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Summary

Sulfate-reducing bacteria contain a variety of muilti-
heme c-type cytochromes. The cytochrome of highest
molecular weight (Hmc) contains 16 heme groups and
is part of a transmembrane complex involved in the
sulfate respiration pathway. We present the 2.42 A
resolution crystal structure of the Desulfovibrio vul-
garis Hildenborough cytochrome Hmc and a structural
model of the complex with its physiological electron
transfer partner, cytochrome c;, obtained by NMR re-
strained soft-docking calculations. The Hmc is com-
posed of three domains, which exist independently in
different sulfate-reducing species, namely cytochrome
c3, cytochrome c;, and Hcc. The complex involves the
last heme at the C-terminal region of the V-shaped
Hmc and heme 4 of cytochrome c;, and represents an
example for specific cytochrome-cytochrome inter-
action.

Introduction

Sulfate-reducing bacteria are present day representa-
tives of bacteria catalyzing a very ancient process, the
biological reduction of sulfur compounds in anaerobic
environments, which has been reported to occur as far
back as 3.5 Gyrs [1]. Molecular hydrogen plays a central
role in the metabolic activity of many sulfate-reducing
Desulfovibrio species. A peculiar class of molecules, the
low-redox potential multi-heme cytochromes c, has an
important function in hydrogen metabolism. The best
characterized of these cytochromes is the tetra-heme
cytochrome c; (Mr 13,000) [2] (further on referred to as
cytochrome c;), which can be considered as the struc-
tural basic unit of the cytochrome c;-type superfamily
members [3], namely the cytochrome c; fold. The estab-
lishment of the first complete genome of the sulfate-
reducing bacteria Desulfovibrio vulgaris Hildenbour-
ough (DvH; www.tigr.org) revealed that there are four
cs-type cytochromes and several other multi-heme cyto-
chromes. One may suppose that the presence of this
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large number of multi-heme cytochromes in these bac-
teria is a direct consequence of their adaptability to
environmental changes, so that each cytochrome would
be involved in a metabolic pathway under particular
conditions.

Another multi-heme c-type cytochrome, called Hmc,
has been well characterized in DvH [4-6]. Hmc is a peri-
plasmic high-molecular weight cytochrome that con-
tains 16 heme groups in a single polypeptide chain.
Biochemical studies have established that 15 of the
hemes are low spin, while the sixteenth is high spin [5,
6]. Although Hmc has been described as being com-
posed of several c;-like domains [7], experimental evi-
dence clearly shows that it did not play the same role
as cytochromes c;, since Hmc is reduced by periplasmic
hydrogenases in a very inefficient way. However, the
addition of cytochrome c; greatly activates its reduction
by hydrogenases. Cytochrome c; could thus act as an
electron shuttle between hydrogenases and Hmc [8, 9].

The gene encoding Hmc is the first gene of an operon
that encodes a transmembrane redox complex (the Hmc
complex) composed of six proteins [10]. This complex
has been shown to link the periplasmic hydrogen oxida-
tion to the cytoplasmic sulfate reduction pathway [11].
The periplasmic location of Hmc has long been debated,
since it has also been isolated in nonnegligible amounts
from membrane fractions. Interfacial studies on Hmc
with lipid monolayers, however, have demonstrated that
it is capable of strong interactions with membranes, but
not of integrating in them [12]. It is now well established
that it is a periplasmic cytochrome, capable of inter-
acting with membrane-bound electron transfer partners
[13]. Thus, its physiological role can be considered as an
electron transfer gate between the periplasmic-soluble
cytochromes and the membrane-bound electron trans-
fer complex. It remains unclear why this cytochrome
contains 16 hemes to fulfill its role.

Despite well-known biophysical properties, no struc-
tural information is available on this 16-heme-containing
cytochrome. We report here the first crystal structure
of the Hmc from DvH, revealing its modular organization
in three domains. Subsequently, the combination of
NMR titration using ®N-labeled cytochrome c; with a
docking calculation was performed in order to determine
the interacting site of Hmc with the soluble cytochrome
cs, one of its physiological partners.

Results and Discussion

Overall Structural Description

Fully oxidized Hmc crystallized in the space group P6,.
The crystal structure was determined using a combina-
tion of molecular replacement and multiwavelength
anomalous dispersion (MAD) at the Fe absorption edge.
One molecule occupies the asymmetric unit. Electron
density is observed for residues 10-512 and the 16 heme
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Table 1. Summary of Crystallographic Statistics

Data sets Native
Wavelength (A) 0.93

High resolution (A) 2.42
Completeness (%) 99.4 (99.2)2
Redundancy 7.6 (7.5)
/(1) 6.5 (1.5)
Rgym® 0.061 (0.331)
Phasing statistics

Dispersive/anomalous difference (%) —/3.6

Figure of merit (overall)
Refinement statistics

0.739 (0.788)°

Reryst (%)? 20.3
eree (o/o)e 27.8
Rms deviation bond lengths (/:\) 0.039
Rms deviation bond angles 3.37°

e A2

1.73891 1.74135

2.50 2.60

96.8 (84.0) 98.7 (92.0)
5.0 (3.2) 5.2 (3.6)

9.4 (2.0) 9.3 (2.1)
0.059 (0.366) 0.056 (0.319)
9.4/8.8 11.5/6.3

2Numbers in parentheses indicate values for the highest resolution bin.

PRym = X[li — <I>)/Z[<I>], where i is the ith measurement and <I> is the weighted mean of I.
°Figure of merit value in parentheses is calculated after density modification with DM.

Rayst = 2lIFonsl — IFoacl /2 Foss

°Ri. is the same as R, for 5% of the data omitted from refinement totaling 1281 reflections.

groups. All residues in the model are positioned in well-
defined density, except residues 470-476, a small sur-
face loop, which is partially disordered, and the side
chains of Q144 and R512, which have been truncated to
alanines. The current model, refined at 2.42 A resolution,
has an R factor of 20.3% and an R, of 27.8%, and
good geometry (Table 1).

The overall structure of Hmc may be described as
being composed of three domains (Figure 1). The 16
hemes are numbered according to the sequential ap-
pearance of the covalent cysteine linkages from heme
601-616. The N-terminal domain I, including residues
K10-P112 and hemes 601-603, is highly homologous to
the three-heme-containing cytochrome c; from Desul-
furomonas acetoxidans [14], with a root-mean-square
deviation (rmsd) of 2.13 A for 65 out of 68 C, atoms. The
second domain, domain Il, from G122-A223, covalently
linking hemes 604-607, highly resembles the cyto-
chromes ¢, (rmsd of 2.65 A for 88 out of 110 C, positions),
while the C-terminal domain lll, from R236-R512, has
the same spatial arrangement as the nona-heme cyto-
chrome Hcc (rmsd of 1.01 A for 229 out of 290 C, atoms),
the structure of which has recently been determined
[15]. This third Hcc-like domain, as previously described
[15-17], is furthermore constituted of two subdomains,
both having the typical cytochrome c; fold, and an inser-
tion linking an isolated heme group, heme 611 in Hmc.

The modular organization of Hmc reveals that this
redox protein most probably was derived by the acquisi-
tion of several multi-heme cytochromes. Another exam-
ple that may be cited, where domain acquisition has led
to a modular organization, is hydrogenases, which have
acquired a ferredoxin-like domain [18]. The modular or-
ganization is detectable at the level of primary sequence,
as has been proposed earlier by Pollock et al. [7]. The
overall description based on the sequence, that the Hmc
was composed of one c¢;,- and three c;-like domains
and one isolated heme group, was good, however the
positioning of the isolated heme, which is heme 611 (or
heme 11), was wrong. As a consequence, the positioning
of the high-spin heme was also erroneous. This has

already been corrected by the sequence comparison
with the nine-heme-containing Hcc [16]. Matias et al.
[16] proposed that the high-spin heme was heme 15
(heme 615 for Hmc numbering) rather than heme 12,
based on their sequence alignment. Our structure deter-
mination definitely shows that this assumption was cor-
rect, the third domain being highly homologous to Hcc,
heme 611 is the isolated heme, and heme 615 is the
high-spin heme.

Interestingly, the overall arrangement of the three do-
mains gives the Hmc a V-shaped form with no intramo-
lecular contacts between the c;-like N-terminal domain
and the Hcc-like C-terminal domain. Therefore, a heme
chain running from the N-terminal to the C-terminal can
be defined (Figure 2). At each end of the V-shaped cyto-
chrome, a heme corresponding to a heme 4 of the cyto-
chrome c; fold (hemes 603 and 616) is exposed to the
molecular surface. The orientation and arrangement of
the hemes within each domain of the Hmc cytochrome
are very similar to those characteristic of all multi-heme
cytochromes with the cytochrome c; fold [19]: hemes 1
and 4 are approximately parallel, both almost perpendic-
ular to hemes 2 and 3, which are again mutually perpen-
dicular. The global heme arrangement throughout the
Hmc polypeptide chain, the inter-heme Fe-Fe distances,
as well as the correspondence of the heme groups to
those of the cytochrome c; fold are schematized in Fig-
ure 2. The heme edge-to-edge distances of neighboring
heme groups in the c,;-type heme arrangement are rather
short, ranging from 3.5 A (between hemes 601 and 607)
and 7.4 A (between hemes 614 and 616) in Hmc. The
edge-to-edge distance barrier for efficient electron
transfer between redox centers in proteins has been
established by Page and coworkers to be about 14 A
[20]. The histidine plane angles and the surface accessi-
bility of the different heme groups are given in Table 2.
As a consequence of being at domain interfaces, the
surface exposure of hemes 601, 604, and 608 in Hmc
are substantially diminished. Interestingly, the surface
exposure of heme 607 (corresponding to a heme 4 of
the cytochrome c; fold) at the interface of the cs-like
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Figure 1. The Crystal Structure of the Hmc Cytochrome
(A) Ribbon representation of the Hmc structure. All heme groups are in red, while the three modules are color coded in blue (c;-like domain),
green (c;-like domain), and purple (Hcc-like domain).
(B) Eye-walled stereo Ca trace of the Hmc structure. Every twentieth residue is numbered, as well as all the heme groups. Figures 1, 4, and
7 were produced with Molscript [43] and Raster3D [44].
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Figure 2. Schematic Description of the Heme
Packing Arrangement in Cytochrome Hmc

The inter-heme Fe-Fe distances (in black) be-
tween the hemes, sequentially numbered
from 601 to 616, are given for distances closer
than 18 A. The colored numbers indicate the
correspondence of the heme groups of the
different domains (c;-like domain in red; c;-
like domain in yellow; N-terminal subdomain
of the Hcc-like domain in dark blue; C-ter-
minal subdomain of the Hcc-like domain in
blue) to the four-heme cluster typically ob-
served in the cytochrome c; fold.
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Table 2. His-Plane Angles and Solvent-Accessible Surface of the Heme Groups of Hmc Compared to c¢; from D. acetoxidans, c; from

DvH, and Hcc from D. desulfuricans ATCC27774

His-plane Surface Heme in His-plane Surface
Heme in Hmc angle (°)? exposure (AP cytochrome angle (°)? exposure (AP
601 26.8 74 1inc, 67.8 172
602 12.9 131 2inc; 26.5 197
603 91.9 109 3inc, 92.9 237
604 29.2 30 1inc; 0.5 146
605 79.9 181 2inc; 64.2 185
606 18.7 106 3inc; 8.7 183
607 91.5 138 4inc; 7.5 138
608 38.4 74 1in Hce 30.4 174
609 34.1 145 2 in Hee 38.4 235
610 18.4 79 3 in Hee 27.7 52
611 27.3 55 4 in Hee 9.6 21
612 23.4 103 5in Hee 26.5 130
613 91.3 84 6 in Hce 29.9 119
614 1.1 210 7 in Hee 2.2 204
615 - 164 8 in Hee 27.4 117
616 191 106 9 in Hee 42.8 95

2Angle between the planes of the two histidines, and the fifth and sixth ligands of each heme iron atom.
®The solvent-accessible surface was calculated with TURBO [41] using an H,O probe radius of 1.6 A

and the Hcc-like domains, has not changed. Another
remarkable observation is that the heme exposure to
the solvent for all hemes of the c;-like domain is lower
than that observed in the soluble cytochrome c;, while
the other heme groups have comparable surface expo-
sures as the equivalent heme groups in the isolated
cytochromes c; and Hcc.

The particular heme packing arrangement of this cyto-
chrome together with its V-shaped form are a new argu-
ment in favor of the hypothesis of Barker and Ferguson
[21], who proposed that covalent attachment of heme
groups in c-type cytochromes might serve, besides the
economy of minimizing the amino acid residue to heme
ratio, to position hemes within a protein. Here, it clearly
serves to enable a unique and very dense packing ar-
rangement (the heme to amino acid ratio is 1:32 for Hmc)
of 16 hemes within one polypeptide chain, a packing
that most probably could not be established by other
means. In this type of multi-heme cytochrome the hemes
may be considered as analogous to conventional protein
structural elements [21], holding the ensemble tightly
together, and conferring thermal stability to the overall
protein fold [22].

Some particular features are worth mentioning: the
N-terminal domain, like cytochrome c; from Desulforo-
monas acetoxidans, lacks heme 2 of the four-heme clus-
ter, typical for the cytochrome c; fold; as mentioned
before [16], one isolated heme group (heme 611) sepa-
rates two tetra-heme arrangements within the C-ter-
minal nine-heme-containing domain. Another peculiarity
of this latter domain is the presence of the high-spin
heme (heme 615; Figure 3A), where the iron atom has
only five ligands. This is a unique feature of cytochrome
Hmc within the multi-heme cytochrome family of Desul-
fovibrio species. However, penta-coordinated high-spin
hemes have been observed in other c-type multi-heme
cytochromes, such as cytochrome css, [23] and hydrox-
ylamine oxidoreductase [24], where the high-spin heme
is supposed to be involved in catalytic reactions, giving
a bifunctional role to these cytochromes: at the same

time enzymes and electron carriers. As in the mentioned
examples, the unligated face of the heme group is pro-
tected against solvent by stacking interactions with hy-
drophobic residues; in the case of Hmc, Phe416, Pro417,
and lle421. No water molecule takes the place of the
axial ligand in this structure. Due to the presence of this
high-spin heme in Hmc, detected by EPR measurements
[5], enzymatic activities have been explored [6] but no
physiological function for these potential enzymatic activi-
ties of Hmc has been elucidated to date. All other heme
groups of Hmc display the typical bishistidinyl coordina-
tion, in part responsible for the low redox potentials of
cytochromes c; ranging from —100 mV to —400 mV.

Despite the high homology of the different domains
to the cytochrome c; fold and the perfectly superposable
heme clustering in groups of three or four (with one
exception: heme 611), the polypeptide chain also dis-
plays several important differences and insertions with
respect to the classical c; fold. Two of these insertions,
a loop insertion in the c;-like domain Il from V153 to
W163 and the connection between the two subdomains
of the Hce-like domain lll, including residues V352-1.395
(see also Figure 3B), come to lie close to the apex of
the “V.” These two loops contain several hydrophobic
and aromatic residues, rather unusually exposed to the
surface of the molecule, which therefore seem to form
an ideal hydrophobic patch for the interaction with mem-
brane-bound electron transfer partners.

Interdomain Interactions within Hmc
and Crystal Packing
The modular arrangement of the Hmc cytochrome has
the advantage of offering a structural basis to analyze
cytochrome-cytochrome interacting surfaces, which
have so far been accessible only in crystal packing con-
tacts. Remarkably, both domain interfaces within Hmc
have counterparts in crystal contacts of cytochromes c;
and involve different structural features and heme groups.
The interdomain contact between domains | and Il
involves heme 601 and heme 607, respectively (Figure
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4A). Therefore, the interface brings heme 1 of the cyto-
chrome c;-like domain | close to the equivalent of heme
4 of domain Il. A similar heme 1-heme 4 interaction
has been observed in the crystal packing contacts of
cytochrome c; from Desulfomicrobium norvegicum [2].
On the basis of these crystal contacts, supported by
the fact that these cytochromes are conducting in the
solid phase [25], it had been postulated that an incoming
electron would follow the intramolecular electron path-
way through hemes 4-3-1 [26, 27]. The here observed
arrangement of the c;-like domain with respect to the
cs-like domain is in favor of this hypothesis; the heme
chain follows the sequence 4-3-1 through both domains.

The di-heme stacking arrangement at the domain in-
terface is a parallel but offset packing along the edge
of pyrrole rings A and B, closely related to that observed
in many other heme packing arrangements [28]. The
offset, however, is not only lateral but vertical, in a way
that pyrrole ring A of heme 601 is closest to pyrrole ring
B of heme 607 (edge-to-edge distance 601 C3A-607
CBB 3.8 A). This heme stacking has the peculiarity of
bringing the histidines, sixth iron ligands of hemes 601
and 607 respectively, close to the edge of the contacting
heme (His35 C<'-607 CBB 3.6 A and His191 C¥-601 CMA
3.7 A). Interestingly, the intermolecular heme Fe-Fe dis-

Figure 3. Sections of the Final 2F, — F, Map
(A) Electron density map in the region of the
high-spin heme 615, showing that no sixth
ligand is present at this heme. The 2F, — F,
map is contoured at a 1o level. An isoleucine, a
proline, and a phenylalanine are tightly packed
against the heme group, protecting the hy-
drophobic heme cavity from the solvent. No
water molecules are observed in the cavity,
even though this heme group is highly exposed
to the surface (164 A? in the same manner as
all heme groups in this cytochrome fold.

(B) Electron density map showing the quality
of the map in the region of a highly solvent-
exposed surface loop (the loop includes resi-
dues 350-359; the density includes residues
C350-M382). The 2F, — F, map is contoured
at a 1o level.

tanceis on the short side (10.81 A) of typical intramolecu-
lar heme iron-iron distances in the cytochrome c; fold,
which are in the range of 10.5 to 17.9 A

In contrast, the interface between domains Il and lli
involves hemes 604 and 608, which are hemes equiva-
lent to heme 1 in the cytochrome c; fold (Figure 4B).
The contact between two hemes 1 at the interface of
multi-heme cytochrome domains has already been ob-
served in the interface of the homodimeric octa-heme
cytochrome cc; [29]. However, the relative heme ar-
rangement is closer to perpendicular (the angle between
the heme planes is ~130°) than parallel. This “magic
angle” between heme planes is equally often observed
in electron transfer chains involving heme groups; other
examples are the photosynthetic reaction center [30]
and cytochrome c;s4 [28]. The closest contact between
the respective heme edges is 3.9 A (between 604 CMA
and 608 CMB), and the iron-to-iron distance is 14.5 A.

The crystal packing is an arrangement of three crystal-
lographic “dimers” around the 6,-fold axis. In these “di-
mers,” the Hmc molecules are oriented head to tail with
the N-terminal domain facing the C-terminal domain,
leaving a rectangular open space about 19 A wide and
40 A large. None of the crystal packing interfaces in
the crystals of Hmc involve intermolecular close heme-

oof § 2N Figure 4. Ribbon Representation of the Inter-
domain Interactions within Hmc

(A) The interface between the c;-like and the
c;s-like domain involves hemes 601 and 607.
The hemes are almost parallel, but offset in
a manner that brings the propionate group of
heme 601 in hydrogen binding distance of
His191, sixth axial ligand of heme 607 (dis-
tance His191 N®'-Heme 601 O2A = 3.76 A).
The free imidazole nitrogen (N®') of His35,
sixth axial ligand of heme 601, in contrast, is
in short distance to S of Cys213 (3.61 A),
which covalently links heme 607. Otherwise,
the interface mainly involves hydrophobic
residues, such as lle15, Leu62, and 1195. A
short sulfur-sulfur distance (3.7 A) bridging
the interface is observed for Cys49 and
Met199.

(B) The interface between the c;-like and the Hcc-like domains involves hemes 604 and 608. Here, a rather high number of charged residues,
such as Asp169, Glu168, Arg172, Arg229, and Arg278, as well as one propionate group of heme 604, are at the interface. Interestingly, one
clear-cut salt bridge is formed between Arg278 and O1A of the propionate group of heme 604 (2.82 A).
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Figure 5. NMR HSQC Spectra of Cytochrome c; in the Absence and Presence of Hmc

(A) Superimposition of the 'H-"°N spectra of cytochrome c; uncomplexed (blue peaks) and complexed with cytochrome Hmc at a ratio of 1:1
(red peaks). Boxes identify crosspeaks (labeled with residue assignments) that have undergone chemical shift variations after complexation.
The concentration of cytochrome c; was 11 uM in 10 mM potassium phosphate (pH 5.9), in 90% H,0/10% D,0. The spectra were recorded

at 296 K in the presence of 0 and one equivalent of Hmc.

(B) The chemical shift variation of the 'H and "N resonances induced by the presence of Hmc. The ten most significant amino acids are
selected to constitute the NMR filter, resulting in the NMR constraints: residues 22, 46, 53, 68, 83, 93, 96, 98, 99, and 107.

heme contacts, in contrast to those observed in the
crystals of the other multi-heme cytochromes [2, 14, 27,
29]. The shortest intermolecular heme iron-iron distance
between Hmc molecules is about 23 A.

Structural Model of the Complex
Cytochrome c;-Hmce
Biochemical studies have shown that Hmc interacts
rather specifically with cytochrome c;[8, 9]. The crystalli-
zation of such complexes, however, remains inaccessi-
ble due to the low affinities of the redox proteins. Re-
cently, we have developed a strategy to study solution
complexes between redox partners by combining a soft-
docking calculation with NMR experimental data [31-
33]. We have successfully applied this approach to the
study of the complex between Hmc and cytochrome ca.
Amino acids of the cytochrome c; involved in the inter-
action with the cytochrome Hmc were determined by
recording 'H-"*N HSQC experiments and analyzing 'H
and N chemical shift variations (Figures 5A and 5B).
Ten residues are affected by the complex formation.
These NMR constraints were used to filter the 1000 ab
initio docking solutions determined by BiGGER (Figure
6A) [34]. Interestingly, we find that some red spheres,
representing the solutions with the highest BiGGER
scores, are concentrated and clustered in three regions:
(1) in the C-terminal region, interacting with the Hcc-like
domain, (2) interacting with the Hcc-like domain but at
the opposite extremity compared to the previous one,
and (3) interacting with the cytochrome c;-like domain.
These three regions apparently display common fea-
tures recognized by the docking algorithm, and there-
fore may represent potential interaction sites for differ-
ent physiological partners of Hmc.

After NMR filtering of the 1000 ab initio complex solu-
tions, the solutions were ranked according to the level
of agreement with the NMR data. Ten complex solutions
presented an NMR score (number of NMR constraints
respected) higher than 4 and are therefore considered
to be in agreement with the NMR data. Then these ten
solutions were scored according to the inter-heme Fe-
Fe distances within the docked complexes. Four com-
plex solutions have Fe-Fe distances shorter or equal to
14 A, while the distance is more than 17 A for the six
other solutions, compatible with the NMR data. The cor-
responding heme edge-to-edge distances are around 6
and 10 A, respectively. Both are therefore largely in the
range of distances required for electron tunneling, as
determined by Page and coworkers, who have estab-
lished the edge-to-edge distance barrier to be at about
14 A [20]. However, considering the significant gap be-
tween the four solutions with shorter distances and the
six other solutions, the complex solutions involving
shorter contacts will clearly be more efficient. The four
solutions having the shortest heme edge-to-edge dis-
tances were therefore selected to be further considered.
All four solutions are grouped at the C-terminal end of
domain lll (the first region mentioned above; Figure 6B)
and in fact involve the same interface, differences being
due to rotations less than 5° with respect to the complex
interface. Since electron transfer complexes are gener-
ally not highly specific, it has been suggested that sev-
eral relative orientations of the two partner molecules
are possible [32, 35]. The four solutions found here
would therefore represent slightly different docking pos-
sibilities between these two molecules. The two other
regions, detected by the docking algorithm, are incom-
patible with the NMR experimental data obtained for
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Figure 6. Results of the Docking of the Cytochrome c;-Hmc Complex after Ab Initio Calculations and NMR Filtering

(A) The backbone of Hmc is represented as a violet ribbon and its 16 hemes are colored in red. Each sphere represents the center of mass
of the cytochrome c; for each solution. After ab initio calculations, 1000 solutions were generated and ranked according to the interacting
scoring function. The 1000 spheres representing the obtained solutions are color coded to reflect the BiGGER score.

(B) Four of the ten solutions present a distance smaller than 17 A, in agreement with an effective electron transfer, and involve heme 4 of the
cytochrome c; and heme 616 of the cytochrome Hmc. The four spheres representing those solutions are color coded to indicate the NMR
constraints respected (the solution represented by a red sphere respects five constraints and the yellow ones respect four). NMR filtering
retains the four solutions located in the C-terminal region. The figure was produced with the BiGGER software package [34].

cytochrome c; in the presence of Hmc. The solution all surface for the Hmc molecule (2.3%), but in the typical
with the best NMR and BiGGER score is represented in range for cytochrome c; (9%). However, in view of the
Figure 7A. The accessible surface area buried at the V-shaped form of the Hmc molecule and the fact that
interface is about 1107 A2, approximately 550 A? on each it is composed of several domains, the small size of the
cytochrome. This is a rather low percentage of the over- buried interface is not surprising. The composition of

Figure 7. The Structural Model of the Complex between Hmc and Cytochrome c;

(A) Ribbon representation of the structural solution of the complex having the best docking as well as the best NMR scores. The Hmc domains
are color coded in blue, green, and violet as previously, while the cytochrome c; is in yellow.

(B) A close-up view of the interface between the C-terminal domain of Hmc and cytochrome c;. A close sulfur-sulfur distance (4.2 A) involves
Cys505, linking heme 616 of Hmc, and C100, linking heme 4 of cytochrome c;. Two tyrosine residues make hydrogen bonds across the
interface. The lysines surrounding the heme 4 crevice of cytochrome c; are facing negatively charged residues at the interface of Hmc. Despite
this, no direct salt bridges are formed across the interface in this structural model.
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the interface is very typical for electron transfer com-
plexes [35], with about 37 % polar and 63% apolar atoms
at the interface (values obtained at the protein-protein
interaction server http://www.biochem.ucl.ac.uk/bsm/
PP/server/). A docking model of the complex between
cytochrome c; and the nona-heme cytochrome Hcc has
recently been proposed [15]. However, in that case, the
interacting region of the selected solution was close to
the N-terminal hemes of Hcc, equivalent to the region
involved in the domain interface between the c;-like
domain Il and the Hcc-like domain Il for Hme. In the same
manner as for Hmc, several patches around the oval-
shaped molecule Hcc had been located by the docking
calculation between cytochrome c; and nona-heme cy-
tochrome Hcc in Desulfovibrio desulfuricans ATCC
27774 [15]. The most important patches are located at
the N- and C-terminal regions of Hcc. The authors had
chosen solutions at the N-terminal end, since they had
the highest scores by the docking algorithm. Our experi-
ence has shown that for most low-affinity redox com-
plexes, the power of the docking algorithms is limited
and experimental data are necessary to select correct
solutions. It is noteworthy that both patches of docking
solutions between cytochrome c; and Hcc correspond
to interacting regions of the Hcc-like domain in Hmc:
the N-terminal region interacts with the c;-like domain
within the Hmc molecule and the C-terminal region
forms the interface in the complex cytochrome cs-Hmc
in our results.

Here, the interface between the complexed molecules
involves heme 4 of cytochrome c; and heme 616 of
cytochrome Hmc, and most likely represents the physio-
logical electron transfer site for this particular complex
(Figure 7B). The interface brings the cysteine residues,
which covalently link the hemes in van der Waals con-
tact. This is a feature in common with several recently
determined electron transfer complexes [32, 36]. The
sulfur atom of C100, covalently linking heme 4 in cyto-
chrome c,, is at a distance of 4.2 A to the sulfur of
C505 linking heme 616. Another common feature to the
previously examined complexes are hydrophobic and
tyrosine residues at the interface. Here, V506 of the Hmc
is in close contact with the surface-exposed hydropho-
bic heme edge (pyrrole ring B), similar to the highly
conserved 136 of the [Fe]-hydrogenase in the complexes
with either cytochrome css; [32] or cytochrome c; [36].
In the same way as in the complex with [Fe]-hydro-
genase, Y66 of cytochrome c; forms a hydrogen bond
with the main chain carbonyl of T503 of Hmc. A second
tyrosine, this time Y411 of Hmc, is also close to the
interacting surface.

It is well known that electron transfer complexes are,
in the first place, driven by electrostatic forces. In the
complex presented here, lysine residues of loops 1 and
4 of cytochrome c; (loops defined in [28]) are indeed at
the interface of the complex, mostly interacting with
acidic residues from Hmc. However, most of these lysine
residues are not directly involved in salt bridges.

Most interestingly, the interacting surface of cyto-
chrome c; with the [Fe]-hydrogenase [36] and Hmc are
identical, involving heme 4 in both cases. Five out of
ten and 11 residues, respectively, affected in the NMR
spectra for these two complexes, are in common (C46,
D53, D96, T98, and G99). This observation has the direct

consequence that cytochrome c;, which is believed to
shuttle electrons from one partner to the other, cannot
interact with both at the same time. Another conse-
quence is that only one out of four heme groups of
cytochrome c; interacts with the physiological partners.
This brings us back to the question, why the multi-heme
cytochromes c contain several heme groups. Three rea-
sons may be retained as possible explanations: the ne-
cessity of electron storage, the electron transfer of multi-
ple electron pairs in the reduction of sulfate, and/or the
observed thermal stability of these redox proteins. More
exciting is the question concerning the role of the modu-
lar organization in three domains, based on different
natures of multi-heme cytochromes, in the V-shaped
Hmc. The modular aspect of this cytochrome may be
due to an evolutionary development. The unit base is
represented by the four-heme-containing cytochrome
c; that itself has been described as originating from
gene duplication [37]. Larger cytochromes would be ob-
tained by the variation of this unit by either oligomeriza-
tion, which is the case for the homodimeric cytochrome
ccs, or by domain acquisition as for the nona-heme cyto-
chromes Hcc or the 16-heme-containing Hmc. The mod-
ular organization of the Hmc presented here may relate
to an evolutionary advantage in that this cytochrome
could interact with several different redox partners as
a function of environmental conditions. The presence
of several cytochromes c; in the periplasm has only
been established recently, when the complete genome
of Desulfovibrio vulgaris Hildenborough has been se-
quenced. One can imagine that these different cyto-
chromes c; interact at the different sites, observed in
the docking calculations, of cytochrome Hmc. Herein
the two wings of the V-shaped cytochrome might even
be independently functioning electron transfer path-
ways: the distance separating heme 604 in domain Il
and heme 608 in domain lll is 14.5 A, which is longer
than the typical range of iron-iron distances observed
in these cytochromes. This would implicate that the re-
gion at the base of the “V” serves to interact and shuttle
electrons to the membrane-bound redox partners of the
hmc operon. This hypothesis is supported by the fact that
the base region of the “V” indeed contains highly surface
exposed aromatic residues, such as Tyr154 and Phe357,
located in surface-exposed loops of the cz-like domain I
and the Hcc-like domain lll, respectively, and might play
key roles for the interaction with membrane-bound trans-
fer proteins. Further investigations in order to ascertain
these hypotheses will be performed in future studies.

Biological Implications

Sulfate-reducing bacteria are present day representa-
tives of bacteria catalyzing a very ancient process, the
biological reduction of sulfur compounds in anaerobic
environments. Molecular hydrogen plays a central role
in the metabolic activity of many Desulfovibrio species.
Hydrogenases catalyze the heterolytic cleavage of mo-
lecular hydrogen producing electrons and protons, while
multi-heme c-type cytochromes are of crucial impor-
tance for electron transfer. In Desulfovibrio vulgaris Hil-
denborough, two types of multi-heme cytochromes c
have been characterized: tetra-heme cytochromes c;
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and the hexadeca-heme Hmc, which is the largest
c-type cytochrome so far documented. They are part of
a unique system, both cytochromes of type c being
involved in the same transport chain electronically con-
necting the periplasmic hydrogen oxidation to the cyto-
plasmic sulfate reduction. In this system the tetra-heme
cytochrome c; acts as an electron shuttle between the
hydrogenase and Hmc.

Our results reveal that the hexadeca-heme Hmc can
be described as three independent modules, most prob-
ably derived from domain acquisition. The modular orga-
nization in the form of a “V” of the here presented Hmc
may relate to an evolutionary advantage in that this
cytochrome could interact with several different redox
partners as a function of environmental conditions.
Herein the two wings of the V-shaped cytochrome might
even be independently functioning electron transfer
pathways, representing the entrance gates to the trans-
fer across the membrane, since Hmc is the first of six
redox proteins of a transmembrane electron transfer
complex. Subsequent to the structure determination,
the formation of the complex with the physiological part-
ner cytochrome c; was measured by NMR, showing that
the C-terminal heme (heme 616) of Hmc interacts with
heme 4 of cytochrome c; at the complex interface. The
same interacting surface of cytochrome c; has been
observed in the complex, with hydrogenase having as
a consequence that these three components of the
transfer chain cannot interact simultaneously.

Experimental Procedures

Crystallization

The expression and purification of wild-type Hmc has been de-
scribed elsewhere [5]. Even though some purification steps were
handled in anaerobic conditions, the crystallization trials of Hmc
were treated aerobically, and the cytochrome was therefore in the
fully oxidized state during the structure determination. Crystals of
Hmc were grown in 24-well Limbro plates by vapor diffusion using
the hanging drop method. The 0.5 ml well solution contained 30%
Jeffamine M-600, 50 mM cesium chloride, and 100 mM 2-morpholi-
noethanesulfonic acid (MES) (pH 6.5). The 4 .l drop contained 2 pl
of cytochrome at a concentration of 6 mg ml~' and 2 pl of well
solution. A single crystal grew within several months to a size of
0.3 X 0.3 X 0.1 mm®. The crystal belonged to the hexagonal space
group P 6, with unit cell dimensions a = b = 108.4 Aand ¢ = 102.8 A,
and contained one monomer per asymmetric unit, corresponding
to a Matthews volume V), of 2.73 A* Da~'.

Data Collection and Phasing

The X-ray diffraction data sets from the native protein crystal were
collected on ID14-EH2 at A = 0.93 A and on ID29 at two wavelengths
close to the iron absorption edge (i.e., at the absorption peak A =
1.73891 and the inflection point A = 1.74135). All data were collected
at 100 K, on the same crystal. Data were processed and integrated
with DENZO [38] and scaled using SCALA of the CCP4 [39] suite.
The first nine iron positions were determined by the molecular re-
placement solution of the C-terminal domain with the Hcc nine-
heme-containing search model. The residual maps after preliminary
phasing by these nine iron positions using SHARP [40] revealed the
missing seven iron atoms. The iron atom parameters were refined
and final phases were calculated with SHARP. The figure of merit
(FOM) was 0.74 at this stage. Phasing was further improved by
solvent flattening and histogram matching with the subroutine DM
from the CCP4 [39] suite leading to a final FOM value of 0.79.

Model Building and Refinement
The model was manually built into the MAD-phased electron density
map, starting with the highly homologous Hcc as a model using

TURBO-FRODO [41]. Cycles of model improvement and refinement
were then performed alternately using TURBO-FRODO and Re-
fmac5/CCP4, respectively. The refinement and addition of water
molecules was terminated at the point where R, began to increase.

NMR Experiments and Filtering of the Docking

®N-labeled cytochrome c; from DvH was obtained as previously
described [42]. *'N-"H HSQC experiments were recorded on a Bruker
Avance DRX500 spectrometer equipped with an HCN probe. Spec-
tra were acquired accumulating 224 scans per free induction decay,
with 256 complex points in F1 and 2K complex points in F2. Pro-
cessing and spectra analysis were done with XwinNMR from Bruker.
N and 'H chemical shift assignments of cytochrome c; have been
previously reported (accession number BMRB-5239).

The protein coordinates of DvH cytochrome c; were obtained from
the Protein Data Bank (2cth). Molecular interaction simulations were
executed using the docking program BiGGER [34]. This algorithm
performs a complete and systematic search in the binding space
of both molecules. A population of 1000 candidates of cytochrome
c3;-Hmce docked geometries is generated. Putative docked structures
are ranked using an interaction scoring function. NMR filtering of
the 1000 ab initio solutions is obtained by using "*N and 'H chemical
shift variations that were observed in HSQC experiments performed
on cytochrome c; in the absence and presence of Hmc, and which
are therefore correlated to the complex formation. These variations
are converted into distance parameters, considering that 'H and "N
chemical shifts of an amide group are affected if the concerned atom
is at least at 5 A from any atom belonging to the interacting partner.
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