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The macroscopic and microscopic redox potentials of tetrahemoprotein, cytochrome ¢; from Desulfovibrio vulgaris (Hilden-
borough) (DyH) were estimated from 'H NMR and differential pulse polarography (DPP). Five sets of NMR reso-
nances were confirmed by a redox titration. They represent cytochrome ¢; molecules in five macroscopic redox states.
The electron transfer in cytochrome ¢; involves four consecutive one-electron steps. The saturation transfer method
was used to determine the chemical shifts of eight heme methyl resonances in five different oxidation states. Thirty
two microscopic redox potentials were estimated. The results showed the presence of a strong positive interaction
between a pair of particular hemes. Comparing the results with those of Deswlfovibrio sulgaris Miyazaki F (DvMF),
it was observed that the two proteins resemble each other in overall redox pattern, but there is small difference

in the relative redox potentials of four hemes.

Introduction

Cytochrome ¢; isolated from the sulfate-reducing bacteria
Desulfovibrio vulgaris Hildenborough (DyH) is a tetraheme
electron transfer protein which plays an impotant role in
the metabolism of sulfur compounds and hydrogen.! It was
independently identified by Postgate in England and Ishmoto
in Japan in 1954277 Cytochrome ¢; has a molecular weight
of approximately 13,000 with 107 amino acid residues in a
single polypeptide chain. The amino acid sequences of cyto-
chrome ¢; show no homology with mammalian cytochrome
¢ except for four sequences: two Cys-x-y-Cys-His, and two
Cys-w-x-y-z- Cys-His which resemble the Cys-x-y-Cys-His
sequences of cytochrome ¢. These four sequences provide

*To whom correspondences should be addressed.

thioether attachments of the heme to the polypeptide chain
and the histidine ligand te the heme iron atom.?

Extensive investigations of cytochrome ¢; from several
genera have been carried out. Amino acid sequences of cyto-
chrome ¢; from Desulifovibrio vidgaris, Miyazaki F (DvMF),
Desulfovibrio vulgaris Hildenborough (DvH), D. gigas, D. sale-
xigens, D. desulfuricans and D. desulfuricans Norway (DdN)
have been determined.? Comparisons of their primary struc-
tures show rather poor homology among the six cytochromes
c; above. The closest pair is DvH and DyvMF. They differ
by 14 out of 107 amino acid residues® The complete three
dimensional structures of DyMF and DvH have been obtai-
ned‘ll}-—lz

The redox potentiat of cytochrome ¢, is an important para-
meter in understanding its physiological role.

Since cytochrome ¢; has four redox centers, four macro-
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scopic formal redox potentials and thirty-two microscopic fo-
rmal redox potentials (“formal” is deleted hereafter for sim-
plicity) can be defined.*** Many efforts have been made to
determine its macroscopic redox potentials’®~® and micros-
copic redox potentials.**'*~* The macroscopic redox poten-
tials of cytochrome ¢; from DvMF were determined by means
of electrochemical methods (potentiometry and differential
pulse polarography)”” and NMR.”® And the thirty-two micro-
scopic redox potentials of this protein were estimated with
the combined use of the macroscopic redox potentials with
the electron distribution probabilities obtained from the che-
mical shift values of NMR signals."* Although analysis of
the microscopic redox potentials of DyMF cytochrome ¢; by
EPR has also been reported,” the resolution of EPR spectra
was not satisfactory for conclusive analysis. The assignment
of the microscopic redox potentials to the hemes in the crys-
tal structure has been performed recently by means of NMR.
B Such correlation has also been reported for cytochrome
c; from DdN* and DyHZE*

It is very interesting to compare the redox processes of
two cytochrome ¢; from two different strains, DvMF and
DyH. Especially, the understanding of the influence of their
structural differences on the interheme interaction is of im-
portance. The aim of the present study is to obtain the mi-
croscopic redox potentials of cytochrome ¢; from Hildenbo-
rough strain by using 'H NMR and differential pulse polaro-
graphy (DPP).

Materials and Methods

Desulfovibrio vuigaris Hildenborough was cultured in me-
dium C'. Cytochrome ¢; was purified according to the proce-
dure reported previously.” The purity index (Ass:(red)/Asm
(0x)) of the final sample was over 3.0. The purity was con-
firmed also by SDS-polyacrylamide gel electrophoresis. In
NMR experiments, a trace amount of hydrogenase was added
to a 1.3 mM cytochrome ¢; solution (melar ratio of ce. 0.001)
as a redox catalyst. The hydrogenase was extracted from
D. vulgaris Miyazaki F. and purified as reported elswhere.®
Partial reduction (refered to as an intermediate redox stage
hereafter) of a cytochrome ¢; solution was achived by cont-
rolling the partial pressure of hydrogen and argon gases in
an NMR tube.

'H NMR spectra were obtained on a Brucker AM 400
MH:z spectrometer, Yokohama National University, at 30 T
in a 30 mM phosphate buffer (p’H 7.0). Chemical shifts are
presented in parts per million relative to the internal stan-
dard of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS). Satura-
tion transfer experiments were carried out for various inter-
mediate redox stages in order to assign heme methyl reso-
nances in the five macroscopic oxidation states. Sixteen free
induction decays (FID) were accumulated repeatedly under
on-resonance and off-resonance irradiation for 1s. The irra-
diation was adjusted to supress the signal intensity to half
the original one. One thousand transients were accumulated
for each FID. Differential pulse polarograms (DPP) were
measured at a dropping mercury electrode with a potentios-
tat, Fuso polarograph Model 312. Modulation amplitude,
sweep rate, drop time, and sampling time were 10 mV, 2
mVs™', 2 s, and 20 ms, respectively.

Potentials referring to the silver/silver chloride reference
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Figure 1. 400-MHz '"H NMR spectra of cytochrome ¢; from D.
vulgaris Hildenborough, in a variety of redox stages at 30 T.
The stage of oxidation was changed from the fully oxidized (a)
to the intermediate reduced states (b, ¢ and d) by changing the
hydrogen partial pressure in the presence of hydrogenase. The
heme methyl signals are labeled on top. S; is the macroscopic
oxidation state for the f-th redox process.

electrode in saturated potassium chloride at 30 C were pres-
ented in this work.

Results and Discussion

Assignments of heme methyt resonances. The 'H
NMR spectrum of the fully oxidized cytochrome ¢; is pres-
ented at Figure 1la.

Signals at low field with three proton intensity were as-
signed to heme methyl groups. These are designated as A,
B, C--- from the low field end. It was possible to assign
11 out of 16 heme heme methyl resonances. This spectrum
is similar to that reported previously.?® Figure 1 shows cy-
tochrome ¢; in various oxidation stages proceeding from the
oxidized to the reduced form. As reduction progressed, sig-
nals at low field decresed and new signals appeared at hi-
gher field which then subsequently disappeared again. Three
sets (Sy, S; and S;) of such signals were also observed on
reoxidation of cytochrome ¢». Jt turned out that the intermo-
lecular electron exchange rate of DyH cytochrome ¢; 1§ slo-
wer and intramolecular one is faster than the NMR time
scale in the redox process.

Saturation-transfer experiments were carried out to deter-
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Figure 2. 400-MHz Saturation transfer measurement to track
the change of chemical shift of heme methyl signal A. The sig-
nals at 29.56, 8.52, and 8.52 ppm were irradiated with the coexis-
tence of S; and 5, (¢), So, 81, Sz, Saand S, (d), and S, Sp, S
and S, (e), respectively. (a) and (b) are the off- and on-resonance
normal spectra of (c), respectively.

mine the chemical shifts of the heme methyl groups in the
five macroscopic oxidation states. Typically, the irradiation
at the heme methyl proton of signal A shown in Figure 2
was carried out in the coexistence of the molecules belonging
to S and S,

Its normal and saturation-transfer difference spectra are
presented in parts (a, b) and (c), respectively, of Figure 2.
The difference spectrum clearly shows that the chemical
shift of methyl proton A in the S, state is 8.52 ppm. Then
the methyl proton at 8.52 ppm was irradiated with the coe-
xistence of the S,, S;, S; and S, states. The difference spect-
rum in Figure 2d and 2e shows that the chemical shift of
heme methyl A in the coexistence of the S, S,, S5, and S,
states. The signals of heme methyl A in S,, S; and S, appea-
red at 753, 590 and 3.21 ppm, respectively.

This experiment was carried out on eleven heme methyl
resonances, The results are summarized in Table 1.

A total of eight out of sixteen heme methyl resonances
have been assigned to the five oxidation states. In the analy-
sis of chemical shifts of D. gigas,® extrinsic pseudocontact
shifts from the adjacent hemes were neglected. Chemical
shifts of heme methyl groups are dominated by the intrinsic
shift which depends strongly on the oxidation state of a si-
ngle heme. This assumption is also reasonable for DyH be-
cause pseudocontact shifts are inversely proportional to the
6th power of the distance. Following this assumption, the
electron distribution probability (R) can be calculated from
the chemical shifts of the five oxidation states. Table 2 gives
the results obtained from eight methyl signais.
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Table 1. Chemical shift (ppm) of heme methyl signals in the
five macroscopic oxidation states at p’H 7.0 and 30 € in a 30
mM phosphate buffer

Oxidation states

Signals
So S 5. Ss Sy pPpm
A 29.56 852 7.53 59¢ 321
B 2920 27594 1562 470 328
C 2209 2116 1579 463 320
D 2192 2113 1551 455 312
E 2038 1843 1420 1569 343
F 1846 17.77 1116 415 280
G 1825 1776 1l.14 416 282
H 18.12 6.47 581 522 -
1 17.09 5.65 524 - -
J 1364 1494 1237 1416 430
K 10.11 546 - - -

Table 2. Electron-distribution probability (R/=(S,-1}—v(S)/
(S0 —v(5.))) calculated from heme methyl chemical shifts at
p’H 7.0 and 30 . By definition, R/ is the distribution probability
at heme s of the electron introduced in the j-th reduction step.
Eight methy! groups were classified into four hemes according
to the largest R/

Signals R R R RY Heme
A 0799 0038 0.062 0.102 1

B 0049 0475 0421 0.055
F 0044 0422 0448 (.086 2
G 0032 0429 0452 0.087
C 0049 0.284 0.591 0.076 3
D 0042 0299 0.583 0.076
E 0115 0250 —0088 0.723 4
) ~-0.139 0275 —0.192 1056

Furthermore, eight heme methyl resonances were classi-
fied into four groups according to their largest R. In princi-
ple, heme methyl groups belonging to same heme should
have the same electron distribution probability. However, R
values for resonances related to the same heme determined
here are scattered to a certain extent, suggesting that the
extrinsic pseudocontact shifts are not negligible, thus indu-
cing some error in the measurements. Nevertheless, some
important conclusions can be deduced from Table 2. The
electron transfer in each reduction step is actually delocal-
ized among the four hemes. We can identify the site with
the major electron distribution probability. Hemes 1, 2, 3
and 4 are reduced in consecutive steps.

Macroscopic and microscopic redox potentials. A
tetraheme protein, such as cytochrome ¢; has five macroscop-
ic oxidation states, Sy, S;, S, S5 and S, states, and four mac-
roscopic formal potentials, E°(=1-4), can be defined, as fol-
lows

E=E"+RT/F)laff;-./f) o

where E, R, F, T and f; are the equilibrium potential, gas
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Table 3. The electron-distribution probabilities of four hemes
in the four reduction steps at p*H 7.0 and 30 T obtained by
least-squares fitting

Jang-Su Park el dl.

Table 4. The microscopic redox potentials (mV) at the first
and fourth reduction step ¢/ and ¢/, respectively), and interca-
ting potentials (Z;)

Standard Microscopic redox
/] 3 N
R RY R deviation potentials (mV) Interacting potentials (mV)

Heme 1 0.789 0.030 0061 0.110 0.0095 ¢ —463.29 I, —7.7 (24)
Heme 2 0.041 0.440 0440 0.079 0.0064 el —540.59 s —246 (—30.6)
Heme 3 0.046 0.288 0587 0.080 0.0076 ed —538.12 Iy —292 (-31.6)
Heme 4 0.115 0242 -—0088 0731 0.0095 e) —51395 In 548 (436)

eV —524.76 Ly —225 (-200)

& —51596 L. —85 (—-8.))
constant, Faraday constant, absolute temperature and mole e’ —516.39

eqw —574.23

fraction of cytochrome ¢; in the s-electron reduced states,
respectively.

The macroscopic redox potentials, E?, of DrH cytochrome
¢3 were determined by least-squares fitting of the differential
pulse polarogram to the anazlytical equation for the four con-
secutive one-electron reversible electrode reactions,'® which
was confirmed to be the actual mechanism.'® The results
are: £)Y=~4574 mV, E"=~5174 mV, E"=—5350 mV
and E=-5824 mV (Ag/AgCD). EY represents the ma-
croscopic redox potential for the #-th redox process (between
Si-: and S)).

If one denotes each heme as ¢ (for the oxidized form)
or r (for the reduced form), the microscopic formal redox
potentials of heme 1 (¢)), for example, can be defined as
follows.

E=e/+RT/F)In(o000]/[ro00]) @)
E=¢,"+ ®T/F)in(orool/[rroo]) 3
E=e""+ RT/P)n([orro)/[rrrol) @
E=e"+®T/Fin((orrr]/[rrrr)) (5)

where the superscript (II2, for example) stands for the reduc-
tion step (I) and the hemes remained reduced (heme 2).
The concentration of the redox species with heme 2 reduced,
for example, is given by [oroo]. The notation, ¢V, is the
abbreviation of ¢,/"®*. The theory regarding the analysis of
the microscopic redox potentials was resented elsewhere*
In short, the microscopic redox potentials can be estimated
by the use of the electron-distribution probabilities (/) and
the macroscopic redox potentials, assuming the interaction
potentials (7;). For example, R/ is the distribution probability
at heme 1 of the electron introduced at the first reduction
step, namely, Ry'= [rooo]/([rooo] + [oroo] + [ooro] + [ooor]).
The interacting potential, I;, can be defined as

Ii=ell—e/=e/™—e/*=g[' (or ¢/"™)—e/™ 6

where ¢, j, » and / denote the heme numbering. It follows,
for example, that

er;v=ell+1ij+lil+fit 7}

The microscopic redox potentials were estimated.

Neglecting the contribution of the extrinsic paramagnetic
shifts, the electron-distribution probability can be calculated
from the observed chemical shifts, which are given in Table
3

Here, heme methyl groups are classified to four hemes

The vales in the parenthless are for cytochrome ¢; of DsMF
strain under the same conditions.
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Figure 3. A diagram of thirty-two microscopic redox potentials
of cytochrome ¢; estimated by NMR at 30 €. ¢ denotes the
microscopic redox potential of heme i. The superscript indicates
the reduction step as in the case of the macroscopic redox poten-
tials. I and IV show the first and fourth reduction step, respecti-
vely. A combination of step numbers (II, III) and heme numbers
(1, 2, 3 and 4) was used in the superscript to described the
microscopic redox potentials in the second and third reduction
steps because of the multiple pathway. For example, IIlj% is the
abbreviation of the third reduction step with reduced hemes j
and 4. According to this principle, the fourth reduction step also
can be written as fVjkf, which was used only in the case, where
the reduced hemes should be explicitly specified. The reduction
process is given at the bottom, where the fully oxidized protein
was represented with four positive charges for convenience.

using the largest R; at each reduction step, because methyl
groups belonging to the same heme should have the same
electron-distribution probability. The scattered values in Ta-
ble 3 showed that the contribution of the extrinsic paramag-
netic shifts is not negligible. The average electron-distribu-
tion probabilities were obtained by the least-squares method
under the conditions of Y, R/=1 and Y ; R/=1 for the data
in Table 3.

The microscopic redox potentials at the first and fourth
reduction steps, and the interacting potentials were calcula-
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Table 5. The different amino acid residues around four hemes
within the distance of 5 A&

Heme number Cytochrome ¢ Cytochrome ¢

in crystal DyMF DvH
Heme 1 Asp (12) Lys (13) Glu (12) Ala (13)
Heme II Asn {42) Gin (44) Asp (42) Arg (44)
Ala (68) Gly (73) Val 68) Asn (73)
Heme III Ala(47) Gly (47)
Heme IV Thr (86) Glu (96) Val (86) Asp (96)

ted from the macroscopic redox potentials and the electron-
distribution probilities according to the reported procedure.'®

The results are given in Table 4. Thirty-two microscopic
redox potentials could be calculated from these values. They
are shown in Figure 3.

We can find some features from the obtained microscopic
redox potentials. It is clear that the redox potential of each
heme is significantly changed, not only in value, but also
in relative order, with the change of oxidation state. For
example, heme 3 has the second highest potential in the
first reduction step but becomes one with the lowest poten-
tial in the third and fourth reduction step. This strongly
suggests that each heme plays a different role in the differ-
ent oxidation. When the interacting potentials are compared
with those of DyMF," it can be seen that the positive intera-
ction is a large. And, microscopic redox potentials are very
sensitive to the environment around the heme. In the case
of cytochrome ¢; from DvMF, the redox potential of heme
2 is the second lowest in the first reduction step, and then
becomes the heme with the highest potential in the third
and fourth reduction steps.* Cytochrome ¢; of DvH very clo-
sely resembles that of DoMF. They have similar isoelectric
points (10.2 for DvH and 10.6 for DyMF) and a high seque-
nce homology as mentioned above. However, from the three
dimentional structure of cytochrome ¢; of DvMF10 and DvH,
L2 we found that 9 residues out of a total of 14 different
amino acid residues in the two cytochrome ¢, are in positions
close to (within 5 &) the four hemes. Table 5 shows the
details.

It is concluded that the intramolecular electron exchange
is very sensitive to the environment around the heme. The
electron exchange rate may be regulated not only by the
distance between the iron centers, but also by the arrange-
ment of amino acids, incuding the charge distribution® The
change of the redox potentials of each heme was induced
by interheme interactions. The remarkable feature of inter-
acting potential in Table 4 is the high positive value of Iz,
The high positive interaction potentials in cytochrome ¢ of
DyH and DyMF were observed only between hemes 2 and
3. This means that the presence of an electron at heme 2
makes the reduction of heme 3 much easier. If an electrosta-
tic interaction is the dominant contribution to an interacting
potential, only a negative one would be expceted. Since he-
mes 2 and 3 correspond to the second and third reduction
sites, this may suggest that the electron exchange mechanism
in the intermediate hemes is complicated and cannot be exp-
lained by simple electrostatics. Therefore, a positive interac-
tion should be elucidated in terms of other factors, including

Buli. Korean Chem. Soc. 1995 Vol 16, No. 4 335

structural parameters. A complete explanation for this inter-
action requires further studies. However, one might imagine
that some structural changes occur reversibly during the
one-electron, four consecutive oxidation-reduction reaction
of cytochrome c¢;. In addition, the consideration of the rela-
tionship between molecular structure and redox potentials
should be detailed.
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Preparation of Nonlinear Optical Poly(Alkyl Vinyl Ethers). 4.!
Synthesis and Characterization of

Poly[3',5 -dimethoxy-4'-(2-vinyloxyethoxy)-4-nitrostilbene] and

Poly[3',5'-dimethoxy-4'-(2-vinyloxyethoxy)-2,4-dinitrostilbene]

Ju-Yeon Lee
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35 -Dimethoxy-4’(2-vinyloxyethoxy)-4-nitrostilbene 2 and 3'5-dimethoxy-4'-(2-vinyloxyethoxy)-2 4-dinitrostilbene 5
were prepared by the reactions of 2-iodoethyl vinyl ether with 3'5'-dimethoxy-4’-hydroxy-4-nitrostilbene 1 and 3,
5’-dimethoxy-4'-hydroxy-2 4-dinitrostilbene 4, respectively. Monomers 2 and 5 were polymerized with cationic initiators
to obtain polymers with 3'5-dimethoxy-4"-oxy~4-nitrostilbene and 3",5-dimethoxy-4-oxy-24-dinitrostilbene, which are
presumably effective chromophores for second-order nonlinear optical application in the side chain. The resulting
polymers 3 and 6 were soluble in DMSO and DMF. The inherent viscosities of the polymers were in the range
of 0.280.33 dL/g in DMSO. Polymers 3 and 6 showed a thermal stability up to 250 T in TGA thermogram, and
the 7, values obtazined from DSC thermograms were in the range of 81-87°.

Introduction

Functional polymers of nonlinear optical (NLO)} activity
have long heen the subject of curiosity and have caused re-
cent interest.?~% It is well known that organic and polymeric
materials with highly dipolar electronic systems exhibit NLO
properties. Compared to other organic and inorganic sub-
stances, NLO polymers offer many advantages such as high
nonlinear optical activity, light weight, chemical resistance,
and good processability.

A potential NLO polymer must contain a highly polarizable
n-electronic systems and these polymers have to be mechan-
ically very strong. There are tremendous challenges in desi-
gning and synthesis of polymers of large NLO effects. Var-
ious polymers with the NLO-phores in the side chain such
as polymethacrylates’™™ and polystyrene* were reported.
Polyesters, > polyurethanes® polyamides®~?2 and poly
(phenyleneethynylenes)® containing the chromophoric main
chain were also prepared. Dix etc.” prepared poly(ethyl vinyl
ether) partly grafted with azo dyes by the reaction of poly(2-
chloroethyl vinyl ether) with 4’-amino-4-nitroazobenzene.
However, examples of polyalkyl vinyl ethers with the chro-
mophoric side chain prepared directly by the polymerization
of monomeric alkyl vinyl ethers are seldom found in the
literature, Recently we have prepared clean poly(ethyl vinyl
ethers) containing the NLO-phores p-oxybenzylidenemalono-
nitrile, methyl p-oxybenzylidenecyanoacetate,® and 4'-oxy-4-

nitrostilbene® in the side chain by cationic polymerization
of the corresponding monomers.

This work is now extended with the synthesis and charac-
terization of another poly(ethyl vinyl ethers) containing the
NLO-phores 3',5'-dimethoxy-4’-oxy-4-nitrostilbene and 3'5-
dimethoxy-4'-oxy-2,4-dinitrostilbene in the side chain. The
present report describes the synthesis and cationic polymeri-
zation of 3'.5'-dimethoxy-4'-(2-vinyloxyethoxy)-4-nitrostilbene
2 and 3',5-dimethoxy-4"-(2-vinyloxyethoxy)-2,4-dinitrostilbene
s

Experimental

Materials. 2-Chloroethyl vinyl ether, 3,5-dimethoxy-4-
hydroxybenzaldehyde, p-nitrophenylacetic acid, piperidine,
and 24-dinitrotoluene (Aldrich) were used as received. So-
dium iodide was dried for 4 h at 100 T under vacuum.
Acetone was purified by drying with anhydrous potassium
carbonate, followed by distillation under nitrogen. N,N-Dime-
thylformamide (DMF) was purified by drying with anhydrous
calcium sulfate, followed by distillation under reduced pres-
sure, Dichloromethane was washed with concentrated sulfu-
ric acid and then with water, dried with anhydrous calcium
chloride, refluxed with calcium hydride, and distilled ufMer
nitrogen before use. Toluene was washed with cold concen-
trated sulfuric acid and then with water, aqueous 5% sodium
bicarbonate, again with water, dried with anhydrous calciom



