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 His/Cys coordination was recently found in several c-type cytochromes, which could act as 

sensors, in electron transport or in regulation. Towards better understanding Cys function and 

reactivity in these cytochromes, we compare cytochrome c6 (c6wt) from the cyanobacterium Nostoc 

PCC 7120 with its Met58Cys mutant. We probe the axial ligands and heme properties by combining 

visible and Mid to Far FTIR difference spectroscopies. Cys58 determines the strong negative redox 

potential and pH dependence of M58C (EmM58C = -375 mV, versus Emc6wt = +339 mV). Mid-IR 

(notably Cys (SH), His (C5N1), heme (CmH)) and Far-IR ((Fe(II)-His), (His-Fe(III)-Cys)) 

markers of the heme and ligands show that Cys58 remains a strong thiolate ligand of reduced 

Met58Cys at alkaline pH, while it is protonated at pH 7.5, stabilized by a strong hydrogen bonding 

interaction, and weakly interacts with Fe(II). These data provide a benchmark for further analysis of 

c-type cytochromes with natural His/Cys coordination. 
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Cysteine coordination as an axial metal ligand plays an essential role in the reactivity of 

many oxidoreductases, such as superoxide reductases, Ni-superoxide dismutase, or heme-containing 

monooxygenases. The Cys-Metal bond strength and the protonation state of coordinated Cys - at 

times - are critical for the catalytic function of these enzymes 1-4 .  

Recently, a growing number of natural c-type cytochromes (Cyt) with histidine/cysteine axial 

coordination have been discovered 5-12, including two Cyt with a Per-Arnt-Sim (PAS) molecular 

sensor domain, Tll0287 from T. elongatus and the transcriptional regulator RcoM 10,13-15, which 

indicates a role of these Cyt in signalling. His/Cys axial coordination is rare in Cyt, the sixth axial 

iron ligand being most commonly a methionine or a histidine, and less frequently a tyrosine. Besides 

modulating the heme midpoint potential, redox- or substrate- induced changes in the protonation state 

of the sixth Cys axial ligand could be eventually critical for the function of these proteins. Further, 

Cys are prone to post-translational modifications such as nitrosylation or persulfidation, raising the 

question of the reactivity of Cys ligands for some cytochromes, particularly those involved in sulfur 

metabolisms 6,8,16.  

Scant data are available regarding the His/Cys axial coordination in c-type Cyt and the thiol 

versus thiolate Cys coordination, besides some reports on semisynthetic cytochrome c (cytc) or cytc 

site-directed mutants 17,18. EPR and UV-Vis spectroscopy are good probes of Cys coordination in 

oxidized Cyt. In contrast, reduced His/Cys Cyt are EPR silent and their UV-Vis spectra ambiguous. 

Data on thiolate-bound, six-coordinated (6c) Fe(II) hemes were only evidenced upon the addition of 

exogenous sulphur-containing ligands to hemoproteins 4,19. It was recently proposed a possible 

coordination of a reduced heme by a thiol ligand 4. However, the UV-Vis spectral features hardly 

allow to distinguish Fe(II) coordination by a protonated Cys thiol from coordination by other neutral 

ligands.  

In this context, our work aims at pinpointing physicochemical properties of His/Cys axial 

coordination in c-type Cyt, by combining UV-Vis spectroscopy and Mid- and Far-IR FTIR difference 

spectroscopy coupled to electrochemistry. With infrared spectroscopy, we directly probe Cys 
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protonation by following the Cys (SH) IR mode 20, the heme iron coordination using previously 

identified IR markers of the iron spin state 21-23, and the histidine ligand 22,24-26. We also identify new 

Far-IR markers of the His/Cys coordination. We have pursued a comparative study between 

cytochrome c6 (c6wt) of the cyanobacterium Nostoc PCC7120 having His18/Met58 coordination and 

its His18/Cys58 site-directed mutant (M58C). This system is particularly interesting since three-

dimensional structures showed the absence of significant structural changes of the rest of the protein 

upon the Met58Cys mutation (c6wt, structure PDB: 4GYD and M58C, structure PDB: 4H0J, Scheme 

1 27). Studies at neutral and alkaline pH allowed to probe Cys(SH) versus Cys(S-) coordination of the 

ferrous heme and to obtain spectroscopic markers of these forms, which are relevant to His/Cys c-

type Cyt properties and function.  

 

SCHEME 1: A) Structure of c6wt (4GYD), B) Structure of M58C (4H0J) 27.  

The N(His18)-Fe distances are 2.05 Å in c6wt and 2.15 Å in M58C; the Fe-S(Met58) is 2.28 

Å in c6wt and the Fe-S(Cys58) is 3.28 Å in M58C. 
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UV-Vis spectroscopy:  

The Soret band of the M58C in its oxidized state (M58COX) exhibits a characteristic and 

specific red shift when compared to that of c6wtOX (+8 nm from 410 nm to 418 nm at pH 7.5, Figure 

1 and Table 1). This red shift has been previously described for oxidized cytc variants with His/Cys 

coordination 17,18. Shifts of the Q bands are also evident, as well as two CysS-Fe(III) charge transfer 

bands at  655 nm and  745 nm (Figure 1A, inserts) in M58C, characteristic of thiolate- coordinated 

Fe(III) hemes 17,18,28,29 1. Reduction of c6wt is accompanied by a 6-nm red shift and hyperchromic 

effect of the Soret band, as expected for Cyt with His/Met coordination. In contrast, the Soret band 

peaks at almost the same wavelength for M58COX and M58CRED, and there is a minimum increase in 

the Soret band intensity for M58CRED (Figure 1A). This UV-Vis spectrum does not give clear 

information on the axial Cys coordination to M58CRED. 

FIGURE 1: A) UV-visible absorption spectra of c6wt (left) and M58C (right) in the reduced (red) 

and oxidized (black) states at pH 7.5 (top) and at pH 10 (bottom). The spectra were recorded in the 

FTIR electrochemical cell, i.e. under conditions in which the concentration and thickness of the 

                                                
1 These bands of very small amplitudes were revealed in the oxidized – minus – reduced spectrum obtained by 

spectro-electrochemistry, as detailed in Sup. Mat. 
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samples are difficult to be precisely adjusted. This is why the absorption intensity slightly differs in 

the samples. B - top) Redox titration performed by spectro-electrochemistry in the UV-Vis range 

with c6wt (blue points) and M58C (orange points) at pH 7.5. The proportions of the reduced state 

estimated has been estimated from the amplitudes of the Soret bands and Q bands. They were fitted 

with a Nernst equation (continuous lines) with n fixed to 1. B-bottom) pH dependence of M58C 

midpoint potential.  

By changing the pH, no significant spectral modifications are observed for oxidized or 

reduced c6wt (Figure 1). The spectral properties of M58COX are also only slightly affected by pH and 

the two CysS-Fe(III) charge transfer bands at 655 and 745 nm clearly show that M58COX maintains 

a thiolate coordination between pH 7.5 and 10. The main change concerns M58CRED, with a larger 

amplitude and smaller bandwidth of the Soret band at pH 10 as compared to pH 7.5. These data point 

to a pH-sensitive axial coordination of M58CRED.  

The effect of pH on the heme coordination in M58C was further analysed using spectro-

electrochemical titrations in the UV-Vis range. The midpoint potentials of c6wt and M58C were 

determined at +339 and -374 mV vs NHE, respectively, at pH 7.5 (Figure 1B, upper panel, data are 

summarized in Table S1). Mutation of the 6th axial iron ligand from Met to Cys causes a decrease by 

circa 700 mV of the midpoint potential of the heme iron. This is in line with the result obtained on 

semisynthetic cyt c with His/Cys coordination 17. Interestingly, the midpoint potential of M58C 

depends on pH with a circa -60 mV/pH unit between pH 6.5 and 7.5 (Figure 1B, lower panel), 

indicating the deprotonation of a residue upon M58C oxidation in this pH range. The effect of pH on 

the midpoint potential is smaller above pH 7.5, with Em calculated at -399 mV at pH 102. These data 

indicate a pKRED value comprised between 8 and 9 for the protonatable group, indicating that it is 

deprotonated both in the oxidized and reduced forms at alkaline pH values. 

                                                
2 The data at pH 10 could not be fitted by a Nernst curve with n=1. This likely originates from an electrostatic 

interaction between hemes of different cytochromes. The Em has been calculated taking into account a fraction of M58C 
associated in dimers, as detailed in Figure S1. 
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Mid- and Far-IR FTIR difference spectroscopy:  

To identify this group and dig into the coordination properties and structural changes 

associated to the redox activity of c6wt and M58C, we performed electrochemically-induced FTIR 

difference spectroscopy. This spectroscopy directly probes the properties of amino acid side-chains 

and polypeptide backbone. Actually, for b-type or c-type Cyt with His/His or His/Met coordination, 

thorough investigation of model compounds evidenced typical redox- and spin state- sensitive IR 

features of the heme and signatures of the 5th histidine ligand 21-23,30-33. 

Besides difference bands associated to the polypeptide backbone and amino acid side chains 

in the 1700-1600 cm-1 region (detailed in Supp. Figure S2), contributions from the heme and axial 

ligands are clearly detected in the reduced – minus – oxidized FTIR difference spectra recorded with 

c6wt and M58C (Figure 2).3 For example, bands at 1534 cm-1 and 1239 cm-1 in the spectrum recorded 

with c6wt at pH 7.5 are assigned to the heme modes ν38(CbCb) and ν42(CmH) of c6wtRED. The complete 

band assignments are summarized in Supp. Table S2 21,22. A number of resonance Raman (RR) 

markers of c-type heme coordination and spin states have been reported 34,35. However, they are either 

not IR active or not redox sensitive, and thus not observable in the redox-induced FTIR difference 

spectra. Nevertheless, we previously showed that the ν42(CmH) heme mode is a typical detectable 

marker for a six-coordinated low spin (6c LS) Fe(II) heme using FTIR difference spectroscopy 22. 

The IR signature of the 5th His ligand is observed with the ν(C5N1) mode at 1118 cm-1 for c6wtRED 

and at 1103 cm-1 for c6wtOX 21,22,25,26. The frequency of this mode is sensitive to the protonation-state 

of the His ligand and indicates here that the histidine ligand is neutral for both redox states 21,25,26. 

The difference band at 1748 (c6wtOX) / 1733 (c6wtRED) cm-1 corresponds to the redox sensitive band 

shift of a protonated carboxylic group. It could be due to a protonated heme propionate 36, or 

alternatively, to a protonated Asp or Glu residue.  

                                                
3 The assignment of infrared bands have been made by comparison with literature data as well as with previous 

data obtained on model compounds. It also resides on the typical band frequency shifts observed in spectra recorded with 
samples in 2H2O (Figure S1). Details on the assignment are given in Supplemental Material. 
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FIGURE 2: Reduced – minus – oxidized FTIR difference spectra between 1800 and 1000 cm-

1 (A), 2700 and 2450 cm-1 (insert in panel A) and between 650-100 cm-1 (B). Spectra were recorded 

with c6wt at pH 7.5 in A and pH 5.5 in B (black lines), with M58C at pH 7.5 in A and pH 5.5 in B 

(red lines) and M58C at pH 10 in A and pH 11 in B (blue lines). 

 

The spectrum recorded with M58C at pH 7.5 exhibits overall similarity with that of c6wt in 

the 1700-1600 cm-1 range indicating similar redox-induced structural changes of the protein. The 

difference band assigned to a protonated carboxylic group is also present, at 1746/1732 cm-1, in 

M58C. Changes in protonation of propionate groups have been previously associated to the pH 

dependence of cytochrome’s midpoint potentials 37. The difference band observed here, and the clear 

band downshift observed in 2H2O (Figure S2) show that the carboxylic group is protonated both for 

M58CRED and M58COX and is not responsible for the pH dependence of M58C midpoint potential. 
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There are three particular spectral differences in the spectrum recorded with M58C. Firstly, 

there is no equivalent of the ν42(CmH) mode at  1239 cm-1 for M58CRED at pH 7.5, which indicates 

that the Fe(II) heme is not 6c LS. Secondly, the ν(C5N1) mode of the 5th histidine ligand His18 is 

observed at 1113 cm-1 for M58CRED, i.e. downshifted by 4 cm-1 when compared to c6wtRED. The 

frequency of the ν(C5N1) mode still indicates that the His ligand is neutral in M58CRED. The lower 

frequency of this mode indicates a stronger Fe2+–N1 interaction. This may be due to the differences 

in coordination properties of the heme iron, as well as to different properties of the hydrogen bonding 

interactions described between His18 side-chain and the peptide carbonyl of Lys21 in the structures 

of both M58C and c6wt (Scheme 1) 27. Thirdly, a positive band is observed at 2513 cm-1 for M58CRED 

only (Figure 2 insert). This band, downshifted to 1833 cm-1 in 2H2O, is assigned to the ν(SH) mode 

of a Cys side-chain (Supp. Figure S2 38,39).  

We thus conclude that the Cys axial ligand of M58C becomes protonated upon heme 

reduction, since Cys58 is the only Cys residue of the protein not involved in covalent linkage of the 

heme. The Cys58 (SH) mode frequency is at the lower limit of those reported in the literature for 

thiols involved as donors in very strong hydrogen bonds 40-43. Since the structural data on M58C 

(Scheme 1) evidence an interaction between Cys58 and Gln50, we propose that the protonated Cys58 

interacts with the carbonyl group of Gln50 in M58CRED. Note that, although in Scheme 1, the Gln50 

amine group points towards the Cys thiol, the other conformer with the carbonyl group pointing 

towards the SH could also be fitted in the electron density (not shown). The unusually low frequency 

of the Cys (SH) mode further indicates that an electrostatic interaction persists between the Cys 

sulphur and the reduced heme iron. The absence of the IR ν42(CmH) marker of the 6c LS ferrous 

heme indicates that no alternative protein ligand replaces Cys58 and that CysSH forms only a weak 

interaction with the heme. In addition, bands at 1068/1043 cm-1, assigned to the Tris buffer (Supp. 

Figure S4), indicate a proton transfer from the buffer to M58C upon M58C reduction. This proton 

uptake may correspond to the protonation of the 6th axial ligand Cys58 upon M58C reduction and 

explain the pH dependence of the M58C midpoint potential. 
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Identical FTIR data have been obtained with M58C at pH 5.5 to 7.5 (Figure S3), while at pH 

10, the positive (SH) band, seen at 2519-2513 cm-1 at lower pH values, is absent and the ν42(CmH) 

heme mode is observed at 1241 cm-1 (Figure 2A). This shows that the Cys58 remains a strong 

deprotonated ligand of a 6c LS Fe(II)-iron in M58CRED at alkaline pH. The IR signature of the 5th His 

ligand (1113 cm-1 for M58CRED and 1104 cm-1 for M58COX) remains the same at low and at alkaline 

pH, indicating the same properties of interaction with the heme.  

We further probed the spectral signatures of the His/Met and His/Cys coordination in the Far-

IR range (650 and 100 cm-1, Figure 2B). In this spectral region, heme skeletal modes are expected to 

contribute, as well as modes involving interactions of the heme iron with the axial ligands. Bands 

assignments for the Far-IR FTIR difference spectra recorded for the first time with c-type Cyt with 

His/Cys axial coordination are summarized in Table 2 (data analysis is detailed in Supp. Data S3). 

In the IR spectra of metalloporphyrins, in-plane (ip) Fe-Npyrrole stretching and out-of-plane 

(oop) pyrrole tilting/folding modes ν8 and ν50 give rise to intense bands in the 420-350 cm-1 region 

(23,32,33,44-48 and references therein). These bands are identified at 388 and 371 cm-1 for the reduced 

forms and at 380-373 and 363-361 cm-1 for the oxidized forms of c6wt and M58C, respectively 

(Figure 2B). These modes are likely coupled with Fe-axial ligands vibrations 23. However, the band 

frequencies are only slightly affected by the change of His/Met to His/Cys coordination at pH 7.5. At 

alkaline pH, the band at 371 cm-1 is absent in M58CRED and the band at 378 cm-1 is downshifted by 5 

cm-1 in M58COX. Bands at 317 and 269 cm-1 for c6wtOX are observed at almost the same frequency 

for M58COX at neutral and alkaline pH. Since these bands were also detected for cyt c, they are 

tentatively assigned to heme modes, by comparison with resonance Raman data 49.  

A main difference between spectra recorded with c6wt and M58C in the Far-IR region consists 

in an additional band at 295 cm-1 in M58COX (Figure 2B red and blue lines). Since a Fe-S stretching 

mode involving the axial Cys ligand was reported by resonance Raman at 312 cm-1 for the His/Cys 

6c LS Fe(III) b-type heme of cystathionine β-synthase using 34S-labeling 50, we confidently assign 
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the new negative band at 295 cm-1 for M58COX to a as(HisFe(III)Cys) mode, marker of His-Fe(III)-

Cys coordination. As for resonance Raman, no equivalent mode is detected for the reduced heme  50. 

Another specificity of the spectrum recorded with M58C in the Far-IR region consists in bands 

at 351 cm-1 and 220-212 cm-1 for M58CRED at low pH (Figure 2B red line), which are absent in the 

spectrum recorded at alkaline pH (Figure 2B blue line). Resonance Raman literature data assigned 

unambiguously a band at 222-218 cm-1 to the (Fe(II)-His) mode of the 5c- Fe(II) heme in myoglobin 

and haemoglobin 51-53. Given the results obtained in the Mid-IR, we assign the band at 220-212 cm-1 

in Figure 2B to the (Fe(II)-His) IR mode of the 5c Fe(II)-heme in M58CRED. Cys protonation in this 

5c Fe(II) M58C is expected to alter the heme conformation, and the coupling of ip (in plane) and oop 

(out of plane) heme modes with modes involving the Fe-axial ligand. Actually, an oop pyrrole tilting 

mode at 243 cm-1 was enhanced specifically in the 5c- Fe(II) heme of myoglobin, pointing a specific 

structure of the heme-His geometry in this protein 53. This suggests that the band at 246 cm-1 for 

M58CRED is an oop pyrrole heme mode, enhanced upon 5c- Fe(II) coordination. The band at 351 cm-

1 also could result from changes in the heme properties. However, we cannot exclude a contribution 

of the Cys thiol at this frequency since a band at 346-364 cm-1 was assigned to a S–H oop bending 

mode of L-cysteine 54. The disappearance of the positive bands at 351 and 212 cm-1 in the FTIR 

difference spectrum recorded with M58C at pH 11 is explained by the different coordination, with 

cysteinate remaining as a strong 6th ligand of M58CRED. 

At pH 7.5, strong difference bands are observed at 604/581 cm-1 for c6wt (Figure 2B black 

line) and at 618/592 cm-1 for M58C (Figure 2B red line). These bands are absent at alkaline pH 

(Figure 2B blue line). They are tentatively assigned to the δCOOsciss mode of a protonated carboxylic 

group by comparison with literature data 55,56, and because the disappearance of these bands at 

alkaline pH is in line with that of the Mid-IR bands characteristic of the protonated carboxylic group 

at 1746/1732 cm-1 (Figure 2A, blue line). 

The structures of c6wt and M58C (Scheme 1 27) show very similar environments for the 5th 

histidine ligands, which form a hydrogen-bond interaction with a Lysine side-chain, and for the 
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propionate groups, involved in similar hydrogen bonding networks. Met58 substitution by Cys thus 

induces modest structural changes in the heme environment. Interestingly, the Fe-S(Cys) distance in 

the X-ray structure of the M58C mutant is rather long (3.28 Å). This suggests that reduction of the 

heme occurred in the X-ray beam, so that the structure of M58C is that of a 5c- Fe(II) heme with 

Cys58 protonated, as revealed by FTIR spectroscopy. This structure recorded at cryogenic 

temperature probably does not exactly correspond to that of M58CRED at room temperature. However, 

it supports a model in which a hydrogen bonding interaction between Cys58 and Gln50 side-chains 

could stabilize the protonated CysSH above the heme iron, preventing the coordination of another 

residue. Interestingly, redox sensitive IR bands identified upon M58C reduction at 1688 cm-1 are 

assigned to a Gln side-chain, as detailed in Figure S2, and could correspond to a change in Gln50-

Cys58 interaction, following Cys58 protonation.   

 

In conclusion, few examples of cytochromes with His/Cys axial coordination exist and 

spectroscopic investigations are needed to identify their coordination properties, and the reactivity of 

the Cys ligand. Comparing the redox sensitive UV-Vis and IR properties of c6wt and its M58C 

mutant, we directly probed the axial ligands, obtained spectroscopic markers of Cys protonation and 

associated heme-iron coordination properties, which will be useful to study c-type Cyt with His/Cys 

coordination. Direct detection of the mid-IR Cys (SH) mode demonstrated the redox-sensitive 

change in the Cys ligand protonation. Concomitant with Cys58 protonation, the loss of an IR marker 

of 6c LS Fe(II) heme upon M58C reduction, and the identification of a new (FeII-His) mode in the 

Far-IR, indicated the formation of a 5c- Fe(II) heme 52,53. The crystallographic structure obtained for 

M58C further indicated that 5c- M58CRED is stabilized by a strong interaction between the Cys58S-

H and a neighbouring Gln. We propose that such a structural configuration may be critical to prevent 

ligand switching and hence to enable reactivity of the Cys axial ligand in cytochromes with natural 
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His/Cys coordination and/or the accessibility of Fe(II) to exogenous ligands, in relation with a Cyt 

signalling function. 

The new Mid- and Far-IR markers of His/Cys- versus His/CysH coordination identified in 

M58C, and more generally the combined use of UV-Vis and Mid/Far - FTIR difference spectroscopy 

are very promising to investigate the structural properties of c-type Cyt with natural His/Cys 

coordination, and to infer their specific role as electron transfer or sensors in vivo. 

 

 

Experimental Section  

C6wt and M58C were purified as previously described 27. Spectro-electrochemistry was performed 

using a vacuum-tight three-electrode thin path-length cell 57 equipped with CaF2 or chemical vapor 

deposition (CVD) diamond windows and externally triggered by a potentiostat EG&G 262 or by a 

Tacussel potentiostat Type PRGE. Mid-IR data were recorded using Bruker Tensor 27, or IFS66s 

spectrophotometers equipped with KBr beam splitters, MCT or DTGS detectors. Far-IR FTIR data 

were recorded on a Bruker Vertex 70v equipped with Si beam splitters and 4.2 K Si-Bolometer. 

Experimental details on sample preparation, redox mediators, and spectral acquisition are given in 

supporting information. 
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Supplementary information.  

Experimental Section 

Supplementary Figure S1 Titration curves for A) c6wt and B) M58C at pH 6.5 (black) and pH 

10 (red). 

Supplementary Figure S2: Effect of H2O/2H2O exchange at pH 7.5 on the reduced – minus – 

oxidized FTIR difference spectra 

Supplementary Figure S3: Effect of pH on the reduced – minus – oxidized difference spectra 

recorded with M58C in the 1800-1000 cm-1 range. 

Supplementary Figure S4: Effect of M58C reduction on Tris buffer 

Supplementary Table S1: Midpoint potentials of c6wt and M58C. Potentials are expressed in mV 

versus NHE 

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

shifts in 2H2O are given under brackets. 

Supplementary data S3: Detailed assignment of the redox-sensitive Far-IR modes of c6wt and 

M58C. 
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Tables  

Table 1: Maxima of the Soret and Q bands of c6wt and M58C at pH 7.5 and pH 10. Wavelengths are 

expressed in nm. 

 

 

Table 2: Redox-sensitive Far-IR modes of c6wt and M58C and proposed assignments. The data are 

expressed in wavenumbers (cm-1).  

 

C6wt pH 5.5 M58C pH 5.5 M58C pH 11 Proposed assignments 

Ox Red Ox Red Ox Red  

581 604 593 618 - - 
δ(OCO) of COOH 

(Asp/Glu or Propionic acid) 

380 388 378 386 373 386 ν8(Fe-N4-Pyr) 

361 371 363 371 363 - ν50(Fe-N4-Pyr) 

 -  351  - (SH) or (Fe-Npyr) 

317 300 315  315  7(CCm) + 51(CβC1)as 

-  295  295  (His-Fe(III)-Cys) 

269 244 266 246 269 - 52(CβC1)s 

   220-212  - (FeII-His) 

 pH 7.5 pH 10 

 Soret band Q bands CT bands Soret band Q bands CT bands 

c6wtOX 410 ~ 529  409 ~ 531  

M58COX 418 ~ 549 ~ 655, ~ 745 416 ~ 554 ~ 655, ~ 745 

c6wtRED 416 522 / 553  415 522 / 552  

M58CRED 417 523 / 551  416 520 / 549  
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