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ABSTRACT: 

Cytochrome c550, a diheme protein from the thermophilic bacterium Thermus thermophilus, is 

involved in an alternative respiration pathway allowing the detoxification of sulfite ions. It 

transfers the two electrons released from the oxidation of sulfite in a sulfite:cytochrome c 

oxidoreductase (SOR) enzyme to heme/copper oxidases via the monoheme cytochrome c552. It 

consists of two conformationally independent and structurally different domains (the C- and N-

terminal) connected by a flexible linker. Both domains harbor one heme moiety. We report here 

the redox properties of the full-length protein and the individual C- and N-terminal fragments. 

We show by UV/Vis and EPR potentiometric titrations that the two fragments exhibit very 

similar potentials, despite their different environments. In the full-length protein, however, the 

N-terminal heme is easier to reduce than the C-terminal one, due to cooperative interactions. 

This finding is consistent with the kinetic measurements which showed that the N-terminal 

domain only accepts electrons from the SOR. Cytochrome c552 is able to interact with its 

partners both through electrostatic and hydrophobic interactions as could be shown by 

measuring efficient electron transfer at gold electrodes modified with charged and hydrophobic 

groups, respectively. The coupling of electrochemistry with infrared spectroscopy allowed us 

to monitor the conformational changes induced by electron transfer to each heme separately 

and to both simultaneously. 

 

KEYWORDS: multi heme proteins, bioelectrochemistry, potentiometric titration, EPR 

spectroscopy, FTIR spectroscopy, Thermus thermophilus. 
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1. Introduction 

Biological energy conversion processes such as respiration and photosynthesis rely on efficient 

inter-and intra-protein electron transfer (ET) reactions [1-3]. In both the photosynthetic and 

respiratory chains, the transport of electrons between the enzymes embedded in the membrane 

is accomplished either by molecules freely diffusing in the membrane, the quinones, or water 

soluble electron carrying proteins, such as cytochrome (cyt) c. This small monoheme protein 

(12.5 kDa) [4-6], which transfers electrons between cyt bc1 complex and cyt c oxidase in the 

mitochondrial respiratory chain, has long served as a model system for mechanistic studies of 

protein ET processes. Important insight into the distance dependence and reorganization energy 

of the ET process has been gained from protein film voltammetry studies of cyt c immobilized 

on electrodes modified with various functional groups including alkyl [7], pyridyl [8, 9], amino 

[10, 11], carboxyl [12-14], L-cysteinyl [15] and hydroxyl [16]. In particular, studies at metallic 

surfaces modified with -carboxyl alkanethiols by a combined approach of electrochemistry, 

surface-enhanced and time-resolved spectroscopic techniques have provided a full image of the 

electron transfer dynamics of electrostatically immobilized cyt c and have highlighted the 

important role of electric field effects in the ET properties [17-21]. These surfaces have been 

designed to mimic the interaction between cyt c and cyt c oxidase, which is believed to involve 

a cluster of positively charged lysines residues on cytochrome c and several carboxylate groups 

of aspartic and glutamic acid residues on the oxidase [22-24]. 

Homologous electron carrier proteins from bacterial respiration chains have been less 

extensively studied. They often exhibit significantly different structural features, like for 

example the cyt c552 from the thermophilic bacterium Thermus thermophilus, which possesses 

only uncharged residues around the exposed heme edge [25-27]. Mainly hydrophobic 

interactions are thus believed to take place between cyt c552 and the corresponding cyt c oxidases 

in T. thermophilus [25, 28, 29]. Bacteria also use diheme proteins to transfer electrons between 

the respiratory enzyme complexes, such as the cyt c4, which are native electron donors of C 

family (cbb3) oxidases [30, 31]. They are the simplest model systems for multi heme proteins 

[31-34]. Recently, a diheme electron carrier protein with 15% sequence identity only to cyt c4 

was identified from T. thermophilus [35]. It was called cyt c550, on the basis of its spectral 

properties. It is involved in an alternative respiration pathway using sulfite ions instead of 

nicotinamide adenine dinucleotide as initial electron donor [35]. This pathway also allows the 

detoxification of the highly reactive sulfite ions. Cyt c550 receives electrons from the enzyme 

responsible for oxidation of sulfite, the sulfite:cytochrome c oxidoreductase (SOR), and further 

transfer them to the terminal cyt ba3 and caa3 oxidases through cyt c552. It is formed of two 

conformationally and structurally independent domains, each one harboring one heme c moiety 



3 
 

[36]. These two domains will be referred as C-terminal (or cyt c550[C]) and N-terminal (or cyt 

c550[N]) in the following. Interestingly, the two domains exhibit different isoelectric points (5 

and 7.97 for the cyt c550[C] and cyt c550[N] respectively), and thus opposite net charges at pH 

7. It was established by stopped-flow UV/Vis experiments that the N-terminal domain only 

receives electrons from SOR, while both N and C-terminal are able to give them to cyt c552 [36]. 

This protein was thus proposed to function as an electron shuttle rather than an electron wire. 

Electrostatic forces seem to play an important role in the interaction between the N-terminal 

domain and both SOR and cyt c552, whereas hydrophobic residues are suggested to be involved 

in the interaction between the C-terminal domain and cyt c552. 

Further insight into the function of cyt c550 can be obtained through the study of its redox 

properties. Hereafter we compare the voltammetric behavior at nanostructured gold electrodes 

of the full-length cyt c550 (23 kDa), as well as cyt c550[C] (14kDa) and cyt c550[N] (9 kDa), 

which have been separately cloned and expressed [36], and discuss it in light of related systems, 

such as the cyt c4 and cyt c552. To take into account the distinct surface properties of these 

proteins, different modifications of the gold surface were probed. The redox potentials of the 

hemes were also determined by potentiometric titrations followed both by UV/Vis and EPR 

spectroscopies, in order to identify cooperative interactions between them. Finally, coupling of 

electrochemistry and infrared spectroscopic techniques allowed us to monitor the 

conformational changes occurring in the protein and the heme cofactor during redox reaction. 

 

2. Materials and Methods 

2.1 Chemicals 

Sodium citrate, hydrogen tetrachloroaurate trihydrate, mercaptopropionic acid, cysteam-

ine, 6-mercaptohexan-1-ol, 1-hexanethiol, 6-mercaptohexanoic acid, potassium phos-

phate dibasic trihydrate were purchased from Sigma and were used without further pu-

rifications. 

2.2 Protein samples preparation 

The cyt c550 and its individual domains were purified based on the methods detailed previously 

[35, 36] with the following modifications. After protein expression due to the T7 leaky 

expression and periplasmic protein extraction, the extract containing full-length cyt c550 or cyt 

c550[N] were dialyzed against 5 mM Tris-HCl pH 8.0 and loaded onto EMD Fractogel TMAE 

(Merck Millipore) and eluted with 50 mM NaCl. The pooled fractions were then concentrated 

in a centrifugal filter concentration (5 kDa MWCO) and diluted with 5 mM Tris-HCl pH 8.0 to 

reduce the salt concentration for application on a second ion exchange column of SOURCE 
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15Q. The bound protein was eluted 50 mM Tris-HCl and finally purified with gel filtration on 

Superdex 75 in 5 mM Tris-HCl buffer. For cyt c550[C], the dialysis was performed against 5 

mM sodium acetate pH 5.0 prior to a cation exchange chromatography on CM Sepharose. The 

protein was eluted with 250 mM NaCl in the acetate buffer, concentrated and applied directly 

on Superdex 75 gel filtration chromatography in 5 mM Tris-HCl pH 8.0, 150 mM NaCl buffer. 

All samples were concentrated, aliquoted and flash-frozen in liquid nitrogen prior to storage at 

-80 °C. 

 

2.3 Potentiometric titrations followed by UV/Vis spectroscopy 

The titrations were carried out at 12°C in an electrochemical thin layer cell closed with CaF2 

windows as described previously [37]. A mixture of 19 mediators was added to the protein 

sample with a final concentration of 25 µM to accelerate the redox reaction [38]. A gold grid 

modified with a 1:1 aqueous solution of cysteamine and mercaptopropionic acid was used as 

working electrode, a platinum contact as counter electrode and an aqueous Ag/AgCl 3M KCl 

as reference electrode. The spectra were recorded with a Cary 300 spectrometer coupled to a 

potentiostat. A spectrum at -0.2 V (vs Standard Hydrogen Electrode SHE) was taken as 

reference. Spectra were recorded every 12 mV steps for the full-length protein and 25 mV steps 

for the fragments. For each potential step, an average equilibration time of 10 minutes had to 

be applied. The potential was changed when the spectra did not evolve anymore. The 

differential absorbance values at 552 nm and 419 nm were plotted as a function of the applied 

electric potential and fitted to a Nernst equation. 

 

2.4 Potentiometric titrations followed by EPR spectroscopy 

The titrations were carried out at 15°C as described by Dutton et al. [39] in the presence of the 

following redox mediators at 100 µM: 2,5-dimethyl-p-benzoquinone, 2-hydroxy 1,2-

naphthoquinone and 1,4-naphthoquinone. Reductive titrations were carried out using sodium 

dithionite, and oxidative titrations were carried out using ferricyanide. EPR spectra were 

recorded on a Bruker ElexSys X-band spectrometer fitted with an Oxford Instruments liquid-

Helium cryostat and temperature control system. The same procedure of fitting as for the 

UV/Vis titration was applied. 

 

2.5 Voltammetric experiments 

For the cyclic voltammetry experiments, gold disk electrodes were modified by drop casting of 

a solution of gold nanoparticles (NPs) stabilized by citrates [27, 40]. The gold NPs of 15 nm 



5 
 

average diameter were prepared by the procedure of Turkevich et al. [41] and Frens [42]. The 

effective area of the electrode was estimated by integration of the Au-O reduction peak at 1.1 

V in the cyclic voltammogram recorded in 0.1 M H2SO4 and taking a value of 390 μC.cm-2 for 

a gold oxide surface [43]. Different modifications of the gold surface were probed as follows: 

i) 1mM solution of mercaptopropionic acid in water, ii) cysteamine in water, iii) 6-mercapto-

hexanoic acid in ethanol, iv) a 1/1 mixture of 6-mercaptohexan-1-ol and 1-hexanethiol in etha-

nol. Then 4 μl of protein solution in pH 7 phosphate buffer were deposited on the electrode 

surface and left overnight at 4°C. The electrochemical measurements were performed in a 

standard three-electrode cell connected to a VERSASTAT 4 potentiostat (Princeton Applied 

Research). A 3 M NaCl AgCl/Ag was used as reference electrode and a platinum wire as coun-

ter electrode. The potentials mentioned here are referred to a standard hydrogen electrode 

(SHE). The cell was flushed with argon for 30 minutes prior to the measurements. Cyclic volt-

ammograms (CVs) were recorded in 0.1 M phosphate pH 7 buffer at various scan rates between 

0.1 and 3 V.s-1. Electron transfer rates kET were determined from the anodic and cathodic peak 

separation, according to Laviron’s theory [44, 45]. Protein coverage was estimated by integra-

tion of the cathodic and anodic peaks. 

 

2.6 Redox-induced FTIR difference spectroscopy 

Fourier transform infrared difference spectra were measured at 12°C in the same cell as the one 

used for UV/Vis potentiometric titrations. The cell was placed in the sample compartment of a 

Vertex 70 FTIR spectrometer (Bruker, Germany). Complete reduction and oxidation of the 

enzyme were obtained at -0.2 V and +0.5 V (vs SHE) respectively. Spectra were recorded after 

an equilibration time of 3 minutes for both oxidation and reduction. For each state, two spectra 

(256 scans and 4 cm-1 resolution) were recorded and averaged. The reaction was typically 

cycled 50-60 times and the difference spectra averaged. The spectrometer was purged with dry 

air, and remaining signals from humidity have been corrected. 

 

3. Results and discussion 

3.1 Potentiometric titrations followed by UV/Vis spectroscopy 
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Fig. 1. Oxidized minus reduced UV Visible spectra of cyt c550 (A), cyt c550[C] (B) and cyt 

c550[N] (C) obtained during a redox titration from -0.2 to +0.5 V. 

 

Fig. 1 shows the oxidized minus reduced UV/VIS difference spectra of full length cyt c550 (A), 

cyt c550[C] (B) and cyt c550[N] (C) obtained during a titration from -0.2 to +0.5 V. In the fully 



7 
 

reduced form at -0.2 V, cyt c550 and cyt c550[C] exhibit a Soret band at 419 nm, a beta band at 

520 nm and a composite alpha () band at 548 and 554 nm. Interestingly, for cyt c550[N], the 

Soret band is downshifted to 416 nm, and the -band merges to one large peak at 550 nm. In 

the oxidized form at +0.5 V, the Soret band is centered at 403 nm for the full-length protein and 

cyt c550[C], and at 400 nm for cyt c550[N]. These spectral shifts reveal subtle differences in the 

environment of the two hemes c. 

The titration curves in the -band region are shown in Fig. 2. Those in the Soret band region 

are available in Supporting information (Figs. S1-S3). The two cyt c550[C] and cyt c550[N] 

fragments exhibit very similar midpoint potentials values (+145 and +134 mV respectively) in 

spite of the structural differences of the two heme binding domains. Both can spontaneously 

transfer one electron to cyt c552, for which a midpoint potential of +200 mV was reported [46]. 

The redox transitions of the full-length protein also occur in the same range of potentials, and 

the titration curve can be acceptably fitted with only one component at +141 mV. The similar 

redox potential of both hemes and the overlap of their spectral contributions in the -band at 

550 nm do not allow to distinguish them clearly in the UV/Vis potentiometric titration. In 

contrast, the two hemes of cyt c4 have significantly different midpoint potentials, one above 

+300 mV and the second between +190 and +260 mV [31-34]. This leads to more complexity 

in the redox titration [32]. 

 

Fig. 2. UV/Vis titration curves of cyt c550 (black squares), cyt c550[C] (open squares) and cyt 

c550[N] (open circles) fragments. For the full-length cytochrome c550, fit parameters are Em = + 

141 mV and n=1 (solid line). For the c550[C] fragment, fit parameters are Em = + 145 mV and 

n=1 (dotted line) and for the c550[N] fragment, fit parameters are Em = + 134 mV and n=1 

(dashed line). 

 

3.2 Potentiometric titrations followed by EPR spectroscopy 
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Cyt c550[N] and cyt c550[C] exhibit not only different optical spectra but also clear distinct EPR 

signatures (Fig. 3A; curves d and e). Observed gz values are 3.138 for cyt c550[N] and 2.946 for 

cyt c550[C]. The EPR spectrum of the full-length cytochrome (Fig. 3A, curve a) shows a 

complex gz signal resulting from both contributions. A careful examination of the peak reveals 

that it does not result from the simple addition of both isolated contributions, shown in Fig. 3A, 

curve b. The peak observed in the full-length protein can, however, be obtained by mixing both 

cyt c550[N] and cyt c550[C] in a single sample (curve c). This suggests that the two domains are 

interacting in the full-length protein, leading to a change in the cyt c550[N] and cyt c550[C] 

spectral contributions. 

 

 

Fig. 3. (A) EPR spectra of oxidized cyt c550, cyt c550[N] and cyt c550[C]. On the top, bold solid 

(a) and solid (c) lines correspond to cyt c550 and cyt c550[N]+ cyt c550[C] mixed together (1/1) 

respectively. The dashed line (b) corresponds to the arithmetic sum of the spectra of the 

fragments cyt c550[N] and cyt c550[C]. On the bottom, the spectra of the cyt c550[N] (solid line 

d) and cyt c550[C] (dashed line e) fragments are shown. The gz values are 3.138 and 2.946 for 

the cyt c550[N] and cyt c550[C] fragments respectively. (B) EPR titration curves of c550 (closed 

symbols), c550[N] or c550[C] fragments (open symbols), at g = 3.138 (circles) and g= 2.946 

(squares). For the full-length cytochrome c550, fit parameters are Em = + 92 mV and n=1 for 

c550[C] (closed squares, solid line) and Em = + 143 mV and n=1.8 for c550[N] (closed circles, 

solid line). For the c550[N] fragment, fit parameters are Em = + 123 mV and n=1 (open circles, 

dashed line). For the c550[C] fragment, fit parameters are Em = + 121 mV and n=1 (open squares, 

dotted line). 

 

The distinct cyt c550[N] and cyt c550[C] spectral contributions allow us to follow the titrations 

of each heme specifically in the full-length protein (Fig. 3B), contrary to what is possible using 

optical spectroscopy where the -bands are merged to one large peak. In the full-length cyt c550, 

fit parameters are Em = + 92 mV and n=1 for the C-terminal and Em = + 143 mV and n=1.8 for 
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the N-terminal domain. Titrations were also performed on the individual fragments (Fig. 3B). 

Fit parameters are Em = + 123 mV and n=1 for cyt c550[N], and Em = + 121 mV and n=1 for cyt 

c550[C]. Small deviations of 10-20 mV can be observed between the optical and EPR titrations 

of the fragments, which may be due to small shifts from the reference electrodes used in the 

two experiments. Nonetheless, the EPR titrations suggest that the potentiometric properties of 

the individual hemes are divergent in the fragments and full-length protein and they 

demonstrate the existence of cooperative interactions between them. This behavior was also 

suggested in other multi redox center proteins, including diheme cyt c4 [33], cyt c oxidase [47, 

48] and tetraheme cyt c3 [49, 50]. Interestingly, as a consequence of the interaction scheme, the 

N-terminal domain is easier to reduce than the C-terminal domain in the full-length protein. 

This is consistent with the functional studies which have established that the N-terminal domain 

is the only one accepting electrons from the SOR and that the two domains are in rapid redox 

equilibrium [36]. Using the n values determined in EPR titrations, optical titrations of full-

length protein can also be fitted (see Fig. S3 in Supporting information). 

 

3.3 Cyclic voltammetry 

For the voltammetric studies, the proteins were immobilized on gold nanoparticles (NPs) 

modified with self-assembled monolayers of different thiols. NPs allow the immobilization of 

a large amount of proteins and improve the electron transfer rates between the electrode and the 

redox active cofactors [27, 40, 51-58]. For a comparison of the signals of cyt c550 in presence 

and absence of gold nanoparticles, see Supporting information (Figs. S4-S5). 

 

 

Fig. 4. Cyclic voltammograms of cyt c550 (A), cyt c550[C] (B) and cyt c550[N] (C) immobilized 

on gold NPs modified with mercaptopropionic acid (scan rate 0.1 V. s-1, pH 7). 
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Negatively-charged gold surfaces at pH 7, obtained with carboxyl-terminated alkanethiols, 

were probed first. Fig. 4 shows the CVs of cyt c550, cyt c550[C] and cyt c550[N] on gold NPs 

modified with 3-mercaptopropionic acid. A unique pair of quasi reversible anodic and cathodic 

signals was observed for the three protein samples. Again, this is different from cyt c4 which 

exhibited four well-defined redox peaks, two in oxidation and two in reduction [31, 34]. The 

redox potentials, determined from the half sum of the peak potentials, are +0.14 V for both the 

full-length protein and the C-terminal fragment and +0.13 V for the N-terminal fragment. These 

values are in the same range of those determined in solution by potentiometric titrations, 

confirming that the interaction with the surface does not perturb the proteins structure. The 

protein coverage obtained by integration of the signals, the width of the peaks and the ET rate 

determined by Laviron’s method (See Figs. S7-S14 in Supporting information) are collected in 

Table 1. Clearly, the surface coverage is better for cyt c550[C] than for cyt c550[N]. This is 

consistent with the net charge of the proteins, which is negative for the latter and positive for 

the former at pH 7, according to their isoelectric points. As expected, electrostatic forces play 

an important role in the interaction between these proteins and the negatively charged electrode 

surface. The peak width reflects the number of electrons exchanged, as well as the homogeneity 

of the adsorbed molecules [59, 60]. The values for the two fragments are close to the ideal value 

of 90 mV obtained for a rapid monoelectronic exchange to a homogenous film of adsorbates. 

No major difference in orientation on the surface can thus be expected for the proteins on the 

electrode surface. Interestingly, the peak width is also close to 90 mV for the full-length protein. 

The ET rates are comparable for the three samples and close to 10 s-1. The size difference 

between these proteins can account for the small variations observed. When the chain length of 

the thiol was increased from 3 to 6 carbons, the anodic and cathodic peak separation increased 

for the three samples (see Fig. S6 in Supporting information), and a moderate decrease of the 

ET rate was determined. With mercaptoundecanoic acid, in contrast, the anodic and cathodic 

signals were no longer observed, suggesting a larger decrease in the ET. These results are 

consistent with previous studies on mitochondrial cyt c [7, 9, 17] as well as other small soluble 

proteins [61, 62], which showed an almost distance-independent measured rate for short-length 

thiols (C1-C10) and an exponential decrease of the ET rate for longer ones. We also note that 

the width of the peaks is larger for the proteins immobilized on mercaptohexanoic acid than on 

mercaptopropionic acid. 
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Fig. 5. Cyclic voltammograms of cyt c550 (A), cyt c550[C] (B) and cyt c550[N] (C) immobilized 

on gold NPs modified with a 1/1 mixture of 6-mercaptohexan-1-ol and 1-hexanethiol (scan rate 

0.1 V.s-1, pH 7). 

 

Well-defined anodic and cathodic signals at similar potential values were also obtained on gold 

NPs surfaces modified with a 1/1 mixture of 6-mercaptohexan-1-ol and 1-hexanethiol (see Fig. 

5). This neutral and hydrophobic blend of modifiers was chosen because it was well adapted to 

the immobilization of cyt c552 [27], one of the electron partner of cyt c550. In addition, cyt c552 

exhibits a high sequence similarity with cyt c550[C]. Both proteins share in particular a 

hydrophobic belt around the heme cleft [36]. Interestingly, despite its net positive charge at pH 

7, cyt c550[C] exhibited a similar coverage and a twice as high electron exchange rate on these 

neutral surfaces than on the previously studied negatively charged ones (see Table 1). This 

observation may be of functional significance for the recognition between cyt c550[C] and cyt 

c552, which is believed to involve apolar interactions. For cyt c550[N] and the full length cyt c550 

protein electron transfer was also faster on gold NPs modified with 6-mercaptohexan-1-ol and 

1-hexanethiol than on those modified with -carboxyl alkanethiols. It is likely that the absence 

of charge repulsion allows the protein to be closer to the surface. The width of the peaks is 

larger than 90 mV in all cases, which suggests that a larger distribution of microenvironments 

is available for the adsorbed proteins. This was also observed for cyt c552 before [27]. 

On positively-charged gold surfaces modified with cysteamine, in contrast, only broad and 

weak signals were observed for the three protein samples at both, high and low ionic strength. 

This was unexpected for cyt c550[N], which bears a negative charge at pH 7. This suggests that 

no specific orientation of the protein for efficient electron transfers occurs on these surfaces, 
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and that ionic interactions may not be the only one involved in the interaction between cyt 

c550[N] and the SOR. 

 

Table 1. protein coverage (), electron transfer rate (kET), redox potential (E°) and full width at 

half height of the anodic peak (Fwhh) of cyt c550, cyt c550[C] and cyt c550[C] immobilized on 

gold NPs modified with either mercaptopropionic acid (MPA), or mercaptohexanoic acid 

(MHA), or a 1/1 mixture of 6-mercaptohexan-1-ol and 1-hexanethiol in ethanol (MIXT). 

 

Protein/ 

Surface modification 

/pmol.cm-2 kET/s-1 

 

E°/mV Fwhh/mV 

Cyt c550/MPA 2 9 140 90 

Cyt c550[C]/MPA 5 11 141 91 

Cyt c550[N]/MPA 1 14 132 84 

Cyt 550/MHA 1 2 141 106 

Cyt c550[C]/MHA 1 0.8 140 107 

Cyt c550[N]/MHA 2 4 130 123 

Cyt c550/MIXT 1 19 142 115 

Cyt c550[C]/MIXT 5 24 154 114 

Cyt c550[N]/MIXT 1 29 149 100 

 

3.4 FTIR difference spectroscopy 

Redox-driven changes in the environment of the cofactors, polypeptide backbone and 

protonation of key amino acid residues occurring upon electron transfer were monitored by 

infrared difference spectroscopy. The oxidized-minus-reduced difference spectra obtained for 

cyt c550[C] and cyt c550[N] for a potential step from -0.2 to +0.5 V (vs. SHE) at pH 7 are shown 

in Fig. 6. For comparison purposes, the spectrum of T. thermophilus cyt c552 [63] is also shown. 

In these spectra, the positive signals correspond to the oxidized state of the protein and the 

negative signals to the reduced state. 
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Fig 6. Oxidized minus reduced Fourier transform infrared spectra of cyt c550[C] (A), cyt c550[N] 

(B) and cyt c552 (C). 

 

The difference spectra of cyt c550[C] and cyt c552 exhibit some similarities. This was expected, 

when considering the high sequence homology of the two proteins. Several signals arise from 

the protein backbone. The so-called amide I mode includes the(C=O) vibrational mode and 

is observed between 1700 and 1600 cm-1. The bands in this region correspond to different 

secondary structure elements of the protein [64-66]. For cyt c552, the most intense signal is seen 

at 1666 cm-1 and corresponds to the rearrangement of -turns, whereas for cyt c550[C] it is the 

signal of -sheets at 1641 cm-1 which dominates in this region. In the amide II range (1570-

1530 cm-1) the signals from coupled CN stretching and NH deformations are expected. These 

modes probably contribute at 1548/1538 and 1546/1536 cm-1 for cyt c550[C] and cyt c552 

respectively. he bands at 1707 (-), 1695 (+), 1687 (+) and 1678 (+) cm-1 can be assigned to 

(C=O) modes of protonated heme propionates [67, 68]. These relatively high wavenumbers 

confirm that the hemes are surrounded by a rather hydrophobic environment. The positive 

signal observed at 1717 cm-1 and 1720 cm-1 for cyt c550[C] and cyt c552 can be attributed to an 

Asp or Glu residue [38, 66, 69-71] which is protonated in the oxidized form and probably 

located in the hydrophobic environment surrounding the heme. Deprotonated propionates and 

acidic residues contribute between 1580 and 1520 cm-1 ((COO−)as mode) and between 1480 

and 1320 cm-1 ((COO−)s mode) [38]. 

The spectrum of cyt c550[N] shows no similarity with those of cyt c550[C] and cyt c552, which 

confirms that the two domains are structurally distinct. Contributions in the amide I region are 

broad and can be assigned mainly to the rearrangements of -turns (1669 cm-1). Signals of the 

protonated heme propionates can be seen for the oxidized state at 1694 and 1681 cm-1. In 



14 
 

contrast with cyt c550[C], no signal from Asp or Glu residue above 1700 cm-1 is evident in the 

spectrum. 

 

 

Fig 7. Comparison between the oxidized minus reduced Fourier transform infrared spectra of 

cyt c550 (black plot), and the arithmetic sum of the spectra cyt c550[C] and cyt c550[N] (grey plot). 

 

Fig. 7 shows the difference spectrum of the full-length protein. Clearly, the C-terminal domain 

contributes the most to the spectrum and the characteristic signals of -turn at 1666 cm-1, -

sheets at 1639 cm-1, heme propionates at 1706, 1696 and 1687 cm-1 and protonated Asp or Glu 

at 1720 cm-1 described before for cyt c550[C] can also be seen for cyt c550. In order to determine 

how both domains are perturbed by the linkage between both, the arithmetic sum of the spectra 

of the two fragments is shown in Fig. 7, in direct comparison with the spectrum of the full-

length protein. Major differences between the two spectra can be seen in the amide I range (-

turn and -sheets signals) and in the amide II range (1570-1530 cm-1). This is probably due to 

a lower conformational flexibility for the full-length protein than for the fragments. 

Interestingly, the signals of the heme propionates and protonated Asp or Glu are barely affected. 

 

4. Conclusion 

Both voltammetric studies and potentiometric titrations show that the hemes of the cyt c550[C] 

and cyt c550[N] fragments have very close mid potentials values. In the full-length protein, 

however, EPR studies suggest that the N-terminal heme is easier to reduce than the C-terminal 

due to cooperative interactions. Interestingly, efficient electron transfer rates were observed on 

gold surfaces modified either with negatively-charged -carboxyl alkanethiols or a 
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hydrophobic mixture of 6-mercaptohexan-1-ol and 1-hexanethiol. This confirms the high 

versatility of this diheme protein which is able to interact with its SOR and cyt c552 partners 

either through electrostatic or hydrophobic interactions. The redox induced FTIR spectra clearly 

show that the C and N-terminal domains are structurally very different and that the C-terminal 

domain is structurally related to cyt c552. 
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