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Experimental Section
Purification of c6wt and M58C

Cytochromes c6wt and M58C have been purified according to established protocol !.
Sample preparation

cowt and M58C were concentrated to 0.2 to 3 mM in the final buffers Na-cacodylate 50 mM,
NaCl 100 mM, pH 5.5; MES 50 mM, NaCl 100 mM, pH 6.5; Tris 50 mM, NaCl 100 mM, pH 7.5; or
CAPS 50 mM, NaCl 100 mM, pH 10 and pH 11. Dilution/concentration steps on Amicon 10 kDa
membranes were used to change the pH of samples or for the H>O/2H,0 exchange. For HO/*H,O
exchange, the suitable buffer in H>O was lyophilized using a speed-vacuum system and the dry pellet
resuspended in 2H>O.
Spectro-Electrochemistry
Spectro-electrochemistry was performed using the three-electrode thin path-length cell >* equipped
with CaF; or CVD diamond windows. This cell is air-tight and allows recording spectra in the whole
visible to Far-IR spectral region.
Ten pl of sample was deposited between the two CaF; or CVD diamond windows and the path-length
of the closed electrochemical cell was adjusted to be less than 10 pm by using the sample absorption

at 1640 cm™.



The following mediators were used to accelerate the redox reactions: methyl viologen (Eo: - 444
mV/NHE), benzyl viologen (Eo: - 358 mV), anthraquinone 2-sulfonate (Eo: - 223 mV), 2-hydroxy
1,4-naphtoquinone (Eo: - 123 mV), 2,5-dihydroxy p-benzoquinone (Eo: - 60 mV), duroquinone (Eo:
+ 10 mV), N-ethyldibenzopyrazine(ethyl)sulfonate (Eo: + 55 mV), methylphenazinium methyl salt
(Eo: + 80 mV), 1,2-naphtoquinone 4-sulfonic acid (Eo: + 217 mV), diaminodurol (Eo: + 240 mV),
tetramethylphenylene-diamine (Eo: + 270 mV), 2,5-dichloro 1,4-benzoquinone (Eo: + 300 mV) and
ferricyanide (Eo: + 426 mV). The final concentration of each mediator was 40 uM.
Redox titrations at equilibrium were performed by applying a series of external potentials with 20
mV intervals. Externally triggered potentiostats EG&G 262 or Tacussel Polarostat Type PGRE were
used for the redox titrations. The applied potentials ranged from +550 mV to +110 mV vs NHE for
cowt at pH 7.5 and from -90 mV to -440 mV, from -190 mV to -540 mV and from -90 to -490 mV
for M58C at pH 6.5, 7.5 and 10, respectively. Each potential was applied for 7 minutes before
recording the UV-Vis spectra.
UV-Vis spectrometry

UV-Vis spectra were recorded using a Cary60 or Caryl4 purged with dry air. The
electrochemical cell was thermostated at 15°C + 0.1 °C with a water circulation system.
FT-IR difference spectroscopy

Mid-IR FTIR difference spectra were recorded using a Bruker Tensor 27 or a IFS88
spectrophotometer equipped with KBr beam splitters, MCT or DTGS detectors, and purged with dry
air. Far-IR FTIR difference spectra were recorded using a vacuum-purged Bruker Vertex 70v
spectrophotometer equipped with a helium-cooled Si-Bolometer and a 6 um Mylar beam splitter.
The experiments were started after 30 minutes of equilibration at the fixed temperature and starting
potential. Electrochemistry was performed at 10°C £ 0.1 °C. The sample was equilibrated for 15
minutes at oxidizing or reducing potentials before acquisition of the spectra. Each spectrum recorded
during a single electrochemical cycle corresponds to the average of 300 scans at 4 cm™! resolution.

The final reduced — minus - oxidized difference spectra correspond to the average of spectra obtained



with 10 to 20 electrochemical cycles in the Mid-IR and 20 to 30 electrochemical cycles in the Far-

IR.



FIGURES AND TABLES

Figure S1 Titration curves for A) co6wt and B) MS8C at pH 6.5 (black) and pH 10 (red).

All the fitted midpoint potentials with either n free or set to 1 are listed in the supplementary Table 1.
Pannel A shows the fits for cowt at pH 6.5 (Em = 342 mV, n=0.91) and at pH 10 (Em = 288 mV,
n=1). Pannel B shows the fits for M58C at pH 6.5 (Em =-313 mV, n=0.70) and at pH 10 (Em=-399
mV, n=1, black line). For M58C at pH 10, the experimental data are reproduced satisfactorily by
considering a model in which = 62% of the cytochromes are in a dimeric form with an electrostatic
interaction equal to 140 mV. The fit involving the dimeric interaction was done as detailed thereafter.

This is a qualitative illustration of the effect of biomolecular interactions that seem to occur for part

of the proteins at alkaline pH.
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The effect of electrostatic interactions on the redox properties of hemes has been recognized by the
work of Moore concerning the effect of propionates* or that of Gunner and Honnig> or, for example
Alric et al.%, concerning the effect of heme interactions. To analyse the titration curve obtained at pH
10, we considered dimers of M58C in which the two hemes are equivalent. Em denotes the midpoint
potential of one heme when the other heme is reduced, and X the interaction energy, so that the

midpoint potential becomes Em + X in the presence of the oxidised partner.

We denote by (0), (1), (2) the fractions of dimers with 0, 1, 2 reduced hemes, respectively. At

equilibrium with the ambient potential E, one has the equilibriums:

(1)/(0) = 10EEM/60 and (2)/(1)=10E-Em+X))/60



Solving these equations and noting that (0)+(1)+(2)=1, one obtains:

(0) — [ 10((2E-2Em-X)/60)] /[ 1+1 O(E-Em)/éo +1 O(2E-2Em-X)/60]
( 1 ) = [ 1 O((E-Em)/60)] /[ 1+1 0(E-Em)/60 +1 0(2E—2Em-X)/60]

(2) — 1/[ 1+1 O(E-Em)/éO + 10(2E-2Em-x)/60]

And the fraction of reduced heme is obtained from these expressions as: 0.5x(1) + (2).

In cases where there is only a proportion o of the molecules which make a dimer and where the
remaining fraction (1-a) titrates normally, the fraction of reduced heme becomes:

a[0.5%(1) + (2)]H(1-)[(1/1+(10nE-Em)/60)y]

Importantly, in this latter equation the same Em is used with and without the interaction. Moreover,
in the case of the dimer, the n value is considered to be 1 and we can also fix n=1 in the second

member of the equation for the fitting of the data something that is been done here.



Supplementary Figure S2: Effect of H,O/”H>O exchange at pH 7.5 on the reduced — minus
—oxidized FTIR difference spectra. Spectra in a: Reduced — minus — oxidized spectrum recorded with
cowt in H,O (grey line) and in 2H>O (black line). Spectra in b: Reduced — minus — oxidized spectra
recorded with M58C in H>O (grey line) and in 2H,O (red line). Insert: comparison of the 1875-1775
cm’! region of the spectra recorded in 2H,O with c6wt (black line) and M58C (red line). Spectra in c:
H>0 — minus — 2H>O double difference spectra recorded with c6wt (black) and M58C (red).
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Two main types of signals can be distinguished in the difference spectra recorded in the Mid-
IR region. The first type consists in signals related to structural changes involving amide modes and
side-chain modes of amino acids. The second set of bands comprises signals from the heme and its
propionate groups as well as side-chain modes of the axial ligands.
The reduced — minus — oxidized difference spectrum recorded with c6wt in the Mid-IR shows bands
at 1748(-)/1733(+) cm™! (in H20, spectrum a thin grey line, see also Figure 2) downshifted by 12-10
cm! to 1736(-)/1723(+) in H20 (spectrum a, black line). Equivalent bands at 1746(-)/1732(+) cm!
for M58C (in H20) are downshifted by 14-11 cm™ to 1732(-)/1721(+) in 2H,O (spectrum b, red line).
The frequency of these bands and the shift in 2H,O are characteristic for protonated carboxylic group.
They can be assigned either to protonated Asp or Glu side chain 7 or to one of the two propionic
groups of the heme by comparison with literature data ®. Importantly, these carboxylic groups are
protonated both for M58Crep and M58Cox and cannot account for the pH dependence of the M58C
midpoint potential.
The reduced — minus — oxidized difference spectrum recorded with co6wt shows also bands at 1691(-
)/1668(+) cm™!, 1656(-)/1646(+) cm™! and 1629(-)/1607(+) cm™' (spectrum a thin grey line, see also
Figure 2). Equivalent bands are observed at slightly higher frequencies in the spectrum recorded with
MS58C, at 1696(-)/1676(+) cm™, 1660(-)/1647(+) cm™ and 1632(-)/1612(+) cm’!, respectively
(spectrum b thin grey line, Figure 2). The effect of H>O/?H,O exchange on these bands consists in a
downshift by 2 cm™! to 7 cm! in the spectrum recorded with c6wt (spectrum a black line), except for
the band at 1632 (-) which seems absent in 2H>O. The effect of H,O/?H2O exchange on these bands
is slightly less important in M58C, with a downshift by a maximum of 5 cm™ in 2H,O (spectrum b,
red line). Shifts by less than 10 cm™ are expected upon H,O/?H>O exchange for amide v(C=0) modes
of the protein backbone, i.e. up to 10 cm™ for a-helix and less than 5 cm! for B-sheet secondary
structures °-!!. Therefore, the bands discussed above are assigned to peptide carbonyl stretching
modes, indicating that contributions from the polypeptide backbone are dominating the spectra.
Possible contributions from other functional groups of the protein, as amino acid side-chain modes
from Arg or Lys, Asn or Gln, also expected in this spectra range 7, cannot be distinguished directly.
Therefore, we calculated a HoO — minus — 2H,O double-difference spectrum for c6wt (spectrum ¢
black line) and for M58C (spectrum c, red line). In these spectra, only bands affected by H,O/2H,O
exchange contribute. In addition to the effects already discussed for the protonated carboxylic group
at circa 1730 cm™! or for the polypeptide backbone, that gives rise to thin difference bands, the H>O
— minus — *H,O spectra reveal a negative band at 1630 cm™ for c6wt and a positive band at 1689 cm-
! for M58C. These bands probably do not correspond to contributions from peptide carbonyl groups

(note that the apparent intensity of these bands is due to their superimposition with contributions from



the peptide carbonyl IR —shifts). The band at 1630 cm™! has no clear counterpart at lower frequency.
Therefore, and according to literature, this band is either the IR mode of a lysine side chain in H2O
(the counterpart in 2H,O is expected as a very small band at circa 1200 ¢m™!, which could not be
detected) or the IR mode of a Gln or Asn side chain in 2H>O 7!2, In this case, the IR mode in H,O is
expected in the 1687-1668 cm™! range, and could contribute at circa 1670 cm™! in spectrum ¢ (black
line). According to the structure of c6wt, the side chains of Lys29 and Asn56 are hydrogen bonded
to propD, while the side chain of GIn50 is hydrogen bonded to the 6™ heme axial ligand Met58
(Scheme 1, "). The IR bands could correspond to one of these amino acid side chains. At these
frequencies, the spectrum recorded with c6wt and M58C are clearly different. A positive band is
detected at 1689 cm™! for M58Crep in H20 and the counterpart in 2H,O is not clear. This band could
be downshifted to 1641-1630 cm™! in 2H20. The spectral differences between the spectra recorded
with cowt and M58C strongly suggest that the IR bands correspond to the contribution of GIn50 in
the reduced — minus — oxidized spectra. Indeed, while the interactions formed by the propionate group
ProD seem highly conserved in the structures recorded with cowt and M58C, those formed by GIn50
with the 6 ligand are expected to be different in c6wt and M58C, and affected by the redox state of
the heme iron (Scheme 1). For M58Crep, a strong — and specific - interaction between Cys58 SH and
the carbonyl group of GIn50 side chain is also inferred from the low frequency of the v(SH) mode of
Cys58, identified at 2513 cm™! (Figure 2 insert, see below) as compared to literature (see below).
The H20 — minus — *H,0 spectrum reveals small negative bands at 1556 cm™! (c6wt) or 1546 cm™!
(M58C) and positive ones at 1436 cm™!' (c6wt) and 1450 (M58C). They are interpreted as a downshift
by 100-120 cm! of the bands at 1556 or 1546 cm™ upon H>O/?H2O exchange, since this shift is
typically that expected for the Amide II IR mode of the polypeptide backbone (!> and references
therein).

For c6wt, the negative band detected at 1556 cm™ in the H2O — minus — 2H,O spectrum superimposes
with positive ones in H,O, which are not sensitive to the H,O/?H>O exchange. Bands at 1576(-) and
1553-48(+) cm™! in H>O, which remain at 1571(-)/1555(+) cm™ in 2H>O, are assigned to v(CgCp)
redox sensitive heme mode by comparison with previous experiments with the model compound
microperoxidase and literature data '3-1°. A second difference band at 1259(-)/1239(+) cm™!, observed
only in the c6wt spectrum and insensitive to H2O/?H,O exchange is assigned to the v42 (3CmH) heme
mode. The intensity of this mode was reported to be a marker for a six-coordinated LS Fe(II) heme
18

The Mid-IR region also contains contributions from side-chain modes of the heme axial ligands.
The v(SH) stretching mode of protonated Cys side-chains contributes in a spectral region, where no

other protein contributions are expected, i.e. at circa 2550 cm™! and experiences a large downshift by



circa 700 cm™' upon H/?H exchange 2. The positive band observed for M58Crep at 2513 cm™! is thus
assigned to the v(SH) mode of protonated Cys58 in M58Crep, since it is the only Cys residue not
involved in covalent bonding interaction with the heme. This band is downshifted by 680 cm™! to
1833 cm! in 2H>O (Spectrum a insert). The band frequency at 2513 cm! is circa 40 cm™ below that
reported for Cys in solution 2. The frequency of the v(SH) mode is very sensitive to the interactions
formed by the thiol group and its environment. Observed at circa 2585 ¢cm™! in CCls, this mode is
identified at lower frequencies ranging from 2575-2580 cm™ to 2525-2560 c¢cm! for thiol groups
acting as weak to strong hydrogen bond donors ?'?2. Hydrogen bonding interactions have been shown
to shift the v(SH) mode by 20-40 cm! in organic thiols placed in hydrogen bonding solvents or thiol
hydrogen bonded to water molecule 2?8, In Li and Thomas 2!, the lowest frequency value of v(SH)
= 2528 cm! was reported for a glutathione crystal, in which the thiol group was involved in four
strong SHe-O hydrogen bonding interactions. The Cys58 v(SH) frequency at 2519 cm™! is at the lower
range of these frequency values. It probably indicates that besides a very strong interaction of Cys58
SH with GIn50 side chain, an electrostatic interaction still persists between the sulphur and the heme
Fe(ID).

The difference signal at 1113(+)/1103(-) cm™' in M58C difference spectrum [1118(+)/1103(-) cm™!
for cowt] is assigned with confidence to the v(CsN1) stretching mode of the imidazole side-chain of
His18, the 5™ axial ligand of the heme iron by comparison with literature data '32°32, We and others
have previously shown that 1) this IR mode is enhanced when the histidine imidazole side-chain is a
ligand of a metal (including heme iron), ii) the frequency of this mode is sensitive to the metal (heme
iron) oxidation state, and iii) the frequency of this mode is also sensitive to the protonation state of
the imidazole side-chain. These previous studies allow us to conclude that the 5 His ligand in c6wt
and M58C is “neutral”, i.e. with an imidazole (and not imidazolate) side-chain both for the reduced

and oxidized forms.



Supplementary Figure S3: Effect of pH on the reduced — minus — oxidized difference spectra
recorded with M58C in the 1800-1000 cm™ range. Spectrum in black is recorded in H>O at pH 5.5 (in
cacodylate buffer), spectrum in green at pH 6.5 (in MES buffer), spectrum in red at pH 7.5 (in TRIS
buffer), spectrum in blue at pH 10 (in CAPS buffer). Insert: 2650-2450 cm™! spectral range of the

reduced — minus — oxidized FTIR difference spectra.
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The reduced — minus — oxidized difference spectra recorded with M58C at pH 5.5, pH 6.5 and pH 7.5
are very similar, except for a slight upshift of the band at 1630 to1633 cm!, small differences at circa
1550 cm™! and larger ones at 1067(-)/1043(+) cm™! at pH 7.5. These later bands in the spectrum
recorded at pH 7.5 are contributions from the TRIS buffer, as shown in Figure S4. At pH 10 and pH
10.5, a general trend consists in a slight upshift of bands assigned to peptide carbonyl groups (Amide
I) and NH+CN (Amide II) modes. These bands, ascribed to small redox-induced structural changes



of the protein backbone are not largely modified by pH. The difference signal from the histidine axial
ligand at 1113(+)/1105(-) cm™! remains at the same frequency in the whole pH range, indicating that
the His18 side-chain remains neutral (imidazole) in the whole pH range. The positive band at circa
1688 cm™!, tentatively assigned to the GIn50 side-chain, is absent at pH 10. The difference band at
1746(-)/1732(+) cm™! is also almost completely absent at pH 10, while a new band is observed at
1583 cm™!, in the range where deprotonated carboxylate groups are expected to contribute 7. These
data are consistent with the deprotonation of the redox-sensitive aspartic or glutamic acid or heme
propionic group at pH 10. The pH has also an important influence on bands from the heme and its
cysteine axial ligand. At alkaline pH, the positive band at 2519-2513 ¢cm™! assigned to the Cys v(SH)
mode is not detected. A positive band at 1241(+) cm™' is assigned to the v4(8CmH) heme mode,

characteristic of a 6¢c LS Fe(I) heme.



Supplementary Figure S4: Effect of M58C reduction on Tris buffer

Superimposition of the reduced — minus — oxidized FTIR difference spectrum recorded with M58C
in TRIS bufter at pH 7.5 (black) with a difference spectrum recorded with the TRIS buffer only at
pH 8.8 — minus — TRIS buffer at pH 7.3 (blue) in the 1800-1000 cm™! range.
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The spectrum in blue corresponds to the deprotonation of a fraction of the TRIS molecules at pH 8.8
as compared to pH 7.3. The difference band at 1066(-)/1038(+) cm! is due to the change in properties
of the v(C-OH) IR mode of TRIS associated with the deprotonation of the amine group upon pH
increase. IR bands of TRIS buffer also contribute at 1580-1500 cm™!. Superimposition of the spectra
recorded with M58C at pH 7.5 and that recorded with the TRIS buffer (blue) clearly indicates that
the reduction of M58C is associated with a deprotonation of TRIS molecules. This most probably
corresponds to a proton transfer from TRIS to reduced M58C. Hence, the following chemical reaction
can be written:
Fe* + TRIS-H - Fe?" + TRIS
This chemical equation is coupled with the proton uptake upon reduction that occurs in M58C in the
pH range, where a pH dependence of its midpoint potential exists.

Fe3*+e +R- ﬁ(lﬁ]& Fe?* +RH

} S x

i \

‘ —
Fe** + TRIS-H > Fe* + TRIS +H")



Supplementary Table S1: Midpoint potentials of cowt and M58C. Potentials are expressed in mV

versus NHE
cowt MS8C
n=1 n variable n=1 n variable
Em (pH 6.5) 342 mV 342 mV, n=0.91 -312 mV -313 mV, n=0.70
Em (pH 7.5) 339 mV 339 mV, n=1.05 -375 mV -375 mV, n=1.0
Em (pH 10.0) 288 mV 288 mV, n=1 -399 mV* -413 mV, n=0.33

Fits of the experimental data have been done from the amplitudes of the Soret band, by using solver
or Excel. The fits have been done using a Nernst curve either by fixing the n value to 1 (n=1) or by
letting the value free (n variable). No significant differences have been found except for M58C at pH
10.

*For M58C at pH 10, the data could not be fitted by a Nernst curve with n=1. This likely originates
from an electrostatic interaction between hemes of different cytochromes at this high pH value. This

problem has been theoretically treated in the case of a dimer as detailed in supplementary Figure S1.



Supplementary Table S2: Proposed assignments of M58C bands in the Mid-IR difference spectra;

shifts in 2H,O are given under brackets.

pH 5.5 pH 6.5 pH 7.5 pH 10 Proposed
Ox | Red | Ox | Red Ox Red Ox Red assignments
2513
2519 2519 (680) v(Cys-SH)
COOH Asp/Glu
1746 | 1732 | 1746 | 1732 1746 1732 1746 1733 | or propionic
(-14) (-112) .
acid
1696 | 1676 | 1696 | 1677 1((_559)6 1((_5;)7 1698 1679 | Amidel, turn
1688 1688 1688 GIn v(C=0)
1660 | 1647 | 1660 | 1647 1((_5??)0 1((_52)8 1661 1649 | Amide |
1632 | 1611 | 1630 | 1612 1(?2)3 1(?)2 1636 1616 | Amide |
1583 COO'.Asp/GIu or
propionate
1545 1557 .
1546 | 1556 | 1545 | 1557 (-95) (-87) 1549 1563 | Amide ll
1534
1241 | vg(8CmH) 6¢-LS
1104 | 1114 | 1104 | 1113 1(100)4 1(101)3 1104 1113 | His v(CsNa)
1038 1066 v(C-0) of TRIS




Supplementary data S3: Detailed assignment of the redox-sensitive Far-IR modes of cowt

and M58C.

The difference band at 604(+)/581(-) cm™ in the spectrum recorded with c6wt (Figure 2) appears
upshifted by 14-12 cm™! in the spectrum recorded with M58C. This difference band is not present in
the spectrum recorded at alkaline pH (Figure 2). The origin of this band is not clear since literature
data are scarce in this spectral range. However, correlation with changes in the Mid-IR allows to
propose a contribution of the (OCO) mode of the protonated carboxylic groups from Asp or Glu or
from an heme propionate. Far-IR contributions from carboxylate modes were reported between 480
and 650 cm™ 3 and strong IR contributions have been reported for protonated carboxylic acids 3.
Since difference bands are observed, the IR mode is present in the oxidized and reduced forms, which
shows that there isn’t any change in protonation state of the chemical group upon change of the iron
redox state of cowt or M58C. This group does not explain the pH dependence of the heme iron mid-
point potential.

The frequency of IR bands of c6wtox at 380 cm™! (-2), 361 cm™! (+2), 317 cm™ (-2) and 269 cm! (-
3) and the counterpart for c6wtrep at 388 cm™! (-2), 371 cm™ (0) and 244 cm™' (+2) are almost
unchanged in M58C (shift under brackets). Bands at similar frequencies were observed in the
electrochemically-induced FTIR difference spectra recorded with cyt ¢ 3°. These bands are thus in
common between cyt ¢, cowt and M58C and characteristic of c-type hemes with at least one histidine
axial ligand of the iron. According to IR spectra of metalloporphyrins, intense bands contribute in the
420-350 cm™ region. These bands were assigned to in plane Fe-pyrrole stretching modes (v(Fe-N4pyy),
modes v8 and v50 and oop tilting/folding), likely coupled to Fe-ligand vibrations !36-3%. The v8
and/or v50 modes could contribute at 388-360 cm™!. IR active heme oop modes associated to pyrrole
tilting, v6 reported at circa 363 cm!, and methine wagging (CoCnm) y7 reported at 315 cm™! or the
pyrrole tilting v51, v(CpCi)as B2u mode reported at 318 cm! could contribute in the FTIR spectra of
both c6wt and M58C. Finally, the bands at 266(-) cm™! and 244-246(+) cm™! are tentatively assigned
to the corresponding v52(vCpCi)s mode, i.e. 3(CgY) moiety vibration involving propionate groups by

comparison with RR data 3738,
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