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Abstract A monomeric nine-haem cytochrome c¢
(9Hcc) with 292 amino acid residues was isolated from
cells of the sulfate- and nitrate-reducing bacterium De-
sulfovibrio desulfuricans ATCC 27774 grown under
both nitrate- and sulfate-respiring conditions. The nu-
cleotide sequence encoding the 292 residues was deter-
mined, allowing the correction of about 10% of the pre-
vious primary structure, determined from 1.8 A elec-
tron density maps. The refinement at 1.8 A resolution
of the structural model was completed, giving an R-val-
ue of 16.5%. The nine haem groups are arranged into
two tetrahaem clusters, located at both ends of the mol-
ecule, with Fe-Fe distances and local protein fold very
similar to tetrahaem cytochromes c;, and the extra
haem is located asymmetrically between the two re-
gions. The new primary sequence determination con-
firmed the 39% sequence homology found between this
cytochrome and the C-terminal region (residues
229-514) of the high-molecular-weight cytochrome ¢
(Hmc) from D. vulgaris Hildenborough, providing
strong evidence of structural similarity between 9Hcc
and the C-terminal region of Hmc. The interaction be-
tween 9Hcc and the tetrahaem cytochrome c; from the
same organism was studied by modelling methods, and
the results suggest that a specific interaction is possible
between haem 4 of tetrahaem cytochrome c; and haem
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1 or haem 2 of 9Hcc, in agreement with previous kinetic
experiments which showed the catalytic effect of the te-
trahaem cytochrome c; upon the reduction of 9Hcc by
the [NiFe]| hydrogenase from D. desulfuricans ATCC
27774. These studies suggest a role for 9Hcc as part of
the assembly of redox proteins involved in recycling the
molecular hydrogen released by the cell as a result of
substrate oxidation.

Key words Nine-haem cytochrome ¢ + Multiple
wavelength anomalous dispersion phasing method -
Sulfate-reducing bacteria - Electron transfer -
Modelling and interaction studies

Introduction

The best characterized of the multi-haem cytochromes
¢ found in sulfate-reducing bacteria (SRBs) is the tetra-
haem cytochrome c3, which forms a specific interaction
with hydrogenase [1]: when coupled to the oxidation of
molecular hydrogen, catalysed by this enzyme, it is cap-
able of transferring two electrons and two protons in a
concerted step through a mechanism described as a
“proton thruster” [2]. Other, even more complex, cy-
tochromes ¢ (for a review, see [3]) are found in SRBs
belonging to the genus Desulfovibrio and related or-
ganisms, but so far very little is known concerning their
structures and their relationships with the ubiquitous
tetrahaem cytochrome c;. The nine-haem cytochrome ¢
(9Hcc), isolated from cells of the sulfate- and nitrate-
reducing bacterium Desulfovibrio desulfuricans ATCC
27774 (Dd 27774) [4], is one of these molecules. Very
similar amounts of the protein were obtained from cells
grown either in sulfate- or nitrate-respiring conditions,
indicating that this cytochrome is constitutively synthe-
sized under both growing conditions and therefore very
likely an important electron carrier in both systems [4,
5]. Its primary and three-dimensional structures were
previously determined using the multiple wavelength
anomalous dispersion (MAD) phasing method and re-



fined against 1.8 A diffraction data [6]. The model con-
tains 292 residues plus nine haem groups.

Kinetic experiments showed that 9Hcc can be re-
duced by the [NiFe] hydrogenase from D. desulfuricans
ATCC 27774, and that this reduction is faster in the
presence of the tetrahaem cytochrome c; from the same
organism [6]. This behaviour is similar to that found be-
tween the [NiFe] hydrogenase and the high-molecular-
weight cytochrome ¢ (Hmc) in D. vulgaris Hildenbor-
ough [7]. Furthermore, a 39% sequence identity was
found between 9Hcc and the C-terminal region (resi-
dues 229-514) of Hmc, providing strong evidence of
structural similarity between 9Hcc and the C-terminal
region of Hmc [6]. This led to the proposal that 9Hcc
takes the role of Hmc in D. desulfuricans ATCC 27774
and is part of the assembly of redox proteins involved
in recycling the molecular hydrogen released by the cell
as a result of substrate oxidation. 9Hcc has also been
proposed to be involved in electron transfer across the
cytoplasmic membrane [6]. Although a mechanism for
the interaction between [NiFe] hydrogenase, 9Hcc and
the tetrahaem cytochrome c¢; in Dd 27774 has not yet
been established, the kinetics do suggest that the inter-
action between 9Hcc and the tetrahaem cytochromec;
is likely to play an important role therein. To study the
interaction between 9Hcc and the tetrahaem cytoch-
rome c3 from D. desulfuricans ATCC 27774 by molecu-
lar modelling methods, correct sequence information is
essential, in particular the distinction between asparag-
ine and aspartic acid residues, and glutamine and glu-
tamic acid residues, which have very different electro-
static properties and could not be distinguished solely
on the basis of their electron density at 1.8 A. This is
particularly important for residues located on the mo-
lecular surface and, as such, likely to play a role in the
shaping of the electrostatic field guiding the interaction
between two redox proteins.

In this study we report the nucleotide sequence and
the deduced amino acid sequence of the 292 residues of
the 9Hcc structural model, the refinement of the cor-
rected model at 1.8 A resolution and the analysis of the
interaction between 9Hcc and the tetrahaem cytoch-
rome ¢; from D. desulfuricans ATCC 27774 by molecu-
lar modelling methods.

Materials and methods

Molecular biology

D. desulfuricans ATCC 27774 was grown as previously described
[8] and its genomic DNA isolated [9] and used in the subsequent
polymerase chain reactions (PCRs). Based on both extremities of
the amino acid sequence corresponding to the N- and C-termini
of the protein as previously determined from 1.8 A electron den-
sity maps [6], two degenerate oligonucleotide primers (from Life
Science Technologies) were designed: GCV GCV CTB GAR
CCS ACS GAY WS and BGC BGC BGC CTT RTG RCA SGT
SGT RC. The PCR cycling conditions were: 1 cycle at 94°C for
3 min followed by 35 cycles at 94 °C for 45 s, 65 °C for 1 min, 72°C
for 1 min and a final extension at 72°C for 7 min. The reaction
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product with 876 base pairs was purified by electrophoresis in a
1% Nusieve GTG agarose (FMC Bioproducts), filling in with
Klenow (Amersham), ligated with T4 ligase (Boehringer Mann-
heim) into EcoRV cut pBluescript SK(+/-) vector and trans-
formed into competent cells of Escherichia coli XL-1 Blue. Sev-
eral plasmids containing the 876 base pairs product were purified
with Qiagen Plasmid Purification kit and sequenced using the Cy-
cle Sequencing Ready Reaction kit according to the supplier’s in-
structions (Perkin Elmer). Double-stranded DNA sequencing
was carried out in an Applied Biosystems 373A DNA Sequencer.
Both strands of DNA from three plasmid preparations of clones
were sequenced using primers complementary to part of the origi-
nal sequence as well as T7, T3 and M13 forward and reverse
primers.

Crystallographic refinement

The sequence of the previously refined structural model [6] was
corrected with the program TURBO-FRODO [10], using the de-
termined amino acid sequence and both the density-modified
2.4 A as well as the final 1.8 A electron density maps from the
previous refinement. As the number of differences was small, the
refinement of the corrected model was continued on F2 with
SHELXL [11] using all 91,192 independent reflections. The sol-
vent model was corrected according to the criteria that new water
molecules to be included should be visible as peaks higher than
30 in the F,—F, electron density map, as peaks higher than 1o in
the 2 F,— F. map, and should have distances to suitgble donors or
acceptors of hydrogen bonds between 2.4 and 3.2 A. In addition,
the occupation factors of all solvent oxygen atoms whose isotrop-
ic thermal motion parameter became higher than 50 A? were ar-
bitrarily set to 1/2. Solvent molecules for which the occupation
factor of the oxygen atom was already 1/2 but whose isotropic
thermal motion parameter nonetheless became higher than 50 A2
were rejected from the model. Anisotropic thermal motion pa-
rameters were refined for all the Fe and S atoms in the model,
and an overall anisotropic scaling procedure between F, and F.
was used. In the final cycles of refinement, all non-acidic hydrog-
en atoms were included in calculated positions and refined ac-
cording to the riding model. This refinement converged to
R=16.5%. The final model includes some two-fold disordered re-
gions: Ser58 (0.61), Ile74 (0.60), Val172 (0.57), Glu206 (0.54) and
Ser243 (0.58) in molecule A; Ile117 to Prol20 (0.55), Glul91l
(0.51) and Glu206 (0.63) in molecule B (values in parentheses
represent the refined occupation factor of the major component).
Also, two pairs of water molecules were refined according to a
twofold disorder model. The final refinement statistics are pre-
sented in Table 1. The coordinates of the refined 9Hcc model
have been deposited in the Protein Data Bank [12, 13] with acces-
sion code 2cYh.

Electron transfer calculations

Electron transfer in proteins is the subject of intense research (see
[14, 15] for reviews). Rates of non-adiabatic electron transfer can
be expressed as

ker = 777 [Foal(FC) 1)
The term FC (Frank-Condon) contains the free energy depend-
ence (reorganization and reaction free energy) of the electron
transfer. The term Tp, describes the donor-acceptor interaction
associated with electron tunnelling. The Frank-Condon factor is
difficult to evaluate since it requires the knowledge of reorganiza-
tion energies. However, it should be approximately constant for
different complex conformations of the same partners. The term
Tpa can be estimated using what has been commonly known as
the Pathways model [16, 17], which models electron tunnelling
through organized matter and has been applied successfully to a
variety of electron transfer processes in proteins [15, 16, 18, 19].
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Table 1 Final refinement statistics for 9Hcc

Resolution limits (A) 24.0-1.80
Final R-factor (%) (all 91,192 reflections) 16.5

Nr. non-hydrogen protein atoms?® 5,194

Nr. non-hydrogen protein atoms with zero

occupancy 113

Nr. non-hydrogen protein atoms in disordered

residues® 65

Nr. acetate ions/atoms 5 20

Nr. solvent molecules with full occupancy 707

Nr. solvent molecules with 1/2 occupancy 188

Nr. solvent molecules with disorder 4

Nr. least-squares parameters 25,099
Nr. restraints in final least-squares cycle 24,874
Disagreeable restraints (4>30)°

BUMB, DANG, FLAT, SIMU : 8,4,14,4
Estimated overall r.m.s. coordinate error (A)¢ 0.05
model r.m.s. deviations from ideality®

Bond distances (A) . 0.011
Angle (1-3) distances (A) 0.024
Average B-values (A?)® 9Hcc A 9Hce B
Main-chain protein 17.5 20.7
Side-chain protein 21.6 24.6
Haem groups 13.8 18.2
Solvent (including acetate ions) 29.3
Numbering scheme 9Hce A 9Hcc B
Protein chain® 1A...292A 1B...292B
Haem groups 301A...309A 301B...309B
Acetate ions 1X...5X
Solvent molecules® 1W...897W

* Excluding atoms in the minor component of disordered regions
" Atoms in the minor disorder component

¢ Restraints defined according to SHELXL [11]

¢ Calculated with SIGMAA [37, 38]

¢ For the disordered residues, only the major component atoms
were considered

"In the text, residue numbers without chain suffix refer to the
same residue in both molecules

£ In the text we use W1...W897 instead

In the present work, electron transfer calculations were perform-
ed using the program GREENPATH [20] that implements the
Pathways model. These calculations and all others to be described
below were done using molecule A from the crystallographic re-
finement.

Protein-protein interactions

The interaction between 9Hcc and the tetrahaem cytochrome c3
was studied using Autodock 2.4 [21]. In this calculation we used
the refined coordinates of 9Hcc and our previously refined model
of tetrahaem cytochrome c; [22]. This methodology has been used
before to study other electron transfer protein complexes [23].
Autodock uses the large molecule (in this case 9Hcc) to generate
three-dimensional affinity grids for several relevant terms of mo-
lecular interaction. Grids are generated for van der Waals terms
(one for each CNOSH atom type), hydrogen bonding and elec-
trostatic interactions. Electrostatic screening by the solvent was
modelled using a distance-dependent dielectric function [24].
These affinity grids cover the large molecule and an amount of
space around it that is sufficiently large to fit the small molecule
in any orientation. Grids of 140 x 140 x 140 grid points and with
distances between grid points of 1.2 A were used. The small mol-
ecule (in this case, tetrahaem cytochrome c3) is then placed at
random positions within the grids and association solutions with
low energy are searched using Monte Carlo simulated annealing
in translation and rotation coordinate space. The large molecule
is considered to be rigid by its representation as affinity grids. De-

spite the possibility of using internal flexibility in the small mole-
cule, such a procedure was not used here, since it introduces too
many degrees of freedom that cannot be efficiently searched. The
simulated annealing procedure is optimized to sample the confor-
mational space of interaction solutions and generate low energy
associations. Each run consisted of 100 cycles of Monte Carlo at
progressively lower temperature. Each cycle consists of a maxi-
mum of 20,000 accepted or rejected steps. The temperature of the
first cycle is chosen to allow a large acceptance to rejection ratio.
In Autodock this temperature will depend on the system and on
the number of degrees of freedom involved. For this case the val-
ue of RT'=126 kJ/mol (R =perfect gas constant) worked well. For
each cycle, a factor of 0.95 was used to reduce the temperature.
This allows a slow annealing phase and a low acceptance to rejec-
tion ratio in the end. The initial maximum translation step was
1.0 A and the maximum quaternion rotation step was 30°. The
reduction factors of 0.9702 and 0.9770 were used per cycle for
maximum translation and rotations steps, respectively; this re-
sulted in 0.05 A maximum translation steps and 3° maximum rota-
tion steps in the last cycle. Two hundred runs were performed to
obtain interaction solutions. The final structures were compared
and clustered on the basis of their r.m.s. deviation, using a toler-
ance of 1.0 A.

The GROMOS charge set for polar and aromatic hydrogen
atoms [25, 26] was used to set the charges in the structures used in
docking. Hydrogen atoms were positioned using GROMOS [25].
Then, the proton positions were optimized in vacuo using energy
minimization, while keeping all heteroatoms rigid by the use of
large [10,000 kJ/(mol nm)] positional restraints. The minimization
consisted of 1000 steps of steepest descent. Since both proteins
were crystallized at low pH, there are a number of propionates
with abnormal protonation. Nevertheless, some of these abnor-
mal protonations can be physiological. In this study we decided to
use the protonation behaviour as observed in the structure for all
cases where this protonation is evident. In the case of 9Hcc the
propionates A from haem 4 and D from haem 5 were found to be
protonated. In the case of tetrahaem cytochrome cs, the propion-
ate D from haem 4 was considered protonated as indicated by
previous pK, calculations [27]. The iron atom in the haem groups
was assumed to be in the fully oxidized state, Fe(III), as in the
crystallographic structures. The partial charges used for the haem
groups were the same as previously described [27].

Molecular dynamics refinement of the best rigid solutions

To simulate the close association of the two molecules when
placed into contact, we refined the initial structures of selected
complexes using molecular dynamics simulations. The dynamics
were calculated in vacuo using the same distance-dependent elec-
trostatic function of Mehler and Solmajer [24] in Autodock. To
avoid large changes in the two proteins owing to the absence of
water, we used distance restraints to hold the C* topology close
to the experimentally derived structures. This was done for all C®
atoms in the structure and the constraints were implemented us-
ing soft harmonic potentials with force constants of 100 kJ/(mol
nm). The GROMOS force field using aromatic and polar hydrog-
en atoms [25, 26] with improved c-type haem charges [27] was
used in all simulations. The GROMOS 87 [25] package with mod-
ified versions of PROEM and PROMD for distance dependent
clectrostatics was used to perform the simulations. The twin range
cutoff method [28] was used for electrostatic interactions with ra-
dius 8 A and 14 A, respectively. SHAKE [29] was applied for all
bonds. A 0.002 ps step was used for the integration of the equa-
tions of motion. The refinement protocol consisted initially of
1000 steps of steepest descent minimization followed by 1000
steps of conjugated gradient minimization. A molecular dynamics
simulation was started with initialization of atomic velocities from
a distribution at 50 K. Then 20 ps of slow heating from 50 K to
300 K were calculated, followed by 200 ps of relaxation run at
300 K. Finally, slow cooling from 300 K to 0 K was done during
20 ps, followed by 1000 steps of conjugated gradient minimiza-
tion.



Results and discussion

Primary sequence determination and comparison with
previous sequence data

The DNA sequence obtained for the 876 base pairs
coding for residues 1-292 of 9Hcc is shown in Fig. 1,
along with the corresponding protein amino-acid se-
quence. The differences from the previously deter-
mined sequence from 1.8 A electron density maps are
also indicated on Fig. 1 as well as the haem group bind-
ing regions and second axial histidine ligands. A total
of 26 sequence corrections were made, and can be div-
ided into two kinds: for 12 residues, the amino acid as-
signed from the electron density maps had a shorter
side chain than that of the correct amino acid. In our
previous publication, it had already been recognized

Fig. 1 Gene product and amino acid sequence for the residues
1-292 of the nine-haem cytochrome c¢ from D.desulfuricans
ATCC 27774. The boxed regions denote the haem binding re-
gions as well as the second axial ligand (His) of the haem Fe
atoms. The grey shaded region represents the previously known
N-terminal 39 amino acid sequence and the light blue shaded re-
gion denotes the 253 amino acid sequence previously determined
from electron density maps at 1.8 A resolution. Within this
shaded region, the residues in red are those which were incorrect-
ly assigned from the 1.8 A electron density maps in terms of side-
chain shape, while those in green were incorrectly assigned in
terms of the choice between the possible amino acid residues with
similar electron density shapes
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that some of these residues were probably incorrect
(see fig. 1 in [6]); seven out of eight such noted residues
were in fact wrongly assigned. The remaining five cor-
respond to situations where the electron density maps
were less clear in suggesting the possibility of a differ-
ent (longer) side chain assignment. The remaining 14
residue corrections mainly consist of Asp/Asn and Glu/
Gln ambiguity resolution, since asparagine cannot
usually be distinguished from aspartic acid, and like-
wise for glutamine and glutamic acid. However, it was
also found that two residues initially assigned as
threonines were in fact valine residues. In this particu-
lar case it was found that, in each residue, one short van
der Waals contact between a main chain carbonyl oxy-
gen and a hydrogen from a methyl group from the val-
ine side chain was mistaken for a hydrogen bond. Since
only 253 of the 292 residues in 9Hecc were truly un-
known, and as such assigned from 1.8 A electron densi-
ty maps, it can be said that only 10% of the sequence
determined from the X-ray data was in error. These
new results confirm the sequence identity previously
reported between 9Hce and the C-terminal region (resi-
dues 229-514) of the high-molecular-weight cytoch-
rome ¢ (Hmc) from D. vulgaris Hildenborough [6].

Structure analysis

The model was analysed with PROCHECK [30] and
both molecules had stereochemical quality parameters
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within their respective confidence intervals. The o,
plots for the non-proline and non-glycine residues are
shown in Fig. 2, and only Asp188 in both molecules lies
outside the normally allowed regions. This residue is lo-
cated at the start of a three-residue B-turn which also
includes Lys189 and Tyr190. However, a presumed hy-
drogen bond between D188 N and Y190 O (actual dis-
tance ca. 3.5 A) was disrupted by the intrusion of the
carboxylate group from propionate A in haem 9, where
O'* establishes a hydrogen bond with K189 N and O2A
is hydrogen-bonded to D188 N and Y190 N. This seems
to strain the conformation of these three residues,
Asp188 being the most affected. Overall, 87.1% of the
non-proline and non-glycine residues lie within the
most favoured regions. The ¢,¢ plots for proline and
glycine residues (not shown) indicate that only Pro56 in
molecule B adopts a conformation slightly outside the
most favoured region. The ¢,¢ conformational change
between Pro56A and Pro56B is not large; however, its
direction is such that ProS6B is driven towards a less
favoured region. This seems to be caused by a combina-
tion of two factors: on the one hand, while P56A O es-
tablishes a hydrogen bond with R198A N”' from a
symmetry related molecule, this hydrogen bond is ab-
sent in P56B; on the other hand, the side chain confor-
mation of D55 differs between molecule A and mole-
cule B — this is due to the intrusion of W546 between
D55B O°? and T53B O, which are directly hydrogen-
bonded in molecule A. Both molecules of 9Hcc in the
asymmetric unit were assigned a G-factor of 0.0 and to
(1 12) classes as defined by Morris et al. [31]. In both
molecules, Pro279 has a cis-peptide bond. A multi-
model Ramachandran plot [32] was calculated with
SHELXL [11] in order to assess the conformational
similarity between the two independent molecules in
the asymmetric unit (not shown). A few residues show
large conformational changes between molecule A and
molecule B, and in order to better locate these residues
an angular deviation plot is represented in Fig. 2c,
where the angular length of the segment connecting the
pairs of residues in the multi-model Ramachandran
plot was calculated as (4¢®+A¢?)'2 and can be re-
garded as a measure of the conformational change be-
tween equivalent residues. While most changes are
smaller than 10°, variations greater than 30° are ob-
served for a few residues. The mean isotropic thermal
motion parameters for main-chain and side-chain
atoms are represented in Fig. 3a and b for molecules A
and B, respectively, as a function of residue number.
The largest main-chain values (greater then 40 A?) are
observed for the terminal residues (Alal and Ala292)
and also for Lys90, located in a surface loop. Molecules
A and B were superimposed with X-PLOR [33] using
all main-chain atoms for residues 3-292 and the haem
ring atoms (i.e., the four pyrrole-ring atoms and all
atoms directly attached to them as well as the iron
atom). The overall r.m.s. values obtained were 0.34 A
and 0.83 A for the protein main-chain and side-chain
atoms, respectively. The calculated main-chain and

side-chain r.m.s. deviations between corresponding re-
sidues are included in Fig. 3c. The largest main-chain
and side-chain deviations (r.m.s. values greater than
1A and 2 A, respectively) occur for only a few surface
residues. These deviations can be attributed to different
hydrogen bonding patterns to the ordered solvent layer
or to different intermolecular contacts in the crystal
structure, which impose side-chain conformation ad-
justments in order to avoid unfavourable van der Waals
contacts, and may also result in main-chain shifts. Some
of these effects may also explain the conformational
changes greater than 30° between equivalent residues
in molecules A and B as mentioned above.

Model description

The C< trace of the three-dimensional structure of
9Hce and its haem numbering scheme are represented
in Fig. 4. The haem groups are numbered according to
their order of bonding to the polypeptide chain through
a cysteine. The model contains 292 residues and nine
haem groups, and there are two molecules in the asym-
metric unit, related by a non-crystallographic twofold
rotation axis approximately perpendicular to the crys-
tallographic twofold (b) axis. This improved model cor-
responds to a molecular mass of 373 kDa, in close
agreement with the experimentally observed value of
37.8 kDa [6]. The secondary structure of both indepen-
dent molecules in the crystal structure is the same, and
was analysed with PROCHECK according to the
Kabsch and Sander algorithm [34]. There are no signif-
icant changes from the previously reported results [6].
The 9Hce molecule is constituted by two domains con-
nected by a 34-residue-long polypeptide segment. The
first domain is designated as the N-terminal domain
and the second as the C-terminal domain. The domain
structure of 9Hcc has been discussed in detail previous-

ly [6].

Haem group geometry and environment

Based on the superimposition between molecules A
and B described above, we calculated the r.m.s. devia-
tions between the corresponding haem groups and the
results are listed in Table 2. The relative solvent acces-
sibilities of the haem groups in 9Hcc were calculated
with X-PLOR as previously described [22] using the
Lee and Richards algorithm [35] and an H,O probe ra-
dius of 1.6 A. These results are included in Table 2
along with the corresponding values for the tetrahaem
cytochrome c¢; for comparison. With the exception of
haem groups 2 and 5, all others show important varia-
tions in relative solvent exposure, in comparison with
the corresponding haem groups of ¢; Dd. The increase
observed for haem group 1 is due to the fact that in the
tetrahaem cytochrome c¢; the corresponding haem
group is more buried owing to the influence of the N-
terminal, which wraps across the haem plane. The large
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Fig.2 a PROCHECK [30] 180
¢,¢ plot for 9Hcec molecule A;
b PROCHECK ([30] ¢,¢ plot
for 9Hcc molecule B
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Fig.2 ¢ (4¢*+ A¢*)"? angu- 90
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decrease observed for haem group 3 and a smaller de-
crease observed for haem group 6 in 9Hcc both stem
from the fact that these are closest to the isolated haem
and thus become more internal, and thus more buried.
On the other hand, a loop containing residues 69-78 in
the tetrahaem cytochrome c3, which interrupts an a-he-
lix and partly covers haem group 2 (of ¢; Dd), is non-
existent in 9Hcc, where the corresponding helix is un-
broken. As a result, haem group 7 becomes considera-
bly more exposed. The significant reduction in the rela-
tive solvent exposure of haem 8 in 9Hcc is caused by
the insertion containing the second axial His ligand of
isolated haem 4, absent in ¢; Dd. Finally, the small de-
crease observed for haem 9 of 9Hcc results from a
slight shift towards the haem surface of the initial struc-
tural motif containing a short two-stranded anti-parallel
B-sheet. Unlike any other haem group in 9Hcc and cs
Dd, the isolated haem 4 is almost completely buried.
This, combined with its location in the structure, sug-
gests that it may be connected with electron transfer
between the two tetrahaem clusters.

An interesting observation regarding some of the
haem groups in 9Hcc is that the carboxylate groups of
the propionate chains are bridged by a hydrogen-

T

50 100

T

T
150 200 250 300

Residue nr.
Cc

bonded water molecule, in the case of haem groups 4,
5,7 and 9, while in haem 8§ this bridge is constituted by
two water molecules. It is remarkable that none of
these carboxylate groups belong to a haem in the N-
terminal cs-like region. Also, the observed hydrogen
bond in both 9Hce molecules between haem 4 O?* and
Glul02 O** is a clear indication that one of these resi-
dues is protonated.

The hydrogen bonding scheme involving N°! of the
histidine axial haem ligands is shown in Table 3. In c;
Dd, three of the hydrogen bonds involve co-crystallized
water molecules, a feature which is common in all
known cytochrome c; structures [22]. However, in both
tetrahaem clusters of 9Hcc, only one of these water
molecules (W144 in molecule A and W540 in molecule
B) is conserved and the overall pattern is quite differ-
ent. While in ¢; Dd all the other hydrogen bond accept-
ors are main-chain carbonyl oxygens, in 9Hcc there are
also two instances where the hydrogen bond is estab-
lished with a side-chain oxygen (Glu4l O¢' near haem
1 and Thr196 O”! near haem 8). Also, near haem 9,
His288 N°' is hydrogen bonded with its own carbonyl
oxygen, which is unprecedented for a ¢; or c¢;-like cy-
tochrome. This may be due to the relative orientation

Table 2 Average B values, relative solvent exposure (RSE) (%) and r.m.s. differences for the haem groups in molecules A and B of

9Hcc from Dd 27774

Haem Average B (A?) % RSE rms.d. (A)
9Hcc A 9Hcc B 9Hcc A 9Hcc B csDd Total Ring* Non-ring

1 14.4 21.1 14.3 15.9 10.9 0.21 0.16 0.35
2 17.9 19.8 12.8 155 13.1 0.22 0.12 0.45
3 12.5 17.9 2.5 22 18.0 0.16 0.12 0.27
4 114 15.9 0.2 0.3 s 0.11 0.09 0.16
5 13.0 12.9 13.3 14.0 12.8 0.09 0.09 0.11
6 12.5 172 8.5 8.5 10.9 0.24 0.13 0.48
7 13.3 19.0 21.3 20.9 13.1 0.31 0.20 0.58
8 15.7 21.3 9.0 12.0 18.0 0.39 0.19 0.82
9 134 18.4 10.8 10.4 12.8 0.25 0.25 0.20

*The haem ring includes the four pyrrole-ring atoms and all atoms directly attached to them
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Fig. 3 a Main-chain (above x-
axis) and side-chain (below x-
axis) average B-factor (A?)

plotted as a function of resi-
due number for the protein

chain of 9Hcc A; b main-chain
(above x-axis) and side-chain

(below x-axis) average B-fac- g 0
tor (A?) plotted as a function <

of residue number for the pro- = 20 A
tein chain of 9Hcc B; ¢ main-

chain (above x-axis) and side- 40
chain (below x-axis) r.m.s. de-

viations between the protein &0

chains of 9Hcc molecules A
and B; overlaid on these plots 0
is a PROCHECK [30] linear

diagram of the 9Hcc second-

ary structure according to

Kabsch and Sander [34]
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of the His288 side chain to Cys284, the first residue in
the haem 9 binding motif, combined with the proximity
of Tyr190, which not only blocks the solvent access to
His 288 but also probably restricts the internal cavity
volume below the threshold needed to accommodate a
co-crystallized water molecule. The angles between the
planes of the imidazole rings of the histidine axial haem
ligands are also considered significant structural param-
eters. These angles are listed in Table 4 and were esti-
mated as the arithmetic mean of the two dihedral an-

50 100 150 200 250 300

Residue nr.
c

gles C*1-N*2-N*2-C*! and C®>-N®>-N*®>-C?2, All the
interplanar angles are different in 9Hcc and in ¢; Dd.
Inspection of the superimposed three-dimensional
structures reveals that, for most cases, one of the histid-
ine imidazole rings in 9Hcc is roughly parallel with its
counterpart in ¢z Dd, while the second imidazole ring is
in a different orientation relative to the first. Moreover,
significant differences exist also between the N-termi-
nal and C-terminal cs-like regions in 9Hcc. The angles
between the planes of the imidazole rings of the histid-
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Fig. 4 Stereoview of the C
trace and haem group num-
bering for the three-dimen-
sional structure of 9Hcc. Pic-
tures drawn with MOL-
SCRIPT [39]

Table 3 Hydrogen bonds and interplanar angles involving ligated histidines in 9Hcc

Haem 9Hcc Donor atom Hydrogen bond distance Comparison with ¢; Dd?
N°'...donor (A)
9Hce A 9Hcc B Haem c¢; Dd

1 1
His 37 O (Gludl) 2.78 2.72 w His22
His51 O (W144; W540) 2.83 2.84 w His34

2 2
His52 O (W290; W555) 2.80 2.85 m His35
His63 O (Ile74) 291 2.83 m His52

3 3
His40 O (Asn36) 2.87 2.88 m His25
His101 O (W15; W448) 2.88 2.95 m His83

4 =
His115 O (W174; W782) 3.13 2.92 -
His218 O (W218; W482) 2.92 2.71 —

5 4
His81 O (Asp77) 2.68 2.70 m His69
His131 O (Lys31) 2.70 2.67 w His106

6 1
His197 O (W12; W473) 2.99 3.10 w His22
His229 O (W2; W468) 2.89 2.88 w His34

7 2
His230 O (W60; W466) 2.85 291 m His3s
His245 O (Pro257) 2.83 2.95 m His52

8 3
His200 O (Thr196) 2.87 2.93 His25
His271 O (W214; W489) 2.89 2.89 His83

9 4
His264 O (W166; Ac5) 2.83 2715 His69
His288 O (His288) 2.71 2.82 w His106

*w, His N°' hydrogen bonds to a water molecule; m, His N°' hydrogen bonds to a main-chain carbonyl oxygen

ines attached to haem groups 1 and 6 have similar inter-
planar angles, as do those linked to haem groups 3 and
8. However, the planes of the imidazole rings of the his-
tinines coordinating haems 2 and 7, as well as 5 and 9,
have radically different angles, not only in terms of

magnitude but also in terms of orientation as given by
the sign of the angle, as discussed above. These differ-
ences can largely be attributed to the differences in the
the hydrogen-bonding pattern of the N®! atoms of the
histidine axial haem ligands, also discussed above.
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Table 4 Interplanar angles (°) involving ligated histidines in 9Hcc and ¢; D

N-terminal cs-like region C-terminal cs-like region ¢; Dd

Haem 9Hcc A 9Hcc B Haem 9Hcc A 9Hcc B Haem

1 —152.4 —153.1 6 —149.0 —146.4 1 —6.5
2 36.8 39.3 7 —56.2 —60.7 2 —110.1
3 25.2 25.1 8 25.5 25.7 3 33
4 —171.4 —173.6 — — = — =
5 =252 —23.6 9 46.9 382 B 4.3

a Absolute values close to 0° indicate that the equivalent C*' or
C® atoms in the neighbouring axial His residues tend to be
eclipsed, while absolute values close to 180° indicate that the ce!
atoms of one His residue tend to eclipse the C°” atoms of the
second residue and vice versa

Electron transfer properties of 9Hcc

In order to characterize the molecular surface of this
molecule, two properties were mapped on it (Fig. 5):
the electrostatic potential, calculated using GRASP
(with the GROMOS charge set) and the electron trans-
fer decay coupling from any haem to any specific point
at the surface. This mapping is meant to characterize
the surface properties in terms of electrostatic interac-
tions relevant to association with other proteins and, at
the same time, to provide a qualitative idea of the elec-
tron transfer propensities of these same surface zones.
Overall, the surface of the 9Hcc molecule shows mainly
negative potentials, especially in the N-terminal do-
main. However, there are small regions where positive
potentials are evident. The region near haem 4 is one of
these, but the zone with the highest positive character
in the molecule includes haems 6 and 8 along with their
immediate surroundings. This strong positive character
is due to patches of lysine and arginine residues:
Arg278, Lys180, Arg198, Argl99, Arg207 and Argl09.

The electron transfer characteristics of the surface
show some interesting features. The surface of the C-
terminal domain and around the isolated haem 4 dis-
plays large decay coupling values, an indication that, in
the absence of other controlling factors, molecular as-
sociations with this region will have a large probability
of electron transfer. In contrast, in the N-terminal do-
main, only the exposed parts of the haem group sur-
faces seem to display high decay coupling values. This
is most evident in the case of haem groups 1 and 2.
Therefore, electron transfer in this part of the molecule
should be more specific, requiring particular modes of
molecular association.

Electron transfer between the nine haems of the
molecule seems to be organized into two interacting
domains. Electron transfer calculations between all
haem groups in the molecule show that electron trans-
fer is comparable within each of the two tetrahaem
clusters, as well as between these clusters and the iso-
lated haem 4 (see Fig. 6), which appears to function as
an inter-cluster bridge. Therefore, electron transfer
within the molecule should be fast. This hypothesis is
valid in the absence of other electron transfer controll-

®The sign of this angle also provides some information: taking
any one of the His planes as reference, and looking down the di-
rection defined by the two N** atoms, positive values mean that
the second plane is twisted counter-clockwise and vice versa for
the negative values

ing factors, within the framework of the Pathways mod-
el.

Modelling of the interaction between 9Hcc and the
tetrahaem cytochrome c; in Dd 27774

With the aim of understanding the molecular associa-
tion and electron transfer experimentally observed be-
tween 9Hcc and the tetrahaem cytochrome c; in Dd
27774 (6], we performed docking simulations of these
two molecules, as described in Materials and methods.
Two hundred docking simulations were calculated and
the final annealed solutions cluster as shown in Fig. 7.
Ninety seven different clusters were found, which can
be ranked by their interaction energy. A large number
of solutions are observed, but their interaction energies
are quite different. Some are probably not very signifi-
cant, given their large energy difference from the best
solution. The best solution has a substantially lower en-
ergy than the second best (—248.2 kJ/mol for the best
and —238.1 kJ/mol for the second best). Figure 8 con-
tains a representation of the interaction solutions of te-
trahaem cytochrome c; with 9Hcc, by depicting the cen-
tre of geometry of the small molecule final positions as
spheres around the large molecule. The 10 best clusters
are coloured red and in fact correspond to 52 docking
solutions (i.e. 26% of the solutions). The best solutions
tend to cluster in specific places of the molecule, mostly
in the N-terminal domain around haems 1 and 2. In-
deed, the solutions included in the 10 best ranks corre-
spond to interactions between the haem 4 region of the
tetrahaem cytochrome c¢; and the haem 1 and 2 regions
of 9Hcc. In this group, only rank 10 does not corre-
spond to a direct interaction between haem groups
from the two proteins. Ranks 1 and 2 correspond to a
direct interaction with haem 2 of 9Hcc.

The results obtained here can be interpreted as pos-
sible solutions of the molecular interaction between the
two proteins. This means that one should not focus on
only one solution to explain the electron transfer be-
cause the interaction energy function used here is a
crude approximation for the molecular interactions that
are expected to occur in solution. Besides these modell-
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Fig. 5 Stereo representations
of the surface characteristics
of the 9Hcc in two configura-
tions. The molecular orienta-
tion in (al, bl) is similar to
that of Fig. 4, and in (a2, b2)
is rotated by 180° relative to
(al, bl). a Electrostatic poten-
tial mapping at the molecular
surface. Red coloured zones
correspond to negative poten-
tials, while blue coloured
zones correspond to positive
potentials. The range of po-
tential spans from —10 to
10kT/e. b Electron transfer de-
cay coupling mapping at the
molecular surface. Green col-
oured zones correspond to
high coupling values for elec-
tron transfer from the donor
center. The range spans from
-5 to 0 (in logo[(decay)?]
units as obtained from
GREENPATH [20]). The
coupling values correspond to
the sum of decay couplings
from all haem groups to any
given point at the surface, i.e.
all haems are considered as

Surface Potential

donors

ing issues, one should also consider that electron trans-
fer between redox proteins may not necessarily occur
through the formation of one specific complex, but
rather through multiple possible associations with dif-
fering electron transfer capabilities [36], or through
reorganization (conformational change) between dif-
ferent complexes [19]. In any case, the results presented
here suggest a trend for the interaction between these
two molecules: haem 4 of cytochrome c; interacts pre-
ferentially with either haem 2 or haem 1 of 9Hcc.

To further characterize the associations mentioned

bl

above, we optimized the structure of the three best
complexes using molecular dynamics simulations, in or-
der to model the close association between the two
molecules prior to electron transfer. This is important
because the rigid complex solutions found with the
structures of the isolated proteins can substantially
change when the molecules are brought together [19,
23]. The two best complex solutions are associations
between haem 4 of cytochrome c; and haem 2 of 9Hce,
related by a 180° rotation of the c¢; molecule about an
axis approximately defined by its haem 4 and haem 1



Fig. 5 Continued

Surface Potential

[Surf. Prop. 2

groups. The third solution corresponds to the interac-
tion between haem 4 of cytochrome c; and haem 1 of
9Hcc. The results of the molecular dynamics are pre-
sented in Fig. 9. The molecular dynamics refinement
led to significant changes in the interaction between the
two proteins, reducing in all cases the distance between
haem groups. In the first case, the haem groups brought
into contact are parallel to each other but slightly
shifted. In the second solution the haems are on top of
each other, but twisted by approximately 45°. In the

b2

third solution, the haems are parallel and aligned with
each other. Table 5 lists the charged groups that are
placed into contact in the three associations studied
here. As can be seen, there are a variety of charged
groups that are brought into contact by the interaction
between the two cytochromes. These groups are in gen-
eral, as expected, negatively charged groups from 9Hcc
and positively charged ones from cytochrome c;. In the
case of the third solution this behaviour is less marked,
since cytochrome c; contributes with three negatively
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Fig. 6 Simplified electron transfer paths within 9Hcc and their re-
spective decay coupling factors, multiplied by 1,000. These num-
bers correspond to a calculation without crystallographic water
molecules. However, when water molecules are included, the re-
sults do not change for the paths represented in the figure, indi-
cating that the best electron transfer paths do not follow through
water molecules

Table 5 Charged groups that interact in the different docking so-
lutions after molecular dynamics and energy minimization. The
table contains also some interactions with polar groups when the
other group is a charged group. The interactions presented here
do not all fulfill the criteria for the establishment of a hydrogen
bond, but are rather based on electrostatic proximity

9Hcc ¢; Dd
Gly20 (C=0) Lys102
Glu2l (C=0) Lys102
Glu48 Lys59
Asp55 Tyr65
Lys68 C-terminal
Docking 1 Glu70 Lysl6
Glu70 His106*
Glu70 Haem 4°
Ilel46 (C=0) Lys102
Haem 1 (propionate A) Lys71
Haem 1 (propionate A) Lys94
Glu21 Lys59
Glu48 Lys102
Glu70 His69?
Docking 2 Glu70 Haem 4°
Gly128 (C=0) Lys58
Haem 2 (propionate D) Lys71
Haem 2 (propionate D) Lys94
N-terminal Glu73
Glu4 Lys59
Asp7 Lys59
Glu21l (C=0) Lys59
Glu21 Lys90
Asp45 Lys58
Docking 3 Asp55 Cys100 (NH)
Lys68 Glu92
Glu70 Lys95
Lys144 Glug9
Haem 1 (propionate A) Thro8
Haem 1 (propionate A) Lys71
Haem 1 (propionate A) Lys94
Haem 1 (propionate D) Lys94

* Axial histidine of haem 4
Interacts with the haem plane

charged groups that interact with three positively
charged groups of 9Hcc.

There are two residues from 9Hcc, Glu21 and Glu70
that interact with cytochrome c¢; in all three solutions
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Fig. 7 Results from the 200 docking simulations. a Number of
hits for each rank; conformations were clustered using a r.m.s. de-
viation tolerance of 1.0 A. b Minimum interaction energy for the
members of each rank

analysed here. These are close together and at the edge
of the contact zone between the two molecules. From
the cytochrome c¢; side, there are three lysines, Lys59,
Lys71 and Lys94, that interact with 9Hcc in all three
docking solutions. Similarly to the acids of 9Hcc, these
lysines are at the edge of the contact zone between the
two proteins. The three lysines are located in the long,
predominantly helical, region that binds haem III of cy-
tochrome ¢;. Given the relative importance of these
charged residues for both molecules in their simulated



Fig. 8 Stereo representation
of the centre of geometry of
all 97 interaction ranks of te-
trahaem cytochrome c;
(shown as spheres; each clus-
ter is represented only once,
independently of the number
of solutions it contains)
around 9Hcc (only the protein
fold and haem groups are rep-
resented). The 10 best ranks
are coloured red; the remain-
ing up to the 20th best are
coloured yellow and the rest
are coloured blue

interaction, it would be interesting to replace them by
non-charged ones in order to verify their role in the
molecular association and subsequent electron trans-
fer.

Electron transfer calculations on the final com-
plexes, between haem 4 of cytochrome c; and haem 2
(for ranks 1 and 2) or haem 1 (for rank 3) of 9Hcc, in-
dicate that the best paths are always for direct electron
transfer between the haem groups, and the decay cou-
pling values (Tpa) (Table 6) are as high as intramole-
cular electron transfer within the tetrahaem clusters of
9Hcc. In the absence of other controlling factors, this
result is an indication of high electron transfer between
the two proteins.

Conclusion

The three-dimensional structure of the nine-haem cy-
tochrome ¢ from D. desulfuricans ATCC 27774 high-
lights the success of the tetrahaem structural arrange-
ment, a motif found very frequent in Desulfovibrio or-
ganisms (the archetypal case being the cytochrome cs)
as a highly adaptable framework and building block for
more complex molecules. The three-dimensional stuc-
tures of two di-tetrahaem cytochromes c; from D. nor-

Table 6 Best paths for electron transfer after molecular dynamics
refinement and their decay coupling values (Tpa). The protein
atoms indicated are those participating in the bridging orbital

Rank Path Toa

From (c; Dd atom) To (9Hcc atom)

1 haem 4 CM® haem 2 CA€ 4.0%x107
5 haem 4 CBB haem 2 CB€ 25%x1073
3 haem 4 CB®B haem 1 CHB 3.6x107°
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vegicum [40] and D. gigas [41], formed by the associa-
tion of two separate tetrahaem c; units, were already an
example of this trend. The cytochrome 9Hcc is the first
known three-dimensional structure where multiple co-
pies of a tetrahaem cytochrome cs-like fold are present
in the same polypeptide chain. The structures of the 16-
haem high-molecular-weight cytochrome (Hmc) iso-
lated from D. vulgaris (strains Miyazaki and Hildenbor-
ough) and D. gigas were predicted to be formed by the
association of three tetrahaem, one trihaem and one
single haem motifs [42-44]. In view of the high se-
quence homology of the C-terminal 285 residues of the
Hmc from D. vulgaris Hildenborough with the 9Hcc,
the structure of the latter provides a glimpse, albeit in-
complete, into the three-dimensional structures of
these Hmc molecules [6]. All these studies seem to indi-
cate an evolutionary trend based on the tetrahaem
common motif.

We suggest in this work a possible molecular basis
for the electron transfer interaction observed in vitro
between the tetrahaem cytochrome c¢; and the nine-
haem cytochrome ¢ from Dd 27774 [6]. The electron
transfer characteristics of the molecular surface of the
9Hcc C-terminal domain would indicate a non-specific
electron transfer, given that the exposed portions of the
haem groups constitute a large fraction of this molecu-
lar surface and there are also many short electron
transfer paths between the surface residues and the
haems. However, these electron transfer characteristics
alone cannot be taken as the driving force towards a
physical interaction between two molecules. Our dock-
ing studies, on the other hand, contain reasonable phy-
sical descriptions for molecular interactions, and sug-
gest that the interaction between these two cytoch-
romes is very specific. Contrary to the situation in the
C-terminal domain, in the N-terminal region there are
very well-defined surface patches with favourable elec-
tron transfer characteristics. The most probable dock-
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Fig.9 Stereo representations for the three best ranks for the in-
teraction between the tetrahaem cytochrome c; and 9Hec, before
and after molecular dynamics refinement. Only the protein C*
atoms and the haem groups are represented. a Rank 1, before
MD: b rank 1, after MD; ¢ rank 2, before MD; d rank 2, after MD;
e rank 3, before MD; f rank 3, after MD

ing solutions place haem 4 of the tetrahaem cytoch-
rome c; in contact with either one of these patches,
which correspond to the exposed surfaces of haem
groups 1 and 2 of 9Hcc. This may result from a favour-
able electrostatic complementarity between the posi-
tively charged surface region around haem 4 of the te-
trahaem cytochrome c; and these negatively charged
regions of 9Hcc, coupled with a significant degree of
surface complementarity. Therefore, the electron trans-
fer between these two proteins does not seem to result
from random interactions, but rather from specific as-
sociations, a situation which has been suggested to be
characteristic of physiological electron transfer interac-
tions [45] as opposed to non-physiological interactions
[46]. It now remains to be seen if a similar situation can
be found from modelling studies of the interactions be-
tween 9Hcc, flavodoxin and rubredoxin from Dd 27774,
for which the structures are known to atomic resolution
[47, 48]. Tt is important to note here that, whereas the
tetrahaem cytochrome c; is found in the periplasmic
space, both flavodoxin and rubredoxin are found in the
bacterial cytoplasm, and it has been suggested that
9Hcc may act as a transmembrane redox carrier [6].
Thus it is crucial to determine if the specific interaction
that exists between the tetrahaem cytochrome c; and
the N-terminal domain of 9Hcc can be mirrored by a
similar specific interaction between the C-terminal do-
main of 9Hcc and one or both of these two cytoplasmic
electron carriers. Further work is in progress at our la-
boratories, aimed at testing this hypothesis.
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