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ABSTRACT. Electron transfer in tetrahemic cytochromesfrom Desulfaibrio vulgaris Hildenborough
(D.v.H.) andDesulfaibrio desulfuricansNorway (D.d.N.) strains has been investigated by thin layer
spectroelectrochemistry with visible absorption, CD, and resonance Raman (RR) monitoring. The observed
splitting of the isosbestic point in the Soret absorption band indicates that the electron transfer from the
(Fe"), state to the (P8, state proceeds via an intermediate species, which corresponds to 25 and 50%
reduction for the D.v.H. cyt.«cand the D.d.N. cytg respectively. For the latter, a specific CD signal is
observed at half-reduction. RR monitoring of the redox process does not reveal multiple splitting of the
high-frequency RR bands, at variance with previously published results on the enzymatic reduction of
cyt.c; from Desulfaiibrio vulgaris Miyazaki, a cytochrome highly homologous to D.v.H. cyf¢erma,

A. L., Kimura, A., Nakamura, A., Yagi, T., Inoguchi, H., & Kitagawa, T. (1988)Am. Chem. Soc. 110
6617-6623]. The low-frequency RR spectra of the intermediate species differ significantly from the
ones calculated from a linear combination of the all-ferric and all-ferrous states, for the same reduction
ratio. Frequency shifts of the bending modes of the cysteine and propionate heme substituents are observed,
as well as changes specific to each cytochrome; most notable is the activation of two torsional modes in
the case of D.d.N. cytsc Comparison of the results obtained for the two cytochromes leads to the
conclusion that reduction of heme |V triggers the observed conformational change. This conclusion is
supported by the spectroelectrochemical investigation of the mutant D.v.Hs EM5M, in which the

sixth ligand of heme lIl, histidine, is replaced by a methionine.

Cytochromescs are a class of multiheme cytochromes heme binding domains) linked by outward pointing loops
found in sulfate-reducing bacteria that are supposed to of variable lengths (Morais et al., 1995).

function as electron carriers for hydrogenase (Postgate, 1984; Cytochromes; exhibit very negative redox potentials of
Le Gall & Fauque, 1988). Four of these proteins have beencz —300 mv vs NHE: the four hemes have different

extensively studied: cytochromes Hildenborough and  potentials, but their values are so close that voltammetric

Miyazaki bqth originating from thé®esulfaibrio vulgaris measurements (to which cyfiesponds readily) display only
(D.v.) species (86% homologous), cytochromeNorway  gne or two waves, from which the four values have to be
from Desulfaibrio desulfuricangD.d.), and cytochromes extracted by deconvolution procedures (Sokol et al., 1980;

Gigas fromDesulfajibrio gigas (D.g.). They contain four  gjanco & Haladjian, 1981; Moreno et al., 1989). Various
bis-histidine-liganded hemes, covalently bound by two attempts, mainly based on EPR and NMR spectroscopies,
thioether linkages to a single polypeptide chalift Of ca.  \yhich offer the possibility of discriminating among the four
14 000). Their thrge-d|men5|onal structures were solved first hemes, have been made in order to assign a redox potential
for. D.d.N. cyt.¢ (Pierrot et al., 1982) and then for D.v.M. o specific hemes. From an EPR study of a single crystal
(Higuchi et al., 1984) and D.v.H. (Morimoto et al., 1991) of p d.N. cyt.q, Guigliarelli et al. (1990) have proposed the
cyt.. Despite the limited sequence homology between fo|iowing order for the redox potentials (hemes numbered
D.d.N. cyt.g and the D.v. cytg the three-dimensionnal  according to the sequence order of the binding cysteinyl
structures of these cytochromes are very similar; they aregsidues), HIll> HIV > HI > HIl, which was confirmed
built of well-conserved structural domains (for example, the recently by an NMR study of Coutinho et al. (1993). For
D.v.M. cyt.c;, an NMR study by Fan et al. (1990) has led to

" This work received financial support from a CNRS grant (MABIO ~ the following order, HIV> HI > HIll > HIl, whereas
program). 1.K. was supported by a Graduate Fellowship from the Salgueiro et al. (1992) have proposed H¥VHI > HIl >

French government. HIll for the homologous D.v.H. cyt
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1 Abbreviations: cyt.g cytochromecs; D.v.H., Desulfaibrio vul- Catarino et al., 1991) or enzymatic reductants (Yagi, 1984;
garis Hildenborough; D.d.N.Desulfoibrio desulfuricansNorway, Capellige-Blandin et al., 1986). Biphasic kinetics were
recently reclassified aBesulfomicrobium baculaturNorway 4 (De- observed in all cases, except when the redox partner was

vereux et al., 1990); D.v.M.Desulfaibrio vulgaris Miyazaki; HI— . X .
IV, hemes numbered according to the sequence order of the bindingferredoxin (Capelliee-Blandin et al., 1986). In the reduction

cysteinyl residues; RR, resonance Raman. by sodium dithionite (Tabushi et al.,, 1983; Capethie
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Blandin et al., 1986; Catarino et al., 1991), the relative 4 3
importance of the fast phase seems to depend on the cyt.c
under consideration.

Monitoring of the reduction of cytgdby Soret absorption
(Tabushi et al., 1983; Yagi, 1984), CD (Tabushi et al., 1983),
and EPR (Guigliarelli et al., 1990) has led to the conclusion
that an intermediate is involved in the process. Recent results
obtained by FTIR spectroelectrochemistry have also shown
the existence of an intermediate, with distinctive vibrational
frequencies, in the case of D.d.N. cytand Gigas cytg
(Schlereth et al., 1993).

In the present work, we investigate the electron transfer
in two different cytochromesD. vulgaris Hildenborough
(hereafter D.v.H.) and. desulfuricandNorway (hereafter
D.d.N.), by thin layer spectroelectrochemistry, with visible
absorption, circular dichroism (CD), and resonance Raman
(RR) monitoring. Soret absorption monitoring shows that
an intermediate is involved in the process, in agreement with
previously published results on D.d.N. cyt(Schlereth et
al., 1993), D.g.G. cytg(Schlereth et al., 1993), and D.v.M,
cyt.cs (Tabushi et al., 1983; Yagi, 1984). CD and RR Fgure 1: Raman spectroelectrochemical cell: (1) bare gold grid
spectroelectrochemical studies allow further characterizationused as the working electrode, (2) Ag/Aeference electrode, (3)
of this intermediate state. A comparative visible spectro- Pt thread used as the counter electrode, and (4) argon inlet. The
electrochemical study of the electron transfer in the D.v.H. arow indicates the incident laser beam.

cyt.cs mutant H25M, in which the replacement of the sixth _
ligand of heme Il by a methionine leads to an increase of Was determined from the absorbance at 553 nm, by calculat-

the corresponding redox potential, is reported. Taken N9 the ratio & — A)/(A- — Ag), whereA, and A are the

altogether, our results suggest that the oxidoreduction of @PSorbances at 553 nm of the fully oxidized and fully reduced
heme IV is the trigger of the conformational change that we SPECI€S, respectively. Following each reduction experiment,
observe for these cytochromes, independent of the positionCOMPlete reoxidation was achieved in order to check that

of its redox potential in the sequence order of the four heme the final spectrum was identical to the starting spectrum. For
potentials. oxidation experiments, the solution was first fully reduced

at —550 mV and then reoxidized step by step.
MATERIALS AND METHODS The CD measurements were run on a JY MarklV
Dichrograph. Either the procedure previously described was
D.d.N. (NCIB 8310) and D.v.H. (NCIB 8303) cytochromes  ysed, or, in some instances, the solution under study was
cs were purified according to published methods (Bruschi first brought to the desired reduction stage by visible
etal.,, 1977; Le Gall et al., 1965) Tris-HCI and CaCOdyIate absorption monitoring and then examined by CD.
buffers at 50 mM concentrations were used in the pH-7.2 The RR spectra were obtained on a JY U1000 double

\
N

bbb hhhbhhbbbb]

9.2 and 5.57 range, respectively. monochromator. For Soret excitation, the 413.1 nm line of
Th_e H25M mutant of D.v.H. cytcwas prepared as a Coherent Kf laser with 8-10 mW of power was used,;
previously described (Dolla et al., 1994). for 08 excitation, the 514.5 nm line of a Coherent'Aaser

The electrochemical cell was derived from the cell was used with 5680 mW of power. An AsGa photomul-
described by Lexa et al. (1977); it was based on a 0.05 cmtiplier was used with photon-counting electronics. The
absorption cell modified so as to offer a large neck providing spectral slit width was 4 cnt at 514.5 nm and 6 cnt at
space to accommodate the electrodes and the Ar gas inlet413.1 nm. The electrochemical cell designed for RR
The working electrode was a gold grid positioned in the spectroscopy (Figure 1) was made of a quartz fluorescence
optical path and used without any surface modification; the cell with a 1 mm optical path. This cell fits into the visible
counter electrode was a Pt wire semi-isolated from the spectrometer so that the achieved reduction stage of the
solution under study by porous glass, and the referencesolution could be checked before and after the recording of
electrode was an Ag/AgCl electrode. Both electrodes were the Raman spectrum. This was necessary in order to
positioned in the upper part of the cell. The potential of correctly characterize the intermediate species. £gbo-
our reference electrode in the buffer measured vs SCE wascentrations between 50 and 1M were used, depending
+35 mV. The cell and solutions (360 mM in cyt.@) were on the excitation wavelength.
fully degassed under Ar before experiments.

The UV-visible absorption measurements were carried RESULTS
out either on a Cary 219 spectrometer or on a Shimadzu
2001 UV PC spectrometer at room temperature. The applied
potential was maintained for the time required to get The absorption spectra of D.v.H. cy.obtained after
superimposition of two spectra, recorded at an interval of a equilibration at increasingly negative potentials display five
few minutes (typical total time of 30 min), and then isosbestic points, but strikingly, in the Soret region, the sixth
incremented by 2630 mV until another equilibrium was  crossing area encompasses two distinct points A and B
obtained. For each potential, the amount of reduced speciegFigure 2). Point A is located at 414.4 nm and corresponds

Visible Absorption Spectroelectrochemistry
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| 7 (F"), = (F")(Fe') = (Fe'), for D.v.H.cyt.g

(Fé"), = (F&")(Fé"), = (Fd"), forD.d.N.cyt.g

From these data, plots of the reduction ratio vs applied
potential have been drawn. For D.v.H. cyt.¢he plot
(Figure 2) is a sigmoid curve giving a mean value of the
potential equal t0-330+ 5 mV at pH 7.5. For D.d.N.
cyt.c, the titration curve, which agrees with the previously
published ones (Schlereth et al., 1993), displays a plateau,
showing that the first reduction potential is clearly higher
than the others (Figure 3) and therefore can be determined
N . ‘ ‘ ‘ , , ‘ straightforwardly; E;z); = —120 mV, in agreement with
370 390 410 430 450 Moreno et al. (1991).

The influence of pH has been studied in the pH-D&

. . _ range. No significant variations of the isosbestic points have
'(:#;REKZZI bAl?f?grr'ptéoon ;p&?trsHOffé\)';Héfﬁ%é@%g@rert]ebgaz;ﬂ/e been observed, whereas the potential values are modified,
potentials (reduction ratios are indicated in parentheses) from 0 mv at the lower or higher ends; a 25 mV upshift is observed at
(F€")4to —420 mV (Fé)s: 0 (0%), —190 mV (2%),—225 mV low pH for D.v.H. cyt.g, and for D.d.N. cyt.g the titration
(5%), —255 mV (12%),—290 mV (24%),~320 mV (39%),—-350 curve is displaced toward lower potential valueB[f); =
mlc\)/t (63%), —385 mV (83%),—420 mV (91%). (Inset) Titration  _160 mv] at pH 9.2 and a second plateau is seen at
piot midreduction.

15— ‘ ‘ ‘ ‘ , ‘ ‘ The influence of ionic strength has been investigated also
(experiments run in the presence of 0.5 M NaCl); no change
has been observed for D.v.H. cy.avhereas for D.d.N.
cyt.q, the second part of the curve is upshifteedQ0 mV)
while the first plateau remains unchanged.

In the course of these experiments, an influence of the
protein concentration was noticed. At 100 mM, the revers-
ibility of the process becomes poorer; the reduction steps
require potentials ca. 50 mV lower and the oxidation steps
potentials ca. 50 mV higher than at 50 mM. A similar
influence of the protein concentration was already mentioned
in the case of direct voltammetry of horse heart cyt.c (Hagen,
1989); reversibility was lost at 36850 mM, and the
potential was lowered at 1.3 mM.

Absorbance

Wavelength (nm)

Absorbance

370 390 410 430 450
Wavelength (nm)

Ficure 3: Absorption spectra of D.d.N. cyt.in the Soret band Characterization of the Intermediate State
(Tris-HCI buffer, 50 mM, pH 7.5), at increasingly negative
potentials (reduction ratios are indicated in parentheses) from 0 mV UV —visible, CD, and RR spectra have been obtained for

(Fe")s to —435 mV (Fé),: 0 (0%), —120 mV (16%),—145 mV the intermediate states revealed by the-tisible spectro-

$r21\4/0/25)57_0/%)7 5_”;?)/0(?#\)7’)(’;3&5) T\ééger:f’\)/_(ggi ;n\;r(]‘és_(f’%g ZHT\S/ electrochemical study and compared to the calculated spectra,
(100%). (Inset) Titration plot: £) pH 7.5, ©) pH 9.2, and @) for the same reduction ratig, S, obtained by a linear

ionic strength of 0.5 M. combination of the spectra of the all-ferrig{) and of the
all-ferrous Ged speciesS, = (100 — X)Sox + XSea
to the first step of the reduction, while point B is located at UV—Visible Difference SpectroscapyThe difference
412 nm and corresponds to the end of the reduction. Thespectra of cyt.greduced at potentid minus oxidized cyt.g
switch between A and B occurs at 25% reduction. Careful E being the potential at which 25 and 50% reduction is
examination of the other isosbestic points suggests that someachieved, are shown on Figure 4. From the comparison with
of them may be considered as very close doublets with the calculated spectr& — S, it comes out clearly that,
wavelength separation hardly larger than the limit of accuracy for D.v.H. cyt.¢ in the intermediate state (Figure 4a), the

of the measurements. The same results are obtained for thé€(Il) component has red-shifted bandsl(nm in the Soret,
reoxidation process. +2 nm in the o band), the corresponding missing high

. potential Fe(lll) component appearing as a negative red-
e o 5o 4o’y S b i e Syet ). For DN cyton e
nm respe,ctively and the switch between A ana B occurs 'at|ntermed|ate §tate (Figure 4b), .the Fe(ll) component'ls not
50% reduction ' dls_placed, while the corresponding Fe(lll) component is red-
: shifted -2 nm). These results suggest that ihgc and/or
The occurrence of isosbestic points in the course of a the intensity of the absorption components in the intermediate
spectrophotometric titration means that only two species arestates is different from those of the all-ferric and all-ferrous
in equilibrium. Therefore, these results suggest that the states, this being consistent with the presence of nonunique
overall redox process occurs via an intermediate oxidation isosbestic points, in the course of the spectrophotometric
state corresponding to the following scheme: titration of the redox reaction.
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Ficure 4: Soret differential absorption spectra (spectrum at
potentialE — spectrum at potential & = potential to achieve 25
or 50% reduction). (a) D.v.H. cygr (dark line) experimental and
(light line) calculated, for 25% reduction. (b) D.d.N. cyt.ddark
line) experimental and (light line) calculated, for 50% reduction.

Table 1: Wavelengthifax in nm) and Intensity 4¢ in M~ cm™?)
of the Soret CD Bands

(Fe")a, (F€")a, intermediate intermediate
cyt.cs Amax (A€) Amax(A€)  experimental calculated

D.v.H. 410.5¢-380) 420 (-800) 410 (-220) 408 (-230)
423(-33) 426 (200) 416 (160) 419 ¢-120)

427 (-70)
D.v.N. 406 (360) 418 (-450) 412 ¢-295) 409 (260)
421 (-20)  425(70) 422(130) 418 {-230)

425 (—45)

,250LQ,,JiA_A_Lf ) S Y
3

350 400 450 500 50 400 450 500
Wavelength,im Wavelength, nm

FiIGUrRe 5: Soret CD spectra. (a) D.v.H. cygc(—-+-—) (Fe"),,
(light line) (Fé")4, and (dark line) (F&)s(F€') experimental; ()
(FEM)3(Fe") calculated, (b) D.d.N. cytsc (—-+-—) (Fe'')y; (light
line) (Fe")4, (dark line) (F&")(Fe'), experimental; {-) (F€"),-
(F€"), calculated.

Circular Dichroism The Soret CD data of both cyto-
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Ficure 6: High-frequency RR spectra of D.v.H. cy.cecorded

in the course of a progressive electrochemical reduction (excitation,
514.5 nm, 80 mW): (a) no potential, (Fk; (b) —290 mV, 25%
Fe(ll); (c) —315 mV, 38% Fe(ll); (dy-345 mV, 62% Fe(ll); (e)
—375 mV, 80% Fe(ll); and (f)-500 mV, (Fé)..

the calculated spectrum, it appears clearly that the ferrous
heme contribution has no excitonic character. The CD signal
of D.d.N. cyt.¢ in the intermediate state (Figure 5b) is
composed of a strong positive band at 412 nm and a negative
band at 422 nm; thus, it offers no resemblance with the
calculated spectrum.

Resonance Raman Spectrahe RR spectra of both
cytochromesc; at various stages of reduction have been
recorded with Soret (413.1 nm) amgb excitation (514.5
nm). Two frequency regions have been explored: the $300
1700 cn! region, which displays the heme-stretching
vibrations that are used as oxidation and spin state marker
frequencies, and the 2600 cnt? region, which displays
the tetrapyrrole deformation and the ring substituent defor-
mation modes. Due to symmetry consideration, the high-
frequency spectrum is richer when obtained witlf
excitation, as it contains all symmetry type vibrations,
whereas with Soret excitation, the spectrum is restricted to
totally symmetric modes; therefore, we present here the
spectra with 514.5 nm excitation. In the low-frequency
region, due to the larger cross section of Soret excitation,
we present the spectra obtained with 413.1 nm excitation.

In the high-frequency region, the spectra of both cyto-
chromes are almost identical for the (Bg and the (F&),
states and are in good agreement with the previously
published data on cytdMiyazaki (Kitagawa et al., 1975,
1977). In Figure 6 are shown the spectra recorded in the
course of the electrochemical reduction of D.v.H. gyt.c
contrary to the results reported for the progressive reduction
of D.v.M. cyt.g by hydrogen in the presence of hydrogenase
(Verma et al., 1988), no multiple splittings of the main

chromesc; are given in Table 1. For the ferric species, the Raman bands are observed. The spectrum of D.d.Nsgyt.c
CD signal consists of a strong positive band accompaniedin the intermediate state (half-reduction), is shown in Figure
by a shallow negative trough, whereas the ferrous species’; all the bands correspond to either a Fe(ll) or Fe(lll)
exhibit an excitonic, though non conservative, signal (Figure component, as demonstrated by the very good agreement,

5). The CD signal of D.v.H. cytgn the intermediate state

in both frequencies and relative intensities, between the

(Figure 5a) is composed of a positive band at 410 nm with experimental spectrum and the spectrum calculated from the
a shoulder at 416 nm; when that spectrum is compared toall-ferric and all-ferrous states, for half-reduction.
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Ficure 7: High-frequency RR spectra of D.d.N. cy.én the

intermediate state (excitation, 413.1 nm, 10 mW): (a) experimental

and (b) calculated.

Table 2: RR Frequencies of Cytochromgsn the 756-150 cnt?
Rangé

D.d.N D.v.H
inter inter inter inter

mode (F&)s (F€')s exp calc (Fé'), (F€'), exp calc
V15 750 749 748 751
Vs 734 732 734
Y11 713sh 715sh 713 718sh 717 720 718 717
V7 702 sh 696 699 sh
v CaS 687 685 684 684 685
v CaS 683 sh 686 684 686 670 sh 668 sh
Vag 646 651 644 651 639
Vag 638 637 638 633 635 638
V24 604 603 604
Y21 569 565 565 565 565 565 567 565
Y21 561 555 556 554 sh 559 548 552
Y12 520 517 517 519 517
V33 461 458 477 477 478
V22 438 437 437 454 448 447
0CsCLCre 415 414 413 414 420 418 420 419
0CsCS 405 402 403 402 398 398 396 398
0CsC.Cy 384 382 386 382 379 382 378 381
V50 353
Vg 347 348 348 348 349 348 351 348
V51 323

287 303 292
2 267 266 269 267 258 262 260 261
245 246 242
216 216

aCJC. is the thioether/propionate substituent carbon bound to the

pyrrole G carbon. 6CsC.Cue and 0CsC.S are thioether bending.
0CsC.Cy is propionate bendingy is the tetrapyrrole torsional mode.

Biochemistry, Vol. 35, No. 41, 19963415
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Ficure 8: Low-frequency RR spectra of D.v.H. cy @xcitation,
413.1 nm, 10 mW): (a) (M8, (b) (F€")s (c) intermediate,
calculated; and (d) intermediate, experimental.

450 55
Wavenumber, e

PRI B
250 350

Ficure 9: Low-frequency RR spectra of D.d.N. cy(@xcitation,
413.1 nm, 10 mW): (a) (M8, (b) (F&"),; (c) intermediate,
calculated; and (d) intermediate, experimental.

intensity of the GC,S bending mode, in the case of D.v.H.
cyt.G, is also worth mentioning.

Careful comparison of the experimental and calculated
spectra for the intermediate state reveals the following

differences.
For D.v.H. cyt.g, in the intermediate state (Eg(F€')

i . : 1 (Figure 8), those differences include the occurrence of a
In the low frequenc.y reg|on_(? 50 cnm™), RR spectra shoulder at 699 cri, assigned tor; the downshift of the
of both cytochromes, in the oxidized and reduced states, have:nan dSvag, 0C5C-S, 0C;CeCa, centered at 635-3), 396 (2)
J a~y C i L] L]

eentcn s 1o 3 sl o AT 78 €3} G, respecively. e later beng bosdened
9 ' 9 and the upshift of thes band, centered at 354-8) cn™.

proposed for ferrous yeast iso-1-cytochroméHu et al., ) ' ) )
1993) has been adopted; though one of the axial ligands is Thus, the major changes involve (i) the bending modes
different, it was demonstrated (Hu et al., 1993) that no Of the propionate substituend<;C.Cq, whose frequencies
vibrational mode due to these ligands is detectable. Asare spread out, and (ii) two planar vibrations of the
expected, the distinctive features of the low-frequency tetrapyrrole ring,v;, the symmetric bending (and, more
spectrum of ferrocytochrome i.e. the strong intensity of  difficult to ascertain, due to its weak intensity,s, the

the depolarizedvis mode, when Soret excited, and the asymmetric bending), ands, which is mainly the FeN
splitting of numerous vibrational modes, are no longer Stretching. The latter is slightly strengthened.

present. The vanishing of one of the components of the For D.d.N. cyt.g, in the intermediate state (Hp(Fe'),
doublets gives rise to distinctive vibrational patterns for the (Figure 9), the differences include the occurrence of two
two cytochromes, in the same oxidation state, and for the distinct shoulders at 558 and 439 thassigned to the
two oxidation states of the same cytochrome. This last point torsion modes/,; and y»,, respectively, and the downshift
is the only relevant one for our present work. Most of the maximum of thesC,S band, localized at 684 crh
noticeable is the very strong increase of the intensity of the (—2), and the upshift of thé C4C.Cy band, localized at 386
C,—S stretching mode for reduced cyf.the increase of the  cm™ (+4).
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T T T T T (Fe"), = (FE")y(Fe') = (FE")(Fe'),= (F€"),

The titration plot (Figure 10) presents a plateau, corre-
sponding to the titration of the first heme, wih,, = —130
mV, the three other hemes being reduced at a mean potential
of —320 mV, identical to that of the wild type cytochrome.

The differential absorption spectru — S, whereS,
corresponds to a reduction rati@f 25%, has been obtained
(Figure 11a). The negative band, corresponding to the
missing Fe(lll), is centered at 406.6 nm, distinctly blue-
shifted when compared to that of the wild type cytochrome.

o — ‘ . ‘ ‘ ‘ This clearly shows that the high-potential hemes are different
370 390 410 430 450 in both cases.

Wavelength (nm)

_ _ CD monitoring of the electron transfer has been under-
EIGUOTE( _I}Qi ﬁgf%f Pftflon %%GCIE OfHD-;/-g)- Cyt§-¢125'\/|, in tlhe Sorett. taken. The CD signals of the all-ferric and all-ferrous states
and {1ris- utter, >0 mil, pri 7.9), at Increasingly negative - are aimost identical to those of the wild type cytochrome

tentials fi 0V (F8), to —420 mV (Fé)),. (Inset) Titrati . . o
B%ﬁn s from (F8)s o mV (F&)s. (insey Titration On the contrary, the CD signals, observed for reduction ratios

between 25 and 50%, are different from those of the wild

Thus, the main changes involve (i) the bending modes of tyPe cytochrome (Figure 11b); they are composed of a large
the propionate substituents and (ii) two out-of-plane bending intense positive band and a narrow medium intensity negative
modes of the tetrapyrrole ring4; and y»;) and the G-S band. Moreover, they cannot be fitted by a linear combina-
stretching mode, between the carbon atom adjacent to thelion of the (Fé€'), and (Fé), signals. As a matter of fact,
pyrrole and the sulfur atom of the cysteine. These last threeth€y offer a strong resemblance to the CD signal of the half-
vibrations are related to the attachment of the cysteine residug©duced state of D.d.N. cyg.c
';?n;he tetrapyrrole ring and the resulting puckering of the DISCUSSION

In the intermediate state, both cytochromes display bending The analysis of the results of the absorption spectroelec-
frequencies of the propionate substituents that deviate fromtrochemistry experiments has shown that an intermediate is
what is expected. Other observed deviations depend on thenvolved in the electron transfer, in the case of both D.v.H.
cytochrome under consideration. In the case of the D.v.H. cyt.s and D.d.N. cyt.e¢ The presence of such an intermedi-
cyt.c;, planar vibrations of the tetrapyrrole that could reflect ate is sensitive neither to pH variations, in the-59%2 range,

a change in the coupling of the Fe(lll) hemes are modified; nor to ionic strength variations up to 0.5 M. The main
in the case of the D.d.N. cyt,cthe modified vibrations can  difference between both cytochromes is that the intermediate
be related to the heme puckering due to the attachment ofis formed after the introduction of the first electron, in the

the cysteine residue to the tetrapyrrole. case of D.v.H. cyt£ and of the second electron, in the case
of D.d.N cyt.c.

Visible Spectroelectrochemistry of theusH. cyt.¢ The occurrence of an intermediate has already been shown

Mutant H25M in the case of D.v.M. cytg£a cytochrome highly homologous

i ) o to D.v.H. cyt.g (Tabushi et al., 1983; Yagi, 1984). Our
The D.v.H. cyt.g mutant H25M, in which histidine 25, yo51ts are in good agreement with those of Yagi, who

the sixth ligand of heme lll, is replaced by a methionine, agsigned the Soret spectral abnormality, in the course of the
has already been characterized by mass spectrometry a”%nzymatic reduction of D.v.M. cytgto the formation of a

absorption spectroscopy, and its redox potentials have beer(Féu)féu intermediate. They are compatible with the
measured (Dolla et al., 1994). The absorption spectrum of pphasic kinetics observed for the reduction of D.v.H. gyt.c
the H25M mutant is almost identical to that of the wild type by sodium dithionite (Capellre-Blandin et al., 1986) and
cytochrome, except for a low-intensity band centered at 695 5gree even better with the kinetics data obtained for the
nm, characteristic of the irermethionine ligation. One of  eduction of D.g. cyt£[a cytochrome 47.4% homologous
its redox potentials is definitely higher-@0 mV) thanthe o p.v.H. cyt.¢ (Matias et al., 1993)], showing that the

three others£285,—305, and-310 mV), in agreement with  gpserved fast phase corresponds to the reduction of the
what is expected from the replacement of a histidine by a highest-potential heme (Catarino et al., 1991).

methionine (Dolla et al., 1994). We have carried out a characterization of this intermediate.
The Soret absorption monitoring of the electron transfer |ts differential absorption and CD spectra show that its
(Figure 10) reveals three distinct isosbestic points located atFe(Il) component has electronic properties different from
416 nm, up to 25% reduction, 412.2 nm for a reduction ratio those of the (P8, state; the nonexcitonic character of the
between 25 and 50%, and 411 nm for reduction ratios higher Fe(ll) component of the CD signal shows that the additional
than 50%. At variance with the properties of the wild type electron is mainly localized on a single heme, which should
cytochrome, outside the Soret band, all the isosbestic pointshe heme IV, according to Salgueiro et al. The RR data reveal
are doublets; for example, the point at 432.6 nm in the wild perturbations of low-frequency vibrations, mostly located at
type cytochrome is located at 438.1 nm for less than 25% the heme periphery.e. methine bridges and propionate and
reduction and shifts to 431.4 nm till the end of the reduction. cysteine substituents. A small strengthening of the- IRe
This suggests the following reduction scheme: bonds is also noticeable, in the case of the D.v.H. gyt.c
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R 1000 — ‘ band in the course of the electron transfer. The first one
a b corresponds to the reduction of heme lll, bearing the
I 1 | | mutation, and the second could correspond to the reduction
of heme IV (first heme reduced for the wild type cyto-
chrome), if the only effect of the mutation is to raise the
potential of heme 1ll. Interestingly, at half-reduction, this
mutant displays a CD signal much like that of half-reduced
D.d.N. cyt.g. This CD signal may then be considered as
characteristic of a state in which hemes Ill and 1V are reduced
X T W5 yr m 30 while hemes | and Il remain oxidized. This way, it gives
WA 4B A0 4T Wavelegh, support to the description of the three-dimensional structure
Wavclenglh, nm of D.d.N. cyt.¢ as composed of two two-heme-containing
FIGURE 1&5 (ag Se%rtitj n(iif;?fegii:r'n?;sgpﬂOno?gﬁt?;ﬁatésggﬁitg\llfg at domains (N-terminal domain, hemes | and II; C-terminal
ggfﬁanrtg(ljuction)pof D.v.H. c?/tchZSM: (dari line) experimental do.mam’ hemes Il ahd I\./’ both bound to the maithelix)
and (light line) calculated. (b) Soret CD spectra of D.v.H. gyt.c (Pler.r(.)t.et al., 1982; Czjzek et. al., 19_94) and stresses the
H25M: (—-+-—) (Fé)s, (light line) (Fe')s, (dark line) (F&')sFe!, specificity of the hemeheme interactions when the C-
and (- - -) (Fd"),(Fe"),. terminal domain is reduced, while the N-terminal domain
remains oxidized.

The RR monitoring of the entire electrochemical redox  The position of heme IV in the electron transfer chain is
process did not reveal any multiple splittings of the main not a determining factor for the conformational change;
high-frequency Raman bands, at variance with the resultstherefore, the function of heme IV must rely on the specificity
described for the enzymatic reduction of the highly homolo- of its structural environment. Our results show that the
gous D.v.M. cyte (Verma et al., 1988). Vibrational reduction of a heme anchored in one of the helices (heme
coupling was proposed as the origin of these splittings. I1) is not followed by a reorganization of the molecule,
Previous attempts to observe such splittinggaxo dimers whereas the reduction of a heme (heme 1V) located in a
of iron tetraphenylporphyrin (Adar & Strivastava, 1975 ; region surrounded by flexible loops triggers a conformational
Burke et al., 1978) and iron protoporphyrin IX (Hoffman & change. Indeed, in these conditions, the effect of the charge
Bocian, 1984) gave negative results; we did not observe anyvariation on the iron, during the electron transfer, could

Absorbance

splitting on D.d.N. cyt.g either, though our CD dataifle stabilize one of the available conformations of the protein
infra) are in favor of a specific excitonic coupling for the chain.
half-reduced state. At this stage, two hypotheses can be formulated.

In the case of D.d.N. cyts¢ a conformational change Reduction of heme IV, the first or second step in the

associated with the uptake of two electrons has beenintramolecular electron transfer, induces a conformational
described by UV-visible differential absorption and FTIR  change that would modify the potential of the neighboring
spectroelectrochemistry (Schlereth et al., 1993). In good hemes, initially very close, so as to control the spontaneous
agreement, our results point also to the presence of ansense of the electron transfer.
intermediate at half-reduction, for this cytochrome. OurCD  Heme IV is located in the vicinity of lysine residues that
study reveals an intense typical CD signal in the Soret region, are involved in complex formation with partner proteins, as
corresponding to a specific coupling of the hemes, at half- demonstrated by peptide mapping of the cross-linked com-
reduction. The RR data show that the propionate deforma- plex between D.d.N. cyt;cand D.d.N. ferredoxin | (Dolla
tion as well as three other vibrations, involved in the et al., 1991). The conformational change linked to its
attachment of the cysteine to the pyrrole ring, and the reduction could be a signal that modulates the interaction of
resulting ruffling of the heme are modified. cytochromecs; with these proteins.

The above-mentioned results show that, though an inter-
mediate is involved in the electron transfer for both cyto- ACKNOWLEDGMENT
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