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Electron Transfer Reactions of C-type Cytochromes with the Self-Assembled 
Monolayer of the Optically Active Com Complex on Au 

Chika Nishijima; lsao Takahashi, Tomohiko Inomata, 
Yasuhiro Funahashi, Tomohiro Ozawa, and Hideki Masuda* 

Department of Applied Chemistry, Nagoya Institute of Technology, Showa-ku, Nagoya 466-8555 
Fax: 81-52-735-5209, e-mail: masuda.hideki@nitech.ac.jp 

In order to obtain the structural information around the active site of three c-type cytochromes ( cyt c from 
horse heart, cyt c2 from Rhodospirillum rubrum, and cyt cm from Alcaligenes xylosoxidans'G'IFU •051) in 
aqueous solution, we studied their redox behaviors by use of the densely packed monolayer of the 
(S)-phenylalanine-containing Corn complex. In the case of cyt c, no redox wave was observed, which agrees 
with the previous report· that the heme is buried inside of the protein. In contrast, the redox wave of cyt c2 
was clearly observed, which coincides with the fact that the heme positions at the protein surface. 
Interestingly, in the cyclic voltammogram of cyt c2, a splitting of the wave was detected, which was 
elucidated to be attributable to the protonation/deprotonation ofHis42 imidazole of the protein. Cyt cm, of 
which the structural information has still not been revealed, gave the redox wave without splitting. In the 
light of the results of cyt c and cyt c2, this redox behavior indicates the existence of two structural 
characteristics for cyt c553: (i) the heme is probably located near the protein surface, and (ii) there is no 
confoon.atiQnal c;llange caused by the protonation. 
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1. INfRODUCTION 
Electron transfer reaction plays an important role in 

tbe biological systems, for example respiration and 
photosynthesis [1-3]. Electron transfer proteins 
recognize their redox partners through non-covalent 
interactions, such as steric, electrostatic, and hydrogen 
bonding interactions, and proceed their electron transfer 
reactions. Although c-type cytochromes have similar 
biological functions, their structural characteristics are 
not the same [1]. However, it is quite difficult to 
investigate the relationship between their structures and 
recognition mechanisms in detail, because there is no 
methodology to easily estimate their structural 
information in solution. 

Au 

Fig. 1 Schematic view of the Au electrode modified 
with 1 (1-Au). 
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To evaluate the surface structure around the active site 
of metallolJroteins through their redox behaviors, we 
have prepared self-assembled mono layers (SAMs) of the 
optically active Corn complexes (1) containing (S)-/(R)­
phenylalanine derivatives (Fig. 1) [4-6]. These SAMs 
can promote the electron transfer reactions between Au 
electrode and metalloproteins, such as horse heart 
cytochrome c (cyt c) and azurins. Moreover, the (S)­
isomer-containing SAM showed faster electron transfer 
rate with proteins than (R)-isomer-containing one, which 
reflected the different association rates between proteins 
and the respective Corn complexes. From such an 
analytical method, the difference in one amino acid side 
chain, isobutyl (Val) and methyl residues (Ala), around 
the metal centers of two azurins could be discriminated 
[6]. 

In this research, we examined the redox behaviors of 
three c-type cytochromes by use of the densely packed 
monolayer of the Corn complex derived from (S)­
phenylalanine (1, 1-Au in Fig. 1) to obtain their 
structural information in solution. All three cytochromes 
c ( cyt c from horse heart, cyt c2 from Rhodospiril/um 
rubrum, and cyt c553 from Alcaligenes xylosoxidans 
GIFU 1051) act as an electron transfer protein in a 
mitochondrial respiratory chain (electron donor: cyt bc1 
complex, electron acceptor: cyt oxidase) [1], photo­
synthetic bacteria (cyt bc1 complex, reaction center) [7], 
and denitrifying bacteria (cyt bc1 complex, NO 
reductase) [8], respectively. From the X-ray structure 
analyses, it has been known that the heme center of cyt c 
is buried inside of the protein [9] and that of cyt c2 is 
located at the protein surface [10]. However, the 
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structural information of electron transfer site of cyt cm 
has not been revealed, except for its axial ligands · 
(His/Met) [8]. Here, we noted the relationship betWeen 
t:heii: structllnll chw:acteristics and their redox be}laviors 
with 1-Au and evaluated the surface structure around 
heme of cyt c553 :from the results of cyt c and cyt c2• 

2. EXPERIMENTAL 
All the chemicals and solvents were purchased :from 

Wako Pure Chemical Industries, Tokyo Chemical 
Industry, Nacalai Tesque and Peptide Institute. All 
reagents were used without further purification. 
Milli-Q water was prepared by using a Milli-Q biocel A 
(Millipore). eom complex (1) was synthesized from 
(S)-phenylalanine and its densely packed monolayer of 1 
(1-A,u) was prepared according to the previous methods, 
respectively [4,5]. 

Horse heart cytochrome c was purchased from 
Nacalai Tesque. Cyt c2 and cyt c553 were obtained 
:from Rhodospirillum rubrum and Alcaligenes 
xylosoxidans GIFU 1051 and purified according to the 
previous literature [8,11-13], respectively. 

Electrochemical measurements were performed by 
using a HZ-5000 automatic polarization system 
(HOKliTO DENKO). The cyclic voltammetry was 
recorded by the use of each SAM as a working electrode, 
Pt wire as a counter electrode and Ag/AgCI (3.0 M 
NaCI) as a reference electrode. Ar gas was purged 
through the electrolyte solution at least 15 minutes 
before each measurement. 

The voltammetry measurements were carried out in a 
0.1 M phosphate buffer solution (pH 7.0). Aqueous 
solution containing protein (20 J.1M) was prepared by 
dialyzing in the same buffer solution a few times before 
use and its concentration was checked by absorbance 
spectrum [8,14]. 

3. RESULTS AND DISCUSSION 
3.1 Redox behavior of cyt c 

Fig. Z ~bows cyclic voltam.mograms o( cyt c solution 
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Fig. 2 Cyclic voltammograms of cyt c using 1-Au at 
the scan rates of 10, 25, 50, and 100 mY s-1

• 

as measured with 1-Au. In the absence of cyt c, no 
redox wave was observed in this potential region [4-6]. 
On the other hand, in cyt c solution, the redox wave. was 
not observed in all scan rates. In the case of low 
density monolayer of 1, whose coverage was about 
one-tenth of that of 1-Au, cyt c gave clear redox wave 
[4,5]. These results were affected by its structural 
environment that the heme of cyt c was buried inside of 
the protein (9]. That is, the association between cyt c 
and Corn complex was inhibited by the polypeptide 
chain around the heme, which resulted in the inefficient 
redox reaction. 

3.2 Redox behavior of cyt c2 

Cyclic voltammograms Qf cyt c2 solution were 
recorded by using 1-Au, which was shown in Fig. 3. 
Yoltammogram of cyt c2 exhibited clear redox waves. 
Relationships between its peak currents and scan rates 
were plotted (Fig. 4). Anodic and cathodic peak currents 
showed the linear dependences on the square root of 
scan rates, indicating that the observed redox waves 
come :from the oxidation/reduction of heme Fe of cyt c2 

in solution [15]. The clear peak: responses demonstrated 
that the redox reactions between Au electrode and cyt c2 
were much effective compared to the case of cyt c, 
because the heme is situated at the protein surface [10]. 
These observations suggest that peak responses of 
cytochromes are reflecte4 by the position of the heme 
center in proteins in this system. 

Cyclic voltammograms of cyt c2 exhibited one 
oxidation wave and two reduction waves, denoted by "I" 
and "II'' (Fig. 3). The reduction wave "II" was largely 
shifted with increase in scan rates and disappeared in the 
faster scan rates over 200 mY s-1

• However, a split of 
the oxidation wave was not detected in all scan rates. 
At the scan rate of 10 mY s-1

, the quantity of electricity 
of oxidation wave was identical with the sum of that of 
two reduction waves. These results indicate that these 
two reduction wav~;s couple with the oxidaOon wave~ 
that is two different redox responses have been observed. 

11 I 
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Fig. 3 Cyclic voltammograms of cyt c2 using 1-Au at 
the scan rates of 10, 25, 50, and 100 mY s-1

• 
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Fig. 4 Relationship between the square root of scan 
rates and the anodic (a) and cathodic peak currents (b) 
of cyt c2 (circle) and cyt c553 (diamond) as measured 
with 1-Au, respectively. Filled and open circles 
represent the cathodic waves "I" and "II," respectively. 

It has been reported that two conformational states of cyt 
c2 at neutral pH were confirmed by ESR spectra [16], 
redox titration [17], and 1H-NMR spectra [18]. 
However, cyt c did not show such a conformational 
change in this pH region (16-18]. Smith et al. have 
clarified that this conformational change was due to the 
ionization of His42 [19]. As measured with a low 
density monolayer of 1, cyt c gave only a pair of redox 
wave [4,5]. Therefore, this. suggests that the two redox 
waves have resulted from the protonation/deprotonation 
ofHis42. 

In the case of the SAM of 4-mercaptopyridine, which 
has sometimes been employed to detect redox waves of 
metalloproteins [1,20], the reduction wave "II" was not 
observed. This finding demonstrates that 1-Au can 
detect the two conformational states of cyt c2• The 
observed reversible (I: L1Ep = 74 mY) and irreversible 
redox waves (11: L1Ep = 134 mV) mean that the electron 
transfer rates with 1-Au are obviously different between 
two conformers of cyt c2 [15]. It implies that the 
difference in the rates has been influenced by the 
structural change around the electron transfer site or the 
change in net charges of proteins. 
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Fig. 5 Cyclic voltarnmograms of cyt c553 using 1-Au 
at the scan rates of 10, 25, 50, and 100 m V s-1• 

3.3 Redox bebavior of cyt c553 and its estimated 
structural characteristics 

Fig. 5 shows cyclic voltammograms of cyt cm 
solution using 1-Au. Cyt cm gave redox wave, which 
is due to the redox of cyt cm in solution because of the 
linear dependence with the square root of scan rates (Fig. 
4). From the results of cyt c and cyt c2 in this system, it 
is clear that their peak responses are largely affected by 
the location of the heme center of proteins. These 
observations are likely to indicate that the heme of cyt 
cm is located near the protein surface. 

In addition, the split of redox way~ was not observed 
for cyt c553 in all scan rates (Fig. 5). The two. redox 
waves observed in the case of cyt c2 show the existence 
of two conformational states at neutral pH, while a pair 
of redox wave was observed only in the case of cyt c 
[4,5] of which the conformational change does not occur 
at neutral pH region. This fact suggests that the 
conformation of cyt c553 also does not change in neutral 
solution as well as the case of cyt c. 

4. CONCLUSION 
We electrochemically evaluated the solution 

structures around the heme centers of three c-type 
cytochromes through th~ir pealc responses and tht<ir peak 
bebaviors with 1-Au. Cyclic voltaJDmograms of cyt c 
did not show the redox wave because of its burial heme. 
On the other hand, cyt c2, whose heme is positioned at 
the protein surface, gave the redox wave. From these 
findings, the clear redox wave observed for cyt cm 
means that the heme is located near the protein surface. 

Cyt c2 exhibited two redox waves assigned to two 
conformational states (the protonationldeprotonation of 
His42) in neutral solution. However, cyt cm gave only 
a pair of redox wave, indicating that cyt c553 does not 
occur a conformational change. 

Although three. cytochromes c have simil(lf functions 
in the electron transport chain, their structural 
characteristics are quite different In this system, their 
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differences were detected. as the different redox be­
haviors through simple electrochemical measurements. 

Acknowledgments 
This work was supported by a Grant-in-Aid for 

Scientific Research from the Ministry of Education. 
Culture, Sports, Science and Technology of Japim and 
supported in part by a grant from the NITECH 21st 
Century COE Program, to which our thanks are due. 

References 
[1] "Cytochrome c: A Multidisciplinary Approach," Ed. 
by R. A. Scott and A. G. Mauk, University Science 
Books, California, 1996. 
[2] J. M. Anderson; B. Anderson. Trends Biochem. Sci., 
13, 351-~. (1987). 
[3] R. Huber, Angew. Chem., lnt. Ed. Engl., 28, 848-69 
(1989). 
[4] I. Takahashi; T. Inomata; Y. Funahashi; T. Ozawa; K. 
Jitsukawa; H. Masuda, Chem. Commun., 471-3 (2005). 
[5] I. Takahashi; T. Inomata; Y. Funahashi; T. Ozawa; H. 
Masuda, submitted. 
[6] I. Takahashi; T. Inomata; Y. Funahashi; T. Ozawa; H. 
Masuda, Chem. Lett., 1404-5 (2006). 
[7] K. Miki; S. Sogabe, "Handbook of Metalloproteins," 
Ed. by A. Messerschmidt; R. Huber; T. Poulos; K. 
Wieghardt, Wiley, Chichester, 2001, Vol. l, pp. 55-68. 

[8] N. Sakurai; H. Kumita; T. Sakurai; H. Masuda, Bull. 
Chem. Soc. Jpn., 71, 135-40 (1998). -
[9) G. W. Bushnell; G. V. Louie; G. D. Brayer, J. Mol. 
Bioi., 214, 585-95 (1990). 
[10] F. R. Salemme; S. T. Freer; N. H. Xuong; R. A. 
Alden; J. Kraut,J. Bioi. Chem., 248,3910-21 (1973). 
[11] S. K. Bose; H. Gest; J. G. Ormerod, J. Bioi. Chem., 
236, 13-4 (1961). 
[12] D. K. Sponholtz; D. L. Brautigan; P.A. Loach; E. 
Margoliash, Anal. Biochem., 12, 255-60 (1976). 
[13] H. Suzuki; H. Iwasaki, J. Biochem., 52, 193-9 
(1962). 
[14] T. Yanianaka, "Metalloproteins, Chemical Prop­
erties and Biological Effects," Ed. by S. Otsuka and T. 
Yamanaka, Elsevier, 1988, pp. 139-53. 
[15] "Electrochemical Methods, Fundamentals and 
Application_s~" 2nd ed., Ed. by A. J. Bar:d and L. R 
Faulkner, Wiley, New York. 2001, pp. 226-60. 
[16] D. L. Brautigan; B. A. Feinberg; B. M. Hoffinan; E. 
Margoliash; J. Peisach; W. E. Blumberg, J. Bioi. Chem., 
252, 574-82 (1977). 
(17] G. W. Pettigrew; R. G. Bartsch; T. E. Meyer; M D. 
Kamen, Biochim. Biophys. Acta, 503, 509-23 (1978). 
[18] G. M. Smith, Biochemistry, 18, 1628-34 (1979). 
[19) L. P. Yu; G. M Smith, Biochemistry, 29, 2920-5 
(1990). 
[20] M. Fedurco, Coord. Chem. Rev., 209, 263-331 
(2000). 

(Received December 9, 2006;Accepted January 22, 2007) 


