectrometer
equipped with Hg vapor source and a room temperature dTGS detector. The scan velocity was
2.5 kHz and the windows were 1 or 2 mm Si (Korth Kristalle GMBH). At least 40 redox
cycles (2 x 64 scans (ox) and 2 x 64 scans (red) of 4 cm™ spectral resolution for each cycle)
were averaged to obtain the difference spectrum of each sample. The FIR redox induced
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spectra of the Rb from C. pasteurianum, the Fd from spinach and the NADH
deshydrogenase fragment were obtained in the laboratory as described above for the Rieske
and the Fd. The redox cycling parameters were the same as above.

The MIR and FIR spectra of the Cu—PLH and the Cu—AB16 samples were obtained with the
help of the vertex 70 spectrometer equipped with the Harrick—ATR unit. The source was the
globar and the detector was the liquid nitrogen cooled MCT for the MIR domain. For the FIR
domain the detector was the room temperature dTGS. In the MIR range the scan velocity was
40 kHz while in the FIR range the scan velocity was 1.6 kHz. The second derivatives of the
spectra were used to determine the exact position of each signal.

The low—temperature studies on integrins were carried at the BESSY II synchrotron facility at
the IRIS beamline which is equipped with IFS 66/v spectrometer and He—cooled cryostat. The
source was the synchrotron radiation and substrate material was 1 mm of polyethylene. The
data were reproduced in the laboratory using the vertex 70 spectrometer, the globar source,
the dTGS detector, 1 mm polyethylene window and He—cooled cryostat (Advanced Research
System, Inc). The scan rate was 2.5 kHz. At least five spectra of 128 scans for each sample
were averaged to obtain one spectrum.

The low temperature data of the Rieske protein from T. thermophilus were obtained in the
laboratory as described for the integrins.

Typically 256 scans were used to record a spectrum in the MIR range whereas 128 or 64

scans were used to record a spectrum in the FIR range.

2.2.2. UV—Vis spectroscopy

The UV—Vis spectra presented here were recorded on a Varian Carry 300

spectrometer. The absorbance spectra were recorded with the help of quartz cuvette (Helma)
of 1 cm pathlength. The redox induced UV—Vis spectra were recorded on the same
spectrometer with the help of the OTTLE cell. The windows were 4 mm thick CaF.
The UV-Vis titrations of the bc, samples as well as the CcO samples were performed by
following the evolution of the Soret band of the hemes absorbance during oxidative titration.
The absorbance values are then plotted vs. the applied potential. The obtained curves were
then fitted with the sum of Nernst equations:

A(p)=23. A”(a:E 3 Equation 11
1+exp R
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Where Amax IS the maximal change in the absorbance
p is the applied potential
Enm is the midpoint potential of the cofactor
n is the number of the transferred electrons
F is the constant of Faraday
R is the universal gas constant

T is the temperature in K

2.3. Electrochemistry

The electrochemistry was performed with the help of the OTTLE cell which consists
of a conventional three electrodes setup (Figure 2.3.1). The reference electrode was Ag/AgCI
3M KCI and its potential is + 208 mV vs. SHE’. The counter—electrode was a platinum foil
and the working electrode was a gold grid of 4—6 pum thickness (Precision Eforming, New
York, USA). The potential of the working electrode was controlled with the help of a
homemade potentiostat.

Potentiostat

T

WE Ref CE

Figure 2.3.1. Schematic presentation of the three—electrode setup. WE stands for the working electrode, Ref for
the reference electrode and CE for the counter—electrode. The potential is controlled between the WE and the
Ref while the current is controlled between the WE and the CE.

The working electrode was chemically modified in order to prevent the protein denaturation
(Figure 2.3.2). The chemical modifiers used for this purpose were cysteamine and the
3—mercaptopropionic acid. The modification of the working electrode was achieved by
immersing it in a solution containing the modifiers at a concentration of 2 mM for an hour at

room temperature.
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Figure 2.3.2. Schematic representation of the modified gold grid. The cysteamine is colored in black, the
3—mercaptopropionic acid in red and the gold grid in yellow.

The respiratory chain enzymes are large molecules and most of the time the cofactors are
embedded deep in the protein structure. Indeed, the electron transfer rates between the
cofactors and the working electrode are slow. In order to overcome this problem, a cocktail of
19 electrochemical mediators was added to each protein sample. The mediators were
adequately chosen to cover the potential range of the respiratory chain cofactors, i.e., from ~ -

600 mV to ~ + 600 mV vs. Ag/AgCl 3M KCI (Table 2.3-1).

En (mV) vs.
Name Ag/AgCl 3M Purchased from Solvent
KClI

Ferrocenylmethyltrimethylammoniumiodide 607 Strem chemicals ethanol
1,1‘—ferrocenedicarboxylic acid 436 Fluka ethanol

Potassiumhexacyanoferrate(ll) trihydrate 212 Riedel-de—Haén water
1,1°—dimethylferrocene 133 Aldrich ethanol
Quinhydrone 70 Fluka ethanol
Tetrachloro—1,4—benzoquinone (p—Chloranil) 72 Aldrich acetone

N,N,N*,N‘—tetramethyl—p—phenylenediamine

dihydrochloride o2 Fluka water
2,6—dichlorophenolindophenol sodium salt hydrate 9 Biochemika ethanol

Hexaammineruthenium(lI1)chloride -8 Aldrich water

Anthraquinone—2—sulfonic acid sodium salt -23 Aldrich water
1,4 naphthoquinone hydrate -63 Aldrich ethanol
Anthraquinone -108 Aldrich ethanol
5—hydroxy—1,4—naphtoquinone -158 Aldrich ethanol
Duroquinone -198 Sigma ethanol
Menadione -220 Sigma acetone

2—-hydroxyl—1,4 naphthoquinone -333 Sigma ethanol
9,10—antraquinone—2,6—disulfonic acid disodium salt -433 Sigma ethanol
Neutral Red -515 Sigma—Aldrich ethanol

Methyl viologen dichloride hydrate -628 Aldrich water

Table 2.3-1. List of the 19 mediators used in the electrochemistry and their respective midpoint potentials.
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The final concentration of each mediator was 13 M. This low concentration of the mediators
was used to prevent their contribution to the infrared difference spectrum of the studied
protein.
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3. Results and discussion

3.1. The copper coordination

3.1.1. The copper coordination by PLH

3.1.1.1. Introduction

The metal—-ligand vibrations occur in the FIR spectral range and Raman spectroscopy
has been widely used to determine the coordination of metals complexes.'®*®® Besides, FIR
spectroscopy of proteins is starting to gain more attention and the metal—ligand vibrations of
heme proteins and their model compounds were investigated.'**'®® Transition metals like Cu
are redox cofactors of several proteins. Most of the time, the Cu cations are coordinated by
His residues. This is the motivation behind the investigation of the Cu—PLH complexes by
FTIR spectroscopy, especially in the FIR spectral range.

A complete study on the Cu—His compounds was done by Mesu et al.*®* They used, among
other techniques, Raman and IR spectroscopies and they proposed different molecular
structures of Cu—His complexes in function of pH. In those structures, the amine nitrogen and
the carboxylate entities were involved in the coordination, while in proteins and peptides the
carboxylate function is not present. Indeed, the Cu—PLH complexes offer a more reliable
mimic for the Cu coordination within proteins. It should be noted that the imidazole ring of
His can adopt four different protonation states (Figure 3.1.1). The Cu—PLH complexes were
studied in a pD—dependent manner by means of ATR-FTIR spectroscopy in the spectral
range 1800—50 cm™.
A B C D

o) o) 0 0
¥ /NNOH HNOH HJ/\H‘\OH ,'NJ/\H‘\OH
NE ,§N / NH, <N / NH, +,§N / NH, <,\Cf / NH,

Figure 3.1.1. The four possible protonation state of the imidazole ring of His. N™ is the one close to the CH, and
N°® is the one far from the CH,. (A) N° is protonated, (B) N" is protonated, (C) both nitrogens are protonated and
(D) the Im ring is deprotonated.
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3.1.1.2. UV-Visible spectroscopy

The UV—Vis spectra of the Cu—imidazole (Cu—Im) and Cu—PLH complexes were
recorded at three pD values (Figure 3.1.2). At pD 2.0, where the nitrogen atoms of the Im
ring are protonated (deuterated), the maximum of the d—d transition band are 798 nm for
Cu—Im solution and 794 nm for Cu—PLH solution, suggesting the presence of the
[Cu(D,0)s]** aquo complex. At acidic pD no coordination effects from the Cu are expected

for Im or PLH due to the protonation of the ring.
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Figure 3.1.2. UV—Vis spectra of: (A) the Cu—Im and (B) the Cu—PLH complexes at pD 2.0 (Black), at pD 7.0
(Blue) and pD 9.5 (magenta).

At neutral pD, a blue shift is seen that could be explained by the Cu complexation by the
nitrogen atoms of the Im ring. In the case of the Cu—PLH complex, the blue shift and intensity
increase of the d—d transition from 794 nm at pD 2.0 to 616 nm at pD 7.0 is important due to
the formation of the Cu—PLH complex and the involvement of nitrogen in the complexation.
Once the pD is at 9.5, the d—d transition band of the Cu—Im shifts further down and the
intensity increases based on the increase of the metal-ligand bonding. Also for this pD the
d—d transition of the Cu—PLH complex exhibits a larger downshift. At pD 9.5, the nitrogen
atoms of the Im ring and the Im ring of the PLH are unprotonated and could be involved in
the coordination of Cu. Besides, nitrogen atoms of the backbone and chloride anions are also
possible candidates for the coordination.*®’
In fact, the downshift of the d—d transition band below 600 nm in the case of the Cu—PLH
complex was previously explained by the participation of the amine nitrogen in the Cu
coordination.'®”®® Furthermore, the amide group absorption in the UV domain could not be
observed since it was overlapped by the MLCT band occurring in the same spectral region
and no information about the protonation state of the amide group could directly be extracted.

On the other hand, the observed MLCT band shifts to a higher wavelength upon pD increase
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(data not shown). The maximum of this band is observed at 391 nm for the sample at pD 9.5
indicating that the amine nitrogen is involved in the coordination. This band position was
previously observed for synthetic peptides used as Cu ligands and studied by circular
dichroism.*®® As expected, the visible spectroscopy clearly reveals that a comparable behavior

is observed for Im and PLH in the presence of Cu in function of pH.

3.1.1.3. FTIR spectroscopy of the Cu—imidazole complexes

Prior to the characterization of the Cu—PLH complexes the spectra of deuterated Im
(Im-D,) in the MIR spectral domains in presence and absence of Cu®* have been recorded
(Figure 3.1.3).
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Figure 3.1.3. MIR spectra of the Im and Cu—Im—D, complexes. (A) at pD 2.0, (B) at pD 7.0 and (C) at pD 9.5.
The right panel shows the chemical structure of the Im—Dj.
At pD 2.0 (Figure 3.1.3A), no coordination could be observed since the Im ring is deuterated;
however the Im—D,4 spectrum was largely affected upon the addition of Cu; Only three broad
bands, centered at 1618, 1487 and 830 cm™, were discernable and most of the bands lost
intensities. This is interesting since the Im molecules are protonated and no coordination sites
are available. According to data obtained in the visible spectral range (see Figure 3.1.2), the
Cu?* ions are coordinated by D,O molecules at pD 2.0. It was previously described, that the
Cu—N complexation does not occur below pH 3.0.*"1917° The modifications in the spectra
upon Cu addition at low pD/pH could be explained by the interactions between chloride

anions (CuCl,) and the positively charged Im ring. In line with these observations we note
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that chloride anions have been found to be bound to the protonated imidazole from PLH in
HCI solution.*™* The effect could indeed be reversed with control experiments with CuSO,
(Figure 3.1.4). The vibrations summarized in the Table 3.1-1 for the Cu—Im sample at pD 2.0

are thus exclusively assigned to metal—free Im.
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Figure 3.1.4. MIR spectrum of the CuSO,~Im—H, sample recorded at pH 2.0.

The deuterated Im data at neutral pD (Figure 3.1.3B), obtained in the absence of Cu, showed
new bands in direct comparison to pD 2.0 and some signals were shifted to lower
wavenumbers. The band appearing at 1509 cm™ could be assigned to a v(C4=Cs) vibration.'®®
The band that appeared at 1458 cm™ for the metal—free Im in acidic media was shifted to
higher wavenumbers in neutral media. This band could be assigned to ring motion vibrations,
more specifically the v(N"-C;) vibration coupled to the &(C,—D) vibration of the
N°—deuterated Im.'”> The sharp band at 1425 cm™ could be assigned to v(ring) vibration
coupled to the 5(N-D) vibration.*”

At 1265 cm™, a new band appeared that may be assigned to v(N°—C,) vibration or v(Cs—N")
motions rising from N*—deuterated Im.*"**"* The band observed at 881 cm™ could be assigned
to the 8(N—D) coupled to the 8(ring) vibration *’? and the signal appearing at 808 cm™ to the
y(N™D) vibration.'”® On the basis of the signals observed for the Im ring and as previously
reported for solid state experiments,'” indeed, the Im is deuterated only on the N” site.

Upon Cu addition, significant changes are seen for the samples at pD 7 (Figure 3.1.3B). The
sharp band at 1425 cm™ upshifts and gains intensity. A shoulder appeared at 1405 cm™ and
another weak band appeared at 1393 cm™ Those two bands can arise from the Cu—N"-D-Im
complex.'”® The y(N™-D) vibration shifts from 808 to 818 cm™ upon Cu binding. This
behavior indicated that the Cu is bound to the Im ring via the N" atom while N® is
deuterated.™ This spectrum allows us to conclude that Im can coordinate the Cu by N™ while

N°® is deuterated (for detailed band assignments see Table 3.1-1).
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At pD 9.5, the spectrum of Im is comparable to that at pD 7.0 indicating that the Im form at
both pD values are comparable. In other words, the dominating form is the N°-deuterated
form. The data obtained at pD 9.5 (Figure 3.1.3C) showed that the coordination mode is
similar to that observed at pD 7.0. On the other hand, the same characteristic bands of the
deprotonated Im ring appeared, leading to conclude that the addition of Cu®* induces the
deprotonation of few percents of the Im despite the relatively high pK, of the Im ring.*"® The
marker bands of the Im—D, deprotonation are observed at 1414 cm™ and 839 cm™. The first
one could be assigned to the v(N*~C,) vibration of the imidazolate form. The latter one could
be assigned to &(ring) vibration. Compared to its position at neutral and acidic pD, this
vibration is upshifted by about 20 cm™ probably because of symmetry changes upon
deprotonation.

The FIR absorption spectra of the Im—D,4 and Cu—Im samples at pD 2.0 (Figure 3.1.5A)
show, in contrast to the MIR, that the bands seem to lose intensity upon Cu addition. Since the
study was performed with dried films, no clear statements about the intensities are possible.
The y(N*-D) or (N°*-D) vibrations of the positively charged Im seen at 521 cm™ " were
found upshifted to 526 cm™ and with smaller intensity. The weak band appearing from Im

ring motions was seen at 307 cm™.
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Figure 3.1.5. FIR absorbance spectra of the free and Cu—bound deuterated Im. (A) at pD 2.0, (B) at pD 7.0 and
(C) atpD 9.5.
Upon Cu addition, a band appeared at 285 cm™. This band mainly includes contributions from
the Im ring motions *", but also contributions from v(Cu—Cl) vibrations.*® The replacement

of CuCl, by CuSO, makes this signal disappears, thus confirming the origin of this vibration.
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The spectrum of Im shows a broad band below 250 cm™ and could be rising mainly from

hydrogen bonding vibrations, breathing or doming modes (See ref. 1

and references therein).
Upon Cu addition the spectra show that the broad band typical of the hydrogen bonding
structure disappears. In the control experiment where CuCl, was replaced by CuSO,, the
broad band did not disappear. This behavior could indicate that CuCl, addition leads to the
breaking of the hydrogen bonds between Im molecules by creating new bonds between
chloride anions and the positively charged Im.*"* As expected, vibrations arising from Cu—Im
complex are not observed at pD 2.0 (for band assignments see Table 3.1-1).

In the Cu—Im spectrum observed for pD 7.0 (Figure 3.1.5B) the y(Cu—Im) vibration of the
Cu—N°—Im complex was found at 266 cm™.*" The v(Cu—N) vibration coupled with v(Cu—Cl)
motion may also contribute to this band.'”® Below 250 cm™ the spectrum was affected by Cu
addition and new bands appeared, such as the ones at 154 and 128 cm™. At 154 cm™ the
ddef(Cu—Im) of N"—complex and the y(Cu—Im) vibrational modes of the N3 complex have
been reported in a theoretical approach.'”” At 128 cm™ The y(Cu—Im) vibration of the
N™—complex and the d4.f(Cu—Im) vibration of the N* complex have been assigned on the same
basis.'” It should be noted that the signals below 250 cm™ are weak and may be covered by
the broad hydrogen bonding and respiration features. It should be noted that in this region, the
signal are influenced by the salt polarizability.

At pD 9.5 (Figure 3.1.5C) the band at 523 cm™ which was assigned above to wagging
vibrations of N—D moieties disappeared indicating the presence of the negatively charged Im.
The Cu coordination induced a deprotonation of the Im molecule at this pD value. The band at
450 cm™ could be assigned to v(Cu—N) vibration."®® A new intense band was found at 337
cm™ and could be assigned to 3(N—Cu—N) vibration.”® The intensity directly depends on the
CuCl; concentration and the involvement of Cu—Cl vibrations at this position is likely. In the
control experiment with CuSO, the signal at 337 cm™ was absent, while new signals were

evident confirming that the origin of this vibration is the Cu—ClI bond (Figure 3.1.6).
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Figure 3.1.6. FIR spectrum of the Cu—Im—H, complex at pH 7.0.
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In the data shown in Figure 3.1.5C, further new bands were sawn below 250 cm™ in the
presence of Cu, namely at 197, 162, 146 and 128 cm™. Those bands could be arising from the
Cu—Im complex where the Im ring is totally deprotonated. The signals and their shifts seen in
the FIR due to Cu coordination in D,O and H,O are presented in Table 3.1-1. At neutral pH
(D), only the vibration at 154 cm™ remained in the same position and at pH (D) 9.5 the
vibration at 128 cm™ was only slightly affected.

Frequency (cm™)
pD 2.0 pD 7.0 pD 9.5
Im—-D; Cu-ImD, Im—-D; Cu-ImD, Im-D, Cu-ImD,

Assignments

1618 1618
1525 1511

1458
1446

1372

1227
1099

1509
1460

1425

1265
1119

1497

1425

1405
1393

1265
1119

1508
1421

1414

1267
1113

v(C4=Cs)
v(Ring)
v(C4=Cs)
W(N*-Cy) + 8(C,-D)
V(N*=Cy)
v(Ring) + 3(N-D)
V(N*-=Cy)
W(N~C,)/ 3(C,-D)
V(N*-=Cy)
W(CN) / v(N*Cy)
V(N™C,)/ v(Cs—N?)
3(C,-D)
W(=C-N) / §(=C—N7)

960 v(Ring)
955 3(Ring) + v(N™—Cy)
931 945 839 8(Ring)
917 Sder (Cs—D)
d(N-D) + 8(Ring) /
8(Cs—D)
Y(N*-D)

877 br 881

808 818 810
521 526 523 y(N-D)
266 197 v(Cu—Im)
162 v(Cu—Im) / dger(Cu—Im)
154 146 v(Cu—Im) / §ger(Cu—Im)
128 128 Y(Cu—Im) / ger(Cu—Im)

Table 3.1-1. Detailed band assignments of the free deuterated Im and the Cu—bound deuterated Im at pD 2.0, 7.0
and 9.5.
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3.1.1.4. FTIR spectroscopy of the Cu—PLH complexes

The FTIR signals of the PLH and Cu—PLH complexes can be separated into three

categories, i.e. backbone signals, Im ring signals and metal—ligand signals.
e Backbone signals:

At pD 2.0 (Figure 3.1.7A), the amide | band at around 1650 cm™ indicated an
important o—helical contribution. The so—called amide II” band at 1433 cm™, that includes the
CN vibrations, was found unperturbed upon Cu addition. The 8(N—D) vibration appeared at
1082 cm™. The amide Il (N-D) + v(C—N) vibration exhibited a downshift from 1258 to
1244 cm™ upon Cu addition. This downshift could be explained by variations of the

secondary structure.*#+1#3

T T T T T T T T T T
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Figure 3.1.7. MIR spectra of the PLH and Cu—PLH complexes. (A) at pD 2.0, (B) at pD 7.0 and (C) at pD 9.5.

At pD 7.0 (Figure 3.1.7B), the amide I’ band of PLH appeared at around 1630 cm™ and the
adopted conformation became mainly p—sheet (66%), o—helix (28%) with a small
contribution of turns (6%) in direct comparison of pD 2.0 and pD 7.0. The Cu addition
modified the adopted secondary structure and 15% of it became random coils, while 59%

remained in the B—sheet conformation.
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At pD 9.5 (Figure 3.1.7C) the amide I’ band of PLH appeared at around 1634 cm™ reflecting
a P—sheet conformation. At this pD value, the relative contribution of f—sheet elements of
97% was found reduced to 87% upon Cu addition and 13% of turns became observable. The
band appearing at 1537 cm™ could be assigned to a fraction of unexchanged backbone protons

leading to a residual amide 11 band.
e Imidazole ring:

The v(C4=Cs) vibrations of the deuterated Im ring (ImD;") at pD 2.0, are seen as a
sharp band at 1619 cm™.*"" This signal includes the antisymmteric bending vibration of the
NHs"* group as well.” In agreement with previously published results this band disappears in
neutral or basic media.”” For pD 9.5 (Figure 3.1.7C) the assignment of the broad band at
1537 cm™ to the v(C4=Cs) vibrational mode of the Im in both tautomeric forms was suggested
according to Hasegawa et al.'’* The shoulder at 1138 cm™ was most likely arising from
v(ring) vibration of the positively charged Im ring, this signal not being observable at pD 7.0
and 9.5 (For detailed band assignments see Table 3.1-2). The signal observed at 1082 cm™
was probably rising from the ring motions coupled to the y(N"=D). This signal splits into two
bands, namely at 1084 and 1103 cm™ at pD 7.0 and 9.5 thus, indicating that both tautomeric
forms are present at pD 7.0 and pD 9.5.17°
It is known that at pD 7.0 (Figure 3.1.7B), His can adopt 3 different tautomers and ND*—N
crosslink the ring.'’® These tautomerisms lead to a broad band, seen at 1532 cm™ in our
measurements. It is possible that this signal may be partially covered by the amide Il vibration
seen at the same position. The band appearing at 765 cm™ could be assigned to the &(ring)
vibration.'”® Also for PLH no coordination effects were observed at a value of pD 2.0 and 7.0
(Figure 3.1.7A, B). At pD 9.5 (Figure 3.1.7C), the presence of Cu cations may have led to a
deprotonation of the Im ring. The v(C4=Cs) vibration observed for N° coordinating the Cu of
Cu—PLH complex, is observed at 1554 cm™.}® An intense band appeared at 1429 cm™ and
signals observed in this domain were assigned to the v(C=0) + v(C—N") vibrations of
deprotonated amide groups.'™* Contributions from the amide II” band 8(N—D) usually occur at
this position. In addition, the vibration arising from Cu—Im complex was calculated at 1427
cm™ and it is assigned to a vibration from Cu—Im complex, where N® is coordinating the
Cu.'™® The Cu addition slightly modified the spectrum and a shoulder appeared at 1009 cm™,
that could be directly related to the Cu coordination at this pD value. This signal was
previously reported for data from L—His at pH 14 arising from the v(C—N) side chain'™ and
seems characteristic for the N°—complex.!” This observation led us to conclude that the
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nitrogen atoms of the backbone participate in the Cu coordination in line with the data from
the visible spectra (See Figure 3.1.2B). We note that no new bands appeared upon the Cu
addition in the MIR spectral range. (For detailed band assignments see Table 3.1-2).

Frequency (cm™)

pD 2.0 pD 7.0 pD 9.5 Assignments
PLH CuPLH PLH CuPLH PLH Cu-PLH
1654 1650 1630 1632 1634 1632 Amide |
1619 1619 0(C4=Cs)
1525 1525 1537 1532 1537 1554 Amide 11 /
v(C4=Cs)
1433 1430 1429 1427 1432 1429 Amide I
1258 1244 1260 1264 1266 1261 Amide T’
1178 1177 1192 1192 1193 1191 W(C—N) + v(C-D)
1138 1135 v(Ring)
1082 1084 1084 1086 1084 1086 S(i\g%/ rxgﬁo;]?)
984 984 984 984 984 983 3(Ring)
917 919 935 935 939 939 8,5(C-D)
817 820 821 820 820 825 3(Ring)
764 765 766 767 3(ring)
621 621 621 619 3(Ring)
550 544 557 561 560 553 Amide IV’
524 517 530 536 545 537 Amide VI’
329 307 Amide VII’
W
299 285 Amide VII’
278 276 (Ring)
268 v(Cu—Im)
162 v(Cu—Im)
154 Gty
152 154 H-Bonds
128 v(Cu—Im) /

6def(Cu—Im)

Table 3.1-2. Detailed band assignments of the free PLH and the Cu—bound PLH at pD 2.0, 7.0 and 9.5.

The FIR spectra of the PLH and Cu—PLH complexes are presented in Figure 3.1.8. Below

178,17
d 8,179

250 cm™ hydrogen bonding vibrations, the so—called connectivity ban and the amide
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VII' band t(CONH)*! are expected. Signals due to the backbone, imidazole ring and
metal—ligand vibrations will be discussed separately (Table 3.1-2).
The broad feature centered at 152 cm™ may tentatively be assigned to the hydrogen bonding

structures. &

A pD 2.0 o 8
P g ?EI
~ <
PLH 8 2 N
- o~
o <
© wn
-
C/u-itj/L_\/_/_\/\
B pD 7.0

T T T T T T
700 600 500 400 300 200 100

-1
Wavenumber / cm

Figure 3.1.8. FIR absorbance spectra of the PLH and Cg;lgbound PLH. (A) at pD 2.0, (B) at pD 7.0 and (C) at pD
At pD 2.0 the 8(ring) vibration is observed at 621 cm™ as a sharp band in spectra of PLH and
Cu—PLH. Skeletal torsion vibrations are observed at two distinct positions, namely 299 and
328 cm™. The CuCl; addition led to a downshift of these two bands to 285 and 307 cm™
respectively. At pD 7.0, the band intensities became smaller. The t(ring) vibration appearing
at 278 cm™ disappears upon Cu addition and a new band appears at 268 cm™. The y(N™-D)
vibration appears at 515 cm™ for the PLH and shifts to 509 cm™ upon Cu addition. At pD 9.5
(Figure 3.1.8C), the 8(ring) vibration at 619 cm™ and the tentatively assigned Cu—Cl
vibration at 337 cm™ gain intensity upon Cu addition.

e Metal-ligands:

At pD 7.0 (Figure 3.1.8B), the band appearing at 268 cm™ is assigned to y(Cu—Im) vibration
of the Cu—N°~Im complex.'” The maximum of the broad feature below 250 cm™ upshifts in
the presence of Cu. The band at 154 cm™ could be assigned to 8gef(Cu—Im) vibration of the
Cu—N" complex or y(Cu—Im) vibration of the Cu—N*® complex. Furthermore, another new
band appears at 128 cm™ indicating a y(Cu—Im) vibration of the Cu—N" complex or the

8def(Cu—Im) vibration of the Cu—N°® complex.
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At pD 9.5 (Figure 3.1.8C), contributions from the v(Cu—N) vibrations appearing at 445 cm™
may be involved despite the fact that the band was also observed for the sample lacking the
Cu, as previously described by Torreggaini et al. for the Cu—Histamine complex at pH 9.0.'%°
The approach of Hasegawa et al.,*”® however, concluded that no Cu—N vibrations could be
expected in the region of 450 cm™. We suggest that this vibration rises from Cu—N vibration
where the backbone nitrogen is the binding partner. This suggestion is in line with the results
obtained from the visible spectrum of the Cu—PLH complex.

A new band is observed at 313 cm™ and could be assigned to v(2Cu—Im") vibration with the
Cu cations coordinated to both nitrogen atoms of negatively charged Im ring.*” Furthermore,

the y(Cu—Im’) vibration is tentatively attributed to the signal at 162 cm™.*"

3.1.1.5. Conclusion

The coordination sites within Cu-imidazole and PLH complexes have been
characterized by means of an infrared spectroscopic approach in the MIR and FIR domains.
Data recorded in the MIR domain indicate a higher variety of Cu-complexes possible for Im
and for PLH. At pH (D) 7.0, the N™ atom, both, in Im and in PLH was found protonated.
According to the MIR data, the Cu can be coordinated by one of the two nitrogen atoms of the
Im ring and on the basis of the FIR the coordination with the N® atom was found to be likely.
At pH (D) 9.5, the Cu addition leads to a complete deprotonation of the Im ring. At this level,
both nitrogen atoms became available for the Cu coordination. The same interaction principle
was observed for the PLH samples. The coordination of the Cu may include two nitrogen
atoms of one His residue, two His residues or two His residues from neighboring PLH chains.
Besides the Im ring nitrogen atoms, the visible and FIR spectroscopic studies revealed that the
amine nitrogen atom of the backbone deprotonates at pD 9.5 and contributes to the Cu
coordination. Interestingly the Cu coordination changes the secondary structure of the PLH as
well as the so—called hydrogen bonding features in the FIR.

The characterization of Cu—PLH complexes in the FIR domain showed that new signals
appear at 313, 162, 154 and 128 cm™ upon Cu addition. These bands have been tentatively
assigned to the v(Cu—Im), y(Cu—Im) and d4e¢(Cu—Im) vibrational modes and will be used as
marker bands in future studies for the identification of the metal-ligand vibrations in the
spectra of metalloproteins. Furthermore we could show how the vibrational features of the
coordinated histidine change in the presence of a metal ion and summarized the data in the
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tables. This information is important for the analysis of, for example, reaction—induced data

that is often performed by direct comparison to the isolated amino acid or polyamino acid.
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3.1.2. The copper coordination by amyloid—beta 16

3.1.2.1. Introduction

Alzheimer is one of the several neurodegenerative diseases caused by protein
aggregation where extra- and intracellular aggregates are involved.*® The deposition of these
aggregates leads to progressive loss of memory and altered behaviors. The intracellular
aggregates are constituted by the microtubule-associated protein tau, also called neurophibril-

lary tangles while the extracellular aggregates are mainly constituted by AB peptide plaques
8181 (Figure 3.1.9).

Healthy brain AD patient brain
Tangles

Neurone w w
* Amyloid-beta plaques

Figure 3.1.9. Schematic presentation of the healthy brain neurons and AD patient brain. The tangles are colored
in black and the AP are colored in blue.

The AP peptides are produced in both, healthy brains as well as in Alzheimer’s brain patients.
The AP peptides carry this name for their p—sheet conformation, they aggregate as random
coils. The neurotoxicity of the AP aggregates is related to the ROS production following the
coordination of redox active transition metals such as Cu®* and less frequently Fe**. The
coordination of Zn®* leads to the aggregation of the AP peptides without inducing ROS
production.®®*®! The toxicity of Zn cations is not clear; it is probably related to different
structures of the aggregates. In absence of metal ions AP aggregates form a monomer with a
B—sheet structure. The coordination of Cu or Zn ions modifies the conformation of the A,
thus, the aggregation mode. The formation of A oligomers can be catalyzed by the binding

182

of Cu? through Tyr radicals chemistry.'®” The deposed plaques are constituted of AP peptides

of 39-43 amino acids long peptides. An increased ratio of AB42/AB40 is associated with the
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development of Alzheimer disease. The most common A peptide is the so-called 1-40 AR
peptide and its sequence is the following:

(1) "H3N—Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-GIn-Lys-L eu-Val-
Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-1le-1le-Gly-Leu-Met-Val-Gly-Gly-Val-
Val-COO' (40).

A significant effort has been made in order to determine the binding properties of Cu®* and

Zn** by the AP peptide and many aspects are still discussed (reviewed in ref.'®!). On the other
hand and prior to the aggregation, Cu?* and Zn** bind to the hydrophilic N-terminal portion,
the so-called AP 1-16 (underlined in the sequence above) while the hydrophobic C-terminal
part of the AP(1-42) peptide contains other binding sites for Cu®* of a much lower affinity
than the ones present in the hydrophilic part. The main role of the hydrophobic part is to
promote the helix—to—sheet transition, required for the aggregation.

The coordination of Cu?* and Zn?* by the native Ap42 was investigated and the results point
toward a bridging His coordination mode (His-M**-His), thought to play a crucial role in the
aggregation.'®**®* The coordination of Cu?* by truncated A peptides has been extensively
studied (See for example ref. ****Y The AB16 binds Cu®* in a pH-dependent manner'®* and
the resulting Cu** complex is very dynamic. Hence, the Cu®* exchanges binding partners
within the single AB-16 peptide and more than one complex are present at a well-defined pH
value. On the other hand, one binding mode dominates the other ones.*®* The coordination of
Zn?* is also known to promote the AP aggregation in a pH-dependent manner, different from
that of Cu®*. In fact, the binding of Cu®" induces the aggregation of AP peptides in a small pH
range (6-7) while the binding of Zn** induces the aggregation in a wide pH range (> pH
6).184,192

Recently, Dorlet et al. used pulse EPR spectroscopy to determine the coordination sphere of
Cu** by the APB-16 under physiological pH.*®* The specific isotopic labeling of the
coordinating amino acids allowed the characterization of two Cu**-Ap-16 complexes, namely
component | and 11 (Figure 3.1.10). In the component | (pH 6.50), the Cu?* is coordinated by
two His residues in the equatorial positions (His6 and His13 or His14), the backbone carbonyl
of Ala2 as well as the NH, terminus Aspl. The carboxylate side chain contributes to the
coordination at the axial position.

At pH 9.0 (component 1), the amide nitrogen occupies an equatorial position in the binding
mode of Cu** and another equatorial position is occupied by the carbonyl of Ala2. The
contribution of Aspl to the coordination sphere of Cu®* remained the same while one His

residue occupies an equatorial position instead of two for the component one.
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Figure 3.1.10. The coordination modes of Cu®* by AB16 at physiological pH. Component I at pH 6.50 and
component |1 at pH 9.0.'® The coordinating Asp1 is colored in red, His are colored in green and magenta and the
alanine in orange.

Pulse EPR spectroscopy suggested the coordination by the Aspl via the NH; terminus and the
carboxylate side chain. Furthermore, the pulse EPR data suggest the coordination by the His6
residue and either the Hisl3 and Hisl4. In component Il, the pulse EPR spectra showed
equivalent signals for all the **N—labelled His, probably because the His are in equilibrium as
ligands for Cu®*.*® More recently, the coordination of Cu** within the component | and 11 was
also investigated by means of EPR spectroscopy and the results are in line with those obtained
by Dorlet et al. for the component I. On the other hand, the AB16 was shown to coordinate

Cu?* via the three His and the backbone carbonyl of the Ala2.'%

Here the FTIR spectroscopy was used in order to learn more about the coordination of Cu?*
within the AB16 at three pH values, namely pH 6.50, 9.0 and 11.0. The H-D exchange and the
isotopic labeling of the His residues as well as the Aspl were crucial for the accurate
assignments of the infrared absorption bands of the free and the Cu®**-bound peptide.
Concerning the His residues, the isotopic labeling was performed for all the nitrogen atoms,
with N instead of **N. Concerning the Asp1 residue, the isotopic labeling was performed for
all the carbon atoms with *3C instead of *°C. In the Asp1 residue the nitrogen atoms were also
labelled by replacing the **N atoms by the >N atoms. In a given labelled sample, only one
amino acid was labelled.

The coordination of Cu* is also of a great interest since the redox conversion between Cu?*
and Cu” is suspected to produce ROS. The investigation of Cu*~AB complexes showed that
the Cu* was bound in a linear fashion by two His residues. **'% It also seems that this
binding mode is exclusive for Cu* within AB peptides.'®®

The electrochemical properties of Cu-ApB complexes were previously determined and the

redox potentials of these complexes were found to be in the range 181-268 mV wvs.
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SHE’.*8"% The effect of the electrochemical conversion within the Cu?*/Cu* Ap complexes
was studied here by means of the redox induced FTIR spectroscopy at pH 6.50, 9.0 and 11.0.

The unlabelled and the labelled samples were studied by ATR—FTIR spectroscopy. The
spectra of the free and Cu?*~Ap16 dried films were recorded for pH 6.50, 9.0 and 11.0 in the
infrared range 1800-700 cm™. The H-D exchange was also performed for all the samples in

order to accurately assign the infrared signals.

3.1.2.2. Spectra of the AB16 at pH 6.50

The MIR absorption spectra of the free AB16 at pH 6.50 are presented in the Figure
3.1.11. The spectra were normalized to avoid the drying and the sample orientation effects on

the intensities of the absorption bands.
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Figure 3.1.11. Global view of the spectra of the free unlabelled and isotopically labelled peptides recorded at pH
6.50 in the 1800—700 cm™ infrared range. The spectra are colored in black (unlabelled), red (H6), blue (H13),
green (H14) and magenta (Aspl).

In the amide | region an intense signal can be seen at 1672 cm™ and a less intense one at 1623
cm™. The AB16 contains one Arg residue, which would contribute in the amide I region with
a high absorption coefficient at around 1675 cm™.'"" The latter one can be assigned to the
v(C4=Cs) vibrations of the protonated His residues as well as to the side chain absorption of
other amino acids (Tyr, Asp, Glu, GIn).>” This signal is more or less intense depending on the

studied sample, probably because of a different orientation on the ATR surface.

The Figure 3.1.12 shows an enlarged view of the region between 1600 and 1200 cm™. The
amide 11 band of the unlabelled sample appears as a broad band at 1536 cm™. The
contribution of the His side chain as well as of Tyr, Asp and Glu are expected in this spectral
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range. The shoulder at 1517 cm™ can be assigned to the v(CC) vibrations of the Tyr ring in
the neutral state (Tyr—OH).177
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Figure 3.1.12. Enlarged view of the 1600-1200 cm™ spectral region.

The amide 11 band of the *>N-labelled His is larger than the one of the unlabelled sample and
slightly shifted to higher wavenumbers. The upshift reflects the contribution of the v(C4=Cs)
vibrations of the His residues to this large band. For the His13 labelled sample, the shift is
more pronounced, a shoulder can be distinguished at 1566 cm™. Two signals are present in the
amide 11 region of the **C-and *°N-labelled Asp1. One signal is observed at 1558 cm™ and the
other one at 1525 cm™.

The v(COO)® vibrations of acidic residues are expected in the region 1570-1540 cm™.*"" The
13C-labeling of the Asp1 residue is expected to downshift the signal by about 20 cm™. Indeed,
the signal appearing at 1558 cm™ can be arising from the His side chain absorptions. The
signal observed at 1406 cm™ for the unlabelled sample remains almost in position for the °N-
His labelled samples. This signal can be arising from the v(COQO’)° vibrations of acidic
residues.’’” For the Aspl labelled sample, the signal is still present, however an additional
broad signal can be seen at 1366 cm™ which can be assigned to the v(COO’)® vibration of the
Aspl residue. The weak signal seen at 1320 cm™ can be assigned to the amide 111 vibration.

In the region below 1450 cm™ the side chain absorption of His residues is expected to
dominate the spectrum. Contributions from the Lys side chain are not excluded as well as
from the side chain of deprotonated acidic residues. However, the signals below 1450 cm™ are

too intense to be assigned to the side chain absorptions alone. The AB16 peptides are of
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synthetic origin and purified by HPLC and eluted with trifluoroacetic acid (TFA). Indeed,
TFA molecules can still be present in the lyophilized peptides.

The spectrum of TFA has been recorded in order to see if it contributes to the spectra of the
APB16 and unfortunately the spectrum showed that the studied spectral range is dominated by
the high absorption of TFA (Figure 3.1.13).
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Figure 3.1.13. Spectrum of 0.5 % w/v of TFA at pH 12 recorded in the region 1800-700 cm™.

The amide | band overlaps with an intense absorption of TFA, hence the secondary structure
modifications upon copper binding cannot be discussed based on the amide | shifts.
Furthermore, the region specific of the His side chain absorptions is masked by the TFA
signals. This is the reason why the analysis of the FTIR data is focused on the amide Il region
and the region between 1400 and 1200 cm™. The broad band of TFA centered at 996 cm™
does not affect the analysis of the data in the spectral region around 1000 cm™. On the other
hand, the signals arising from the peptide are too weak. Because of the signals arising from
TFA below 900 cm™ the spectra of the peptides are limited to the spectral region 1800-900
cm™. The overview of the band assignments in the free peptides is presented in the Table

3.1-3. This table also includes the assignments made in the later text.
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Frequency (cm™)

Assignments

1672 TFA / amide I / v(C=N) Arg

1645 Amide |

1623 v(C4=C,) protonated His / v(NH;3")* Arg / v(C=C) Tyr—OH
1580 v(COO)* acidic residues / Amide II / v(C4=C,) His
1536 v(COO)* acidic residues / Amide 11

1437 TFA

1401 v(COO)* acidic residues

1323 Amide III / 3(CH) non specific

1202 TFA

1132 TFA

1050 d(ring) N"—protonated His

1010 d(ring) N°*—protonated His

975 d(ring) His

840 TFA

802 TFA

723 TFA

Table 3.1-3. Detailed assignments of the free AB16 peptides bands in the MIR. Depending on the studied

samples, the band positions can be more or less shifted. For more details see text.

3.1.2.3. Spectra of the Cu**~AB16 complexes at pH 6.50

The infrared absorbance spectra of the Cu®*~AB16 complexes were recorded for all

the samples and the Figure 3.1.14 shows an overview of the spectra in the infrared region

1800-700 cm™.

Figure 3.1.14. Global view of the spectra of the Cu?*~ApB16 peptides recorded at pH 6.50 in the 1800900 cm™

The coordination of Cu®* at pH 6.50 leads to the production of insoluble aggregates of the

AP16. Furthermore, the signals observed at 1623 cm™ for the free peptides disappear upon
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infrared range.

coordination which means that Cu?* leads to the deprotonation of the His residues.
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The signal appearing at 1600 cm™ in the spectrum of the unlabelled, the **N-His13 and *N-
His14 samples can be assigned to the v(C4=Cs) vibration of N" coordinated His.1™® The fact
that this signal is present for both H13 and H14 samples leads to conclude that this signal
could be arising from one of these residues or from both residues.

The spectrum of the H6 sample shows a weak shoulder at 1570 cm™. This signal can be
assigned to the N° coordinated form. The signature of the His in the amide Il region shows
that the coordination of Cu*" by the His residues is taking place via N™ and N These
observations are in line with the previously reported data suggesting the involvement of the
N° metal binding in the aggregation of the AP peptides.'®*

Additional signals can only be seen for the °N-His6 coordinated sample at 1238 cm™ and
1103 cm™. These signals can be assigned to the v(C2N) and to the v(CsN™) vibrations of the
N™ bound His.'”® The spectrum of the Aspl sample shows a band at 1547 cm™ where the
amide II and the v(COO)® vibration of acidic residues are expected. Hence, the
discrimination between these two signals is not possible without the H-D exchange that is
required to decouple the amide 11 vibration and shift it to lower frequencies.

3.1.2.4. Spectra of the AB16 at pD 6.50

The spectra of the free AB16 samples were recorded at pD 6.50 (Figure 3.1.15). In the

amide I’ region, two signals can be observed for the unlabelled sample at 1671 and at 1616
1

cm.
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Figure 3.1.15. Global view of the spectra of the AB16 peptides recorded at pD 6.50 in the 1800—900 cm™
infrared range.
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The first is most likely arising from the TFA absorption (Figure 3.1.13), the latter one can be
arising from the backbone amide I’ vibration as well as from the side chain absorptions of
His, Tyr, Phe, Glu, GIn, or Asp. This signal is upshifted in the spectra of the isotopically
labelled sample, which makes the accurate assignment of this signal difficult (Figure 3.1.16).
The H-D exchange decouples the amide II vibration dop(NH) coupled to the v(CN) vibrations
which leads to a downshift from around 1550 cm™ to around 1450 cm™ of the v(CN) vibration
(amide II") and to 1070-900 cm™ the 8,,(ND) vibration.'*” The signals appearing in the amide
II’ region are of higher intensities than the ones obtained before the H-D exchange. The amide
Il shifts allow better assigning the side chain absorptions overlapping with the amide Il band
in the spectra recorded at pH 6.50. The spectrum of the unlabelled sample shows a signal at
1580 cm™ which is slightly shifted in the spectra of the *>N-labelled His samples. The signal
is downshifted to 1547 cm™ in the spectrum of the *C- and °N-Aspl labelled sample.
Despite the overlapping with other vibrational modes in the spectra of the unlabelled sample
and the °N-His labelled sample, this signal can be assigned to the v(COO’)* vibration since it
is downshifted upon labeling of the Aspl residue. The Tyr residue is in the neutral form and
gives rise to a signal at 1514 cm™ in all the spectra of the free peptides recorded at pD 6.50.

This signal is assigned to the v(CC) vibration of the Tyr ring (Figure 3.1.16).
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Figure 3.1.16. Enlarged view of the spectra of the AB16 peptides recorded at pD 6.50 in the 1750—1350 cm™
infrared range.
The signal observed at 1456 cm™ can be arising from the absorption of TFA. The overlapping
of the TFA absorption with other vibrational modes arising from the AB16 peptide is not
excluded. The backbone vibration of the amide II’ band is expected in this region.'®’ The

signal observed at 1435 cm™ is most likely arising from the aliphatic chains of several amino
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acids (Figure 3.1.16). The weak signal observed at 1401 cm™ in the spectrum of the
unlabelled sample can be assigned to the v(COO)* vibration of acidic residues. A weak
shoulder is detected at 1375 cm™ which can be arising from the w(CH>) vibration of Tyr.'”’
The intensities and the position of this signal are not conserved in all the spectra and this is
probably caused by orientation and drying effects. In addition, the v(**COO")® vibration of the
Aspl residue is expected in this region but the signal appearing at 1370 cm™ in the spectrum
of the Aspl sample cannot be exclusively assigned to this mode since a similar feature is
observed in the spectrum of the unlabelled sample.

Below 1300 cm™, the TFA absorptions predominates the spectra (Figure 3.1.13 and Figure
3.1.15). Only the region around 1000 cm™ can be useful to the data analysis and the weak
signals appearing at 1012 cm™ for the unlabelled sample can be arising from the Tyr side
chain as well as from His ring motions (Figure 3.1.17).'"” On the other hand, this signal is
downshifted in the spectrum of the His14 sample. Therefore this signal can be assigned to the

d(ring) of the His14 residue where the N™ is protonated.
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Figure 3.1.17. Enlarged view of the spectra of the AP16 peptides recorded at pD 6.50 in the 1100—-900 cm™
infrared range.

3.1.2.5. Spectra of the Cu**~AB16 complexes at pD 6.50

The spectra of the Cu**~AB16 complexes recorded in the region 1800-700 cm™ at pD
6.50 are shown in the Figure 3.1.18. Two signals arise in the amide I’ region, one appearing
at 1673 cm™ for all the samples and it is mainly arising from the absorption of TFA. The other
signal appears at 1648 cm™ and it can be arising from the backbone amide I’ vibration as well

as from the side chains absorptions of His, Tyr, Phe, Glu, Gln, or Asp.
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Figure 3.1.18. Global view of the spectra of the Cu?*~AB16 complexes recorded at pD 6.50 in the 1800-900 cm’
Yinfrared range.

The signal observed at 1590 cm™ for the unlabelled sample remains in position of the His13
sample. On the other hand, this signal is downshifted towards 1586 cm™ for the His6 and
His14 samples. This signal can be assigned to the v(C4=Cs) vibration of the His residues
(Figure 3.1.19).1">' Compared to the free peptides, this signal upshifts upon copper
coordination, indicating that the coordination by His residues takes place. The lower
frequencies found for His6é and His14 indicate that these residues are bound to the copper at
pD 6.50. On the other hand, the v(COO")® vibration occurs in the same spectral range and
may overlap with the His motions. The copper binding to the carboxylate side chain of Aspl
residue can be monitored in the spectra of the free and the copper bound Aspl sample. The
signal observed at 1547 cm™ in the spectrum of the free Aspl sample was assigned to the
v(**COO")* vibration. The copper binding induces an upshift of this signal towards 1554 cm™
(Figure 3.1.19). Indeed the coordination via the carboxylate side of the Aspl at pD 6.50 is
confirmed. Below the signature of the acidic residues, the Tyr contribution is observed at
1515 cm™. The signal appearing at 1434 cm™ can be assigned to the aliphatic side chain of
amino acids since it is not sensitive to the H-D exchange.

In addition to the TFA absorption bands present below 1300 cm™, the spectra of the bound
peptides show a signal at 1047 cm™ which is typical for N™-deuterated His (Figure 3.1.20).
The spectrum of the His6 sample shows an additional shoulder at 1030 cm™ compared to the
other spectra. Indeed, the His6 residue coordinates the copper via the N* atom while the N"
atom is deuterated. The signals seen at around 1005 cm™ in the spectra of the coordinated

peptides are assigned to the 8(ring) vibration of the N*—protonated His.'"*'"
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Figure 3.1.19. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pD 6.50 in the 1750—1350
cm infrared range.

The signal appearing at 972 cm™ is present in all the spectra of the bound peptides. In
addition, the isotopic labeling did not induce a shift of this signal; indeed, the signal cannot be
specifically assigned to one of the three His. This signal can be assigned to the d(ring)
vibration of the copper bound His where the ligation takes place via the N™ atom of the
imidazole ring.”> This observation leads us to conclude that the coordination of copper

displaces the proton from the N" to the N* atom of the coordinating His, most likely the His14
(See above).
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Figure 3.1.20. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pD 6.50 in the 1100-900
cm infrared range.
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All together, the data recorded at pH/pD 6.50 allow concluding that the coordination by the
carboxylate side chain of the Aspl is taking place. The three His residues contribute to the
coordination sphere of Cu; His6 coordinates via the N°, His13 and His14 via the N" atoms. On
the other hand, the coordination via the amine side chain of the Aspl residue cannot be
observed due to the overlapping of the amine signals with other modes of higher absorption
coefficients.

It should be noted that the coordination via the N° of a His was previously reported to cause
the aggregation of the AP peptides.® According to the data presented here, this coordination

mode is most likely offered by the His6 residue.

3.1.2.6. Spectra of the AB16 at pH 9.0

The coordination of copper by the AB16 at pH 9.0 was recently studied by EPR

spectroscopy.’®*%3 The data analysis led to controversial conclusions at the level of the nature
and the number of His residues bound to copper; hence, the coordination mode at pH 9.0 is
not completely elucidated.
The infrared spectra of the free Ap16 were recorded at pH 9.0 and they are shown in Figure
3.1.21. The amide | band at 1672 cm™ overlaps with the TFA absorption. In the amide I
region, two distinct signals are present in all the spectra. For the unlabelled sample, these
signals occur at 1589 and 1537 cm™. The former one is too high to be arising from the amide
Il band. For the His labelled samples, this signal is observed at 1581, 1568 and 1575 cm™ for
the His6, His13 and His14, respectively.
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Figure 3.1.21. Global view of the spectra of the AB16 peptides recorded at pH 9.0 in the 1800-900 cm™ infrared
range.
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The downshift indicates that this signal contains the contribution of the His residues. In the
spectrum of the Aspl labelled sample, the signal appears at 1591 cm™, very close to the
frequency observed in the spectrum of the unlabelled sample. Indeed, this signal can be
assigned to the v(C4=Cs) vibration of the N°* protonated form of His.

The signal observed at 1537 cm™ for the unlabelled sample remains almost in position in the
spectra of the labelled samples except in the spectrum of the Aspl sample were a slight
downshift is observed towards 1533 cm™. Indeed this signal contains coordinates from the
amide II band as well as from the v(COO)® vibration of the acidic residue, most likely of the
Aspl1 residue. The neutral Tyr (Tyr—OH) ring motion occurs at 1519 cm™ in all the spectra.
Below the amide 11 region, the TFA contribution occurs at 1436 cm™. The signal appearing at
1406 cm™ can be assigned to the v(COO’)® vibration of acidic residue. The spectrum of the
Aspl labelled sample shows an additional shoulder at 1373 cm™ compared to the other
spectra. This signal can be assigned to the v(**COO")° vibration of the Asp1 residue. The weak
signal observed at 1315 cm™ can be assigned to the amide 111 vibration. Below 1200 cm™, the
TFA absorptions dominate the spectra. The region around 1000 cm™ contains weak signals

that can be mainly assigned to His ring motions.

3.1.2.7. Spectra of the Cu**~Af16 complexes at pH 9.0

The coordination of copper at pH 9.0 modifies the spectra especially in the amide 11
region (Figure 3.1.22) where one band is observed instead of two in the spectra of the free
ABI16.
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Figure 3.1.22. Global view of the spectra of the Cu**~Ap16 complexes recorded at pH 9.0 in the 1800900 cm™
infrared range.
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Figure 3.1.23. Enlarged view of the spectra of the Cu?*~AB16 complexes recorded at pH 9.0 in the 1750—1350
cm infrared range.

In the spectrum of the unlabelled sample, the signal is observed at 1578 cm™ and it remains
almost in position in the spectra of the His6 and His14 samples. A downshift is observed for
the His13 sample where the signal is observed at 1569 cm™ (Figure 3.1.23). Compared to the
spectra of the free peptides, the positions of these bands are shifted only by few
wavenumbers. These slight shifts are not sufficient to conclude about which His residues are
bound to the copper.

The spectrum of the Cu**~AB16 complex obtained for the Aspl labelled sample shows an
additional shoulder compared to the other spectra which occurs at 1540 cm™. This signal can
be arising from the v(**COO")* vibrations of the Asp1 residue. On the other hand, this signal
coincides with the amide 11 band. The signal appearing at 1406 cm™ is mainly arising from the
v(COO)* vibration of acidic residues. This signal remains in position for all the samples. The
ring vibration of the neutral Tyr residue is observed at 1516 cm™. The spectrum of the Aspl
sample exhibits an additional shoulder appearing at 1376 cm™ which can be assigned to the
v(**COO")° vibration (Figure 3.1.23). The direct comparison between the frequencies of the
antisymmetric and symmetric stretching vibrations of the free and bound carboxylate side
chain is a good indicator about the coordination mode of the carboxylate, which can bind the
metal in a bidentate, monodentate, or in a pseudo—bridging mode. The relationship between
the frequencies and the coordination modes are well documented in the milestone review by

Deacon and Phillips **® which can be resumed by the following:
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A vas- Vs (free) > A v45- Vs (bound) Bidentate
A vgs- Vs (free) < A v4s- Vs (bound) Monodentate
A vgs- Vs (free) = A vgs- vs (bound) Pseudo-bridging

It should be noted that the quasi-monodentate or quasi—bidentate forms can be suggested
when the difference between the A is greater than ~20 cm™.

At pH 9.0, the frequencies of the free and bound carboxylate group of the Aspl residue give
the following values:

A vas- Vs (free) = 1533-1373=160 cm™

A vas- v (bound) = 1541-1376 = 165 cm™.

Since the values are so close to each other, indeed the coordination mode is probably
monodentate with a pseudo—bridging character.

In the region around 1000 cm™, the weak signals arising mainly from the His ring motions can

be seen.

3.1.2.8. Spectra of the AB16 at pD 9.0

The spectra recorded for the free and coordinated peptides are not enough to
accurately assign the infrared signals, especially in the amide Il region. Indeed, the H-D
exchange is necessary to better assign the signals and hence, learn more about the copper
coordination at pH 9.0. The spectra of the free AB16 were recorded at pD 9.0 and they are
shown in the Figure 3.1.24.
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Figure 3.1.24. Global view of the spectra of the AB16 peptides recorded at pD 9.0 in the 1800900 cm™ infrared
range.

78



The copper coordination

In the amide I’ region, the two signals appearing at 1668 and 1645 cm™ for the unlabelled
sample can be assigned to the TFA and the amide I’ absorptions, respectively.

The region below the amide I’ region contains the ring motion vibrations of the His residues
as well as the antisymmetric stretching vibrations of the carboxylate groups that belongs to
the acidic residues. The spectrum of the unlabelled sample shows a unique signal in this
region appearing at 1580 cm™. This signal remains almost in position in all the spectra (Figure
3.1.25).

The spectrum of the Aspl labelled sample shows an additional shoulder appearing at 1539
cm™ which can be tentatively assigned to the v(**COO")® vibration of the Asp1 residue. The
neutral Tyr contributes at 1515 cm™. Below 1500 cm™, the TFA absorbs at around 1435 cm™
and the v(COO)® vibration of the acidic residues appear at 1406 cm™. The Aspl sample
shows an additional shoulder at 1367 cm™ compared to the other spectra. This shoulder is
most likely arising from the v(**COO")° vibration of the Aspl residue. Surprisingly, the
spectra of the His6 and His13 samples show similar shoulders as in the spectrum of the Aspl
sample but at lower frequencies (1360 cm™) than in the spectrum of the Aspl sample (Figure
3.1.25). These signals can arise from the v(CN") and the v(CN°®) vibrations of the His residues.
On the other hand, the appearance of these shoulders for the His6 and His13 samples cannot
be the result of the *N—labelling of the His residues since the shifts caused by this labeling
induce only small shifts.
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Figure 3.1.25. Enlarged view of the spectra of the AB16 peptides recorded at pD 9.0 in the 1750—1350 cm™
infrared range.

In the region below 1100 cm™ (Figure 3.1.26), the ring deformation vibrations of the His

residues occur. In the spectrum of the unlabelled sample, a weak signal appears at 1009 cm™.
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Figure 3.1.26. Enlarged view of the spectra of the AB16 peptides recorded at pD 9.0 in the 1100-900 cm™

infrared range.

This signal is characteristic of the N° deuterated form of His'’? and it exhibits small shifts
upon His labeling, except for the Hisl4 sample where a downshift of 6 cm™ occurs.
Furthermore, the weak signals appearing around 940 cm™ can be also assigned to the ring

deformation vibration of the His residues. The spectral region below 900 cm™ is dominated by

the high TFA absorptions.

900

3.1.2.9. Spectra of the Cu**~AB16 complexes at pD 9.0

The spectra of the Cu**~AB16 complexes recoded at pD 9.0 are presented in the
Figure 3.1.27. The signals observed in the amide I’ region are not significantly affected by

the copper binding.
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Figure 3.1.27. Global view of the spectra of the Cu**~Ap16 complexes recorded at pD 9.0 in the 1800900 cm™

infrared range.
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A signal appears at approximately 1580 cm™ in the spectra of the free peptides. It remains at
the same position after the copper binding. This behavior was not expected. Nonetheless, the
high absorption coefficient of the carboxylate symmetric stretching vibration of the acidic
residues may overlap with the His signatures. The downshift of the corresponding signal in
the spectrum of the Asp1 sample upon copper binding from 1584 cm™ towards 1577 cm™ can
support this suggestion (Figure 3.1.28).

The v(**COO")™ vibration of the Aspl residue shifts from 1539 to 1548 cm™ upon copper
binding. The v(**COO)® vibration shifts from 1372 to 1367 cm™. The frequency shifts of the
v(**CO0")™® and the v(**COO’)® in the spectra of the free and coordinated peptides allows the
determination of the coordination mode by the carboxylate group of the Asp1 residue: %%

A vas- s (free) = 1539-1372=167 cm™

A vas- v (bound) = 1548-1367 = 181 cm™.

Since A v, vs Of the coordinating peptide is larger than the free one, the coordination type is
suggested to be monodentate with a pseudo—bridging character.*®

The infrared region around 1000 cm™ (Figure 3.1.29), can be useful to better understand the
coordination by the His residues since the ring motion vibrations occurring at approximately

1580 cm™ did not show significant modifications upon the copper binding.
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Figure 3.1.28. Enlarged view of the spectra of the Cu’**~AB16 complexes recorded at pD 9.0 in the 1750—1350
cm infrared range.

The His ring deformation vibrations observed in the spectrum of the peptides at around 1010
cm™ is upshifted in the spectra of the coordinated peptides to frequencies higher than 1045

cm™ . This upshift points toward the coordination of copper by the N° atom of the His residue
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while the N™ atom is protonated.’”® Indeed, the copper binding displaces the hydrogen (or
deuterium) atom from the N° to the N™ atom.

The N—isotopic labeling of the His6 residue induces the splitting of the signal into two
signals, one remains at the same position like in the other spectra and the second is
downshifted toward 1025 cm™. Thus, the His6 residue binds copper via the N® atom while the
N™ is protonated. The signal split leads to two possibilities: (1) At least one other His residue
bind copper via the N* atom. This suggestion is in line with the data previously reported
where the three His are bound to the copper via the N° atoms.*® (2) The His6 residue is the
only His residue bound to copper and the N™ atoms of the other His residues became
protonated due to environmental modifications caused by the copper binding. The fact that the
downshift occurs only when the His6 residue is labelled makes the second suggestion the
most plausible one. Otherwise, the spectra of the His13 and/or the His14 samples would show
a similar downshift. The signal observed at 973 cm™ in the spectrum of the unlabelled sample
remains at the same position in the spectrum of the Aspl labelled sample. This signal can be
tentatively assigned to the ring deformation vibration of His residues bound to the copper via

the N® atom while the N™ is deuterated.'”
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Figure 3.1.29. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pD 9.0 in the 1100—-900
cm infrared range.
Finally, the coordination of copper by the side chain carboxylate Aspl residue is taking place
at pH (pD) 9.0 by a monodentate mode with a pseudo—bridging character. The isotopic
labeling of the His residues revealed the effect of the copper coordination of the protonation

state of these residues where copper binds to the N* atom by displacing the atom to the N"
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atom. The coordination via the backbone as well as by the amine side chain of the Aspl

residue was not observed here.

3.1.2.10. Spectra of the Ap16 at pH 11.0

The spectra of the free peptide show one signal in the amide | region at 1673 cm™
which is mainly arising from the TFA absorption. The f—turns contributions coincide with the
TFA absorption as well as with the side chain absorption of the Arg. The amide | band
conserves the same shape for all the samples except for the Aspl sample which exhibit a
shoulder at 1648 cm™ (Figure 3.1.30). This signal can be most likely assigned to the S(*°NH,)
vibration of the Aspl residue. In the amide 11 region, two signals can be distinguished at 1584
and 1537 cm™. The v(C4=Cs) vibrations of His residues as well as the v(COO")™ vibration of
the side chain of acidic residues are expected in this region. Furthermore, the amide Il band

contributes to the lower frequency signal.
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Figure 3.1.30. Global view of the spectra of the AB16 free peptides recorded at pH 11.0 in the 1800-900 cm™
infrared range.
If we look at the spectra of all the free samples at pH 11.0 we can notice that the signal
observed at 1580 cm™ in the spectrum of the unlabelled sample is downshifted towards 1575
cm™ in the spectrum of the His14 sample (Figure 3.1.31). This downshift indicates that this
signal is mainly arising from the v(C4=Cs) vibration of H14 residue. It should be noted that
the frequency of the v(C4=Cs) vibration depends on the protonation state of the imidazole ring
of the His. In other words, the His are in the N™ protonated form since the N° protonated form

absorbs at approximately 1594 cm™.*2
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Figure 3.1.31. Enlarged view of the spectra of the AB16 free peptides recorded at pH 11.0 in the 1800—700 cm™
infrared range.

The signal appearing at 1541 cm™ in the spectrum of the unlabelled sample is downshifted
towards 1535 cm™ in the spectrum of the Aspl labelled sample. Despite the contribution of
the amide 1l band to this signal, the downshift indicates the contribution of the v(COO)®
vibration of the Aspl residue. The H-D exchange would downshift the amide Il contribution,
leading thus to accurately assign this signal.

The weak shoulder at 1518 cm™ can be assigned to the v(CC) ring vibration of the neutral
form of Tyr. A signal appearing at 1405 cm™ in all the spectra can be assigned to the
v(COO)* vibration of acidic residues. The Aspl sample exhibits an additional weak shoulder
at 1373 cm™ which can be assigned to the v(**COQ’)® vibration of the Asp1 residue (Figure
3.1.31).

All the spectra exhibit a weak shoulder at around 1360 cm™ and the most prominent ones are
observed in the spectra of the unlabelled and the His13 labelled sample. This signal can be
arising from the v(CN™) and the v(CN°) vibrations of the His residues.

In the spectral region around 1000 cm™ where His ring deformation vibrations occur, the
spectrum of the unlabelled sample shows three signals at 1031, 987 and 935 cm™. The signal
with the highest frequency can be arising from the N° protonated form whereas the middle one
can be arising from the N™ protonated form. The signal appearing at 935 cm™ is common for
both forms. The spectrum of the His13 sample shows only one large signal appearing at 1006

cm™ instead of the two highest ones observed in the other spectra.
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Figure 3.1.32. Enlarged view of the spectra of the AB16 free peptides recorded at pH 11.0 in the 1100—900 cm™
infrared range.

3.1.2.11. Spectra of the Cu**~AB16 complexes at pH 11.0

The spectra of the Cu**~AB16 complexes were recorded at pH 11.0 and they are
presented in the Figure 3.1.33. The signal appearing in the amide I region is slightly upshifted

upon copper coordination. The high TFA absorption prevents any secondary structure
analysis.
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Figure 3.1.33. Global view of the spectra of the Cu**~AB16 complexes recorded at pH 11.0 in the 1800-900 cm’
Yinfrared range.

The amide 1l region, where the side chain absorption of the His and the acidic residues are
expected, is affected by the copper binding (Figure 3.1.34). The spectrum of the unlabelled
sample shows a single band at 1576 cm™ which shifts to higher frequencies in the spectrum of
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the His6 labelled sample and to lower frequencies in the spectra of the Hisl3 and His14
samples. Compared to the data obtained for the free peptides, a downshift occurs upon copper
binding. The most pronounced downshift is observed when the His13 is labelled. Therefore,
the His13 residue is most likely not bound to copper at pH 11.0 since the copper binding
induces an upshift of the signal rather than a downshift.

The Aspl signature can be recognized in the spectrum of the Aspl labelled sample where a
shoulder is observed at 1544 cm™ which can be assigned to the v(**COO")* vibration of the
carboxylate side chain of the Aspl residue. The neutral Tyr absorbs at 1517 cm™ while the
v(**CO0")° vibration of the side chain of acidic residues absorbs near 1408 cm™. This signal is
observed at 1402 cm™ and the shift is maybe due to the v(N"C,) vibration of the His13 which
also contributes in this spectral region.”®

The weak shoulder appearing at 1376 cm™ can be assigned to the v(**COQ’)® vibration of the
D1 residue. The frequency shifts of the v(**COO")® and the v(**COO")® in the spectra of the
free and coordinated peptides at pH 11.0 allows the determination of the coordination mode
by the carboxylate group of the Asp1 residue:*%*
A vas- vs (free) = 1535-1373=162 cm™

A vas- v (bound) = 1544-1376 = 168 cm™.

25
Cu"-AplepH 110 — Unlabelled

—— His6

2.0 —— His13
—— His14

o <
I S——
151 =

Normalized

1.0 1

0.5

1750 1700 1650 1600 1550 1500 1450 1400 1350
Wavenumber / cm™

Figure 3.1.34. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pH 11.0 in the 1750—1350
cm infrared range.

Since A vgs- vs Of the coordinating peptide is larger than the free one, the coordination type is

suggested to be monodentate. A pseudo—bridging character of this coordination can be also

suggested since the difference between the two A is not too large.198
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The &(ring) vibrations of the His residues occurring below 1100 cm™ can be seen in the
Figure 3.1.35. The spectra show a signal at around 1030 cm™ which remains in position
compared to the spectra of the free peptides. However, the signal observed for the His13

sample is broader than the ones observed in the other spectra.
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Figure 3.1.35. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pH 11.0 in the 1100-900
cm infrared range.

3.1.2.12. Spectra of the AB16 at pD 11.0

The spectra of the free peptides were recorded at pD 11.0 to better assign the signals

arising from the labelled residues. The Figure 3.1.36 shows the spectra of all the peptides.
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Figure 3.1.36. Global view of the spectra of the AB16 peptides recorded at pD 11.0 in the 1800-900 cm™
infrared range.
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In the amide I’ region two signals are present instead of one in the spectra of the free peptides
recorded at pH 11.0. The one appearing at 1672 cm™ is mainly arising from the absorption of
TFA while the one appearing at 1642 cm™ can be arising from the amide I’ vibration. The
v(C4=Cs) vibration appearing at 1578 cm™ in the spectrum of the free unlabelled sample is

slightly upshifted upon labeling of the His residues (Figure 3.1.37).
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Figure 3.1.37. Enlarged view of the spectra of the AB16 peptides recorded at pD 11.0 in the 17501350 cm™
infrared range.

In the spectrum of the Aspl sample, the v(**COO")* vibration occurs at 1541 cm™ while the
v(**COO")° vibration occur at 1364 cm™. The Tyr residue absorbs at 1515 and 1499 cm™ for
the neutral and negatively charged ring, respectively. This indicates that the side chain of the
Tyr residue has a pK; value very close to 11.0. The d(ring) vibrations of the His residues
occurring below 1100 cm™ can be seen in the Figure 3.1.38 where the signals appearing at
1048 and 1008 cm™ in the spectrum of the unlabelled sample remains almost in position in the
spectra of the labelled samples. These signals can be assigned to the N™ and to the N°
protonated (deuterated) form of His, respectively. Indeed both forms of His coexist in the free

samples.
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Figure 3.1.38. Enlarged view of the spectra of the AB16 peptides recorded at pD 11.0 in the 1100-900 cm™
infrared range.
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3.1.2.13. Spectra of the Cu**~AB16 complexes at pD 11.0

The spectra recorded at pD 11.0 for the Cu?**~AB16 complexes are presented in the
Figure 3.1.39. The region of the amide I’ band contains two signals, one arising from the
TFA absorption at 1678 cm™ and the other one from the amide I’ band at 1645 cm™. The
downshift of the amide 11 band by H-D exchange allows a better assignment of the side chain
signals arising in the amide Il region.
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Figure 3.1.39. Global view of the spectra of the Cu?*~AB16 complexes recorded at pD 11.0 in the 1800-900 cm’

Linfrared range.
The signal occurring at 1578 cm™ in the spectrum of the free unlabelled sample remains in the
same position after the copper binding (Figure 3.1.40). The same observation can be done for
the His14 sample. On the other hand, the signal upshifts by few wavenumbers in the spectrum

of the His6 sample which could be an indicator of the His6 binding to the copper.
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Figure 3.1.40. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pD 11.0 in the 1750—1350
cm infrared range.
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The spectrum of the Aspl sample shows an additional shoulder, which can be assigned to the
v(**COO")™ vibration of the side chain of the Aspl residue. The v(**COO")° vibration occurs
at 1368 cm™.

Calculating A:

A Va5 Vs (free) = 1541-1364=177 cm™

A vas- v (bound) = 1547-1368 = 179 cm™.

Since Avgs-vs of the coordinated peptide is too close to the free one, the coordination type in a
pseudo—bridging mode can be suggested.

The signals arising from the neutral and negatively charged Tyr are observed at 1515 and
1500 cm™, respectively (Figure 3.1.40).

The signal appearing at 1048 cm™ gains intensity upon coordination while the signal at 1010
cm™ loses intensity upon coordination. It is known that this couple of vibrations is sensitive to
the protonation state of His, it is thus possible to find out how the His is bound to the Cu. In
fact, the signal appearing at 1048 cm™ is typical to the N™-deuterated His and the one at 1010
cm? is typical to the N°-deuterated His. Since the former signal gains intensity upon

coordination and the later one loses intensity, the coordination is occurring via the N* atom.
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Figure 3.1.41. Enlarged view of the spectra of the Cu**~AB16 complexes recorded at pD 11.0 in the 1100-900
cm infrared range.

If we look at the spectra of the free and coordinated His6 samples, we notice that the free

sample does not have similar features as the unlabelled one. Comparing the spectra of the

coordinated His6 and unlabelled samples, we can see that the former one has an additional

signal appearing at 1026 cm™. The His6 residue coordinates the copper via the N° atom. The
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N atoms of the other His residues might be in one or another protonation state since both
signals, at 1048 and 1010 cm™ continue to coexist as in the spectra of free peptides.

To conclude about the coordination at pH (pD) 11.0 we can say that the coordination of
copper by the side chain carboxylate Aspl residue is taking place by a pseudo—bridging
mode. The His6 residue is bound to copper via the N* atom. The coordination via the

backbone as well as by the amine side chain of the Aspl residue was not observed here.

3.1.2.14. Electrochemically induced FTIR difference spectroscopy

The ROS production by the Cu—AB16 complexes comes from the redox conversion of
copper. It is thus important to understand the coordination of Cu® by the AP16 peptide. The
midpoint potential of the redox couples formed by the Cu—AB16 complexes was previously
determined by cyclic voltammetry.'*® The electrochemical response of the complexes was
found to be dependent on the AB16 concentration under physiological pH which reflects the
presence of equilibrium between different complexes.

The electrochemically induced FTIR difference spectroscopy is a powerful tool to show
subtle changes in the FTIR spectra occurring upon the redox reaction. The oxidized-minus
reduced difference spectra of the Cu—AB16 complexes were recorded in order to gain insight
into the effect on the redox transition of copper on the organization of the coordination sphere
around the metal in both redox states. The method allows visualizing the capture and release
of copper by a ligand upon the redox reaction, especially when the ligands are isotopically
labelled. In addition, the electrochemically induced difference spectroscopy offers the
possibility to overcome the high absorption of TFA observed in the absolute absorbance
spectra.

Electrochemically induced FTIR difference spectra were recorded at pH 6.50, 9.0 and 11.0.
At pH 6.50 (Figure 3.1.42), the difference spectrum shows a positive signal appearing at
1726 cm™ which is typical for the v(C=0) vibration of protonated acidic residues, Asp and
Glu. The fact that the signal is observed as a positive signal, means that at least one acid
residue is protonated when the Cu®* is bound. The deprotonation takes place upon the
reduction of Cu®* into Cu* and the signals arising from the deprotonated acidic residues are
expected in the region of the amide 11 band, as well as around 1400 cm™. The negative signal
appearing at 1655 cm™ can be assigned to the amide | band, which reflects the backbone
reorganization upon the redox reaction. The position of this signal is typical of o—helical

secondary structure. The positive signal at 1610 cm™ can be arising from the amine side chain
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of several amino acids such as Lys, GIn, Asn. Furthermore, the ring v(CC) vibration of Phe
and the v(C4=Cs) vibration of the bound His may overlap with this signal.

In the amide 11 region, an intense negative signal occurs at 1555 cm™ which can be assigned
to the amide Il signal as well as to the side chain of the protonated acidic residues. H-D
exchange was used to assign this signal.

The Tyr residue gives rise to a shoulder at 1520 cm™ which points towards the conformational
changing of this residue upon the redox reaction. In addition, the environmental changing
around the Tyr could be at the origin of this signal. The region below 1500 cm™ is dominated
by signals arising from the side chains of Tyr as well as by the acidic residues. The intense
negative signal appearing at 1401 cm™ can be assigned to the side chain of acidic residues as

well as the v(CN) vibration of deprotonated amide.
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Figure 3.1.42. Electrochemically induced FTIR difference spectrum of the Cu—AB16 complex recorded in the
1800-1000 cm™ range at pH 6.50.

The side chains of His and Tyr are expected to contribute below 1300 cm™. The side chain
absorptions of the Tyr are of higher absorption coefficient than the His ones. Thus the
electrochemically induced FTIR spectroscopy applied on the complexes formed with the
isotopically labelled samples would lead to an accurate assignment in this region. It should be
noted that the contribution of the phosphate buffer is expected between 1160 and 1000 cm™.
At pH 9.0 (Figure 3.1.43), the electrochemically induced difference spectrum of the
Cu—AB16 complexes shows similar features to the one recorded at pH 6.50 where the amide |
and the amide Il bands are observed as negative signals. The amide | band is observed as a
broad negative signal appearing at 1679 cm™, typical of the p—turns conformation. It should

be noted that the Arg side has an intense absorption in the same region. The positive signal
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appearing at 1610 cm™ in the spectrum recorded at pH 6.50 is downshifted towards 1603 cm™

at pH 9.0.

The amide |1 signal remains in position compared to the spectrum recorded at pH 6.50. The
same observation can be done concerning the Tyr contribution at 1519 cm™. The signals
appearing below 1500 cm™ are affected by the pH increasing where the signal observed 1479
cm™ loses intensity. Furthermore, the negative signal appearing at 1270 cm™ in the spectrum
recorded at pH 6.50 disappears.
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Figure 3.1.43. Electrochemically induced FTIR difference spectrum of the Cu—AB16 complex recorded in the
1800-1000 cm™ range at pH 9.0.

The electrochemically induced difference spectrum recorded at pH 11.0 is shown in Figure
3.1.44 .The amide I region shows one negative signal at 1657 cm™. In the region around 1600
cm’, the positive signal appearing at lower pH values is conserved at pH 11.0. The amide Il
region is quite affected by the pH increase where an additional positive signal appears at 1575
cm™ and the intense negative signal in the amide 11 region loses intensity and shifts to lower
frequencies towards 1520 cm™.
Additional shifts are observed in the region below 1500 cm™. In addition, the negative signal
appearing at around 1400 cm™ gains intensity at pH 11.0 and downshifts towards 1393 cm™.
The signals appearing below 1200 cm™ could be arising from the CHES buffer.
In order to better assign the redox signals, the H-D exchange was performed at pH 9.0
Furthermore, the difference spectrum of the labelled Asplsamples was recorded at pH 9.0.
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Figure 3.1.44. Electrochemically induced FTIR difference spectrum of the Cu—AB16 complex recorded in the
1800-1000 cm™ range at pH 9.0.
The Figure 3.1.45 shows a direct comparison between the spectra of the unlabelled samples
recorded at pH 9.0 and pD 9.0. The H-D exchange shows that the broad amide | signal shifts
towards 1648 cm™, a frequency typical for random coil conformation. The negative signal
observed at 1555 cm™ belongs to the amide 11 contribution, which shifts towards 1450 cm™
upon H-D exchange. The amide Il shift to lower frequencies allows the observation of a

negative signal at 1584 cm™, typical for the ring motions of His.
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Figure 3.1.45. Electrochemically induced FTIR difference spectrum of the Cu—AB16 complex recorded in the
1800-1000 cm™ range at pH 9.0 (black) and pD 9.0 (red).
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3.1.2.15. Conclusion

The ATR-FTIR spectroscopic study allowed a better understanding of the copper
coordination by the AB16 at three pH (pD) values, 6.5, 9.0 and 11.0. The data obtained by
ATR-FTIR spectroscopy support the coordination by the carboxylate side chain of the Aspl
residue at all the pH values used here. At pH 6.50 and 9.0, the coordination takes place via a
monodentate mode with a pseudo—bridging character while at pH 11.0 the pseudo—bridging
mode is predominant. In addition, the contribution of all the His residues to the coordination
at pH 6.50 is also supported, the His6 coordinates via the N°, His13 and His14 via the N"
atoms. At pH 9.0 and 11.0 the His6 residue is bound via the N* atom. Based on the results
cited above and the FTIR data, the following coordination modes are proposed (Figure
3.1.46).
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pH 6.5 pH 9.0 pH 11.0

Figure 3.1.46. Proposed coordination modes of Cu cations by AB16 at: pH 6.50 (left), pH 9.0 (middle) and pH
11.0 (right).

The strong absorption of TFA made the data analysis very difficult and the overlapping with
the amide | mode prevented the analysis of the secondary structure modifications upon
coordination, which is central for a better understanding of the aggregation at low pH value.
FTIR spectroscopy is not sensitive to the position of the ligand within the coordination
sphere; indeed, the discrimination between the axial and equatorial coordination partners is
not possible.

The electrochemically induced spectra recorded as a function of pH show that backbone
reorganization takes place upon the redox transition. These observations suggest different
coordination modes of Cu®* and Cu* by the AP16. The signals concomitant with the oxidized
form (positive), show negligible intensity. Strong signals are found for the reduced form. This
may be due to a noteworthy difference in absorption coefficient based on different

interactions.
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The low frequency region is a useful region to directly observe the metal-ligand vibrations.
Combined with the isotopic labelling, the FIR spectroscopy would provide valuable
information about the coordination. The FIR spectra of the free and copper-bound peptides
were recorded, but unfortunately, the TFA absorption dominates the spectra and the
metal—ligand vibrations are of weak intensities. Thus, the signals are very difficult to be

accurately assigned.
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3.2. The inhibitory effects of Zn cations on the cytochrome
bc, complex

3.2.1. Introduction

The cytochrome bc; complex (bcy) is a multisubunit membrane protein present in the

respiratory chains of animals, plants and bacteria. It couples the redox reaction of quinol to
proton pumping from the negative to the positive side of the membrane. The bc; of R.
capsulatus has a molecular weight of 201.431 kDa. The enzyme is a dimer and each monomer
is constituted of three different subunits; the heme b subunit, the heme c subunit and the
Rieske protein. The bc; catalyzes the oxidation of quinol and the reduction of quinone
molecules at two distinct binding sites, the Q, and the Q; sites, respectively.
Metal cations such as Zn?* or Cd*" are known to inhibit the proton translocation in the
respiratory complex I1l. The mechanism by which these cations block the proton translocation
is not fully understood. On the other hand, these cations are known to bind to protonated
acidic residues. The Zn** binding site in the bc, from R. capsulatus was located with the
X-ray absorption studies.’® The binding site is constituted of the His276, Asp278, Asn279,
His291 and Glu295 residues (Figure 3.2.1).
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Figure 3.2.1. Zn cations binding site within the bc; of R. capsulatus (PDB code 1ZRT). Zinc cations are blue, the
binding partners are colored in red, the heme by_is in yellow and the hemes by, and c; are in black.
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All these amino acids belong to the heme b subunit. The Glu295 analogues in the bc; from
other species are suggested to play a crucial role in the catalytic tunrover.}%°?°*2%2 On the
other hand, the Glu295Val mutation did not affect the FTIR difference spectra.*®

Here we studied the Zn?*—inhibition of the wild—type bc, from R. capsulatus. In order to get
insight into the binding of Zn cations to the enzyme, the Glu295V mutated enzyme and the
enzyme lacking the Rieske protein were also inhibited and investigated. Hereafter the enzyme

lacking the Rieske protein will be called the “subcomplex”.
3.2.2. Difference spectroscopy of the wild—type bc; complex

3.2.2.1. UV-Vis difference spectroscopy

UV-Vis difference spectroscopy was applied on the wild—type bc; in order to check

the reaction times of the enzyme. In other words, the UV-Vis difference spectroscopy allows
determining how long the enzyme takes to get fully oxidized or fully reduced. The difference
spectra were recorded for the wild—type alone and in presence of 200 uM of Zn cations.
Furthermore, the UV-Vis difference spectroscopy allows the determination of the
concentration of the enzyme. The UV-Vis difference spectra of the wild—type bc; are
presented in the Figure 3.2.2. The y—band (also called Soret band) is observed at 428 nm. It is
constituted of the y—bands of all the heme cofactors. The a—band (also called Q—band) is
observed at 525, 552 and 559 nm. The signal at 525 nm arises from all the reduced hemes
while the one at 552 nm arises mainly from the heme c;. The band at 559 nm contains
overlapping signals from the b_ and by hemes.?®® By following the evolution of the UV-Vis
difference spectra as a function of time we can determine the time required to obtain the fully
oxidized or the fully reduced enzyme. The Figure 3.2.2 shows that the heme c; is the last
cofactor to get oxidized. The fully oxidized state of the enzyme is reached 4 minutes after the
application of the oxidizing potential. The fully reduced form of the enzyme is reached after 6
minutes from the application of the reducing potential.
The concentration of the enzyme was also determined using the signal at 559 nm, which has
an absorption coefficient of 20 mM™.cm™®?® Using the Lambert-Beer equation, the
concentration of the sample is between 120 and 240 pM. These values depend of the
pathlength of the OTTLE cell, considered to be between 10 and 5 pum.
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The UV-Vis difference spectra of the Zn*—inhibited enzyme are presented in the Figure
3.2.3. The addition of Zn cations did not affect the spectral features of the enzyme. However,
the inhibition by Zn cations slows down the redox reaction. The fully oxidized form is
obtained after 6 minutes, the reduced form after 10 minutes. The fully ox-red and fully red-ox
UV-Vis difference spectra of the wild-type are shown in the Appendix 1.
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Figure 3.2.2. UV-Vis difference spectra of the wild—type bc;.
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Figure 3.2.3. UV-Vis difference spectra of the wild—type bc; in presence of 200 uM of Zn?*,

The concentration of the sample is between 8 and 16 puM. The concentration was determined
as described for the wild—type alone. The determination of the reaction times is useful to

know how long we should wait after applying the oxidizing and the reducing potentials to
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obtain the fully oxidized and the fully reduced forms. Accordingly, the fully oxidized minus

reduced FTIR difference spectra.

3.2.2.2. FTIR difference spectroscopy

The FTIR difference spectra of the bc; from R. capsulatus were recorded at pH 8.0 in
the spectral region 1800—800 cm™. The spectra are mainly dominated by signals from the free
and bound quinones as well as by the amide | and Il bands (Figure 3.2.4). The detailed band

assignments are shown in the Appendix 2.
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Figure 3.2.4. Ox-red FTIR difference spectra in the region 1800—800 cm™ of the wild—type bc, before (black)
and after the inhibition (red).

In the region above 1700 cm™ the signature of the protonated acidic residues can be
observed.}*>%420% The oxidation-induced protonation of acidic residues gives rise of a
positive signal at 1740 cm™. This signal was previously assigned to the v(C=0) vibration of
Asp278 and Glu295 residues in the bcy. %" The negative signal observed at 1720 cm™ can
be assigned to the v(C=0) vibration of protonated acidic residues.

The appearance of a couple of signals (+) 1740 cm™ and (-) 1720 cm™ is typical of the
modification of the environment of redox active acidic residue upon the redox reaction. In

fact, the higher the frequency, the more hydrophobic the environment of the acidic residue.
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The downshift of the signal in the reduced form indicates that the acidic residue is more
hydrogen bonded, or more exposed to the solvent. This behavior points toward a
conformational change of the residue.

A positive signal can be seen at 1706 cm™. This signal was tentatively assigned to an acidic
residue located in the heme b subunit of P. denitrificans.”"?% Furthermore, this signal can
arise also from the v(C=0) vibration of the heme propionates. At lower frequencies, the
v(C=0) vibration of the heme propionates can be observed at 1694 (+) / 1684 cm™ (-). The
former can also arise from the backbone reorganization of the Rieske protein (B—sheet). The
positive signal appearing at 1679 cm™ can be arising from the amide I contribution (B—turns).
Furthermore, this signal may include contributions from the v(CN3Hs)® vibration of redox
active Arg residue as well as from the v(C=0) vibration of the side chain of Asn or Gln (See

Appendix 2 for detailed assignments).
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Figure 3.2.5. Enlarged view of the 1775—1600 cm™ spectral region of the FTIR difference spectra of the
wild—type bc, (black) and Zn?*—inhibited enzyme (red).

The positive signal observed at 1656 cm™ can be assigned to the v(C=0) vibration of the
amide I band arising from the backbone reorganization of a—helices as well as of random
coils. The v(C=0) vibration of free and bound quinones absorbs at 1649 cm™*.2%2% The
v(C=C) vibration of the quinone ring is observed at 1612 cm™.

Upon inhibition, the v(C=0) vibration of the acidic residue is much weaker than the in the
difference spectrum of the wild—type enzyme alone. In addition, the signal is shifted to higher
frequencies (1745 cm™). The negative signal previously assigned to the v(C=0) vibration of

protonated acidic residue disappears in the Zn**—inhibited enzyme. Indeed, the Zn cations
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interact with the redox active protonated acidic residue. This observation leads to suggest that:
(1) The Zn cations weakly interact with the protonated acidic residue, leading thus to prevent
its conformational movement upon the redox reaction. (2) The binding of Zn cations requires
the deprotonation of the relevant protonated acidic residue. The positive signal observed at
1706 cm™ in the difference spectrum of the wild—type enzyme alone loses intensity and shifts
to higher frequencies upon inhibition (Figure 3.2.5). Indeed, the Zn cations interact with, at
least, another protonated acidic residue in a more hydrophilic domain than the first one.

In the region of the amide I, the most important modification is the appearance of a shoulder
at 1636 cm™. This signal can be arising from the amide I band (B—sheet) as well as from the
v(C=0) vibration of the quinone. The appearance of this shoulder reflects the effect of Zn
cations on the Q, binding site where the quinol oxidation takes place. The binding of Zn
cations may force the quinone to bind in a different orientation compared to the native
wild—type.

The deprotonated heme propionates are involved in the amide Il region (Figure 3.2.6), but
they overlap with the side chain contribution of deprotonated acidic residues. It should be
noted that these contributions can be seen as negative signals in the difference spectra at 1560
and 1536 cm™ for the wild—type enzyme alone. The positive signal at 1547 cm™ can be
assigned to amide Il signal as well as to the vsg vibration (v(CgCp) vibration) of the heme b
(The chemical structure of the heme is shown in Figure 3.2.7. The discrimination between the
amide Il modes and the side chain contribution can be done with the help of the H-D

exchange (See below)).
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Figure 3.2.6. Enlarged view of the 1600—1100 cm™ spectral region of the FTIR difference spectra of the
wild—type bc, (black) and Zn?*—inhibited enzyme (red).
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The region below 1500 cm™ is dominated by negative signals arising from the quinone ring
motions. The negative signal at 1385 cm™ may arise from the ring motions of quinones as
well as from the v(COOY)° vibrations of deprotonated acidic residues and the heme
propionates of the by.

The positive signals appearing at 1288 and 1264 cm™ arise from the v(C—O) vibration of the
methoxy group of the quinone ring. In the latter, a contribution of the v4, vibration (8(Crn—H)
vibration) of the hemes by and c; is also expected. Another negative signal at 1240 cm™ can
also be assigned to the v4 Vvibration of the hemes by and c;. Detailed band assignments are
presented in the Appendix 2.

Figure 3.2.7. The chemical structure of the heme. The symbols of the carbon atoms of the porphyrin ring are also
indicated.

The inhibition by Zn ions affects the difference spectrum of the enzyme, especially in the
amide 11 region where a positive signal appears at 1571 cm™. This signal may be arising from
the v(COO)® vibration of deprotonated acidic residues or from the v(COO)® vibration of the
heme propionates. The analysis of the region of the v(C=0) vibration has already shown that
the Zn ions interact with a protonated acidic residue and probably leads to its deprotonation.
The positive signal at 1571 cm™ could then be arising from the acidic residues that bind Zn
cations. The negative signal appearing at 1536 cm™ loses intensity upon inhibition. This
signal can be assigned to the amide Il modes of the Rieske protein as well as of the side chain
of acidic residues or heme propionates. Since the amide Il region also contains several side
chain absorptions, none of these signals can be accurately assigned without the H-D
exchange (See below).

Additional spectral modifications occur at 1386 cm™. This signal was previously assigned to
the v(COO)® vibrations of deprotonated acidic residues and heme propionates that belong to
the heme by. The inhibition affects also the intensity of the v, vibration of the hemes by and

c1 observed at 1240 cm™. The loss of intensity of this signal allows us to conclude that the
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effect of the inhibition is extended from the binding site to long—range modifications in the
bc, to reach either the heme by or c;. The spectral range between 1100 and 1000 cm™ contains
the Tris—HCI buffer contribution. The difference spectra of the Tris—HCI buffer at pH 8.0 in
presence and absence of Zn cations are shown in the Appendix 3. The porphyrin ring motions
can be observed between 1000 and 800 cm™ (Figure 3.2.8). The difference spectrum of the
wild—type contains a negative signal at 964 and a positive signal at 930 cm™. These signals
were previously assigned to pH—sensitive motions of the porphyrin ring.ms,zog,zlo

The positive signal appearing at 952 cm™ for the oxidized form shifts toward 946 cm™ upon
reduction. This signal can be assigned to the v(ring) vibration of deprotonated His. The FTIR
difference spectra of isolated Rieske protein from R. capsulatus show similar signals.” It is
thus likely that the coordinating His of the Rieske protein give rise to these signals. Upon the
addition of Zn cations, these signals disappear suggesting thus that the relevant His residue(s)
is (are) not redox active anymore and probably binds Zn (See Appendix 2 for detailed
assignments).

The redox sensitive signal appearing at 836 cm™ is shifted towards 827 cm™ upon reduction
(Figure 3.2.8). This signal was previously assigned to the y(C,—H) vibration of the porphyrin
ring. The frequency of the y(Cn—H) vibration depends also on the pH. At high pH, the signal
is found at high frequency (i.e. 836 cm™) and at low pH, the signal is found at low frequency
(i.e. 827 cm™). This behavior indicates that the heme propionates are in the protonated state in

the oxidized form and deprotonated in the reduced.
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Figure 3.2.8. Enlarged view of the 1000—800 cm™ spectral region of the FTIR difference spectra of the
wild—type bc; (black) and Zn?*—inhibited enzyme (red).
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The inhibition induces the splitting of the negative signal into two signals at 825 and 815
cm™. Thus, the addition of Zn modifies the protonation state of the propionates. It should be
noted that the proton pumping machinery of the bc; involves the heme propionates groups of
the heme by. It is thus most likely that the porphyrin of the heme b, gives rise to the
additional negative signal at 815 cm™ because of a different protonation state.

3.2.2.3. FTIR difference spectroscopy after the H—D exchange

The amide Il region contains several signals arising from the backbone itself as well as
from the side chains of several amino acids and the heme propionates. The data recorded at
pH 8.0 suggests the deprotonation of the Glu295 and or the heme propionates. However, the
overlapp of these signals with the amide Il modes makes the suggestion speculative. The H-D
exchange induces a large downshift of the amide Il modes, making thus the assignments of
the side chain absorptions easier. The spectra of the native and Zn—poisoned bc; recorded at
pD 8.0 are shown in Figure 3.2.9. The difference spectra are similar to those previously
reported.206 The v(C=0) vibrations of the acidic residues show a similar behavior to the one

observed at pH 8.0. In other words, the signal decreases upon inhibition.
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Figure 3.2.9. Ox-red FTIR difference spectra recorded at pD 8.0 in the region 1800—800 cm™ of the wild—type
bc, before (black) and after the inhibition (red).
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In the amide Il region, the negative signals are conserved after the H-D exchange. On the
other hand, the positive signal appearing at 1536 cm™ at pH 8.0 is partially missing at pH 8.0.
Thus the signal can be assigned to the amide 11 modes. In order to see the effect of the Zn
cations binding on the protonation state of the acidic residues as well as the heme propionates
clearer, the double difference spectrum is calculated and shown in Figure 3.2.10.

The evidence on the deprotonation of the acidic residue upon Zn binding can be seen in the
region of the v(C=0) vibration of the protonated acidic residues. The double difference
spectrum shows a negative signal at 1744 cm™. This behavior supports the binding of Zn
cations to a protonated acidic residue. In addition, the amide II” region contains two positive
signals at 1558 and 1540 cm™. These signals can be assigned to the v(COO")® vibrations of
both, heme propionates and the side chain of acidic residues. This observation leads to
conclude that the relevant acidic residue binds Zn cations via the carboxylate moiety.
However, the double difference spectrum does not provide direct evidence on the

deprotonation of the heme propionates.
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Figure 3.2.10. Ox-red spectrum of the native enzyme minus ox-red Zn—poisoned enzyme recorded at pD 8.0.
3.2.2.4. UV-Vis Titration of the bc, complex

In order to learn more about the effect of Zn binding on the hemes midpoint potentials,
the UV-Vis titration was performed on the wild—type enzyme in presence and absence of Zn

cations. The midpoint potentials were determined by fitting the absorbance of the Soret band

106



The inhibitory effects of Zn cations on the cytochrome bc; complex

with the Nernst equation. The titration curves are shown in Figure 3.2.11. The data shows
that the inhibition does not significantly affect the midpoint potentials of the b—type hemes.
On the other hand, the midpoint potential of the heme c; seems to be more positive in
presence of Zn cations. The spectra of the oxidative titration of the wild—type enzyme are

shown in Appendix 4.

0.004 4 ©  Titration bc, complex pH 8.0 0.000 ©  Titration bc + 200 pM zn? pH8.0
0.002 |
— -0.005 3 —
0.000- EnD =292 £7mV E_b, =-280mV +5mV
g -0.002 g 0.0104
2: E b =172+9mV 2: E, b, =-163mV £12 mV
-0.004 4 m=H - -0.015 1
-0.006 E,Cc,=t67 £15mV \ E,c,=+3mV+19mV
o) -0.020 Q
-0.008 4
O o €]
-0.010{ RA2 = 0.99489 -0.0257 Rno= 0.99689
-500 -400 -300 -200 -100 0O 100 200 300 400 -500 -400 -300 -200 -100 0O 100 200 300 400 500
Potential vs. Ag/AgCl 3M KCI Potential vs. Ag/AgCI 3M KClI

Figure 3.2.11. Titration curves of the bc, in the native form (left panel) and in presence of Zn cations (right
panel).
However, the heme c; absorption does not fit well with the Nernst curve; heme c; is often
difficult to fit. The titration following the Q band absorption is required to clarify the effect of

Zn binding on the midpoint potential of the heme c;.
3.2.3. Difference spectroscopy of the Glu295Val mutant bc, complex

3.2.3.1. UV-Vis difference spectroscopy

The UV-Vis difference spectra of the Glu295Val mutant bc; are presented in Figure
3.2.12. The y—band is observed at 429 cm™. The a—band is observed at 525, 551 and 559 nm.
The fully oxidized state of the enzyme is reached 5 minutes after the application of the
oxidizing potential. The fully reduced form of the enzyme is reached 7 minutes after from the
application of the reducing potential. Upon inhibition (Figure 3.2.13), the reaction becomes
slower. The fully reduced form is reached 10 minutes after the application of the reducing

potential while the oxidation rate remains unaffected.
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Figure 3.2.12. UV-Vis difference spectra of the Glu295Val bc;.
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Figure 3.2.13. UV-Vis difference spectra of the Glu295Val bc, in presence of 200 pM of Zn?*.,
3.2.3.2. FTIR difference spectroscopy

The FTIR difference spectra of the Glu295Val mutant in presence and absence of Zn
cations are shown in Figure 3.2.14. Compared to the FTIR difference spectrum of the
wild—type, the spectrum of the Glu295Val mutant shows weaker signals in the spectral region
of the protonated acidic residues. Thus the Glu295 residue is probably responsible for signals
observed at 1740 and 1720 cm™ in the difference spectrum of the wild—type. On the other
hand, the signals did not completely disappear (Figure 3.2.15).
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Figure 3.2.14. Ox-red FTIR difference spectra in the region 1800800 cm™ of the Glu295Val bc, before (black)
and after the inhibition (red).

The contribution of other protonated acidic residues is indeed not excluded. The remaining

positive signal is observed at higher frequency compared to the one observed for the

wild—type. This behavior reflects a weaker hydrogen bonding or a more hydrophobic

environment around the residues.
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Figure 3.2.15. Enlarged view of the 1775—1600 cm™ spectral region of the FTIR difference spectra of the
Glu295Val be; (black) and Zn?*—inhibited enzyme (red).

The addition of Zn cations to the mutant sample showed no significant modifications on the
1748 cm™ signal. However, the signal observed at 1708 cm™ in the difference spectrum of the

mutant disappears upon the addition of Zn cations. This signal was previously assigned to
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206 Accordingly, Zn cations may

redox active protonated acidic residues of the heme b subunit.
still bind to the mutated enzyme via another protonated acidic residue when the Glu295 is not
available. The amino acid suggested to be relevant is the Asp278 as it was shown by EXAFS
studies to be a part of the binding site of Zn cations.’® The binding of Zn to the Asp278 may
also explain the slower reaction rates observed in the UV-Vis range (Figure 3.2.13).

In the amide I region, the positive signals appearing at 1693 and 1679 cm™ lose intensity upon
addition of Zn cations. These signals may arise from the backbone reorganization of the
Rieske protein (B—sheet) or from the heme propionates of the b or by hemes. The
contribution of the v(CN3Hs)® vibration of Arg94 to the positive signal at 1679 cm™ is not
excluded. In addition, the intense signal appearing at 1650 cm™ in the spectrum of the mutant
enzyme downshifts towards 1643 cm™ upon inhibition. These signals may be arising from the
amide I band as well as from the v(C=0) vibration of quinones. These spectral modifications
point towards different reorganizations of the Q, site in presence Zn.

In the amide 1l region (Figure 3.2.16), the difference spectrum of the mutant is similar to the
wild—type. The negative signal observed at 1584 cm™ can be assigned to the v(COO’)*
vibration of protonated acidic residues side chains. Upon inhibition, the signal gains intensity.
Thus, the deprotonation of additional acidic residue is taking place when Zn is added to the
mutant. This observation is in line with the deprotonation of the Asp278 residue. However,

the mutation of this residue is required to confirm its deprotonation.
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Figure 3.2.16. Enlarged view of the 1600—1100 cm™ spectral region of the FTIR difference spectra of the
Glu295Val be; (black) and Zn?*—inhibited enzyme (red).

110



The inhibitory effects of Zn cations on the cytochrome bc; complex

Furthermore, the difference spectrum of the Zn—inhibited mutant shows a broad positive band
at 1527 cm™ instead of the positive and negative signals observed in the difference spectrum
of the mutant. This signal is too broad to arise from a single vibration. On the other hand, the
absence of the negative signal at 1538 cm™ indicates that the heme propionates become redox
inactive since the protonation of the propionates would give rise to a signal in the amide |
region. This is not the case since the signal loses intensity upon inhibition. So far, we can
conclude that the propionates of the heme b, or by do not change protonation state when Zn
cations are bound to the mutant enzyme.

The signals appearing at 1495, 1464 and 1433 cm™ are arising from the quinol ring motions.
The frequency of these signals is lower in the difference spectrum of the inhibited enzyme. It
is thus clear that the quinol oxidation within the Q; binding site is affected.

The negative signal observed at 1433 cm™ can be assigned to the ring vibration of quinol. The
addition of Zn cations leads to the appearance of a broad negative signal at 1404 cm™ which
contains coordinates from the v(COQ")® vibration of protonated acidic residues side chains as
well as less intense contributions from the isoprenoid tail of the quinol.?%

At lower frequencies, the v(C—O) vibration of the quinone methoxy group are observed at
1290, 1264 and 1204 cm™. The latter two bands contain overlapping signals from the
quinones and the heme c;. These signals are found at lower frequencies when the mutant is
inhibited by Zn cations. Furthermore, the intensity of these signals gets weaker in presence of
Zn. the heme c; reduces the Rieske protein after the quinol oxidation at the Q, site. It is
indeed possible that the low reactivity of the Rieske protein in presence of Zn cations affects
the reactivity of the heme c;. It should be noted that the sample may contain bound and
unbound quinones. Indeed, signals arising from the free quinone are also visible in the
difference spectra, however, contributing with a large C=0 signal at ~ 1650 cm™.

The spectral region between 1000 and 800 cm™ is shown in the Figure 3.2.17. The difference
spectrum of the mutant contains a negative signal at 964 and a positive signal at 933 cm™.
These signals were previously observed in the difference spectrum of the wild—type enzyme.
These signals may arise from pH—sensitive motions of the porphyrin ring.165’209'210

The positive signal appearing at 952 cm™ in the spectrum of the wild—type enzyme is missing
in the spectrum of the mutant. This signal can be assigned to the v(ring) vibration of
deprotonated His. It is possible to conclude that the relevant His residue(s) is (are) involved in
the proton pumping mechanism and the mutation of the Glu295 blocks the capture or release

of protons by the concerned His residue(s). The concerned His residues can be the ones

111



The inhibitory effects of Zn cations on the cytochrome bc; complex

directly involved in the binding of Zn cations or the ones that coordinate the [2Fe—2S] cluster

of the Rieske protein.
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Figure 3.2.17. Enlarged view of the 1000—800 cm™ spectral region of the FTIR difference spectra of the
Glu295Val be, (black) and Zn?*—inhibited enzyme (red).

The porphyrin ring motion observed as a positive signal at 933 cm™ in the difference
spectrum of the mutant is not affected by the inhibition. On the other hand, an additional
positive signal appears at 920 cm™ which can be arising from His residues as well as from the
ring motions of the porphyrins.

The y(Cn—H) vibration of the porphyrin ring appearing at 836 cm™ is splitted upon reduction
into two signals at 827 and 819 cm™. This spectral feature is similar to the one observed in the
difference spectrum of the inhibited wild—type bc;. Obviously the mutation of the Glu295
residue has a similar effect as the inhibition by Zn cations on the reactivity of the hemes. In
addition, the difference spectrum of the inhibited mutant shows a different signature of the
porphyrin ring vibrations where the positive and negative signals previously observed at 836
and 827 cm™ are missing, in contrast to the wild—type. Furthermore, a negative signal appears
at 814 cm™ which can also be assigned to the y(Cn—H) vibration of the porphyrin ring. This
observation points towards the relationship between the proton translocation and the electron

transfer by the hemes.
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3.2.4. Difference spectroscopy of the subcomplex of the bc; complex

3.2.4.1. UV-Vis difference spectroscopy

The subcomplex of the bc; of R. capsulatus was previously reported to lack the Q,
binding sites. Indeed, no quinol oxidation can take place within the subcomplex. On the other
hand, the Q; binding sites and the midpoint potentials of the hemes are not affected.**’

The UV-Vis difference spectra of the subcomplex alone are shown in Figure 3.2.18. The
reaction rates of the subcomplex alone are identical to those observed for the mutant alone,
namely 5 minutes for the oxidation and 7 minutes for the reduction. The inhibition slows
down only the reduction of the subcomplex since 10 minutes are now required to obtain the

fully reduced inhibited subcomplex (Figure 3.2.19).
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Figure 3.2.18. UV-Vis difference spectra of the subcomplex.
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Figure 3.2.19. UV-Vis difference spectra of the subcomplex in presence of 200 uM of Zn<".
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3.2.4.2. FTIR difference spectroscopy

The FTIR difference spectra of the subcomplex before and after the inhibition by Zn
cations are shown in Figure 3.2.20.
Compared to the difference spectrum of the wild—type, two positive signals can be observed
in the region of the v(C=0) vibrations of protonated acidic residues instead of one (Figure
3.2.21). The frequencies of these signals are 1750 and 1735 cm™. These signals can arise from
two different residues. The one with the higher frequency is arising from an amino acid with a
more hydrophobic environment than the lower one. The data obtained from the mutant
enzyme clearly show that the main contribution in this spectral region comes from the Glu295

residue. It is thus likely to assign one of these signals to the Glu295 residue.
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Figure 3.2.20. Ox-red FTIR difference spectra in the region 1800-800 cm™ of the subcomplex before (black) and
after the inhibition (red).
The crystal structure of the subcomplex is not available yet, however, the fact that the Rieske
subunit is missing may affect the position of the ef loop containing the Glu295 residue. The
removal of the Rieske protein is supposed to expose the Glu295 residue more to the solvent.
Indeed, the frequency is expected to be lower than the one observed in the difference
spectrum of the wild—type. However, the signal is splitted into two signals; one at higher
frequency than the one observed for the wild—type (See Figure 3.2.6). Thus this residue

adopts a different conformation as compared to the wild—type, probably in a more
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hydrophobic environment than in the wild—type. The same observation can be done for the
negative signal appearing at 1725 cm™.

The inhibition did not affect the intensities of these signals, only slight downshifts are
observed. This behavior could be the result of structural changing of the ef loop making the
Glu295 residue inaccessible to Zn cations. However, the UV-Vis difference spectroscopy
showed a slower reduction rate in presence of Zn cations, hence, the Zn cations are still
interacting with the subcomplex.

In the amide | region, the positive signals appearing at 1677 and 1670 cm™ disappear upon
inhibition (Figure 3.2.21). These signals were previously assigned to the backbone

reorganization of the heme b subunit.’®®

On the other hand, these signals may arise from the
side chain absorption of an Arg residue from the by subunit.’® Several Arg were previously
suggested to construct salt bridges with the heme b propionates.?** The crystal structure of the
bc, from R. capsulatus support the interaction between Arg side chains with the propionates
(Arg94, Argl07 and Arg114).%° Furthermore, the site—directed mutagenesis of the highly
conserved Argll4 residue showed that the positively charged residue is crucial to the

assembly of the enzyme.?*?
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Figure 3.2.21. Enlarged view of the 17751600 cm™ spectral region of the FTIR difference spectra of the
subcomplex (black) and Zn?*~inhibited enzyme (red).

The Arg signals are missing in the spectrum of the Zn—inhibited subcomplex. The direct
interaction of Zn cations with the Arg94 (heme b subunit) or Arg107 (heme c; subunit) is the

most likely since the Arg114 (heme b subunit) is the closest one to the Zn cations binding site.
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This interaction may be the origin of the slower reaction rates observed by the UV-Vis
difference spectroscopy.

The sharp signal appearing at 1654 cm™ slightly downshifted upon the addition of Zn cations.
This signal can be assigned to the v(C=0) vibrations of free quinones since the Q, binding
site is missing in the subcomplex.

The signals observed in the 16001100 cm™ spectral range are similar to those observed for
the wild—type. The addition of Zn cations modifies the spectral features in the amide II region
where a broad positive signal appears at 1532 cm™ (Figure 3.2.22). This behavior was
observed in the difference spectra of the mutant. The absence of the heme propionates
v(COO)* vibrations can result from a unique protonation state during the redox reaction.
These modifications in the heme propionates signature upon inhibition can be caused by the
interaction of the Arg107 (of the heme c; subunit) with Zn cations. The lack of interaction
between the propionates and the Argll4 is not excluded. These suggestions remain
speculative due to the lack of site—directed mutagenesis of these residues and the crystal

structure of the subcomplex.
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Figure 3.2.22. Enlarged view of the 1600—1100 cm™ spectral region of the FTIR difference spectra of the
subcomplex (black) and Zn?*—inhibited enzyme (red).
The His ring motions as well as the porphyrin ring motions can be observed below 1000 cm™.
The presence of the His ring motions excludes the contribution of the His residues of the
Rieske protein. Thus the His residues giving rise to these signals are probably the His276 and
His291.
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The subcomplex alone shows similar features in this spectral range compared to the
wild—type, except for the y(Cn—H) vibration. Two negative signals are observed at 823 and
817 cm™ instead of one in the spectrum of the wild—type. The splitting of the negative signal
was also observed in the difference spectrum of the mutant. Thus, the removal of the Rieske
protein and the mutation of the Glu295 residue have similar effects on the hemes
environment.

The presence of Zn cations affects the difference spectrum of the subcomplex at the level of
the porphyrin ring motions. The negative signal appearing at 890 cm™ disappears. The
v(Cyn—H) vibrations observed at 836, 827 and 817 cm™ almost vanish upon inhibition. The
binding of Zn cations to the subcomplex affects the redox reactions of the hemes, thus the

communication between the different cofactors.
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Figure 3.2.23. Enlarged view of the 1000—800 cm™ spectral region of the FTIR difference spectra of the
subcomplex (black) and Zn**—inhibited enzyme (red).

3.2.5. Conclusion

The inhibition effect of Zn cations towards the bc; from R. capsulatus was
investigated by means of UV-Vis and FTIR difference spectroscopy. The data show that the
reaction rates are drastically slowed down upon inhibition. Unlike one previously reported
data,”*® but in line with several other studies,'?°%%"2% our data show that the Glu295 is a
crucial residue to the proton translocation process of the enzyme. Furthermore, the Glu295

residue binds Zn cations via the carboxylate moiety. The deprotonation of the Glu295 results
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in blocking the conformational movement of the side chain toward the propionate of the heme
b.. It prevents indeed the rapid release of protons from the Q, site.

The slow electron transfer rates deduced from the UV-Vis difference spectra are supported by
the modifications of the infrared signature of the porphyrin ring observed below 1000 cm™.
When Glu295 is replaced by Val, the porphyrin ring signature is similar to the one observed
in the difference spectrum of the inhibited wild—type. This behavior shows that Glu295 is also
crucial to the electron transfer within the Q, site. The addition of Zn cations to this mutation
induced slower reaction rates. The FTIR difference spectra showed that the inhibition led to
the deprotonation of a protonated acidic residue in a more hydrophilic environment.
According to the EXAFS studies,'® we suggest that the Asp278 is the relevant amino acid,
also protonated in the bc; from P. denitrificans.’” In addition, the presence of Zn cations
affected the signature of the porphyrin ring of the hemes. In other words, the binding of Zn
cations to the mutation still affect the electron transfer at the Q, binding site.

The removal of the Rieske protein blocks the accessibility of the Zn cations to the Glu295.
The fact that the Q, site lacks the Rieske protein is not supposed to modify the binding site of
Zn cations, since the Rieske protein does not participate in the binding process. However, it is
possible that the ef loop collapsed in absence of the Rieske protein, which induced a different
conformation of the PEWY motif. Once in this conformation, the Glu295 residue is in a more
hydrophobic environment and becomes inaccessible to Zn cations. Indeed, Zn cations seem to
interact with Arg residue, most likely Arg107 of the heme c; subunit or the Arg94 (heme b
subunit).

The determination of the midpoint potentials of the wild—type enzyme in the native form and
in presence of Zn cations showed that the inhibition does not affect the midpoint potentials of
the hemes. However, the fitting curves are not accurate for the heme c; potential. In addition,
the absorption coefficients of the [2Fe—2S] cluster of the Rieske protein are too small
compared to the heme ones. It is thus difficult to determine the midpoint potential of the
Rieske protein by UV-Vis titration; however, it can be done by EPR spectroscopy.

According to the available data about the proton exist from the Q, site,**'%

we propose a
mechanism of inhibition on the bcy by Zn cations (Figure 3.2.24). In absence of inhibition,
the quinone reduction to semiquinone leads to the release of the first proton via the His of the
[2Fe—2S] cluster. The semiquinone rotates towards the Glu295 (Figure 3.2.24A). The
dissociation of the reaction complex allows the rotation of the protonated Glu295 residue

toward a water molecule which delivers the proton to the propionate of the heme b, (Figure
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3.2.24B). The propionate is hydrogen bonded to the Arg94 residue which is probably at the
gate of the proton exit channel. The binding of Zn cations leads to the deprotonation of the
Glu295 residue (Figure 3.2.24C). The rotation of the Glu295 cannot take place and thus the
release of the second proton is prevented (Figure 3.2.24D).

Figure 3.2.24. The proposed mechanism of inhibition of the bc; by Zn cations. Panels A and B show the release
of the second proton from the Q, site. Panels C and D show the binding of Zn cations.
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3.3. The inhibitory effect of Zn cations on the cytochrome ¢
oxidase

3.3.1. Introduction

The CcO is the terminal enzyme of the respiratory chain. The enzyme belongs to the
superfamily of heme-copper oxidases. The CcO of the P. denitrificans bacterium has four
different subunits and a molecular weight of 134.105 kDa. The enzyme catalyzes the
reduction of molecular oxygen to water and couples the redox reaction to the proton pumping
across the membrane (The mechanism is described in the Introduction cf. Complex V).

The translocation of protons takes place via two proton pathways, namely the D— and
K—pathways. Recently, high resolution crystal structure of the CcO from P. denitrificans has
been reported.'® The substrate protons that are required for water formation at the active site,
travel along the K—pathway (Figure 3.3.1). This proton channel consists of several highly
conserved residues and few water molecules. The entry site of protons to this channel is still
under discussion. The Glu101 of the subunit Il was previously suggested as the entry of point
of the K—pathway in the CcO from Rhodobacter sphaeroides.’*® However, the Glu78 of the
subunit 1l of the CcO from P. denitrificans is not necessary for the proton input to the
K-pathway.?™ It is thus not excluded that the water molecules near the Glu78 of the subunit

11 form the entry of the K—pathway (Figure 3.3.1).%
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Figure 3.3.1. The proton pathways in the CcO from P. denitrificans (PDB code 3HB3). The D—pathway is
colored in blue, the K—pathway in green and the exit pathways in cyan. The water molecules are shown as black
balls, the hemes as sticks and the metals as spheres.
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The pumped protons as well as some of the substrate protons need to cross the membrane via
the D—pathway (Figure 3.3.1). The entry of protons to the channel is made by the Asp124.2%
Protons travel through the D-pathway from the entry point to the highly conserved
Glu278.1"2" In between, highly conserved residues are hydrogen bonded to eleven water
molecules to form a “wire” connecting between the entry point and the Glu278. When a
proton arrives to Glu278, it can be transferred, to either, the active site via the propionate of
the heme a3 or to the exit—pathway (Figure 3.3.1).

Afterwards, the pumped protons reach the positive side of the membrane via the exit—
pathways (Figure 3.3.1). Several possible exit points were proposed (See ref.!** and
references therein). However, the pumped protons and the water produced at the active sites
exits are not well defined. Highly conserved residues such as His326 and Asp399 seem to
play an important in the proton release. The highly conserved Arg473 and Arg474 form
bridges with the propionates of both hemes. Together with a cluster of water molecules they
may form a possible proton exit. However, the role of these Arg residues is still debated.?*¢%'8
In the presence of Zn cations, the proton pumping mechanism of CcO is inhibited.?**?%
Bovine heart CcO was shown to bind Zn cations at both, the negative and positive side of the
membrane. The high affinity binding site of Zn cations was found to be located at the entrance
of the D—pathway. Furthermore, the binding of Zn cations to the bovine heart CcO drastically
decreased the activity of the enzyme.?'°??°

The binding of Zn cations to the bacterial CcO was also suggested to inhibit the proton uptake
by the D—pathway.??! In addition, the Rhodobacter sphaeroides CcO was co—crystallized with
cadmium.’® The structure revealed a high affinity binding site located at the entrance of the
K—pathway where Cd cations interact with the Glul01 of the subunit 1l (equivalent to Glu78
of subunit Il in P. denitrificans CcO) and with His96 of subunit Il (equivalent to His73 of
subunit 11 in P. denitrificans CcO) (Figure 3.3.2).1%222 On the other hand, the inhibition was
also shown to affect the proton pumping by the D—pathway as well as the exit—pathway. The
binding of Zn or Cd cations to the D—pathway was not evidenced; however, subunit 11l might
offer a binding site close to the entry of the D—pa‘[hway.108

The binding of Zn cations to the P. denitrificans CcO was investigated here by means of UV-
Vis and FTIR difference spectroscopy. Although the Glu78 of the subunit Il of the P.
denitrificans CcO is known for not being crucial for the proton pumping via the K-pathway,

its replacement by Ala decreased the activity to 50 % compared to the Wild—type.213
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In order to learn more about the effect of the inhibition by Zn cations, the wild-type, as well

as the Glu78Ala mutated enzymes were investigated.

\Y
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g N
.

His96

K—pathway

Figure 3.3.2. High affinity binding site of Cd (or Zn) cations within the CcO from R. sphaeroides (PDB code
2GSM). The Glul01 and His96 are in magenta sticks. The Cd cation is shown as a bleu sphere. The shown
subunits are | (green) and 11 (yellow). The proton uptake pathways are represented as red arrows.

3.3.2. Difference spectroscopy of the wild—type CcO

3.3.2.1. UV-Vis difference spectroscopy

The UV-Vis difference spectra of the wild-type CcO from P. denitrificans in the

native form are shown in the Figure 3.3.3. The fully oxidized form is reached four minutes
after application of the oxidizing potential, and the fully reduced one after six minutes. The
difference spectra are similar to those previously reported.””® The y— and o—bands occur at
446 and 607 nm, respectively.
The difference spectra of the inhibited CcO are identical to those obtained for the CcO alone.
However, the reaction rate is decreased. The fully oxidized form is reached six minutes after
the applications of the oxidizing potential. The reduced form is reached after ten minutes
(Figure 3.3.4).
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Figure 3.3.3. UV-Vis difference spectra of the CcO at pH 8.0
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Figure 3.3.4. UV-Vis difference spectra of the CcO in presence of 200 uM of Zn®* at pH 8.0.
3.3.2.2. FTIR difference spectroscopy

The oxidized minus reduced FTIR difference spectra of the CcO from P. denitrificans
in the native and in the Zn—inhibited form are shown in the Figure 3.3.5. The difference
spectra of the wild—type are identical to the ones previously reported,16:119120145,147.223
The spectra show the typical signature of protonated acidic residues in the region above 1700
cm™ where a positive signal is seen at 1747 cm™ and a negative one at 1735 cm™. Both

signals were previously assigned to the highly conserved Glu278 residue.**’ These signals are
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typical of conformational changes in the environment of this amino acid during the course of

the redox reaction.
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Figure 3.3.5. Ox-red FTIR difference spectra in the region 1800—1000 cm™ of the CcO before (black) and after

the inhibition (red).

Other redox active protonated acidic residues contribute at 1723 and 1705 cm™. Their
environment is affected by the redox reaction of the heme as. The negative signal appearing at
1696 cm™ can be assigned to the v(C=0) vibration of protonated heme propionates or acidic
residues.’® Upon oxidation, the heme propionates are deprotonated and give rise to positive
signals in the amide Il region (See below).

The signals appearing at 1688 and 1662 cm™ may originate from the backbone reorganization.
These signals might arise from the p—sheets of the subunit Il. Detailed band assignments are
presented in the Appendix 5.

The positive signal observed at 1676 cm™ can be tentatively assigned to the v(C=0) vibration
of the CHO moiety of the heme as. The amide | region contains sharp signals at 1662 and
1642 cm™. The former one contains overlapping signals from the o—helical backbone
reorganization as well as from the v(C=0) vibration of the CHO moiety of the heme as. The
Arg side chain absorption might contribute to this signal. In addition, the v(C=0) vibration of
the CHO moiety of the oxidized heme a which can be found at 1642 cm™ overlaps with the

amide | absorption.
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Figure 3.3.6. Enlarged view of the ox-red FTIR difference spectra in the region 1775-1600 cm™ of the CcO
before (black) and after the inhibition (red).

The amide 1l region is dominated by the v(COO")® vibrations of heme propionates as well as
of Asp and Glu. Furthermore, the v37 and vsg Vvibrations of the hemes are expected in this
spectral region (Figure 3.3.7). The detailed band assignments of the whole 1800-1200 cm™

spectral range are presented in the Appendix 5.
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Figure 3.3.7. Enlarged view of the ox-red FTIR difference spectra in the region 1600—1200 cm™ of the CcO
before (black) and after the inhibition (red).
The inhibition did not cause major spectral modification in the difference spectrum (Figure
3.3.5 and Figure 3.3.7). It should be noted that the whole difference spectrum recorded in
presence of Zn cations has a lower intensity. Besides, the binding of Zn might cause subtle

changes, difficult to observe by simple comparison of the difference spectra. Thus, the double
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difference spectrum can provide information about the modifications occurring upon
inhibition.

The double difference spectrum of the Zn—inhibited CcO minus the native CcO is calculated
by subtracting interactively the oxidized minus reduced difference spectrum of the native CcO
from that of the inhibited CcO. Indeed, the positive signal arises from the inhibited enzyme,
and the negative ones from the native form of the enzyme. In order to obtain the double
difference, the difference spectra were interactively subtracted by normalizing the spectra to
the Glu278 signature, to the amide I, to the amide II or to the &4, Vvibration of the hemes (1269
cm™). The double difference spectrum shown in the Figure 3.3.8 was obtained when the

normalization of the amide II or the &4, vibration of the hemes is adopted (See Appendix 6).
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Figure 3.3.8. Double difference spectrum in the 1800—1000 cm™ range of the inhibited CcO minus the native
CcO at pH 8.0.

The double difference spectrum shows that the signature of the protonated acidic residues is
not affected by the inhibition. In other words, the inhibition had no effect on the Glu278
residue. The binding of Zn cations seems then to perturb only the delivery of protons to the
active site of the enzyme.

In the amide | region, a negative signal is seen at 1695 cm™. This signal can be assigned to the
v(C=0) vibration of Asn or the heme propionates.'?® This signal is positive in the difference
spectrum of the enzyme. This signal appears as a negative signal in the double difference
spectrum, which means that it loses intensity upon inhibition. This observation allows us to
conclude that the binding of Zn cations affect the environment of this residue. The positive
signal appearing at 1680 cm™ can be assigned to the v(CN3Hs) vibration of the Arg side chain
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(Figure 3.3.8). This signal may overlap with the amide I vibration (B—sheet). The reduced
heme a; gives rise to a signal at 1660 cm™. The oxidized heme as absorbs at 1642 cm™. These
signals can be assigned to the amide I signals of p—sheet and o—helices, respectively.??® Thus,
the double difference spectrum shows a typical signature of the heme as during the course of
the electrochemical reaction. The signs of these signals are reversed in the double difference
spectrum. Accordingly, the inhibition of the CcO by Zn cations slows down the redox
reaction of the heme az. The amide Il region contains several weak signals; only the most
intense ones will be discussed. Most of these signal arise from the v(COO’)® vibration of the
heme propionates as well as of the side chain of protonated acidic residues (Figure 3.3.8).
Among these signals, a negative feature at 1551 cm™ is tentatively assigned to the Glu78
residue of subunit Il and a positive feature at 1541 cm™. A positive signal appears at 1504 cm®
! upon inhibition (Figure 3.3.8). The frequency of this signal is too low to be assigned to
either the v(COO")® vibration or to amide Il modes. The v(COQO)* vibrations are expected
around 1400 cm™. The double difference spectrum shows a positive signal at 1392 cm™. This
signal can be assigned to the v(COO)® vibration of deprotonated acidic residue. The region
below 1270 cm™ is typical for the 84, vibrations of the hemes. The double difference spectrum
shows two signals, one positive at 1243, and one negative at 1231 cm™. These signals can be
assigned to the 34, vibrations of either heme a or heme az. The upshift of the &4, vibration
upon inhibition is in line with the direct effect of the Zn binding on the redox reaction (Figure
3.3.8).

3.3.2.3. FTIR difference spectroscopy after H-D exchange

The H-D exchange was performed in order to better visualize the signals in the amide II
region. Compared to the difference spectrum of CcO recorded at pH 8.0, the one recorded at
pD 8.0 exhibits an additional negative signal at 1404 cm™ (Figure 3.3.9). The signal can be
assigned to the amide II” vibration. Furthermore, the negative signal observed at 1525 cm™ in
the difference spectrum recorded at pH 8.0 loses intensity upon H-D exchange, confirming
thus the contribution of the amide 11 band to this signal. It should be noted that the difference
spectrum recorded at pD 8.0 is similar to the previously reported spectrum.**’ The exchange is
judged to exceed 80 % from the decrease of the amide 11 band (See Appendix 7).
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Figure 3.3.9. Comparison between the oxidized minus reduced difference spectra of the wild—type CcO recorded
at pH 8.0 (black) and at pD 8.0 (red).

The difference spectra of the native form and the inhibited form of CcO recorded at pD 8.0
are shown in the Figure 3.3.10. The signature of the protonated acidic residues in not affected

by the inhibition, as expected from the spectra obtained at pH 8.0.
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Figure 3.3.10. Ox-red FTIR difference spectra in the region 1800—1200 cm™ of the CcO recorded at pD 8.0
before (black) and after the inhibition (red).
In the amide 11 region (Figure 3.3.11), the positive signal observed at 1576 cm™ in absence of
Zn cations almost disappears upon inhibition. This signal can be assigned to the v(COO)*
vibration of the heme propionates as well as of the side chain of deprotonated acidic residues,
most likely the Glu78 of subunit Il. 1t should be noted that a similar signal can be observed in

the double difference spectrum calculated for the data obtained at pH 8.0. However the
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intensity is low. This behavior could result from the binding of Zn cations to a deprotonated
acidic residue which shifts the signal from its original position. On the other hand, the signal

can be arising from the heme propionates as well.

0.0005

Ox-red wild-type CcO

CcO pD 8.0

0.0000 A

CcO + 200 pM Zn*'pD 8.0

-0.0005 T T T T T T T
1600 1550 1500 1450 1400 1350 1300 1250 1200

-1
Wavenumber / cm

Figure 3.3.11. Enlarged view of the ox-red FTIR difference spectra in the region 1800—1200 cm™ of the CcO
recorded at pD 8.0 before (black) and after the inhibition (red).
The shoulder appearing at 1515 cm™ in the difference spectrum of the native form becomes a
well—defined signal upon inhibition (Figure 3.3.11). The signal is characteristic of ring
motions of neutral Tyr. Previous mutational analysis combined with isotopic labeling of the
Tyr residues of CcO from P. denitrificans showed that no Tyr residue has a significant

absorption at 1515 cm™ at pH 7.0.14

Furthermore, the K—pathway does not contain any Tyr
residue with this spectral feature. On the other hand, the Tyr35 located near to the
D—pathway, may be at the origin of this signal. Besides, the Tyr35 remains in the neutral form
during the redox reaction. It should be noted that the Tyr35Phe mutated CcO retains 60 % of
the electron transfer activity, and full proton pumping activity.'*® Indeed, beside of the high
affinity binding site of Zn cations, another binding site probably exists. This latter one is
probably interacting with the Tyr35 residue.

In the amide II” region (Figure 3.3.11), a negative signal appears at 1416 cm™ which can be
assigned to the v(COO")® vibration of the heme propionates as well as of the side chain of
deprotonated acidic residues. The appearance of this signal in the difference spectrum of the
inhibited enzyme reflects the perturbation of either the propionates or a deprotonated acidic

residue.
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3.3.2.4. UV-Vis titration

In order to better understand the Zn binding to the CcO on the hemes, the UV-Vis
titrations were performed to determine the midpoint potentials of the hemes before and after
the inhibition. The Soret band observed at 445 nm was used to determine the midpoint
potentials of the hemes. The spectra recorded during the oxidative titration of the inhibited
CcO are shown in the Appendix 8.

The investigation of the CcO by means of UV-Vis difference spectroscopy led to establish an
anti—cooperativity model between the two heme centers, so—called “neo—classical model”
(Figure 3.3.12).%* According to this model, the first electron has an equal affinity to either
heme a or as. If the electron is bound to the heme a (En a (R)), the binding of the second
electron to the heme a3 is inhibited (En, az (O)), and vice versa. The redox potentials of both

are strictly coupled their contributions overlap in the UV-Vis.

Ena; (O) 00 E,,a (0)

LN
N

E,a(R) RR

Figure 3.3.12. The neo—classical model of the anti—cooperativity of the heme centers of CcO. The left site is the
as site and the right site is the a site. E,, stands for the midpoint potential, R for the reduced state and O for the
oxidized state. The letter in parenthesis shown for each E,, indicate the redox state of each center not undergoing
a redox reaction.

The fitting of the absorbance change of the Soret band to the Nernst equation for our data are
shown in the Figure 3.3.13. Two midpoint potentials can be observed, the low midpoint
potential includes the heme as and the high one includes the heme a redox transitions. The
addition of Zn cations to the enzyme induced an upshift of both redox transitions. The most

affected one is the higher one where it shifts from +97 mV to +161 mV.
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Figure 3.3.13. Titration curves of the wild—type CcO in the native form (left panel) and in presence of Zn cations
(right panel).
The gap between the low and high potentials becomes larger in presence of Zn cations,
however, the reversibility of the heme a is not ideal. The observed shift of the midpoint
potentials affects probably the efficiency of the electron transfer from the Cua to the heme a.
The observed shifts are in line with the data obtained by FTIR difference spectroscopy. Zn
binding blocks the proton transfer. Two interaction sites are discussed: first, in the vicinity of
the of the proton exit—pathway. Second, the site involving Glu78 of the subunit 1, close to the
K—pathway entrance. The Glu78 of the subunit Il of CcO from Rhodobacter sphaeroides was
shown by X-ray crystallography to bind Zn.'*® The crystal structure of the Zn bound CcO
from P. denitrificans is not available yet. In order to check whether or not if the Glu78 is
involved in the binding of Zn cations, the Glu78Ala mutation of CcO from P. denitrificans

was investigated.
3.3.3. Difference spectroscopy of the Glu78Ala CcO

3.3.3.1. UV-Vis difference spectroscopy

The UV-Vis difference spectra of the Glu78Ala samples are similar to those obtained
for the wild-type enzyme. The reaction rates are slower than the ones observed for the
wild—type. The fully oxidized mutant is reached eight minutes after the application of the

oxidizing potential, and the fully reduced one after ten minutes (Figure 3.3.14).
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Figure 3.3.14. UV-Vis difference spectra of the Glu78Ala CcO at pH 8.0.

Upon inhibition, the redox reaction becomes even slower (Figure 3.3.15). The oxidation of
the enzyme takes ten minutes to be achieved, the reduction takes fourteen minutes. The

slower reaction times give direct evidence on the binding of Zn cations to the mutant. Thus,

the Glu78 of the subunit I1 is not an exclusive binding site.
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Figure 3.3.15. UV-Vis difference spectra of the Glu78Ala CcO in presence of Zn cations at pH 8.0.

3.3.3.2. FTIR difference spectroscopy

The oxidized minus reduced FTIR difference spectra of the Glu78Ala samples in

presence and absence of Zn cations are shown in the Figure 3.3.16.

The spectra of the mutant are similar to those obtained for the wild—type enzyme. However,

subtle changes might occur due to the point mutation of the Glu78.%
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Figure 3.3.16. Ox-red FTIR difference spectra in the region 1800—1200 cm™ of the Glu78Ala CcO recorded at

pH 8.0 before (black) and after the inhibition (red).
Before discussing the effect of Zn binding to the mutant, the effect of the mutation on the
difference spectrum needs to be visualized. In order to do so, the double difference spectrum
obtained from the subtraction of the difference spectrum of the mutant from that of the
wild—type is calculated (Figure 3.3.17). The double difference spectrum shows several
signals in the amide | region that may arise from the hemes as well as from the backbone
reorganization. It is thus clear that the mutation affects the redox reactions of the hemes. In
the amide 11 region, a broad positive signal is seen with two maxima at 1576 and 1554 cm™.
The fact that these signals are of positive signs means that the residue responsible of these
signals is present in the wild—type and not in the mutation, for instance, the Glu78Ala
mutation. The assignment of these signals to the v(COO)® vibration of the side chain of
Glu78 is likely. Previous FTIR investigation of both, the wild—type and the Glu78Ala
mutation at pH 7.0 allowed the assignment of a signal at 1547 cm™ to the side chain of
absorption of Glu78.%*® Accordingly, the signal observed, in the double difference spectrum
calculated at pH 8.0, at 1554 cm™ is tentatively assigned to the Glu78 residue. Furthermore,
the double difference spectrum exhibits a positive signal at 1405 cm™. This signal can be

arising from the v(COO")® vibration of either the Glu78 or the propionates.
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Figure 3.3.17. Double difference spectrum of the wild—type CcO minus Glu78Ala CcO recorded at pH 8.0. The

difference spectra were normalized to the 34, vibration of the hemes.
The spectral modifications caused by the binding of Zn cations to the inhibited Glu78Ala
mutation can be seen in the double difference spectrum calculated by subtracting the
difference spectrum of the inhibited enzyme from the difference spectrum of the mutant alone
(Figure 3.3.18). It should be noted that the same approach was used to obtain the double
difference spectrum where the normalization of several signals was performed (See Appendix
9).
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Figure 3.3.18. Double difference spectrum of the inhibited Glu78Ala CcO minus the native Glu78Ala at pH 8.0.
The difference spectrum was normalized to the 84, vibration of the hemes.
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The double difference spectrum shows no modifications in the signature of the protonated
Glu278. It is thus clear that the binding of Zn cations to this residue in the D-pathway is
unlikely. On the other hand, the region where the v(C=0O) vibrations of other protonated
acidic residues and the protonated heme propionates is affected by the inhibition can be seen
(Figure 3.3.18); however, the baseline drifts slightly due to the water absorption in the amide
| region. This negative signal results from the deprotonation of acidic residues and/or the
heme propionates.

In the amide | region, sharp positive and negative signals can be seen. Those signals were
previously assigned mainly to the heme a; and to backbone contribution.””® The oxidized
minus reduced difference spectra of both, the heme a and as; were reported elsewhere.?”® The
reported oxidized minus reduced difference spectrum of the heme az showed positive signals
at 1656 and 1642 cm™ and negative signals at 1662 and 1632 cm™. The double difference
spectrum presented here shows similar signals, but with reversed signs. Thus, we assign these
signals to the heme a3 vibrations. The fact that these signals are reversed in the double
difference spectrum indicates that the binding of Zn cations to the mutant inhibits the redox
reaction of the heme as.

The amide Il region shows two negative and two positive signals. The negative ones at 1558
and 1539 cm™, the positive ones at 1548 and 1527 cm™. These signals fit well with the side
chain absorptions of deprotonated acidic residue or the heme propionates. Based on the
B3C—isotopic labeling of the heme propionates, these moieties are expected to contribute at
approximately 1570 and 1538 cm™.*® Indeed, the deprotonation of acidic residue observed in
the region above 1700 cm™, would give rise to the positive signal at 1548 cm™. The other
positive signal arising at 1527 cm™ can be assigned to the amide 11 modes.

The negative signals arising at 1558 and 1539 cm™ can be arising from the side chain
absorptions of deprotonated acidic residues addressed by the electrochemical reaction. It can
be expected that the Zn binding site is located within the exit—pathways. A possible candidate
is the Asp399 residue which has a pK, close to 4.8, and gives rise to a signal at 1556 cm™ at
pH higher than 4.8.2° The implication of this residue in the binding of Zn cations would
support the decreased redox activity. Studies on the Asp399 mutant enzyme would help

determining whether or not this residue bind Zn cations.
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3.3.3.3. UV-Vis titration

The binding of Zn cations to the mutant enzyme showed a decrease in the redox
activity of the heme az. The spectra recorded during the oxidative titration of the Glu78Ala
CcO are shown in the Appendix 10.

The UV-Vis titration was performed on both, the mutant and its inhibited form. The obtained
results are shown in the Figure 3.3.19. The midpoint potentials of both hemes are upshifted
due to the mutation of the Glu78 residue in contrast to the wild—type. The upshift of the high
midpoint potential is more pronounced than the low one. Indeed, the Glu78 mutation has a
considerable indirect effect on the electron transfer of the hemes. Upon inhibition, the
midpoint potentials of both hemes are not significantly affected. Therefore, the modifications
observed by FTIR difference spectroscopy upon inhibition of the Glu78Ala mutant might be

indirect effects of the binding of Zn cations to the exit—pathways.
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Figure 3.3.19. Titration curves of the Glu78Ala CcO in the native form (left panel) and in presence of Zn cations
(right panel).

3.3.4. Conclusion

The binding of Zn cations to the CcO from P. denitrificans is shown to affect the
proton transfer by the K—pathway.The results obtained by FTIR and UV-Vis difference
spectroscopies point towards the decrease of the electron transfer reaction. Furthermore, the
midpoint potential of the hemes are more positive in presence of Zn cations, thus the
reduction of molecular oxygen at the active site could be affected. The redox signature of the
Glu278 is not affected by the inhibition.

The data obtained by the FTIR difference spectroscopy show that Zn cations are probably

bound to deprotonated acidic residues, including the Glu78 residue of subunit I1.

136



The inhibitory effects of Zn cations on the cytochrome c oxidase

The addition of Zn cations to the mutant Glu78Ala sample still induces a decrease of the
reaction rates. Thus, the Zn cations still bind to the CcO lacking the Glu78 residue. These
observations allowed suggesting another binding site of Zn cations than the K—pathway.
Furthermore, the FTIR difference spectroscopy showed that the electron transfer by the heme
ag is affected by the binding of Zn cations to the mutant. Therefore, the binding site of Zn
cations is suggested to be close to the heme a;. The Asp399 residue is suggested to be a
possible ligand of Zn cations since it was also shown to be involved in hydrogen bonding with
the propionates of the heme as. The mutation of this residue against Lys showed a
considerable loss of proton pumping activity. Additionally, other acidic residues such as the
Asp193 or Glu218 from the exit—pathways are also possible candidates to bind Zn cations.
Yet, these suggestions still need to be supported by site—directed mutagenesis to confirm

whether or not the Asp399 or other potential candidates bind Zn cations.
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3.4. Far infrared spectroscopy

3.4.1. Introduction and development of the method

The FIR spectral domain is of great importance due to the rich chemical and physical
processes observable. The lower frequency region is little studied for proteins. Besides the
backbone vibrations observed in the MIR domain, other backbone vibrations can be found in
the low frequency range, namely the amide IV, V, VI (800-500 cm™) and VII (below 250
cm™). The amide VI band was first described for N-Methylacetamide.® In polyamide-

180 (and references therein) the amide VI band appears at 580-590 cm™

containing polymers
for polyesters and that the band position depends on the crystalline form.*®

The FIR domain contains also the metal—ligand vibrations in the 500-250 cm™ region. The
metal—ligand vibrations are of great importance to investigate proteins. The observation of the
metal—ligand vibrations was done almost all the time by means of Raman and resonance
Raman spectroscopies. In the mean time, these signals are accessible thanks to the technical
development of the optical elements of FTIR spectrometers. It should be noted that the
absorption coefficient of the metal—ligand vibrations is low, and only little sample is available
for proteins that are then diluted in aqueous solutions. Indeed, the study of metal-ligand
vibrations requires powerful FIR sources, such as the Hg—vapor source or even better,
synchrotron light source. In addition, the development of diamond crystal ATR allows
recording the spectra in the whole MIR and FIR domains (4000-50 cm™). The investigation
of proteins by means of FIR spectroscopy is gives also access to the contribution of hydrogen
bonding collective motions observed below 300 cm™. These collective motions involve large
number of atoms and give rise to a broad band below 300 cm™. Such a band was previously
observed for water,'”® and hydrogen bonded systems with large proton polarizabilities.?’
Similar collective motions in biological macromolecules such as proteins give also rise to a
large band in the FIR range.””® Besides of the contribution of intra— and intermolecular
hydrogen bonding of proteins, the collective motions include also contributions from water
chains within proteins and the hydration shells.??**

In recent years, the FIR or terahertz (THz = 30 cm™) spectral region has seen a flurry of
research activity. Research activities in this spectral domain started with the prediction of the
collective structural vibrational modes first presented almost 40 years ago for DNA.%** The
FIR contribution of a wide range of molecules is dominated by vibrations involving a

substantial fraction of the atoms forming the molecule and motion associated with
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intermolecular hydrogen bond vibrations. The study of their temperature—dependence makes
it possible to clarify the role of intermolecular forces, since temperature has a large effect on
Hydrogen—bonding. Further activities in the field include investigations of the time resolved
reorganization of water within a protein refolding process in the picoseconds time scale.!’#2*
Typical ATR spectrum of a metalloprotein, i.e. the Rieske protein in pure water is shown in
Figure 3.4.1 where the backbone vibrations, the metal-ligand vibrations as well as the

hydrogen bonding collective motions can be observed.
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Figure 3.4.1. Typical contribution found in the FIR spectrum of a metalloprotein (Rieske).

However, protein samples are investigated in buffered solution, most of the time containing
salt. It is thus crucial to determine the buffer and the salt contributions to the FIR spectral
range which may overlap with the protein contributions. Figure 3.4.2 shows the spectra of the
NDF of E. coli in 50 mM MES buffer at pH 6.0 containing 50 mM KCI and the buffer alone.
The MES buffer has a high intensity at the given conditions. In addition, the protein
concentration is not very high (Typically ~ 1 mM). Thus, the contributions of the protein are
masked by the contribution of the buffer.

In the region below 300 cm™, the hydrogen bonding collective motions are involved. Both
spectra show a sharp band at 162 cm™. This signal is arising from the hydrogen bonds
polarized by the salt.?* These observations lead us to conclude that the buffer and the salt
concentration need to be the low in order to observe the contribution of the protein.

When the concentration of the buffer and salt is decreased to 20 mM (Figure 3.4.3), the
contributions of the NDF protein can be probed without overlapping with the buffer or the

salt.
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Figure 3.4.2. FIR—ATR aborbance spectra of the NDF (black) and the MES buffer (red).
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Figure 3.4.3. FIR ATR absorbance spectrum of the NDF in 20 mM MES buffer at pH 6.0 containing 20 mM
KCI.

3.4.2. Amide VI

3.4.2.1. Introduction

In the FIR domain, the amide IV, V, VI (800—500 cm™) and V11 (below 250 cm™) are
found. Beside the amide | band, the amide II, 11l and V bands were previously reported to be
sensitive to the secondary structure modifications of proteins and peptides.?****" The amide |
band, typically observed between 1700 and 1600 cm™ includes the v(C=0) vibration of the

amide group in a hydrogen bonding dependent manner. 235237240
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Oberg et al. >** used the comparison between the circular dichroism and infrared spectroscopy
to obtain an accurate secondary structure analysis of a set of 50 proteins. It was described that
circular dichroism is more accurate in the determination of the a—helical conformation than
infrared spectroscopy. On the other hand, the f—sheet conformation is clearly identified using
the amide | and amide Il bands positions in an infrared spectroscopic approach, as compared
to the circular dichroism.’*® Generally the use of the amide | band for the analysis of the
secondary structures of proteins is well established.

The lower frequency region is little studied for proteins and as consequence the specificity of
the amide VI band towards secondary structure of proteins was not analyzed yet; to our
knowledge. The amide VI band was first described for N-Methylacetamide.?”® In polyamide-

180 (and references therein) the amide VI band appears at 580-590 cm™

containing polymers
for polyesters and that the band position depends on the crystalline form.*®

Both, the amide IV and amide VI bands arise from in—plane and out—of—plane motions of the
CONH group in the peptide backbone and are expected in the region 700-500 cm™, leading to
controversial descriptions concerning the vibrational modes of the amide IV and VI bands.
Studies attributed the vibrational mode to the 5(C=0/C—C—-N) of the amide function,4:18022
According to the literature, these modes are generally not observed in Raman spectra.?*?

Here we examine the amide VI band of a set of poly amino acids that show a well-known
structural arrangement. Poly—L—lysine (PLL) is one of the most used model compounds in the
field of protein aggregation since the transition that can be induced from the a—helical and the
B—sheet form is the same that is discussed to take place during the protein aggregation

process. 243244

139 showed that

This transition is pH— and temperature—dependent. Venyaminov and Kalnin
PLL has a random coil conformation at neutral pH. The changes to a—helix are observed
around pH 11.2. Moreover, at this pH value, heating to 30—40 °C leads to the formation of the
B—sheet conformation. The chain length is a major factor for the exact transition temperature;
for chains shorter than 10 kDa, the transition does not take place.?*

As a reference for the pure a—helical form, poly—L—alanine (PLA) is available. The previous
vibrational analysis of the a—helical form was supported by the ab initio theoretical
calculation, and the signals observed in the region 517-530 cm™ were assigned to the amide
IV band and not the amide VI band.?*®> The study reveals the complexity of this amide band.

The band arises from the mixture of multiple, coupled vibrational modes: the §i,(C=0)

vibration, the J4ef(C—C—N) vibration and 04ef(C—C) vibration. To avoid ambiguities the

141



Far infrared spectroscopy

expression “amide VI” will be used to designate the band appearing in the region 590—490
cm™.

In order to better understand the relation between the secondary structure and the amide VI
position, data obtained for the poly amino acids with a well defined structure are compared to
data for proteins from the respiratory chain where the secondary structure is mostly of a
mixed character. The studied proteins are the bc;, CcO and the Rieske protein. The structure

of these proteins is known,?>104105:24

3.4.2.2. Model compounds
3.4.2.2.1. PLL

Figure 3.4.4 shows the amide I (amide I’ for the deuterated samples) and amide VI
band (amide VI’ for the deuterated samples) of the PLL films in H,O (Black), in D,O (Red),
at pH 11.20 (Blue) and at pD 11.20 (Magenta). The signals of the amide I/amide I’ band are
observed at 1652 cm™ in D,O and at 1656 cm™ in water. The signal position is typical for
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Figure 3.4.4. Amide I/amide I’ and amide VI/amide VI’ band of PLL in H,O (Black), in D,O (Red), at pH 11.20
(Blue) and at pD 11.20 (Magenta).

Once the pH (D) is raised to 11.20, the signal splits into two peaks at 1626 and 1694 cm™
indicating that B-sheets are formed. In the FIR, the amide VI signal appears at 530 cm™ for
the PLL dissolved in water and at 542 cm™ for the sample at a pH value of 11.20. The amide
VT’ is observed at 527 cm™ at neutral pD and shifts to 540 cm™ at pD 11.20. It is known that a

higher temperature is necessary for the transition from o—helical to the f—sheets form, %24
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here it occurs at room temperature. This difference may be explained by the strong interaction
of the film with the surface that is absent in the diluted solutions often used.

Based on the secondary structure analysis of the data presented in Figure 3.4.4, it can be
concluded that in pure water the o—helices predominate the amide I band with a relative
contribution of 86 % (Table 3.4-1). In the case of the sample dissolved in D0, the relative
contribution for o—helices seems to be reduced to 69 % (Table 3.4-1).

This discrepancy may be explained by the fact that in PLL a full H-D exchange was not
possible due to internal water molecules. The incomplete shift of the amide II to amide II’
position confirms this interpretation; the analysis of the low frequency region is thus only
possible in a quantitative way in order to allow the attribution of the bands position. No
random coils and only a small percentage of B—sheet elements (4-9 %) have been calculated
for the amide I band. At pH 11.20 (pD 11.20) the relative contribution of the a—helices is
decreased to ~ 10 % while the contribution of B—sheet is increased to ~ 75 % (Table 3.4-1).
This behavior is attributed to the aggregation of PLL at pH 11.20 (pD 11.20). The double
signals appearing in the spectrum at 1694 and 1626 cm™ are typical for the intermolecular
B—sheet formation.®>?*"?*® They are also marker bands of the aggregation.?*°

We note that a clear difference between the random coil signal and the other secondary
structure elements is not always evident from the fits of the amide | range. Whenever fitted
we note it in the text, however, present it together with f—sheet structures in the table, in order
to be able to show a clear number.

In the region of the amide VI/amide VI’ band a large signal can be observed (Figure 3.4.4).
An upshift of the maxima from ~ 527 cm™ to ~ 542 cm™ is observed when the pH/pD is
raised from neutral to basic. We attribute this upshift of 15 cm™ to the secondary structure
transition. The signal appearing around 527 cm™ is thus attributed to a predominately
o—helical contribution and the one at 542 cm™ to B—sheet contributions (Table 3.4-1, note:
maxima given here arise from the fit). The fitting of the amide bands was based on the second
derivatives of the spectra (See Appendix 11). This assignment is confirmed by the good
correlation between the relative contributions of a—helix to the amide I (I’) and at the same
time to the VI (VI’) bands. In contrast to the signal for the a—helical compound, the B—sheet
and B—turns contributions seem to be well defined at this pH (pD) value, perhaps due to a side

chain contribution in the low frequency spectral range.*’’

The H-D exchange slightly affects
the amide VI’ position: The f—sheet contribution is observed at 545 cm™ at pD 11.20, and at
539 cm™ at pH 11.20. At pH 11.20, the contribution from B—sheet and random coils is

estimated to be 79 % from the MIR data and 69 % from the FIR data (Table 3.4-1).
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Sample PLL H,0 PLL D,O PLL pH 11.20 PLL pD 11.20
% a—helix 86 (1658) 69 (1656) 10 (1652) 11 (1658)
%dB—slaeet (1695/1626) (1620) 59 (1626) 70((1628))
and random 4 (1695/1626 9 (1620 4(1648
Amide | coils 20 (1694/1645/1638) 7(1674)
% B—turns 10 (1685) 19 (1672/1684) 11 (1688/1668) 8 (1694)
% other
contributions 3 (1600)
% a—helix 81 (524/530) 69 (526) 8 (529) 12 (518)
% P—sheet
and random 10 (539) 21 (541) 69 (539/533) 79 (545)
Amide VI coils
% B—turns 1 (554) 19 (552) 8 (557)
0,
6 other 9 (508) 9 (507) 4 (508) 1 (508)

contributions

Table 3.4-1. Percentage of the secondary structure elements of all the PLL samples calculated from the fitting of
Gaussians in the MIR and FIR. (The corresponding positions in cm™ are indicated in parentheses). We note that
the “other contributions” involve signals from amino acid side chains.

The a—helical contribution arising at 529 cm™ also correlates with the one observed in the
amide | spectral range. The signal at 552 cm™ can be assigned to f—turns. The signal at 533

cm™ is assigned to random coils; however it is difficult to be distinguished from the p—sheet

signal.

3.4.2.2.2. PLA and PLH samples

The PLA is a model compound that was extensively studied by several

techniques.'**2%% The exact conformation of the peptide is highly dependent on the sample
preparation, pH and temperature.?*® The FTIR spectroscopic study of the PLA at pD 9.0 in the
MIR domain shows an amide I’ band (Figure 3.4.5) typical for a secondary structure
organized in a o—helical conformation (Table 3.4-2). The f—sheet contribution is very small at
pD 9.0. In the FIR domain, the amide VI’ is also found at 524 cm™, the respective low
frequency position for the a—helical contributions (Figure 3.4.5).
The analysis of the amide VI’ band shows that 73 % of the secondary structure is organized
in. The relative B—sheet contribution is calculated to be 20 % and 7 % of the total
conformation of PLA is assigned to f—turns. From the amide I’ band, the a—helical form it
can be estimated to be 49 % (Table 3.4-2). The fitting of the amide bands was based on the
second derivatives of the spectra (See Appendix 12).
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Figure 3.4.5. Amide | and amide VI band of: PLA at pD 9.0 (Black) and PLH at pD 7.0 (Red).

The spectra of PLH are also recorded in the MIR and FIR domains at pD 7.0 (Figure 3.4.5)
and the signals show a structure where more than 60 % of the peptide are organized in the
B—sheet conformation (Table 3.4-2). Based on the analysis of amide VI’ signal and of the
amide I’ signal, the relative contribution of the f—sheet structural elements can be estimated
to be 60 %. The contributions of the o—helical and the f—turn secondary structure elements,

depicted in the amide I’ and VI’ region, correlate well (Table 3.4-2).

Sample PLA pD 9.0 PLHpD 7.0
% a—helix 49 (1661/1649) 28 (1654)
) % B—sheet and
Amide | ) 43 (1684/1639/1633) 61 (1630)
random coils
% P—turns 11 (1684/1670)
% a—helix 73 (524) 25 (517)
% P—sheet and
Amide . 20 (538) 59 (540)
random coils
Vi % B—turns 7 (565) 11 (552)
% other

o 5 (500)
contributions

Table 3.4-2. Percentage of the secondary structure elements of the PLA pD 9.0 and PLH pD 7.0 calculated from
the fitting of Gaussians in the MIR and FIR. (The corresponding positions in cm™ are indicated in parentheses).
We note that the “other contributions” involve signals from amino acid side chains.

145



Far infrared spectroscopy

3.4.2.2.3. Protein samples

Figure 3.4.6 gives a general view of the amide | band from 1700 to 1600 cm™ and the
amide VI band in the far IR range from 590 to 490 cm™ of different proteins from the
respiratory chain. The amide | bands of the CcO and the bc; appear at 1655 and 1650 cm™
(Figure 3.4.6), respectively; both maxima indicate a high a—helical contribution. This is in
line with the X—ray structure.'®*'%

The analysis of the amide | band shows that 55 % of the secondary structure of the bc; is
organized as a—helices (Table 3.4-3), whereas the B—sheet contribution is 32 %. The CcO
signal shows, besides a high ratio of the o—helix contribution, considerable amounts of
B—sheet (32 %). The fitting of the amide bands was based on the second derivatives of the
spectra (See Appendix 13). The results obtained for the amide VI band of the CcO show a
maximum at 527 cm™. The detailed analysis of this band (Table 3.4-3) shows that the amide |
and amide VI band are well correlated and both of them indicate, as expected, a high
a—helical contribution. It seems, however, that the amide VI analysis led to the overestimation
of the a—helical and to the underestimation of the f—sheet contribution when compared to the
crystal structure. No signal was assigned to f—turns in the amide VI signal, while 9 % of the
signal is supposed to involve contributions from amino acid side chains. The same
observation can be made for the bc;, where the crystal structure shows a predominately
o—helical structure.**%*1% The amide I band indicated 55 % and again the amide VI band led
to an overestimation of the a—helical contribution (66 %). The P—sheet and P—turns
contributions, as depicted from the amide VI, are underestimated most likely because of the

important side chain contribution appearing at 505 cm™ (Table 3.4-3).

Amide | Amide VI
1655

/\ 507 &
1650 —/\

524

1640 /\

537

/\/\

1680 1645 1610 575 550 525 500

0.2 Abs

1
Wavenumber /cm

Figure 3.4.6. Amide | and amide VI bands of: the CcO (Black), the bc; (Red) and the Rieske protein (Blue).
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Sample (PDB code) CcO (3HB3) bc; (1ZRT) Rieske (RIE)
% a—helix 46 52 3
X-ray data % B—sheet 18 4 29
Unassigned 36 44 58
% a—helix 51 (1653) 55 (1652) 15 (1661)
% B—sheet and 32
random coils  (1621/1633) 32 (1636) 72 (1626/1641)
Amide | 17
0, _
% B—turns (1673/1681) 10 (1676) 13 (1680)
% other
contributions 3 (1612)
% a—helix 53 (522) 66 (526) 21(524)
% P—sheet and
_ random coils 31 (540) 10 (542) 60 (539)
Amide VI
% B—turns 7 (556) 14 (552) 18 (552)
0,
6 other 9 (508) 10 (505)

contributions

Table 3.4-3. Percentage of the secondary structure elements of all investigated proteins calculated, fitting of

Gaussians in the MIR and FIR. (The corresponding positions in cm™ are indicated in parentheses). The PDB

code of each structure is indicated in bold. We note that the “other contributions” involve signals from amino

acid side chains.

The water—soluble fragment of the Rieske protein from T. thermophilus has an overall
B—sheet fold.* Again, comparing amide I and VI, the B—sheet contribution is underestimated
by the amide VI analysis (Table 3.4-3). Another major difference is the clear discrepancies to
the data from the X—ray analysis. Since Fe—S vibrations (i. e. out—of—phase breathing motions
of the linked FeS, tetrahedra) are expected in this spectral range,?>* some overlapping may be
expected. In this case the amide IV signal cannot be used to analyze the secondary structure in

Fe—S proteins.

3.4.2.3. Conclusion

The amide VI band in the far infrared was probed on the basis of a set of three
different polyamino acids, with well-defined secondary structures each and three different
proteins, with known crystal structures, respectively. This signal includes the 3(C=0/C—C)
vibration. The position of the amide VI band for each secondary structure element was
determined on the basis of the comparison with the amide | data simultaneously obtained on
the same samples. We note that the amide | signal is about three times more intense than the

amide VI band. Furthermore, the penetration depth is ~ 5 um at 500 cm™ and ~ 1 um at 1650
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cm™. Thus, the intensity of the amide V1 band is five times artificially enhanced in contrast to
the amide | band. Signals observed in the spectral region around 517-530 cm™ could be
correlated with o—helical structures and the region 540-545 cm™ with p—sheet conformations.
The signals appearing at ~ 565 cm™ could be discussed to arise from p—turns and the random
coils to be contributing at ~ 535 cm™, however are not really found to be distinguishable from
the B—sheet signals. For o—helices and p—sheet, a good agreement between the expected
structure and the respective analysis of the relative contribution within the amide | and the
amide VI band was found. The amide VI band of other peptides and proteins was investigated
in the laboratory and the analysis corroborate with the data presented here. We note, however,
that the amide VI band seems to be less accurate when it comes to determine the amount of
B—turns and random coils present in the studied sample. In some cases contributions from the
amino acid side chains lead to over or under estimation of a relative contribution. Fe—S center
seem to show overlapping signals in the same spectral region.

This study was the first analysis on the specificity of the amide VI band for the contributions
of secondary structural elements. The data obtained is important in light of the increasing
number of studies in the field of far infrared spectroscopy on proteins, with conventional and
synchrotron light sources. Reaction induced FTIR difference spectra are now being obtained
below 1000 cm™ 1% and the study presented here will allow interpreting difference signals
in the spectral range of the amide VI band as conformational changes of the protein backbone.

3.4.3. Far infrared electrochemically induced FITR difference

spectroscopy

3.4.3.1. Horse heart cytochrome c

The electrochemically induced FIR difference spectroscopy can provide valuable
information about both, the oxidized and reduced forms of proteins. The first
electrochemically induced FIR spectra of proteins were reported for the horse heart
cytochrome ¢ (Figure 3.4.7) and its model compounds and the data were obtained using
wedged diamond windows (to suppress interference oscillations) for the sample compartment

and a He—cooled bolometer as detector,841%
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Figure 3.4.7. Structure of the horse heart cytochrome ¢ (PDB code 1HRC). The heme is colored in white, the
coordinating His in blue and the coordinating Met in yellow.
At the same time, the development of the FIR electrochemically induced difference
spectroscopy has begun in our laboratory. The first successful experiments were done at the
ANKA facility, where the Hg—vapor lamp was used as source of FIR light The emission
spectra of globar, Hg—vapor and synchrotron FIR sources are shown in Appendix 14. The

* was modified where 2 mm

electrochemical cell developed by Moss and co—workers,™
thickness silicon windows replace the calcium fluoride windows to reach the FIR domain.
The horse heart cytochrome ¢ was studied and the difference spectrum obtained after five
redox cycles is similar to the one reported by Berthomieu et al.’®® (Figure 3.4.8A). We can
show that the FIR redox signature of the metal-ligand vibrations of the cytochrome c is
accessible without using wedged diamond windows. The difference spectrum was reproduced
in the laboratory in Strasbourg where the spectral region between 900 and 800 cm™ is

accessible using the silicon windows (Figure 3.4.8B).
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Figure 3.4.8. (A) Reduced minus oxidized difference spectrum of the horse heart cytochrome c obtained in the
ANKA synchrotron facility and (B) obtained in the laboratory in Strasbourg.
This spectral region contains the y(CynH) vibration, typical for heme cofactors. On the other

hand, the spectra recorded using the 2 mm thickness silicon windows can be improved using 1

149



Far infrared spectroscopy

mm thickness silicon windows. It should be noted that the parallel positioning of silicon
windows must be avoided in order to prevent multiple reflection phenomenon, causing the
loss of the infrared signal. In addition, the pathlength is reduced below 6 pm to overcome the

high absorption of the solvent (Figure 3.4.9).
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Figure 3.4.9. FIR ATR absorbance spectrum of liquid water.

The different FIR setups used for to perform the electrochemically induced difference

spectroscopy are presented in the Figure 3.4.10.
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Figure 3.4.10. Optical setups for the electrochemically induced FIR difference spectroscopy. (A) The setup
developed by Berthomieu et al., (B) the setup used at ANKA and (C) the setup developed in our laboratory.
The cell developed by Berthomieu et al. allows recording difference spectra in the spectral
region of 650-50 cm™. However, the Mylar beamsplitter has a high absorption at 375 cm™.
The setup accessible at the ANKA facility is also equipped with Mylar beamsplitter while the

one used in our laboratory is equipped with a silicon beamsplitter which has a sharp

150



Far infrared spectroscopy

absorption at 620 cm™. The region below 620 cm™ is completely accessible without observing
signals from the optics. On the other hand, the spectrometer in our laboratory is equipped with
a RT-dTGS detector instead of the He—cooled bolometer used at the ANKA facility, leading

to la lower signal—to—noise ratio.

3.4.3.2. Rubredoxin

The optimization of the electrochemical cell to the lower frequency region allowed
recording the electrochemically induced FIR difference spectra of several ISP. Hence we
report the absorbance and the electrochemically induced FIR difference spectra of various ISP

containing one, two, or four iron atoms (Figure 3.4.11).
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Figure 3.4.11. Iron—sulfur clusters of (A) Rb from C. pasteurianum, (B) Fd from spinach, (C) Rieske from T.
thermophilus and (D) Fd from C. pasteurianum.

Rbs are small electron carriers in various redox chains. The prosthetic group of Rb consists of

one iron atom coordinated by four Cys (Figure 3.4.11A). The crystal structure of Rb from C.
252

pasteurianum was determined (Figure 3.4.12).

Figure 3.4.12. Crystal structure of Rb from C. pasteurianum (PDB code 1FHH). The iron is presented as a
sphere and the coordinating Cys are in red.

The redox potential of the Rb from C. pasteurianum (-77 mV vs. SHE’ in the wild—type) is
sensitive to the hydrogen bonding network around the cluster.?3*

The FIR absorbance spectrum of the oxidized Rb from C. pasteurianum (Figure 3.4.13)
shows several signals which mainly arise from the metal-ligand vibrations. The high

frequency range (700-400 cm™) is dominated by the overtone of the breathing mode of the
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Fe-4S tetrahedron. The frequency range between 400 and 200 cm™ is dominated by the
v(Fe—S) vibrations. The lower frequency range is dominated by the d(Fe—S) vibrations. The
tentative assignments of the observed signals are given in the Table 3.4-4. It should be noted
that the coupling of the metal-ligand vibrational modes to those of the protein is not

excluded.
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Figure 3.4.13. FIR absorbance spectrum of the Rb from C. pasteurianum at pH 7.4.

Wavenumber (cm™) Tentative assignment™>">>>>%
612 Overtone of the Fe—4S breathing mode
549 Amide VI /5(S—C—C) Cys ligands
520 Overtone of the v(Fe—S) vibration
418 v(Fe—S)® vibration
370 v(Fe—S)® vibration
295 Fe—4S breathing mode / v(Fe—S)® vibration
250

d(Fe—S—C) vibration
162 hydrogen bonds in presence of salt

Table 3.4-4. Assignments of the infrared signal observed in the FIR spectrum of the oxidized Rb from C.
pasteurianum.
Even though the resonance Raman signals arising from the oxidized Fe—S cluster of Rb are
well described, less information is available on the vibrational signals in the reduced form due
to the loss of the color of the S—F charge transfer band.

With the use of the nuclear vibrational spectroscopy Xiao et al.?*®

obtained the spectrum of
the reduced Rb and they showed that the v(Fe—S) vibrations shift to lower frequencies

reflecting an elongation of the Fe—S bonds.
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Here we report for the first time the electrochemically induced FIR spectrum of the Rb from
C. pasteurianum. This method allows the observation of the redox signature of the Fe—S
cluster in the FIR range (Figure 3.4.14).
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Figure 3.4.14. Electrochemically induced difference spectrum of the Rb from C. pasteurianum at pH 7.4 in the
450-100 cm™ spectral range.

The main feature observed in the difference spectrum is the broad positive signal with two
maxima at 375 and 359 cm™ which were previously assigned to the v(Fe—S)* vibration.”®
The reduced form exhibits a broad signal with two minima at 328 and 307 cm™. In line with
previously reported data, the lengthening of the Fe—S bond occurs upon reduction (ref. ®° and
references therein). Furthermore, the negative broad signal is of slightly lower intensity than
the positive one. Indeed, the absorption coefficients of the v(Fe—S)* modes are weaker in the
reduced form. This behavior could result from the change in symmetry upon reduction.
Beside the large feature that dominates the difference spectrum, several signals can be
observed in the higher and lower frequency ranges. The positive signal at 420 cm™ can be
assigned to the v(Fe—S)® vibration of the oxidized protein. This signal is downshifted in the
reduced form towards 410 cm™. However, the negative signal observed at 410 cm™ is weak
and might be associated with noise from the instrument. Alternatively, the positive signal at
420 cm™ does not shift, however shows a weaker absorption coefficient in the reduced form.
The spectral region below 300 cm™ contains three negative signals appearing at 260, 181 and
121 cm™. These signals arise from the bending motions of the Fe—S cluster.

The low frequency region contains the vibrational modes arising from the cluster itself, the
large scale motions of the protein, as well as the internal hydrogen bonding signature.”® The
low frequency signals cannot be accurately assigned.
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3.4.3.3. Ferredoxin
3.4.3.3.1. [2Fe—2S] Ferredoxin

Plant chloroplast Fd are small electron carriers. Their prosthetic group consists of a
dinuclear iron center in which the iron atoms are bridged by two inorganic sulfides. The
cluster is held within the protein by the ligation of each iron atom to two Cys residues (Figure
3.4.11B). The crystal structure of the [2Fe—2S] Fd from Spinach was determined (Figure
3.4.15)."° The protein has a redox potential of about -400 mV vs. SHE’.** Raman and

resonance Raman spectroscopies have been extensively used to investigate the [2Fe—2S] Fd in
266-268

d251,261-265

the oxidize as well as in the reduced state.

Figure 3.4.15. Crystal structure of Fd from spinach (PDB code 1A70). The iron atoms are in orange, the sulfur in

yellow and the coordinating Cys in red.
The FIR absorbance spectrum of Fd from spinach was recorded at pH 7.5 (Figure 3.4.16).
The spectrum exhibits an intense signal at 362 cm™ and several signals with much lower
intensities. It should be noted that the Fe—S vibrations of the [2Fe—2S] cluster can arise from
the Fe—S bonds of the [2Fe—2S] itself as well as from the Fe—S of the coordinating Cys.
Hereafter the former will be called the bridging Fe—S vibrations, denoted with the subscript
“b” and the latter will be called terminal Fe—S vibrations, denoted with the subscript “t”. The
spectral region below 550 cm™ shows nine well-resolved signals among which eight can be
assigned to the Fe—S vibrations. The broad signal centered at 102 cm™ arises from the
hydrogen bonding signature. The detailed bands assignment is done according to ref. %2528
and listed in the Table 3.4-5.
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Figure 3.4.16. FIR absorbance spectrum of the Fd from Spinach at pH 7.5.

Wavenumber (cm™) Tentative assignment251’265'268

518 Amide VI /5(S—C—C) Cys ligands
448 v(Fe—SP) vibration

418 v(Fe—SP) vibration

362 v(Fe—SP) + v(Fe—S") vibration
300 v(Fe—S")vibration

280 v(Fe—S")vibration

246 8(Fe—S—C) + 8(Fe—S—Fe) vibration
224 8(Fe—S—C) + 8(Fe—S—Fe) vibration
102 Hydrogen bonding

Table 3.4-5. Assignments of the infrared signal observed in the FIR spectrum of the oxidized Fd from Spinach.

The signals observed at 448 and 418 cm™ involve pure v(Fe—SP) vibrations. The most intense
signal is observed at 362 cm™ and can be assigned to the coupled D(Fe—Sb) and v(Fe—S")
vibrations. Below this intense signal, the weak signals observed at 300 and 280 cm™ are
mainly arising from the v(Fe—S"). At lower frequencies, the Fe—S vibrations are more tightly
coupled, mainly to the Cys ligand vibrations.

The redox signature of the Fe—S vibration of Fd from spinach is presented in the Figure
3.4.17. The negative signals appearing at 400 and 380 cm™ can be assigned to the v(Fe—SP)
vibration of the reduced cluster. Despite the fact that the absorbance spectrum was recorded in
the oxidized state, that shows two signals at 448 and 418 cm™, the signals corresponding to
the oxidized form of the electrochemically induced spectrum do not contain such signals. This

might result from the low intensities of these signals. The positive peak appearing at 390 cm™
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may arise from the v(Fe—SP) vibration of the oxidized cluster. This signal is not well-resolved
in the absorbance spectrum. The intense signal observed in the absorbance spectrum at 362
cm™ is splitted into two signals, at 360 and 340 cm™ and both signals can be assigned to the
coupled v(Fe—SP) and v(Fe—S") vibrations.?®®%" Below these signals, several negative signals

arise and can be assigned to the v(Fe—S") vibrations of the reduced cluster.
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Figure 3.4.17. Electrochemically induced FTIR difference spectrum of the Fd from Spinach at pH 7.5 in the
450-100 cm™ spectral range.

Below 250 cm™, the coupled 8(Fe—S—C) and 8(Fe—S—Fe) vibration is observed at 223 cm™ in
the oxidized form and it shifts towards 211 and 196 cm™ upon reduction. The downshift trend
indicates a geometrical change of the cluster itself and of the Cys ligand. Although the Fe—S
elongation favors the coupling upon reduction, a decoupling phenomenon could be the origin
of the splitting of low frequency signals observed in the reduced form.

The hydrogen bonding modifications occurring upon the backbone reorganization are
expected to occur below 200 cm™, however, the signal-to-noise ratio is low because of the

high absorption of the solvent.

3.4.3.3.2. [4Fe—4S] Ferredoxin

The cuban [4Fe—4S] cluster can be found in the bacterial Fd (type—II) (Figure 3.4.11D). The
C. pasteurianum Fd contains two copies of [4Fe—4S] cluster (Figure 3.4.18)%° with
indistinguishable pH—independent midpoint potentials.270

The FIR absorbance spectrum of the oxidized 2[4Fe—4S] Fd from C. pasteurianum recorded

at pH 7.5 is shown in Figure 3.4.19. The spectrum shows similar features as compared to the
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spectrum of the [2Fe—2S] cluster of the Fd from spinach, namely, an intense signal between
354 cm™ and a few weaker signals on both sides. It should be noted that the signals positions
are almost the same compared to those arising from the Fd from Spinach.

Figure 3.4.18. Solution structure of the Fd from C. pasteurianum (PDB code 1CLF). The iron atoms are in
orange, the sulfur in yellow and the coordinating Cys in red.
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Figure 3.4.19. FIR absorbance spectrum of the Fd from C. pasteurianum at pH 7.5.

According to the previously reported vibrational data, the broad intense signal appearing at
354 cm™ can be assigned to the v(Fe—S") vibration.?”* The vibrations of higher energy are
mainly arising from the v(Fe—S") vibrations whereas the lower energy vibrations are mainly
arising from v(Fe—SP) vibrations. The information is also represented in Table 3.4-6.2"*%"

Despite the striking similarities between the FIR absorbance spectra of [2Fe—2S] and
[4Fe—4S] proteins, the electrochemically induced difference spectra are quite different. The
FIR electrochemically induced difference spectrum of the 2[4Fe—4S] Fd from C.

pasteurianum is shown in Figure 3.4.20.
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Wavenumber (cm™) Tentative assignmentzn'273
518 Amide VI /6(S—C—C) Cys ligands
448 v(Fe—S) vibration
417 v(Fe—S") vibration
354 v(Fe—S") vibration
300 v(Fe—SP)vibration
280 v(Fe—SP)vibration
217 O0(Fe—S—C) + 8(Fe—S—Fe) vibration
81 Hydrogen bonding

Table 3.4-6. Assignments of the infrared signal observed in the FIR spectrum of the oxidized Fd from C.
pasteurianum.
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Figure 3.4.20. Electrochemically induced FTIR difference spectrum of the Fd from C. pasteurianum at pH 7.5 in
the 450—100 cm™ spectral range.

The difference spectrum shows a large positive signal with two maxima at 360 and 350 cm™.
These signals were previously assigned to the v(Fe—S') vibrations. Upon reduction, these
signals are downshifted towards 331 and 322 cm™, respectively. Thus, the reduction of the
cluster is accompanied by the Fe—S' bond lengthening and a reorganization of the
coordinating Cys. On the other, hand, the Fe—S® modes observed in the absorbance spectrum
of the oxidized form do not exhibit significant downshifts upon reduction. This behavior
indicates the rigidity of the cluster itself resulting from the immobility of the atoms during the
course of the redox reaction.

While the high frequency range reflects the motion of the Fe—S' bonds, the lower frequency
region shows the deformation of the cluster coupled to the motions of the ligands.
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3.4.3.4. [2Fe—2S] Rieske protein

Rieske—type [2Fe-2S] clusters are important in central biological electron transfer
reactions such as respiration and photosynthesis.”’*?”* In the cytochrome bci/bsf family, the
Rieske protein contributes to the high potential electron transfer chain that involves a complex
bifurcated mechanism.®® All Rieske-type proteins consist of an [2Fe—2S] core with two
cysteine and two histidine side chains as ligands (Figure 3.4.21).137153246276.277 Thage fyo
histidines seem to be responsible for the pH dependence of the redox potential in the Rieske
[2Fe—2S] center.®®*3" Both histidines accept protons in a close pH range and apparent pKa,
values for the oxidized T. thermophilus Rieske center, were reported at values of 7.8 and
9.6.% The first accepted proton is stabilized by both histidines. A recent study showed that the
overall structure of the protein remains the same at a low pH value, where both histidines are

protonated. However, some local modifications were observed around the cluster.?’®

Figure 3.4.21. Crystal structure of the Rieske protein from T. thermophilus (PDB code 1NYK). The iron atoms
are in orange, the sulfur in yellow, the coordinating Cys in red and the coordinating His in blue.
The crucial role of the hydrogen bonds in the immediate cluster environment on the redox
potential and on the proton affinity of the two histidines was discussed on the basis of the first

X~ray structures?’®%"

and it was shown that all sulfur atoms of the cluster participate to the
formation of complex hydrogen bonded network. The interplay of this network was explored
on the basis of site directed mutagenesis studies; a study that revealed a lower redox potential
for mutants with a lower number of hydrogen bonds and indicated a clear influence of the
hydrogen bonds on the Fe-S electronic paramagnetic resonance spectroscopic properties.
138251280281 | addition, resonance Raman studies demonstrated a direct influence of the
hydrogen bonds on the Fe-S vibrations, both, terminal and bridging modes.”®* Moreover,
studies performed with the help of Poisson—Boltzmann calculations indicated that the lower

pK, value of the histidine coordinating the iron in the so called bc-type Rieske proteins is
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found due to the presence of hydrogen bonds towards the cluster and the absence of
negatively charged side chains in the vicinity of the cluster.®*** In conclusion, both
geometric and electronic properties of the cluster are influenced by the hydrogen bonding
environment and we thus chose to probe this protein with the FIR spectroscopic approach.
Hydrated films of the Rieske protein have been studied for the pH values 6.0, 8.0, 10.2 and in
pure water from 600 to 50 cm™ (Figure 3.4.22).

Rieske T. thermophilus

485
145
0.1 Abs

T T T T T T T T T T
600 500 400 300 200 100

-1
Wavenumber / cm

Figure 3.4.22. Absorbance spectra of the Rieske protein in the 600-50 cm™ spectral range for pH 6.0 (black), 8.0
(red), 10.2 (blue) and in pure water (green).

The spectrum of the Rieske protein in pure water (pH ~ 6.5) exhibits similar features as in the
buffered samples (Figure 3.4.22) and only small shifts can be detected. This behavior
indicates that the buffer has no significant effect on the hydrogen bonding signature.

Three main regions can be distinguished in the low frequency area. The predominant features
of the vibrational spectra of the proteins between 600 and 500 cm™ are in general attributed to
motions of the amide linkage. In the data presented here. The backbone signals are found as a
broad signal covering the 590-500 cm™ region, involving the so called amide VI mode. This
can be assigned to the coupled §(C=0/C—C—N).?*
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The assignments described below for the Fe—S vibrations are based on theoretical calculations
and on a comparison to Raman data (Table 3.4-7).%?%>%7 Tg our knowledge, no infrared
data for the Fe-S vibrations in Rieske proteins and other Fe—S proteins is available yet.
However, several theoretical calculations can be found for the Fd—type [2Fe—2S] core?®® and
the Rieske—type [2Fe—2S] core.?®® On this basis, the signals are tentatively assigned to the
bridging, terminal Fe-S, or Fe—N vibrations. Since vibrational modes are often coupled in this
frequency range and may involve anharmonicity effects, it can be expected that the signals
represent complex motions.

Between 500 and 400 cm™ a shoulder is observed at 485 cm™ at pH 6.0. The signal becomes a
well-defined peak upon the increase of pH. Since the feature shifts to higher frequencies upon
cooling the signal may be arising from a bending motion of the cluster.?®® A definite
assignment of the signals at 485 and 450 cm™, will, however need support by an isotopic
labeling approach of the metal centre.

The signal observed at 450 cm™ is only evident for pH 6.0 indicating an effect on the
protonation state of the histidines on this motion. However, the frequency of this signal is too
high to be originating from a Fe—N mode alone. It is thus most likely coupled to an v(F e-SP)
vibration where the involved Fe atom is the one coordinated by the histidines residues. The
signal observed at 420 cm™ at pH 6.0 and 8.0 shifts to 417 cm™ when the pH reaches 10.2.
This shift is accompanied by a slight broadening of the signal. This signal can be assigned to
the v(Fe-SP) vibration. Also, the coupling with other modes involving the coordinating
histidines is probable. An alternative explanation would involve the modification of the
hydrogen bonding network around the cluster upon change of pH. As mentioned in the
introduction, it is known from the crystal structures of the Rieske protein from T.
thermophilus that the hydrogen bonding network plays a crucial role in tuning the midpoint
potential of the protein.’*>?462°! Fyrthermore, the alteration of the hydrogen bonding network
is known to have an important impact on the geometry of the Fe—S cluster.?*® The loss of a
hydrogen bond may have an impact on the vibrational motions and thus on the position of the
peak. The concerned hydrogen bond could be the one located between Leul35 residue and the
S2 atom of the cluster or the one between the Ser157 residue and the S1 atom of the cluster
(T. thermophilus numbering).2*®

In the spectral range between 400 and 200 cm™ further metal-ligand vibrations can be
interpreted. The signal seen at 357 cm™ for a pH value of 6.0, shifts to lower frequencies at
higher pH values reflecting the effect of the protonation state of the histidine on the cluster

vibrations.
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This signal can be attributed to the Fe—S' stretching vibration.”®*?®° The downshift of this
signal reflects once more the influence of the histidine protonation state on the rigidity of the
[2Fe—2S] cluster since the downshift can be correlated to the strengthening of the Fe—S' bonds

at high pH values.

pH Pure Water
pH 6.0 pH 8.0 Assignments
10.15 pH ~6.5

542 548 542 540 Amide VI §(C=0/C—C-N)
526 - 521 - Amide VI §(C=0/C—C—N)
485 488 484 486 8(Fe—S"—Fe)

450 - - - v(Fe-SP) 2

420 420 417 420 v(Fe—SP) 26289

v(Fe—SP) 286289

Wavenumber 397 397 397 397 Cy—C,~C; bending mode of coordinating
(cm™) imidazole %
357 355 351 353 v(Fe-S') %
332 326 330 328 v(Fe-SP) 286.289
v(Fe-N) 2
298 299 299 303 bending mode at C, of coordinating

Imidazole planes ?*

145 141 131 143 Hydrogen bonding signature 2*°

Table 3.4-7. Overview on the assignments of the Rieske protein vibrations in the FIR range at pH 6.0, 8.0, 10.2
and in pure water.

Below 350 cm™, a weak signal arises at 332 cm™ for the fully protonated sample. The signal
gains intensity at pH 10.2 and in contrast to the signal at 357 cm™, it shifts to lower
frequencies. The Fe-S° bond at pH 10.2 seems to be shorter than at pH 6.0. Therefore, the
cluster itself is becoming more compact than the one at pH 6.0. It should be noted that the
most important downshift is observed at pH 8.0. The Fe—N vibrations are expected to occur
below 300 cm™ but will also be coupled to the Fe-S vibrations. One weak signal appears at
298 cm™ at pH 6.0. In addition to the slight upshift, the intensity of the signal becomes more
important upon increase of pH. We tentatively assign this signal to the Fe—N stretching
vibration that may be overlapping with the bending mode at C, of the coordinating imidazole
planes.”®

The electrochemically induced difference spectra of the Rieske protein at three different pH

values are presented in Figure 3.4.23. The Fe-S° modes observed at 420 cm™ in the
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absorbance spectra of the oxidized form are presented as positive signals in the redox induced
spectra at all pH values. The corresponding modes in the reduced form appear at 403 and 392
cm™. The fact that these signals are not sensitive to the pH variation indicates that the motion
of the core of the cluster is not affected by the protonation state of the coordinating His. A
broad signal in the absorbance spectra appears at 380 cm™ as a positive signal in the
difference spectra. This signal can be assigned to the v(Fe—S') vibration. The signal shifts to
lower frequencies upon reduction. The sensitivity of the v(Fe—S') vibrations are represented
by the signals at 336/325 and 335/325 cm™ at pH 10.2 and 8.0, respectively. These signals are
not redox sensitive at pH 6.0. The protonation state of the coordinating His affects the motion
of the coordinating Cys at pH values higher than 6.0. Furthermore, the positive signal
appearing at 280 cm™ is the difference spectrum recorded at pH 10.2 is not observed at lower

"_N) of the negatively charged His

pH values. It is thus likely to assign this signal to the v(Fe
ligand. The corresponding negative signal appears as a broad signal centered at 267 cm™. This
signal was previously observed in the resonance Raman spectrum of the Rieske protein

recorded at pH 10.1 and it was assigned to the v(Fe'"

—N). In addition, these signals overlap
with the bending mode at Cy of coordinating imidazole planes. It should be noted that the
hydrogen bonding network around the cluster may affect the frequencies of these signals
during the course of the redox reaction. At pH 8.0, a couple of signals are observed at
253-247 cm™ which might arise from the v(Fe-S') and v(Fe—N) vibrations.

At pH 6.0, a positive signal appearing at 311 cm™ can be assigned to the v(Fe-S') vibrations
along the Fe—Fe direction. Upon reduction the signal is downshifted towards 303 cm™.

In lower frequency region, vibrations arising from the collective motions of the protein as
well as from the internal hydrogen bonding network are expected. However, the high
absorption of the solvent in the low frequency region leads to a decrease of the

signal—to—noise ratio.
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Figure 3.4.23. Electrochemically induced difference spectra of the Rieske from T. thermophilus at pH: 10.2
(black), 8.0 (red) and 6.0 (blue) in the 450—100 cm™ spectral range.

3.4.3.5. NADH deshydrogenase fragment of the complex |

The NDF is the soluble part of the complex I, it contains nine Fe—S clusters (Figure
3.4.24).> It catalyzes the oxidation of NADH and transfers electrons to the quinone binding
site via the Fe—S clusters. The mechanism of the NDF is not fully understood, the
electrochemically induced FIR spectroscopy could help for better understanding it.

The complexity of the enzyme makes the vibrational assignments quite complicated. In order
to accurately assign the FIR signals, two samples were prepared, one with unlabelled iron
(°°Fe) and another one with isotopically labelled iron (**Fe) (See 2. Materials and methods).
The replacement of the native Fe by a lighter isotope would shift the metal-ligand vibrations
to higher frequencies.

The FIR absorbance spectra of both, unlabelled and labelled samples were recorded with a 2
cm™ resolution (Figure 3.4.25). The spectra are quite similar in the spectral region below 500
cm™* whereas in the region above, the signals are not conserved in both spectra. The spectrum
of the MES buffer is shown in Figure 3.4.2.

The signals that might have emerged from the metal-ligand vibrations do not show
significant shifts upon labeling because the signals are large (assignments are similar to those

done for the Rb and Fd samples). On the other hand, a slight upshift of the signal at 488 cm™
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in the unlabelled sample takes place in the labelled one. An additional signal is observed at
447 cm™ in spectrum of the **Fe—labelled sample. This signal may result from the decoupling
of an Fe—S vibration, coupled to another one in the spectrum of the unlabelled sample. The
spectrum of the unlabelled sample shows a broad signal at 261 cm™, barely visible in the

spectrum of the labelled one due to the overlapping with the hydrogen bonding signal.

Figure 3.4.24. The Fe—S clusters of the NDF. The backbone is in light grey, the Fe—S clusters are in balls, the
coordinating His residue is in bleu and the Cys residues in red.
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Figure 3.4.25. FIR absorbance spectra of the **Fe—NDF (black) and of the **Fe—labelled NDF (red).

The electrochemically induced difference spectra of both samples were recorded in the MIR
(Figure 3.4.26) and FIR range (Figure 3.4.27). The spectra obtained in the MIR range are
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similar to the previously reported difference spectra of NDF.®® In addition no significant shift

was observed in this spectral range upon labeling.
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Figure 3.4.26. MIR electrochemically induced difference spectra of the **Fe—NDF (black) and of the
**Fe—labelled NDF (red).

The FIR difference spectra show unexpected low similarities to each other, or to the ones
obtained for the lighter ISP shown above. However, intense signals are observed in the region
between 400 and 300 cm™, typical for the v(Fe—S) vibrations. The signal observed at 347 cm™
in the spectrum of the unlabelled sample shifts to 350 cm™ in the spectrum of the
**Fe—labelled sample. This signal was previously assigned to the v(Fe-S') vibration (Figure
3.4.27). This negative signal observed at 341 cm™ might be arising from the v(Fe-S')
vibration of reduced clusters. The low similarity of the NDF FIR difference spectra shows the
limit of the method, which is likely not successful when studying large proteins such as NDF.
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Figure 3.4.27. FIR electrochemically induced difference spectra of the **Fe—NDF (black) and of the
**Fe—labelled NDF (red).
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3.4.3.6. Conclusion

The FIR spectra presented in this study offer an overview on the vibrational modes of
several Fe—S clusters as well as of their redox signature.
The electrochemically induced difference spectroscopy applied in the FIR range offers a
unique tool to observe “in action” the prosthetic groups of the ISP. The method shows that
each cluster type has its own redox signature despite the similarities observed in the
absorbance spectra. Furthermore, the difference spectra of the Rieske protein recorded at
different pH values shows that the core of the cluster is not sensitive to the protonation state
of the coordinating His. On the other hand, the effect of the protonation states of the
coordinating His is extended beyond the cluster to reach the coordinating Cys.
Together, the data presented here and the previously reported vibrational data on the Fe-S
cluster offer a solid basis to the investigation of larger ISP like the respiratory complex I and
Il. The assignment of the Rieske protein redox signals can be helpful in the future to the
understanding of the difference spectra of the respiratory complex Ill.
Finally, the FIR difference spectroscopy is a promising tool to investigate the metal-ligand
vibrations of proteins containing other chromospheres. Despite the good performance of this
method regarding the metal—ligand vibration, it still needs optimization to increase the
signal—to—noise ratio, especially in the lower frequency region where the water absorption is

too high.
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3.4.4. Far infrared hydrogen bonding signature

3.4.4.1. Introduction

The use of the FIR spectral range allows obtaining simultaneously information on
local environment of cofactors and the overall hydrogen bonding structure of proteins. A
temperature dependent approach is introduced for the Rieske—type [2Fe—2S] protein from T.

thermophilus and for the LFA-1 domain of integrin.

3.4.4.2. [2Fe—2S] Rieske protein from T. thermophilus

The temperature dependence (294-30 K) of the Rieske protein at pH 6.0, 8.0, and 10.2
in the spectral range from 600-75 cm™ is shown in the left panel of the Figure 3.4.4. We note
that the vibrations themselves are not temperature dependent; however, shifts can be expected
on the basis of the perturbation of the hydrogen bonding, tertiary structure changes, and other
structural variations. IR stretching modes are generally suggested to move to lower
frequencies and bending modes to adopt higher frequencies with lower temperatures.?%92%
Furthermore, strength and number of the hydrogen bonds is expected to increase.?*

In the amide VI domain, between 570 and 540 cm™ (Analyzed above), the only effect
observed for each pH value is a weak increase of the absorbance upon cooling, thus excluding
a noticeable change in secondary structure at low temperatures. Bands at 450, 420 and 398
cm™, assigned to Fe-S° stretching vibrational mode are slightly affected by the temperature
decrease. In contrast hitherto, the band tentatively assigned to Fe-S°—Fe vibration and
centered at 478 cm™, is shifted towards higher wavenumbers (Av = 4 cm™) when temperature
is decreasing. This effect confirms the attribution to a deformation vibrational mode. These
shifts are independent of the pH and thus of the histidine protonation state and the local
environment of the cluster. We note that the signal includes contributions of other motions
that might overlap the pH dependency.

Below 350 cm™, the hydrogen bonding signature is observed (intra— and intermolecular
modes).?**?332%0 The intensity of this broad and strong band increases when temperature is
decreasing for each pH value studied. This result indicates the presence of a higher number of
hydrogen bonds within the protein upon cooling, but no phase transition. The upshift of the

band maximum reveals a strengthening of the interaction. Proteins have been reported to
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show a linear increase of the signal intensity upon cooling at temperatures around 200 K, also
called glass—like transition.?*%’

The right panel of the Figure 3.4.4. highlights the temperature dependence of the hydrogen
bonding mode at pH 6.0, 8.0, and 10.2. For the transition of the hydrogen bonding features
several positions between 187 and 195 cm™ have been analyzed. The temperature dependence
of the signal is not changing between pH 6.0, 8.0, and 10.2 until 150 K. importantly; below
150 K different evolutions are seen in function of the pH (i.e. correlating with the protonation
state of the coordinating histidines). At pH 6.0, where both histidines at the Fe-S cluster are
protonated, a plateau is observed between 150 and 100 K, whereas the absorption continues to
increase at pH 10.2 where the two histidines are deprotonated.

The measurement of the sample at the intermediate pH value of 8.0 shows a behavior close to
the experiment at a pH value of 6.0. These observations can be interpreted in terms of the
strengthening of the hydrogen bonds which is greater at pH 10.2 than at lower pH. We
conclude from these latter results a more rigid structure at pH 10.2. This is in line with the
temperature dependence of the signal between 301 and 333 cm™, that includes coordinates

from the Fe—S vibrations.

pH 6.0
pH 8.0
pH 10.2

195-187 cm™

Abs (a.u)

333-301 cm’*

T T T T T T T T T T T T T T T T
600 500 400 300 200 100 300 250 200 150 100 50 0
Wavenumber / cm™ T/K

Figure 3.4.4. (Left panel) Temperature dependence of the absorbance spectra of the Rieske protein for pH (a)
6.0, (b) 8.0, and (c) 10.2 in the 600—75 cm™ spectral range. (Right panel) Temperature dependence of the
hydrogen bonding mode of the Rieske protein at pH 6.0 (blue line), 8.0 (red line), and 10.2 (black line) in the
195-187 cm™ and 333-301 cm™ ranges.
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We note that the protein studied here, originates from a thermophilic system, and it will
certainly present a different behavior than an analogous system from a mesophilic organism.
Transition temperatures and pK, values observed are certainly shifted. The thermophilic
protein is extremely stable towards temperature variation and did not show, at any point of the

experiments, a loss of the overall structural integrity.

3.4.4.3. LFA-I domain of integrin
3.4.4.3.1. Introduction

Integrins are transmembrane proteins residing in the plasma membrane of
multicellular organisms. They are involved mainly in cell-adhesion and cellular signaling and
they undergo a conformational changing upon activation.?®?*® The activation process of
integrins depends on the nature of the bound metal. Thus, by varying the metal, we can access
to both, active and inactive forms of integrins. This feature makes integrins good candidates
to investigate the effect of metal binding on the hydrogen bonding signature.

Integrins are implicated in a multitude of biological functions such as embryogenesis, immune
response, haemostasis, inflammation and maintenance of tissue integrity. They constitute a
large family of off heterodimeric transmembrane proteins. Each monomer has a large
extracellular domain. The most unusual feature of integrins compared to other adhesion
molecules is that the ability of their extracellular domains to bind ligands can be activated on
a timescale of < 1 s by signals within the cell. Some of these integrins has an “inserted”
domain (the I-domain) of the Leukocyte Function Associated antigen—I (LFA—I) integrin in
its a—chain. The I-domain (Figure 3.4.28) includes about 200 amino acids in length and
contains the site for binding to soluble or membrane anchored ligands. It adopts a

Rossman—type fold with a central hydrophobic p—sheet surrounded by a—helices.

Figure 3.4.28. Cartoon view of the closed I-domain taken from the low affinity structure (PDB code 1LFA). The
MIDAS magnesium ion is shown as a magenta sphere. The a7 helice is colored in red.
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Integrins can be found in two conformations, open and closed conformation. These
conformations stand for, activate and inactive forms, respectively. In the inactive form, the
transmembrane “legs” of the heterodimers are stuck together, they separate upon activation.
Depending on the position of the a7 helix, the I-domain has a ligand binding competent
structure in the active form and a low affinity conformation in the inactive form. The
conformational dynamics of the I-domain has been found to have a strong impact on its
recognition properties. Theoretical calculations have shown that correlated motions couple the
C-terminal a7 helix to the MIDAS.

Ligand binding to its Metal lon Dependent Adhesion Site (MIDAS) requires a divalent metal
ion with octahedral coordination provided by conserved residues in loops of the I-domain
structure and the side chain of a glutamate residue of the physiological ligand. Besides the
most abundant Mg?* dication, other metal ions have been found to bind to the I-domain. In
fact, the closed conformation can be seen with Ca**, Mg?*, Mn?*, Cd**, or no metal in the
MIDAS, and the open conformation can be seen with Mg?*, Co?*, Zn**, Mn?*, Cd**, and Ni?*
in the MIDAS. Biological analysis suggest that the affinity of this domain towards its natural
ligand is modulated by the disposition of the C-terminal a7 helix, which serves as a critical
transmitter of conformational and ligand binding signal to the rest of the integrin.

The FIR hydrogen bonding collective motions have been probed for the LFA-I domain with
different metal cations bound; i.e. Mg®*, Mn** and Ca®* where the LEA—I domain adopts an

open conformation and Fe®*, where it adopts a closed conformation.

3.4.4.3.2. Far infrared hydrogen bonding signature

The temperature dependent spectra of the LFA-1 domain with the different cations are
shown in the Figure 3.4.29. Upon cooling, the spectra gain intensity until reaching a plateau
below 250 K.

This behavior is independent of the nature of the metal cation. The increase of the intensity
upon cooling was also observed for the Rieske protein. The strengthening of the hydrogen
bonding upon cooling is responsible of the increasing. The increasing of the absorption at
temperatures below 250 K becomes less pronounced. This behavior is in line with a
glass—like transition occurring at around 250 K.?*#" Besides, the spectra show a strong band
at around 168 cm™. This signal shifts to higher frequencies upon cooling by approximately 10

cm™. In control experiments on the buffer alone, this signal was also observed at the same
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frequency at room temperature, and shifts to higher frequencies upon cooling (See Appendix
15).

0.06 0.07
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Figure 3.4.29. FIR temperature dependent spectra of the LFA-I domain at pH 7.4 in presence of (A) Mg, (B) Mn,
(C) Caand (D) Fe cations.

This observation indicates that the intense signal can be assigned to the buffer contribution.

Despite the fact the binding of Fe cations leads to the inactive form of the LFA—I domain, the

far infrared spectra of all the samples are quite similar. Thus, the hydrogen bonding network

shows a similar behavior in all the samples. In other words, the tertiary structure of the LFA-I

domain is conserved no matter what the cation is. The local reorganization of the protein

around the MIDAS does not affect the whole protein.

3.4.4.3.1. Conclusion

The use of the FIR or terahertz spectral region has strongly expanded in the last years
due to the unique sensitivity of this spectral region to collective molecular motions that are
crucial to biological processes. These global motions are influenced by the conformational
state as well as the specific arrangement of intra- and intermolecular hydrogen bonds. In this
work we analyzed the temperature dependence of a spectral feature, which includes the
contributions of the internal hydrogen bonds of the studied Rieske protein and structural

water. The temperature dependent transitions between 294 and 30 K are found to strongly
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depend on the protonation state of the residues that coordinate the Fe—S cluster and the results
suggest a more rigid structure a pH >10, including the overall H-bonding features. The
electrochemically induced FTIR difference spectra at the respective pH values demonstrate a
clear dependence for the redox induced reorganization of the cluster and importantly the Fe-S
cluster vibrations themselves are found to be shifted.

The strengthening of the hydrogen bonding environment induced by the structural
characteristics of the deprotonated coordinating histidine residues in the direct environment of
the cluster is well known, and was previously presented on the basis of side directed
mutagenesis, electrostatic calculations and structural analysis.***%%%! Here we studied the
motion associated with intermolecular hydrogen bond vibrations of the overall protein in the
FIR. On the basis of the global change of the temperature dependence of the hydrogen
bonding in function of pH we conclude that the environment of cluster is mediated by a
variation of the overall tertiary structure.

The far infrared spectra of the LFA—I domain recorded as a function of temperature showed a
glass—like transition around 250 K. The variation of the metal cation within the MIDAS did

not affect the tertiary structure of the LFA—I domain.
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4. Summary

The metal—containing cofactors play pivotal roles in biology. The understanding of the
interaction between metal cations and proteins is a key step toward the elucidation of the
biological functions of proteins. FTIR spectroscopy offers a valuable analytical tool to
investigate proteins and to learn more about the relationship between the different cofactors
and their biological function. In this thesis, different aspects of the role of metals in proteins

were elucidated on the basis of this technique.

Since proteins are complex entities, the use of model compounds as metal—binding sites is
helpful regarding the investigation of metal-binding modes in macromolecular, such as
metalloproteins. The coordination of Cu cations within Poly—L—histidine offers a reliable
model to mimic the binding of Cu cations in metalloproteins. The MIR and FIR spectral
ranges present a global view about the effect of the Cu binding on the backbone
reorganization of PLH. The binding process itself was also probed thanks to the metal—ligand
vibrations occurring in the low frequency range. The study carried out at pD 7.0 suggested the
binding of Cu cations by the N* atom of the Im ring. At pD 9.5, the binding of Cu induced the
deprotonation of backbone nitrogen as well as the Im ring. Indeed, both nitrogen atoms of the
Im ring became available for Cu. The FIR spectra exhibited Cu—Im signals below 350 cm™
which can be assigned to the v(Cu—Im), y(Cu—Im) and &4.¢(Cu—Im) vibrations. These FIR
signals can be used as marker bands of the Cu coordination. The study performed on an
amyloid model peptide, called Cu—amyloid—beta 16 in the MIR range gave new insights
about the exact binding modes of His. On the other hand, the binding of Cu cations by the
backbone carbonyls as well as by the NH, terminus of the Aspl are difficult to probe in the

MIR range due to the complexity of the spectra.

In the second part of the thesis, the proton pumping respiratory enzymes were studied, they
are crucial to biological energy conversion. They couple redox reactions to proton pumping
across the membrane. The capture and release of protons take place via proton pathways
conceived for this purpose. The elucidation of the pumping mechanism at the molecular level
helps better understanding the function of the respiratory enzymes. FTIR difference

spectroscopy applied on respiratory chain enzymes inhibited by Zn cations afforded valuable
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information about the Zn binding effects on the studied enzymes. FTIR data obtained for the
R. capsulatus bc; samples showed that the Glu295 is protonated in both, the oxidized and the
reduced forms of the enzyme. The acidic residue signature gives rise to a positive signal at
1740 cm™ which shifts towards 1720 cm™ upon reduction. The 20 cm™ downshift is an
indicator of conformational changing of the residue during the redox reaction. The FTIR data
points towards the deprotonation of the crucial residue upon Zn binding. The Zn binding
prevents the conformational changing of the Glu295 residue, and thus blocks the proton exit
pathway. This observation was confirmed by the mutation of the Glu295 residue, where Zn
cations seem to bind to another acidic residue, most likely, to the Asp278 residue. The
depletion of the Rieske protein gave new insight into the importance of the conformation of
the Zn binding site in the bc; complex. The CcO from P. denitrificans has two proton—input
pathways, namely the D— and the K—pathways. The exact exit pathways are still unknown.
The binding of Zn cations was shown to take place via a deprotonated acidic residue,
probably the Glu78 residue of the subunit Il. The mutation of this residue against Ala does not
prevent the binding of Zn cations. The data obtained for the mutant points toward the binding
of Zn cations to a deprotonated acidic residue, most likely at the exit pathway. Furthermore,
the binding of Zn cations to the CcO upshifts the midpoint potential of the hemes. The
alteration of the redox reaction at the active site might result from the decoupling of the

electron transfer reaction and the proton pumping.

The development of the FTIR difference spectroscopy in the low frequency region was one of
the main goals of this thesis. The backbone contribution to the FIR spectra of proteins gives
rise to a signal in the region around 580-490 cm™. This signal was assigned to the amide VI
vibration. Using model compounds and respiratory chain proteins with known structures, we
established a correlation between the amide VI frequency and the secondary structure
elements. The contributions appearing in the 517—530 cm™ spectral range were assigned to
the o—helical secondary structures; the signals appearing in the 540—545 cm™ spectral range
were assigned to P—sheet. It was possible to record the electrochemically induced FTIR
difference spectra in the FIR domain showing that this spectral range is now accessible for the
investigation of metalloproteins in solution. Due to the high absorption of the solvent, and the
low absorption coefficient of the metal-ligand vibrations, the electrochemical cell was
optimized. The procedure started by testing the feasibility of the experiment on the horse heart

cytochrome ¢ samples. The optimization of the method allowed reproducing the difference
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1. In the region below 200 cm™, where the

spectra obtained by Berthomieu, et a
connectivity band of water occurs, the use of synchrotron light as FIR source is necessary.
After performing the primary experiments with the cytochrome c, we focused on iron—sulfur
proteins and different redox signature of the Fe—S centers were obtained in the region
450-200 cm™. Briefly, the data points towards the shortening of the Fe—S bonds upon
reduction. The effect of pH on the redox—active vibrational modes of the Rieske protein from
T. thermophilus was also probed by means of FTIR difference spectroscopy in the low
frequency range. The Fe—N vibrations arising from the Fe—His bonds were observed below
300 cm™. The Fe—N vibration arising from a deprotonated His exhibits a signal at 280 cm™.
This signal can be used as a marker band for such coordination. The investigation of
iron—sulfur proteins in the FIR range allows understanding the redox behavior of larger
complex proteins, such as the NDF, which contains nine Fe—S clusters. In order to accurately
assign the difference signals in NDF, **Fe—labelled samples were also investigated. However,
the difference spectra of the labelled and unlabelled samples are not similar to each other. The
signal—to—noise ratio is low, due to the large size of the protein. Thus, under these
experimental conditions it is difficult to obtain a reproducible difference spectrum of large

proteins; otherwise, very concentrated samples are required.

Finally, the hydrogen bonding within proteins, that gives rise to a broad band below 300 cm™,
was investigated in a temperature dependent manner. Upon cooling, the hydrogen bonding
signatures of the Rieske protein gained intensity, which indicates the formation of stronger
hydrogen bonds at low temperatures. The different samples show glass—like transition cooling
until 150 K.

In conclusion, the far infrared difference spectroscopy is a promising tool for the study of

proteins. This technique will be used to obtain the far infrared difference spectra of respiratory

enzymes such as the cytochrome bc; complex and the cytochrome c oxidase.
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6. Appendix
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Appendix 1. Fully ox-red and fully red-ox UV-Vis difference spectra of the bc,; complex.
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204,206-208

Positions (cm™) Assignments Cofactor
1740(+) _
1720(-) v(C=0) Glu295 heme b,
1706(+) v(C=0) Asp278 heme b,
amide | B-Sheet Rieske protein
1694(+) v(C=0) heme propionate heme b, heme by
1684(-) v(C=0) heme propionate heme b_ heme by
1679(+) V(CN3H5)® Arg heme b,
1672(-) amide | B-Sheet Rieske protein
amide | a-Helix, random coils
1656(+) v(C=0) quinone free quinone
1644(+) v(C=0) quinone free quinone
V37 Cy C1
1625(-) amide | B-Sheet Rieske protein
1612(+) v(C=C) quinone free or bound quinone
1594 (+) (sh) v(C=C) quinone free or bound quinone
1570(+) (sh) amide 1l
s heme propionate heme b, heme by, heme c;
1559(-) v(COO) Asp/Glu heme b
amide 11
1547(+) V3g heme b|_
1536(-) amide Il heme propionate heme b, heme by, heme ¢;
v(CO0O)* Asp/Glu heme b
1521(+)w Amide 11
1516(-) Tyr—OH
1509(+) Amide 11 Rieske
1494(-) v(CC) quinol ring
1482(+) v(CC) quinone ring
1469(-) v(CC) quinol ring
1450(+) ring vibration Pro/Trp
1430(-) v(CC) quinol ring
1421(+) v(CC) quinone ring
1407(-) v(CC) quinol ring
: v(CC) quinol ring
1385() »(COO)® Asp/Glu heme by,
1368(+) C-CH; isoprenoide
1358(-) heme propionate heme b, heme by, heme ¢;
Asp/Glu heme b
1288 (+) v(C-0) Methoxy group quinone
. Methoxy group quinone
1264(+) v(C-0) heme c; heme c;
Va2 heme by heme by
1240() v heme by, heme b, heme ¢ heme by, heme b, heme ¢
1220(+) 42 H L 1 H L 1
1204(+) U(Sfo) quinone heme by heme b_heme ¢,
42
11112;((? v(CaCp)® heme vinyl heme by heme b,_heme c;
1069(+) C-N (CNH3") Tris— HCI buffer
1047(-) C-N Tris— HCI buffer
986(+) 3(ring) His
964(-) ring porphyrin heme by, heme b,_heme c;
%326((? v(ring) deprotonated His
930(+) ring porphyrin heme by, heme b;_heme c;
836(+)
827(-) v(C—H) vibration porphyrin heme by heme b_heme ¢,
815(+)

Appendix 2. Complete assignments of the electrochemically induced difference spectrum of the wild—type bc;

complex from R. capsulatus. The positive and negative signs indicate the positive and negative signals,

respectively.
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Appendix 3. Ox-red difference spectra of the Tris—HCI buffer at pH 8.0. Buffer alone (black), buffer + 200 uM
Zn* (red) and buffer alone at pD 8.0 (blue). All the buffer samples contain 100 uM of KCI and the cocktail of

mediators.
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Appendix 4. Oxidative UV-Vis titration of the bc; complex at pH 8.0.
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Frequency (cm?) | Assignments 912047 209215223
1747(+) v(C=0) Glu 278
1735(-) v(C=0) Glu 278
1723(+) v(C=0) Asp/Glu
1714(-) v(C=0) Asp/ Glu
1705(+) v(C=0) Asp/ Glu
1696(-) v(C=0) Asp/ Glu
1688(+) Amide I (B-sheet)
1682(-) Amide I (B-sheet)
1676(+) v(C=0) CHO heme a3 v(C=0) heme propionates v(C=0) Asp/Gln v(CN3Hz)* Arg
1662(-) Amide I (a-helical) v(C=0) CHO heme a3z v(CN3Hs)® Arg
1655(+) Amide I (a-helical)
1642(+) v(C=0) CHO heme a
1632(-) 8(NH,) Asn/GIn v(CN3Hs)® Arg Amide I (B-sheet)
1624(+) 8(NH,) Asn/GIn v(CN3Hs)® Arg Amide I (B-sheet)
1617(-) v(Ca=Cp) vinyl group (heme a/a3)
1611(+) V37 heme ¢
1596(+) v37; heme ¢
1585(+) v(COO)* heme propionates v(COO)* Asp/Glu
1566(+) v(COO)* heme propionates v(COO)* Asp/Glu ring O Tyr vz heme a/as
1549(-) v3g heme a
1538(+) v(COO")* heme propionates
1525(-) Amide Il
1515(+) v(CC) ring—OH Tyr
1510(-) v(CC) ring—OH Tyr
1499(+) v(CC) ring—O" Tyr
1463(-) B—methylene Tyr280
1418(-) v(COO)* Asp/Glu/heme propionates
1390(+) vy heme a/az v(COO")* heme propionates
1376(+) V41 heme alas
1366(-) V41 heme alas
1283(+) v(COY)* Tyr
1269(+) 342 heme a/a;

Appendix 5. Detailed band assignments of the FTIR electrochemically induced oxidized minus reduces
difference spectrum of the wild—type CcO at pH 8.0.
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Appendix 6. Double difference spectra of the inhibited CcO minus the native CcO at pH 8.0. The difference
spectra were normalized to the Glu278 absorption (black), to the amide | (red), to the amide Il (blue), or to the
34 Vibration of the hemes.
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Appendix 7. Absorbance spectra of the wild—type CcO recorded at pH 8.0 (black) and pD 8.0 (red). The amide Il
contribution in the spectrum recorded at pD 8.0 is barely visible.
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Appendix 8. Oxidative UV-Vis titration of the inhibited CcO at pH 8.0.
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Glu78Ala + 200 uM Zn* - Glu78Ala pH 8.0
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Appendix 9. Double difference spectra of the inhibited Glu78Ala CcO minus the native Glu78Ala at pH 8.0. The
difference spectra were normalized to the Glu278 absorption (black), to the amide | (red), to the amide 11 (blue),
or to the 84, vibration of the hemes.
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Oxidative titration of the Glu78Ala CcO
from P. denitrificans at pH 8.0
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Appendix 10. Oxidative UV-Vis titration of the inhibited Glu78Ala CcO at pH 8.0.
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Appendix 11. Second derivatives of the amide | and amide VI bands of PLL samples. at neutral pH (black), at
neutral pD (red), at pH 11.0 (blue) and at pD 11.0 (magenta).
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Appendix 12. Second derivatives of the amide | and amide VI bands of PLA at pD 7.0 (black) and PLH at pD
9.0 (red).
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Appendix 13. Second derivatives of the amide | and amide VI bands of the bc; (black), of CcO (red) and Rieske

(blue).
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Emission spectra
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Appendix 14. Emission spectra of: ANKA synchtron (black), Hg—vapor source (red) and globar source (blue).
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Appendix 15. FIR temperature dependent spectra of the PBS buffer at pH 7.4.
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