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Abstract

Three c-type cytochromes were isolated and characterized from the sulfate reducer Desulfovibrio africanus. A basic tetraheme
cytochrome c¢; of molecular mass 16 kDa was previously described and we have extended its characterization. Two other c¢;-type
cytochromes, not previously observed, have also been characterized. These include an acidic tetraheme cytochrome c; of molecular mass
15 kDa and an octaheme dimeric cytochrome ¢, with a native size of 35 kDa. This is the first report of the presence of two distinct
tetraheme cytochromes c¢; in a Desulfovibrio species. The physico-chemical properties of the three cytochromes, including optical
properties, iron content, cysteine and histidine content, N-terminal amino sequence and redox properties, are characteristic of cytochrome
c; family. The acidic tetraheme cytochrome c; exhibited similar midpoint potential values for all four hemes (E, = —210 mV;
E,,=—240 mV; E_ ;= —260 mV; E,,= —270 mV), whereas in the basic tetraheme cytochrome c; one heme had a much more
positive potential than the others (E,,, = —90 mV; E, ,= ~260 mV; E ;= —280 mV; E_,= —290 mV). The acidic tetraheme
cytochrome ¢, exhibited unique properties including amino-acid composition and poor reactivity towards hydrogenase. However, it is
readily reduced by this enzyme in the presence of the basic cytochrome c;. The weak reactivity of the acidic tetraheme cytochrome ¢,

towards hydrogenase has been correlated with its low content of basic residues.
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1. Introduction

The sulfate-reducing bacteria are strict anaerobes that
derive energy for metabolic processes from sulfate respira-
tion. The bacteria belonging to the Desulfovibrionacea
family are characterized by the presence of a tetraheme
c-type cytochrome, termed cytochrome c,, exhibiting a
low redox potential [1]. The structure and the properties of
the cytochromes c¢; from Desulfovibrio species have been
extensively studied. This tetraheme cytochrome appears to
be located in the periplasm [2,3], and is the potential
electron donor and acceptor of the periplasmic hydroge-
nase [4-6). The four hemes, mesoporphyrins, are cova-
lently bound to the polypeptide chain through thioether
linkage provided by cysteinyl residues in either a Cys-
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(Xaa),-Cys-His- sequence or a Cys-(Xaa),-Cys-His- se-
quence. These cytochromes differ from other classes of
heme ¢ proteins by the iron coordination, which is of the
bis-histidinyl type. The four hemes generally exhibit non-
identical midpoint redox potentials within the approximate
range — 120 to —400 mV [7], very low compared with the
+290 mV for mitochondrial cytochrome ¢ [8,9]. To date,
three-dimensional structures of three tetraheme cy-
tochromes c; have been determined at a high resolution by
X-ray diffraction [10—12]. The most striking feature of the
structure of these proteins is the compact organization of
the four heme groups with a relatively high degree of
solvent exposure. Despite the small degree of sequence
identity among these cytochromes, no significant differ-
ences in the overall structure and spatial arrangement of
the four heme groups have been observed [13].

Following the discovery of cytochrome c¢; in Desul-
Sfouibrio species, various other c-type cytochromes have
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been found, indicating that the cytochrome equipment of
these microorganisms is complex. Four different c-type
cytochromes have been described in various species of
Desulfovibrio: the monoheme cytochrome ¢-553 (M,
9000), which has been proposed as the natural electron
acceptor of the formate dehydrogenase system [14], the
tetraheme cytochrome ¢; (M, 13000-15000) [15], the
octaheme cytochrome ¢, (M, 26 000-30000) comprising
two identical subunits [16—18] and a high-molecular-weight
cytochrome ¢ (M, 65000) termed Hme, containing sixteen
hemes per molecule [19]. The tetraheme cytochrome ¢, is
the only c¢-type cytochrome to have been detected in all
species of Desulfovibrio examined [1].

Recent studies showed that the redox transfer chains of
sulfate-reducing bacteria are much more complex and di-
verse than previously thought [20]. Therefore, understand-
ing of the bioenergetics of these microorganisms requires
an inventory of their electron-transfer components. Various
redox proteins have recently been characterized from the
sulfate reducer Desulfovibrio africanus, which was found
on the basis of its TRNA sequences to be significantly
different from Desulfovibrio vulgaris Hildenborough,
Desulfovibrio gigas and Desulfovibrio desulfuricans Nor-
way 4 [21]. These proteins include a rubredoxin [22], three
distinct ferredoxins [23-28], a [NiFeSe] hydrogenase [29]
and a pyruvate-ferredoxin oxidoreductase [30]. However,
the c-type cytochromes of this organism have not been
extensively characterized.

In this paper, we report, to our knowledge for the first
time, the presence of two distinct tetraheme cytochromes
¢y in a Desulfovibrio species. Desulfovibrio africanus
contains a basic tetraheme cytochrome ¢, previously de-
scribed [31} and an acidic cytochrome ¢, which exhibits
unique properties. The molecular, electrochemical and bio-
logical properties of these two cytochromes as well as
those of an octaheme cytochrome c,, also present in this
microorganism, have been thoroughly investigated.

2. Materials and methods
2.1. Organisms and culture conditions

Desulfovibrio africanus strain Benghazi (NCIB 8401)
was grown at 37°C in a basic lactate-sulfate medium [32].
Large-scale cultures were grown anaerobically in a 300 1
fermentor and the cells were harvested at the stationary
phase after 48 h growth.

2.2. Preparation of cell extracts

Freshly thawed cells of D. africanus (700 g wet weight)
previously stored at —80°C were passed once through a
French pressure cell at 100 MPa and the soluble extract
that contained the c-type cytochromes was prepared as
reported previously [30].

2.3. Purification of D. africanus c-type cytochromes

In this study, the tetraheme cytochrome ¢, previously
described [31] is referred to as basic tetraheme cytochrome
¢y and the newly discovered cytochrome ¢, is referred to
as acidic tetraheme cytochrome c,. Unless otherwise noted,
all operations were performed at 4°C and the buffers used
were at pH 7.6.

The soluble protein extract was treated with DEAE-cel-
lulose (Whatman, DE-52) equilibrated with 10 mM Tris-
HCIl (pH 7.6) by a baichwise technique as previously
described [22]. The unadsorbed protein fraction contained
the basic cytochrome c¢;, whereas the acidic proteins ad-
sorbed on DEAE-cellulose and eluted with 1 M Tris-HCI
contained ferredoxins, rubredoxin, desulfoviridin and two
acidic c-type cytochomes, namely the acidic tetraheme
cytochrome c¢; and the octaheme cytochrome ¢, as shown
below.

2.3.1. Purification of the tetraheme and octaheme acidic
cytochromes ¢;

After dialysis, the acidic proteins were loaded onto a
column of DEAE-cellulose (3.5 X 25 ¢cm) equilibrated with
20 mM Tris-HCI. The acidic cytochromes were eluted with
a discontinuous gradient (200 mM-340 mM, total volume
500 ml) of the same buffer, at about 320 mM Tris-HCI
buffer. After dialysis of the cytochrome fraction, the two
c-type cytochromes were purified on a Q-Sepharose Fast
Flow (Pharmacia) column (2.6 X 20 cm) which was eluted
with a linear NaCl gradient (50-500 mM, total volume
500 mb in 20 mM Tris-HCl. The tetraheme and the
octaheme cytochromes were eluted respectively at about
220 mM and 290 mM NaCl, respectively. The acidic
tetraheme cytochrome c¢; was then filtered through a
Sephadex G-50 column (5 ¢m X 100 c¢m) equilibrated with
10 mM Tris-HCI. Finally, the protein was further purified
by preparative HPLC using an UltroPAC TSK DEAE-5PW
column (2.15 cm X 15 c¢cm) (LKB). The tetraheme cy-
tochrome ¢, was applied to the column equilibrated with
20 mM Tris-HCI (pH 7.6) and was eluted with a linear
gradient (160—330 mM NaCl, total volume 200 mi) in the
same buffer, using a flow rate of 1.5 ml/min. The result-
ing acidic cytochrome ¢ was judged to be pure from
SDS-PAGE and exhibited a purity index (Agspeq —
Ast0rea/ A asoox) Of 2.6 [32].

The fraction containing the octaheme cytochrome ¢,
was also filtered through a Sephadex G-50 column in the
same conditions as reported above. It was then loaded onto
a column of Q-Sepharose Fast Flow (2.6 X 15 ¢m) equili-
brated with 20 mM Tris-HCI buffer and eluted with a
linear gradient (80~360 mM NaCl, total volume 220 ml) in
20 mM Tris-HCI. As a last step, the octaheme cytochrome
was purified by preparative HPLC using an UltroPac TSK
DEAE-PW5 column as indicated above. After adsorption
on the column, the cytochrome was eluted with a linear
gradient (100—-420 mM NaCl, total volume 250 m!) in 20
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mM Tris-HCI. The resulting octaheme cytochrome ¢; was
judged to be pure from SDS-PAGE and had a purity index
of 2.7.

2.3.2. Purification of the basic tetraheme cytochrome c;

After the treatment of the soluble protein extract with
DEAE-cellulose, the unadsorbed protein fraction contain-
ing the basic tetraheme cytochrome was brought to 50%
saturation with ammonium sulfate and the resulting precip-
itate was discarded. The supernatant was brought to 67%
saturation and the resulting supernatant was dialysed. It
was then loaded onto an anion-exchange column (S-Seph-
arose Fast Flow, Pharmacia) (2.6 X 20 cm) equilibrated
with 10 mM potassium phosphate buffer (pH 6.5). The
basic cytochrome ¢, was eluted with a linear gradient
(10-250 mM potassium phosphate (pH 6.5), total volume
400 mi) at about 200 mM. Finally, the cytochrome fraction
was filtered through a Sephadex G-50 column as previ-
ously described. The resulting basic cytochrome ¢, was
judged to be pure from SDS-PAGE and had a purity index
of 2.8.

2.4. Purification of D. africanus hydrogenase

The periplasmic [NiFeSe] hydrogenase of D. africanus
was used to study the biological activity of the three
cytochromes [29]. Partial purification of the hydrogenase
was performed using the cell wash fraction, which contains
mostly the periplasmic proteins including hydrogenase and
the c-type cytochromes. Freshly thawed cells of D.
africanus (240 g wet weight) previously stored at —80°C
were suspended in 200 ml of 30 mM Tris-HC1 (pH 8) —5
mM EDTA and stirred for 20 min at room temperature.
The suspension was centrifuged at 30000 X g for 30 min
and the supernatant corresponding to the wash fraction was
subsequently used. Three chromatography steps were then
carried out, including ion-exchange chromatography on
DEAE-cellulose and Q-Sepharose FF and a gel-filtration
on Ultrogel AcA 34 (Sepracor). At this stage, the hydroge-
nase fraction exhibited a specific activity of 150 units /mg
protein in the H, uptake assay and was devoid of cy-
tochrome. Before use for enzyme assays, D. africanus
hydrogenase was activated in reducing conditions as de-
scribed previously [29].

2.5. Analytical procedures and molecular mass determina-
tion

The molecular mass of the native c-type cytochromes
was determined by analytical ultracentrifugation as previ-
ously reported [30]. Analytical gel electrophoresis was
performed using the method of Davis [33], whereas
SDS /PAGE was carried out following the method of
Laemmii [34]. The molecular mass of the subunit of the
octaheme cytochrome c¢; was estimated using this latter
procedure, with the following markers: phosphorylase b

(94 kDa), bovine serum albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (30 kDa), soybean trypsin in-
hibitor (20.1 kDa) and a-lactalbumin (14.4 kDa).

The iron content of the cytochromes was estimated by
plasma emission spectroscopy using a Jobin-Yvon model
JY38 apparatus. The protein concentration of the pure
proteins was determined by quantitative amino-acid analy-
sis using a Beckman model system 6300 amino-acid ana-
lyzer. Heme was removed using the method of Ambler
[35] and cysteine was determined as S-carboxymethylcy-
steine [36]. Amino terminal sequence analyses of the S-
carboxymethylated apoproteins were performed by step-
wise Edman degradation using a gas-phase sequencer
(Models 470 A and 473 A, Applied Biosystems). In order
to elucidate the sequence of the blocked N-terminal of the
tetraheme acidic cytochrome c,, the S-carboxymethylated
protein was tentatively treated with a mixture of
methanol /HCI [37] as well as with 5-oxopropyl-peptidase
according to [38)]. Finally, the amino-acid sequence of the
N-terminal region of the protein was obtained after
cyanogen bromide cleavage of 1 mg of S-carboxymethyl-
ated apocytochrome in 70% TFA [37]. The fragments
resulting from cyanogen bromide cleavage were isolated
by reverse-phase HPLC on a C,; 10 pum Vidac column
(4.6 mm x 250 mm) with a linear gradient from 0 to 90%
of acetonitrile /TFA (0.06%) in water /TFA (0.1%). The
peptide eluted with 36-38% of acetonitrile and corre-
sponding to the N-terminal region of the tetraheme acidic
cytochrome c¢; was subjected to amino-acid sequence anal-
ysis.

2.6. Electrochemistry

Cyclic voltammetry (CV) and square-wave voltammetry
(SWV) experiments were carried out as previously re-
ported [39], using the permselective-membrane electrode
as the working electrode [40]. The scan rate was 10 mV
s~ ' (CV)or2mV s™' (SWV). Unless otherwise specified,
all potentials reported are referred to the Ag/AgCl
(saturated NaCl) reference electrode. Potentials vs. the
standard hydrogen electrode (SHE) can be obtained by
adding 210 mV. The individual oxido-reduction potentials
of the hemes in the cytochromes were determined by using
the EG& G PARC COOL M271 kinetic analysis software.
All experiments were carried out at room temperature
(about 23°C), using 0.5 M Tris-HCI buffer (pH 7.6) as
supporting electrolyte and the solutions were deoxygenated
by bubbling with high-purity nitrogen.

2.7. Enzyme assays

Reduction of cytochromes by reactivated hydrogenase
was measured spectrophotometrically at 553 nm under
hydrogen [41]. The reaction mixture contained in a cuvette
with a serum stopper (total volume 1 ml), D. africanus
hydrogenase, pure electron carrier and 50 wmol of Tris-HCl
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buffer (pH 8.5). The reaction mixture was bubbled with
purified hydrogen (Air Liquide N55) for 20 min and the
cells were incubated at 30°C. The reactions were started by
injecting the enzyme.

Hydrogen evolution activity of D. africanus hydroge-
nase from dithionite in the presence of c-type cytochromes
was measured using the manometric method [42]. The
reaction mixture contained in a Warburg vessel (total
volume 3 ml), D. africanus hydrogenase, pure electron
carrier and 450 pmol potassium phosphate buffer (pH 7).
The center well contained 0.05 ml of NaOH (10 M).The
gas phase was argon and the temperature 30°C. Reactions
were started by adding sodium dithionite (5 mg) from the
sidearm.

The sulfur reductase activity of the three cytochromes
was investigated by the manometric method under H, as
reported by Fauque et al. [43] using pure Desulfovibrio
gigas hydrogenase [44].

3. Results
3.1. Homogeneity and molecular mass

The two tetraheme cytochromes ¢, and the octaheme
cytochrome c; were judged to be pure both by polyacryl-
amide gel electrophoresis and by the presence of a single
symmetrical peak after ultracentrifugation. The molecular
masses of acidic and basic tetraheme cytochromes c,
determined by equilibrium sedimentation were estimated
to be 154+ 0.7 kDa and 16.5+ 0 5 kDa, respectively,
using a partial specific volume of 0.72 ml g~'. The
molecular mass of the native octaheme cytochrome c;
determined by analytical ultracentrifugation was estimated
to be 34.7 + 2 kDa after dialysis against 2 M NaCl /50
mM Tris-HCI buffer (pH 8.0). The high concentration of
salt was necessary for the stability of the protein during
ultracentrifugation. SDS-gel (13%) electrophoresis of octa-
heme cytochrome ¢; showed a single band of molecular
mass 20 kDa. These results indicate that this cytochrome is
composed of two identical subunits.

3.2. Spectral properties

The absorption spectra of oxidized and reduced forms
of purified acidic and basic tetraheme cytochromes and
octaheme cytochrome ¢, are similar to homologous cy-
tochromes already described [2,16.45,46]). The lack of the
695 nm absorption band for the oxidized proteins indicates
that methionine is not an iron ligand for these c-type
cytochromes. Millimolar extinction coefficients of the three
cytochromes are presented in Table 1. The values found
for the eight hemes of the dimeric molecule of the octa-
heme cytochrome ¢, are comparable to the values found
for the four hemes in the acidic and basic tetraheme
cytochromes c;.

Table |
Optical spectral data of D. africanus c-type cytochromes

Acidic tetraheme Basic tetraheme Octaheme cytochrome

cytochrome ¢; ox cytochrome ¢, ox 3 0X

Amm o e(y' 2D Aam e G'LD) Am et
280 49 100 280 39300 280 120000
410 472120 411 482500 409 1123000
532 43120 531 42900 533 101 800

acidic tetraheme
cytochrome ¢, red

basic tetraheme octaheme cytochrome
cytochrome c; red ¢y red

420 696400 420 711200 420 1539000
524 62120 524 60700 524 144 600
553 105400 553 113000 553 246000

3.3. Heme content

The absorption value of the pyridine hemochrome of
the acidic and basic cytochromes c¢; yielded respectively
3.4 and 3.6 heme ¢ groups per molecule using a coeffi-
cient of 31.18 mM ™! ecm ™! at 550 nm [47]). Moreover, the
average values of iron content determined by plasma emis-
sion spectroscopy for these two cytochromes are respec-
tively 3.8 and 4.0 iron atoms per protein molecule. These
results are indicative of the presence of four hemes per
molecule in the two D. africanus cytochrome c¢; (M,
15000) The absorption value of the cytochrome ¢, (M,
35000) yields 7.1 heme ¢ groups per molecule and the
average value of iron content is 9.2 iron atoms per protein
molecule, which results are in agreement with the presence
of eight hemes in this cytochrome.

3.4. Amino-acid composition

Table 2 gives the amino-acid composition of the three
D. africanus cytochromes. These proteins possess the re-
quired number of cysteine (eight or sixteen residues) to
bind four or eight hemes per molecule for the tetraheme
and the octaheme cytochromes c,, respectively, as well as
the required number of histidine residues, since each iron
coordination in both tetraheme and octaheme cytochromes
¢y is of the bis-histidinyl type [1]. Comparison of the
amino-acid composition of these cytochromes is consistent
with the presence of three distinct ¢-type cytochromes in
D. africanus. In particular, comparison of the amino-acid
composition of acidic and basic tetraheme cytochromes c,
reveals important differences in the numbers of lysine
residues and acidic residues (Table 2). In addition, the data
show that the acidic tetraheme cytochrome ¢, has a lower
content of serine and threonine and contains an arginine
residue that is not present in the basic cytochrome c¢5. The
most striking feature of the amino-acid composition of the
acidic tetraheme cytochrome ¢, is its low content of basic
residues. It contains only six residues of lysine + arginine
per molecule. This property distinguishes it from all the
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Table 2
Amino-acid composition of the three c-type cytochromes of D. africanus

55

Amino acids No. of amino acids in :

acidic tetraheme cytochrome c;

basic tetraheme cytochrome c;

octaheme cytochrome c; subunit

Lysine 5 15 15° 6
Histidine 10 8 8 9
Arginine 1 0 0 6
Tryptophan nd. ! n.d. 1 n.d.
Aspartic acid 15 9 8 10
Threonine 4 9 9 13
Serine 3 7 6 12
Glutamic acid 18 10 9 19
Proline 5 6 7 12
Glycine 10 7 7 8
Alanine 9 14 13 13
Cysteine 8 8 8 8
Valine 8 5 4 7
Methionine 2 3 3 1
Isoleucine 1 2 2 1
Leucine 5 4 4 7
Tyrosine 1 1 1 2
Phenylalanine 2 4 4 8
Total residues 107 112 109 136
Molecular weight 11616 12009 11790 14925
" n.d.. not determined.
* From Singleton et al. [31].
® Minimum molecular weight calculated from amino-acid composition.
tetraheme cytochromes ¢, as well as the octaheme cy- The comparison of the amino-acid compositions of
tochromes ¢, so far characterized [16,48—54]. Moreover, acidic tetraheme cytochrome ¢, and octaheme cytochrome
the amino-acid composition of the two tetraheme cy- ¢y which is a homodimer, shows that the former cy-
tochromes is in keeping with the important difference of tochrome is not the subunit of the second cytochrome.
the two protein isoelectric points. As shown in Table 2, the Indeed, the numbers of arginine, aspartic acid, threonine,
amino-acid composition of the basic cytochrome ¢, re- serine and phenylalanine residues of the acidic tetraheme
ported in this study is very close to that previously re- cytochrome ¢ are clearly different from the corresponding
ported [31]. numbers for the octaheme cytochrome c, subunit,
1 10 20 30 49
[ | [ i I

(1) D. desulfuricans (N) . . . . .. ADAPGDDYVISAPE. GMKAKPKGDKPGALQKTVP?

(2) D. desulfuricans (EAZ) . . . . .. VDAPA . DMVIKAPA.GAKVT.,........ K A P|V|A[F

(3) D. salexigens . .. ... VDAPG.DMVYLKAPA.GAKMT .. .. ..... K A P|V|D|F

(4) D. vulgaris (HY . .0 00000 APKAPADGLKME . ... ... A TKQP|VIVIF

(5) D. vulgaris (M) . ..o oo APKAPADGLKMD. ... ... K TKQPV|V|F

(6) D. gigas Lo e e e VDVPADGAKI ..FITAGGEKNL|V|IV|F

(?) D. africanus (basic ¢3) . . . . . .. .. ... VPQVPADVVIDHLSNPNAKLE.YK[V[K|F

(8) D. africanus (acidic c3) . . . . . . . ... .. THYPTDA . .. .. ... FGKLERPAAVIF

(9) D.d. Norway (8 hemes c3) . . . .. . . . .. ... ETFEIPESVTMSPKQFEGYTPKKGD|V[T|F

(18) D. africanus (8 hemes c3) SETETKAASIEAETVLQFPVSFKFNRPEGRPTALF . AEK|F

(11) hmcl (residues 1-111) . . . .. . . . KALPEGPGEKRADLIEIGAMERFGKLDLPK|VALE

508 60 70
I 1 I

COPMTKAEATY . . . ... E[CVQCHAA|ITLEADGGAYV

2) SIHIK GHH[A SM . . . . .. DICKTCHHKWDGAGATIQ

G) SIHIK GHlA AL . . . . .. DICTKCHHIKWDGKAEVK

(A) NJH[S TIHIK SV . . . ... KICGDCHHIPYNGKEDYR

(5) NJH[S THH[k AV . . . . .. KICGDCHHPVNGKENYQ

(6) NIH[S TIHIKDV . . ., ... KICBBCHH|ZPGBKQ . YA

(7)) SHIKAHHASLGTDAA . A[ICQSCHHKWDGKSEIG

() NHIDEHINEKAGIE .SICNACHH|VPYV

(9) NHIASHMDI . . . ... AlICQQCHHTVPDTYTIE

€105 [H|y D u

CIORHD QHITTAVTGMGKDCAACHKSKDGKMSLK

Fig. 1. Alignment of the N-terminal amino-acid sequences of tetraheme cytochrome c; from D. desulfuricans Norway [53] and El Agheila Z [48),D.
salexigens [49), D. vulgaris Hildenborough [50] and Miyazaki [52], D. gigas [51]. D. africanus (basic and acidic cytochromes c;), octaheme cytochrome
¢y from D. desulfuricans Norway [54] and D. africanus and the first domain of cytochrome Hmc from D. vulgaris Hildenborough [19]. Residues
common to all proteins, heme attachment sites and histidine-containing regions are enclosed in boxes.
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The minimal molecular weights calculated from the
amino-acid compositions were 14072, 14465 and 17381
for the acidic and the basic tetraheme cytochromes ¢, and
the octaheme cytochrome ¢, subunit, respectively, includ-
ing four heme groups per molecule or subunit. These
values are in good agreement with the values obtained by
analytical ultracentrifugation, taking into account that the
octaheme cytochrome ¢, contains two identical subunits
per molecule.

3.5. N-terminal sequences

The amino-acid sequences of the N-terminals of the
basic tetraheme cytochrome ¢, and octaheme cytochrome
¢, were determined up to 55 and 45 residues, respectively
(Fig. 1). Acidic tetraheme cytochrome c; exhibits a blocked
N-terminal extremity which could not be unblocked by
treatments with methanol /HCI [37] and 35-oxopropyl-
peptidase [38]. The sequence of the N-terminal region of
the acidic tetraheme cytochrome ¢; was finally determined
after cyanogen bromide cleavage of the apoprotein and
purification of a peptide which is homologous to the
N-terminal part of the other tetraheme cytochromes. The
40 first residues of this peptide were identified and com-
pared with the N-terminal sequences of the two other
cytochromes of D. africanus as well as with the homolo-
gous cytochromes of the other Desulfovibrio species (Fig.
1). The sequences of the c-type cytochromes of D.
africanus can be aligned on the invariant sequences found
in the N-terminal extremity of all homologous cy-
tochromes from Desulfovibrio species, including the se-
quence V-F and the histidine cluster -H-X-X-H- involved
in iron coordination. In addition, both tetraheme cy-
tochromes ¢, for which longer parts of their amino-acid
sequences were determined exhibited the consensus heme
I binding sequence -C-X-X-C-H-H-. The missing se-
quence at the N-terminal of the acidic tetraheme cy-
tochrome c¢; is expected to be approximately 10-15
residues long, from comparison with the known sequences
of homologous cytochromes of five different Desulfovib-
rio species (Fig. 1). The data indicate that the octaheme
cytochrome ¢;, which has an N-terminal sequence of 41
residues preceding the histidine cluster, has the longest
N-terminal extremity. It is also to be noted that among the
amino-terminal sequences of the homologous ¢, cy-
tochromes from Desulfovibrio species reported in Fig. 1,
the acidic tetraheme cytochrome ¢, from D. africanus
shows the highest degree of homology with the first
domain of Hmc from D. vulgaris Hildenborough.

3.6. Electrochemical properties of the three D. africanus
c-type cytochromes

As with other ¢, cytochromes [55], cyclic voltammetry
shows that the three D. africanus cytochromes c¢, are
quasi-reversible electrochemical systems, and so the elec-

trode surface does not need to be promoted for electron-
transfer.

3.6.1. Study of basic tetraheme cytochrome c; at the PME
Typical cyclic and square-wave voltammograms, ob-
tained at the PME for the 255 uM basic cytochrome ¢,
solution trapped between the permselective membrane and
the pyrolytic graphite surface are shown in Fig. 2A and
2B. respectively. Two steps of oxidation or reduction are
observed. The symmetrical shape of the peaks and the
peak separation AE, (=E,, —E,)=6mV and AE,
(=E,,— E,,) =13 mV agree respectively with a diffu-
sionless, thin-layer voltammetry process and a quasi-re-
versible electrode reaction [56]. The means of anodic
(E,, = —0502, E = —0300) and cathodic (E,, =
—0.508, E,,= —0313) CV peak potentials (Fig. 2A)
and SWV peak potentials (E,, = —0.505, E,, = —0.300
V) Fig. 2B) yield common values of —510 + 10 mV and
—300 + 10 mV for both step potentials. The same values
were obtained for a more diluted (67 uM) basic cy-
tochrome ¢, solution. We can observe that the first step
value —510 mV (i.e., —300 mV vs. SHE) is rather close
to the value (—276 mV) obtained by Singleton et al. [31]
from electrochemical titration with sodium dithionite.
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Fig. 2. Cyclic (A) and square-wave (B) voltammograms of 255 uM basic
D. africanus tetraheme cytochrome c;. For SWV, the points are experi-

mental data and the curve is calculated using the potential values given in
Table 3.



L. Pieulle et al. / Biochimica et Biophysica Acta 1273 (1996) 51-61 57

3.6.2. Study of acidic tetraheme cytochrome c; at the PME

Cyclic voltammetry (CV) and square-wave voltammetry
(SWV) curves, at the PME, for the 71 uM cytochrome are
given in Fig. 3A and 3B, respectively. In contrast to basic
cytochrome c;, only one oxido-reduction step is observed.
The mean of anodic (E,, = —467 mV) and cathodic (E,,
= —500 mV) CV peak potentials (Fig. 3A) and SWV
peak potential (E, = —472 mV) (Fig. 3B) yield a common
value of —480 + 10 mV for the step potential that actually
corresponds to oxido-reduction of four hemes that have
close potential values.

3.6.3. Study of octaheme cytochrome c; at the PME
Cyclic voltammetry and square-wave voltammetry
curves, at the PME, for 30 uM cytochrome are given in
Fig. 4A and Fig. 4B, respectively. In this case the presence
of a shoulder, more evident in the SWV curve, suggests
more marked differences between oxido-reduction poten-
tials than in acidic cytochrome c,. The mean of anodic
(E,, = —526 mV) and cathodic (E,, = —535 mV) CV
peak potentials (Fig. 4A) and SWV peak potential (Ep =
—528 mV) (Fig. 4B) yield a common value of —530 £ 10
mV for the main step potential. The individual oxido-re-
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Fig. 3. Cyclic (A) and square-wave (B) voltammograms of 71 uM acidic
D. africanus tetraheme cytochrome ¢, . For SWV, the points are experi-
mental data and the curve is calculated using the potential values given in
Table 3.
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Fig. 4. Cyclic (A) and square-wave (B) voltammograms of 30 uM D.
africanus octaheme cytochrome c; . For SWV, the points are experimen-
tal data and the curve is calculated using the potential values given in
Table 3.

duction potentials of the three cytochromes, deduced from
the simulation of the experimental SWV curves (Fig. 2B,
Fig. 3B and Fig. 4B) are collated in Table 3.

3.7. Biological activity of the three D. africanus c-type
cytochromes

3.7.1. Reactivity with hydrogenase

The reduction of D. africanus c-type cytochromes and
H, evolution from reduced cytochromes were measured in
the presence of activated [NiFeSe] hydrogenase from the
same microorganism (see Materials and Methods). The

Table 3

Oxidoreduction potentials of the three c-type cytochromes of D. africanus
Acidic tetraheme Basic tetraheme Octaheme

cytochrome c; cytochrome c¢; cytochrome c¢;

—-210 -90 —-220

—240 —260 —280

—260 —280 -310

—270 —290 -350

Potentials (mV) are referred to SHE. These values are deduced from the
simulation of experimental SWV curves (Figs. 2B, 3B and 4B).
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Table 4

Reduction of D. africanus cytochromes from hydrogen and hydrogen evolution from reduced cytochromes catalyzed by hydrogenase

Electron carrier added Amount of carrier ( uM)

Hydrogenase activity

(A) (8) (A)rate of carrier reduction (B)rate of H, evolution
(units /mg) (units /mg)
None - 0 - 0.01
Basic tetraheme cytochrome c; 5 7 13.25 0.58
Acidic tetraheme cytochrome ¢, 5 6 0.21 0.057
Octaheme cytochrome ¢; 5 2 8.36 1.96
Basic tetraheme cytochrome ¢, 3 -~
+ 11.4 -
Acidic tetraheme cytochrome ¢, 5 -~

The reduction of D. africanus under H, (A) and H, evolution activity from reduced cytochromes (B) were measured as reported in Materials and
Methods. (A) The reaction mixture contained: D. africanus hydrogenase, 0.105 ug, 2.1 ug and 0.052 pg protein, with the basic tetraheme cytochrome ¢+
, acidic tetraheme cytochrome ¢, and octaheme cytochrome c; , respectively; pure cytochromes, as indicated in the table. (B) The reaction mixture
contained: D. africanus hydrogenase, 0.125 mg, 2.5 mg and 0.05 mg protein, with the basic tetraheme cytochrome c;, acidic tetraheme cytochrome ¢, and
octaheme cytochrome c, , respectively; pure cytochromes, as indicated in the table. The control without cytochrome contained 2.5 mg of hydrogenase.

three cytochromes from D. africanus were fully reduced
by hydrogenase under hydrogen, resulting in the appear-
ance of the a peak of the reduced cytochrome at 553 nm
(Table 4). A 1 min lag was observed only with acidic
tetraheme cytochrome c;, whose reduction required a high
concentration of hydrogenase. The maximum velocities
obtained in these experiments were 13.25, 0.21 and 8.36
pmol H, consumed per min per mg protein with basic
tetraheme cytochrome c; acidic tetraheme cytochrome ¢,
and octaheme cytochrome c,, respectively (Table 4A).
These rates of D. africanus c-type cytochrome reduction
were 9-, 571- and 14.3-fold less than the rate of methyl
viologen reduction, respectively. Hydrogen evolution ac-
tivity from reduced cytochromes was significantly lower
than H, uptake activity in the presence of the same
electron carriers, especially for the basic tetraheme cy-
tochrome ¢, (Table 4B). Comparison of the reactivity of
the three cytochromes with hydrogenase in both activities
clearly showed that the tetraheme acidic cytochrome c;
exhibited weak coupling activity with hydrogenase as com-
pared to the two other c¢-type cytochromes. The effective-
ness of basic tetraheme cytochrome ¢, and octaheme
cytochrome c¢5 in the electron transfer with hydrogenase
was 63- and 40-fold higher in the reduction of cy-
tochromes from hydrogen and 10- and 34-fold higher in
H, evolution activity as compared to that of acidic tetra-

Table 5
Sulfur reductase activity of the D. africanus cytochromes ¢
nmol of Specific Hydrogen  Sulfide
cytochromes  activity ® consumed  formed
in the assay ( wmol) ( wmol)
Basic tetraheme 20 238 10.2 114
cytochrome ¢; 17 3 12.4 15
Octaheme 12 4 12.2 18
cytochrome ¢; 10 4 10 10

* One unit of sulfur reductase activity catalyzes the consumption of 1
wpmol of hydrogen used for sulfur reduction in the assay conditions.

heme cytochrome ¢, in the same reactions, respectively
(Table 4). However, it is to be noted that the rate of acidic
tetraheme cytochrome c, reduction under hydrogen was
greatly increased in the presence of basic tetraheme cy-
tochrome c; (Table 4A). The data show that the two
cytochromes are fully reduced in about 5 min. The kinetics
of reduction of both cytochromes is linear in the assay
conditions and their rate of reduction (11.4 units /mg) was
close to that of the reduction of the basic cytochrome c;
alone (13.25 units /mg) (Table 4A). This result indicated
that the basic tetraheme cytochrome ¢, is an efficient
intermediary electron carrier between hydrogenase and the
acidic tetraheme cytochrome c;.

The apparent K, values of D. africanus hydrogenase
for basic tetraheme cytochrome ¢, and octaheme cy-
tochrome ¢, calculated from double-reciprocal plots have
been found to be 1 and 0.4 uM at pH 7, respectively, as
measured in the electron-carrier-dependent H, evolution
activity. These values are in agreement with those obtained
for the homologous cytochromes from D. gigas [5]. The
K., for D. africanus acidic tetraheme cytochrome c¢; in
the same reaction was not determined because large
amounts of hydrogenase were required for its estimation.

3.7.2. Reduction of colloidal sulfur by D. africanus c-type
cytochromes

The sulfur reductase activity of D. africanus cy-
tochromes was determined using the manometric method
under an H, atmosphere with pure [NiFe] hydrogenase
from D. gigas [43]. In these conditions, the acidic tetra-
heme cytochrome c,;, which was not reduced by this
enzyme in contrast to the two other cytochromes, exhibited
no activity. The results reported in Table 5 indicate that the
basic tetraheme cytochrome c; and the octaheme cy-
tochrome ¢, readily reduced colloidal sulfur, although
their activities are lower than those obtained with various
homologous cytochromes ¢, [43]. The amounts of hydro-
gen consumed and those of sulfide produced during the
reaction appeared to be stoichiometric.
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4. Discussion

We have isolated and characterized three different c-
type cytochromes from the sulfate reducer Desulfovibrio
africanus. One of these was previously reported by Single-
ton et al. [31] and we have extended its characterization.
We have confirmed that this cytochrome of molecular
mass 16 kDa that exhibits basic properties is a tetraheme
cytochrome c¢;. In addition, an acidic tetraheme cy-
tochrome ¢, of molecular mass 15 kDa and an octaheme
cytochrome c; which were not observed in previous work,
were described. The physico-chemical properties of the
two cytochromes of molecular mass 15-16 kDa, including
optical properties, iron content, cysteine and histidine con-
tents, N-terminal amino-acid sequence and redox proper-
ties are characteristic of the tetraheme cytochrome c,
family. The third c-type cytochrome, which belongs to the
octaheme cytochrome c; family, has a molecular mass of
35 kDa and comprises two identical subunits. The mono-
heme cytochrome c¢-553 and Hmc have not been detected
in the soluble extract of D. africanus.

This is, to our knowledge, the first report of the pres-
ence of two distinct tetraheme cytochromes c¢; in a Desul-
Sfouibrio species. These two cytochromes c; differ in their
isoelectric points, redox potentials, amino-acid composi-
tions and N-terminal amino sequences. From the shape of
SWYV curve (only one reduction peak, Fig. 3B) and from
the redox potential values (Table 3), it was found that the
acidic tetraheme cytochrome c; redox midpoint potential
values are close to each other, ranging from —210 mV to
—270 mV. In contrast, the basic cytochrome ¢, exhibits
two well-separated reduction peaks with the lowest redox
potential value of —290 mV and the highest value of —90
mV. This latter value (—90 mV) is the highest value so far
reported for the midpoint redox potential of a heme group
of tetraheme cytochrome c; [55]. The differences observed
in the redox properties of the two tetraheme cytochromes
¢, from D. africanus could be related to differences in
their heme environments and notably to the degree of
solvent exposure of the heme groups [57,58]. Octaheme
cytochrome ¢, shows redox properties which are interme-
diate between those of the two tetraheme cytochromes
with one SWV reduction peak exhibiting a slight shoulder.

The acidic tetraheme cytochrome ¢, from D. africanus
exhibits unique properties including its blocked N-terminus,
its low content of basic residues correlating with its acidic
properties and its poor reactivity towards hydrogenase as
compared to the other tetraheme cytochromes c,
[1,4,41,48-53). The physiological relevance of the tetra-
heme cytochrome c; in Desulfovibrio metabolism is not
definitely established. Although it can be considered as the
natural electron carrier of the periplasmic hydrogenase on
the basis of its localization in the same compartment [2,3],
its high affinity for hydrogenase [5.6] and the high
second-order rate constant of electron transfer between
hydrogenase and tetraheme cytochrome c; [6,59], the octa-

heme cytochrome c, exhibits similar properties [5,60]. The
effectiveness of acidic tetraheme cytochrome c; in the
electron transfer with D. africanus hydrogenase under H,
is 63- and 40-fold lower as compared to the basic cy-
tochrome c¢; and the octaheme cytochrome c,, respec-
tively. This indicates that the biological activity of the
basic cytochrome c; is similar to that of the homologous
cytochromes ¢y [1]. In contrast, the weak reactivity of the
acidic tetraheme cytochrome ¢, towards hydrogenase sug-
gests that this protein is not involved as electron carrier of
hydrogenase.

The low reactivity of acidic cytochrome c¢; towards
hydrogenase could be related to a possible steric hindrance
by its blocked N-terminus at the edge of the interacting
heme. However, this hypothesis is not in agreement with
the reactivity of this protein with other redox partners.
Indeed, the acidic tetraheme cytochrome c¢, was readily
reduced by hydrogenase in the presence of the basic
cytochrome c,. This indicates that efficient electron trans-
fer occurs between the two tetraheme cytochromes. In
addition, although it is unlikely that the c-type cy-
tochromes can be involved as the natural electron accep-
tor(s) of D. africanus pyruvate:oxidoreductase, as these
proteins are not located in the same cellular compartments,
their reactivity with this enzyme shows significant differ-
ences [30]. The electron transfer rate between
pyruvate:oxidoreductase and the acidic cytochrome ¢, was
found to be 7-fold and 1.6-fold higher than that obtained
with the basic cytochrome c; [30] and the octaheme cy-
tochrome ¢, {data not shown), respectively.

It follows from various studies of the interaction be-
tween tetraheme cytochromes ¢, and acidic redox proteins
as ferredoxin, flavodoxin or rubredoxin used as model
systems [61-63], that several lysine residues particularly
well conserved among the various cytochrome c; amino-
acid sequences are involved in complex formations be-
tween the two partners [61]. In addition, the c;-type cy-
tochromes exhibit an asymmetrical distribution of charges
producing a dipole moment that could serve for protein
recognition [61]. The same type of electrostatic interaction
probably occurs between typical tetraheme cytochrome c;,
including the basic cytochrome ¢, from D. africanus with
(NiFe) and (NiFeSe) hydrogenases. Furthermore, recent
data of the three-dimensional structure of the (NiFe) hy-
drogenase of D. gigas indicate that several acidic residues
surrounding the partially exposed His ligand of the distal
[4Fe-4S] cluster could be involved in the interaction pro-
cess with the redox partners [64]. This strongly suggests
that the recognition process and the formation of a com-
plex between hydrogenase and the tetraheme cytochrome
¢, prior to the electron transfer, involves specific electro-
static interactions between the two redox partners in which
the excess of positive charges located at the surface of the
electron carrier plays a crucial role. In contrast to the basic
cytochrome c¢; and the other homologous cytochromes, the
acidic cytochrome ¢, from D. africanus exhibits a signifi-
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cant lack of positively charged residues (lysine + arginine)
and a large excess of acidic residues (Table 2). Thus, the
unique charged residue composition of this protein could
explain its poor reactivity with hydrogenase. The complete
amino-acid sequence and the determination of the 3-D
structure of the protein will be needed to confirm this
hypothesis.

The physiological role of this cytochrome is unknown,
whereas basic tetraheme cytochrome appears to function as
an electron acceptor from hydrogenase. The acidic tetra-
heme cytochrome ¢, could be involved as an electron
storage protein through intermolecular electron exchange
with the basic cytochrome c¢,. Alternatively, it could serve
as intermediate electron carrier between the basic cy-
tochrome c; and the membrane-bound electron transfer
chain coupled with the cytoplasmic reduction of sulfate.
Further studies will be needed to establish which of these
hypotheses is correct.
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