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Cytochrome c′ isolated fromRhodobacter sphaeroidesstrain R26 (RSCP) crystallizes as a
dimer of two identical 14-kDa subunits, in trigonal space groupP31, with cell parameters
a, b = 48.10Å, c = 115.80Å. The crystal structure of RSCP has been solved by molecular
replacement using cytochrome c′ from Rhodobacter capsulatus(PDB ID: 1CPQ) as a
search model. To ensure effective phase bias removal, the RSCP model was iteratively
built into maps generated by a modifiedwARPprocedure,Shake&wARP. The 1.8Å model
(PDB ID: 1GQA) has been refined to anR= 0.204 and freeR= 0.254. Each subunit
consists of four antiparallelα-helices, with the pentacoordinate heme covalently bound to a
C---X---Y---C---H motif near the C-terminus. F14, located on helix A, blocks direct access
to what would be the sixth “distal” ligand binding site of the heme. The dimer subunits form
a flattened “X” shape, intermediate between the Type 1 and Type 2 cytochromes c′. The
presence of the aromatic F14 and a deep channel between helices B and C places RSCP into
Group 1 cytochromes c′. Clear electron density has revealed that the amino acid sequences
for the cytochrome c′ from strains R26 and 2.4.1 are identical.
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Introduction

Cytochromes c′ are paramagnetic heme
proteins found in the periplasmic space of pho-
totrophic and denitrifying bacteria, and these pro-
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teins are the largest and most widespread class
(IIa) of bacterial c-type cytochromes.1 Although
cytochromes c′ are alleged to function as elec-
tron carriers with a pH-dependent reduction po-
tential that ranges from−10 to+150 mV,2,3 their
exact physiological role remains unclear. Several
recent studies suggest that cytochromes c′ may
help to alleviate nitrosative stress in bacteria.4,5

Cytochromes c′ have been shown to have highly
conserved physicochemical and structural proper-
ties over a wide range of bacterial species, but ex-
tensive sequence homology is generally restricted
to the carboxyl terminal region incorporating the
heme binding sequence C---X---Y---C---H similar
to that of low spin cytochromes c.6 However, the
cytochromes c′ exhibit little sequence homology
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to the soluble class I cytochromes c from
mitochondria.

Cytochromes c′ occur primarily as 28-kD
homodimers, although those fromRhodobacter
sphaeroidesand Rhodobacter capsulatushave
been shown to exist as an equilibrium mixture
of monomers and dimers in solution, and cy-
tochrome c′ from Rhodopseudomonas palustrisis
completely monomeric.3,7 Each monomer chain
folds into an elongated right-handed fourα-helix
bundle8 incorporating the covalently bound heme.
The heme iron is pentacoordinate and, as ob-
served in other high spin cytochromes such as
globins and cytochrome c peroxidase, the sixth
ligand position is vacant.9 The heme iron is high
spin (S= 5/2) and paramagnetic in both the Fe2+

(reduced) and Fe3+ (oxidized) states, although
the ferric ions have been proposed to exist as
mixed spin states (S= 5/2 andS= 3/2) at neu-
tral pH.10 The heme pocket in cytochromes c′

is small and largely composed of hydrophobic
side groups.9,11–16 Monomers typically bind lig-
ands such as CO and NO axially to the heme in
both the oxidized and reduced forms.17,18 Recent
crystallographic studies on cytochrome c′ from
Alcaligenes xylosidanshave revealed that exoge-
nous ligands such as NO exhibit a novel proximal
coordination geometry, with NO residing at the
previously occupied axial histidine binding site.18

Binding of CO has been shown to bring about
conformational changes that result in dissocia-
tion of dimer to monomer.17 Thus, cytochromes
c′ provide models for the electronic environment
of heme proteins, as well as for cooperative inter-
actions in proteins.

Here we report the structure of RSCP at
1.8-Å resolution, determined by single crys-
tal X-ray diffraction. To date the crystal struc-
tures of cytochromes c′ from Rhodopseudomonas
palustris(RPCP),9 Rhodospirillum molischianum
(RMCP),11,12 Chromatium vinosum(CVCP),13

Rhodospirillum rubrum(RRCP),14 Alcaligenes
xylosoxidans NCIB1105 (AXCP),15 Alcali-
genes dentrificans(ADCP),16Rhodocyclus gelati-
nosus (RGCP),16 and Rhodobacter capsula-
tus (RCCP)19 have been reported. The unique

structural features of RSCP will be described,
and the structure will be compared to other cy-
tochromes c′.

Experimental

Purification and crystallization

Cytochrome c′ was prepared from
Rhodobacter sphaeroidesstrain R26 using
a procedure modified from that reported by
Bartsch,2,20 and then dialyzed against 50-mM
phosphate buffer, pH 4.5. Crystals were grown
by the hanging drop vapor diffusion method at
room temperature. Crystallization conditions
were identified with Hampton Research Crystal
ScreenTM, formulation 42. Crystals suitable for
X-ray diffraction analysis were observed within
1 week in hanging drops containing 10µL of
protein solution (20 mg/mL in 50-mM sodium
phosphate buffer, pH 4.5) and 10µL precipi-
tant solution (20% (w/v) polyethylene glycol
(PEG) 8000 and 50-mM sodium phosphate,
pH 4.5) equilibrated against 1-mL reservoirs of
precipitant solution.

X-ray analysis

Diffraction data (Cu Kα radiation, graphite
monochromator) were collected nominally to
1.5Å at room temperature from a crystal mounted
in a 0.7-mm quartz capillary on a Rigaku
R-AXIS IIC imaging plate detector system
(Table 1). Diffraction data from each 1◦ of os-
cillation were recorded for 30 min. Data were
integrated and scaled with the R-AXIS IIC data
processing software suite.25 Crystals belong to
space groupP31, no. 144, with cell parameters
a, b = 48.10Å, c = 115.80Å. The two molecules
comprising the dimer are related by a twofold non-
crystallographic symmetry (NCS) axis very nearly
perpendicular to thec axis, close but not identical
to the crystallographic twofold axes inP3121.

Starting phases were obtained by molecular
replacement using the structure of RCCP (PDB
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Table 1. Data Collection and Refinement Statistics

Data Collection
Space group P31

Wavelength (̊A) 1.54178
Temperature (K) 293
a, b (Å) 48.10
c (Å) 115.80
Resolution (̊A) 31.00–1.80
Observed reflectionsa 67416 (5617)
Unique reflectionsa 24077 (2553)
% Completeness 87 (57)
Rsyma 0.10 (0.16)
<I /σ(I )>

a 8.1 (4.6)
Vm (Matthews coefficient) 2.9
% Solvent 57

Refinement
FreeR valuea, random, 10% 0.254 (0.351)
R valuea 0.204 (0.271)
No. of protein atoms 1913
No. of water molecules 291
No. of heterogen atoms 86
rmsd bond length (̊A)b 0.019
rmsd bond angle (◦)b 1.745
Overall coordinate error (̊A)c 0.162
RSCC (Shake&wARP)d 0.93
RSCC (Refmac5)e 0.94

Note: Additional details about chemical restraints and refinement
parameters are available in the Protein Data Bank file 1GQA.
aValues in parenthesis for the highest resolution bin (1.85–1.80Å).
bDeviations from restraint targets.21

cEstimated standard uncertainty, Diffraction Precision Index (DPI)
based on freeR22.

dReal space correlation coefficient, averaged and weighted
Shake&wARPmap againstFc map.

eReal space correlation coefficient, maximum likelihoodmFo −
DFc map, reported byRefmac5.23,24

ID: 1CPQ; 41% sequence identity) as a search
model.Epmr26 was used in default automated par-
tial structure mode searching for two molecules
in the asymmetric unit (12–4̊A data). The search
for the first molecule converged at a correlation
coefficient (CC) of 0.27. Using partial structure
factors based on the position of molecule one, the
search for the second molecule in the asymmet-
ric unit reached convergence within five iterations
(CC= 0.44,R= 0.51). Rigid body refinement of
the two individual molecules against 2.8̊A data
slightly improved CC to 0.47 (R= 0.50).

To ensure effective phase bias removal,
the RSCP model was iteratively built into

maps generated by a modifiedwARPprocedure,
Shake&wARP.27 Six different starting models
were created by randomly deleting 10% of all
atoms and randomly perturbing the atomic co-
ordinates by 0–0.5̊A (rmsd 0.25Å). Dummy
atoms were automatically built into each model
usingARP28 followed by unrestrained maximum
likelihood refinement withRefmac5.23,24 After 30
cycles, the resulting six individual maps were
averaged, and structure factor weights (w) and
weighted phases were calculated as described in
Perrakiset al.29 The model was iteratively re-
built into the resulting weighted electron den-
sity maps using the programXfit in theXtalView
package.30 Residues or regions with significantly
different conformations in the two molecules
were excluded from NCS restraints during re-
finement. After repeated cycles of water build-
ing usingARP and real space refinement using
Xfit, followed by restrainedRefmac5maximum
likelihood refinement, the final structure (PDB
ID: 1GQA) refined toR= 0.204 and freeR=
0.254. For each of the intermediate models,
real space correlation coefficient plots (Fig. 1)
were calculated fromShake&wARPmaps us-
ing Overlapmapin the CCP4 suite and in-house
programs.27

Results and discussion

Overall structure

Electron density was extremely clear and
continuous for both molecules in the asymmet-
ric unit, and side chain conformations, includ-
ing alternate conformations, could be resolved for
all 130 residues except R130 at the C-terminus.
The final model has excellent stereochemistry
(Fig. 2) and fits well to the electron density, with
an overall real space correlation coefficient of
0.94 (Fig. 1(B)). During model building, an in-
consistency was noted between the reported se-
quence for RSCP1 and the exceptionally clear
electron density in helix D. The sequence 116–
119 in strain R26 is GGTC rather than GTGC
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Fig. 1. (A) Improvement of model quality during rebuilding of the RSCP model. Poor real
space correlation (upper graph) of the fit between each residue of the initial model and the
Shake&wARPbias-minimized electron density map directly after molecular replacement.
(B) Real space correlation of the fit (upper graph) between the final model and final
Shake&wARPbias-minimized electron density map. Lower graphs in (A) and (B) show
B factors.
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Fig. 2. Ramachandran plot showing stereochemical quality
of the RSCP structure. Triangles represent glycines, squares
all other residues. No residues are found in disallowed re-
gions, and 95.5% of residues have phi and psi backbone tor-
sion angles within the most favored regions, as defined by
PROCHECK.31

as reported for strain 2.4.1 in SWISS PROT
(Fig. 3). Comparison with the more recently de-
termined genomic sequence from strain 2.4.132–34

confirms that this error is probably typographi-
cal, and that the sequences of cytochrome c′ from
Rhodobacter sphaeroidesstrains R26 and 2.4.1
are identical.

As in other cytochromes c′, the RSCP
monomer consists of four antiparallelα-helices
(A–D) with the heme group covalently incorpo-
rated in the concavity of the helical bundle (Fig. 4).
Helix A in RSCP is noticeably bent at P23, a fea-
ture also seen in RPCP. Helix C in RSCP is bent at
P99, a residue unique among the cytochromes c′ at
this position. Three additional prolines are found
in the loop regions, P33 in the AB loop, and P54
and P60 both in the BC “flexible” loop. The fourα-
helices bundle topology of RSCP is intermediate
between the more conical arrangement of helices
seen in CVCP, which also has prolines in helix and
loop regions, and the more parallel arrangement
seen in RCCP, where prolines are found only in
the flexible loop region.

Fig. 3. Overlay of residues 116–119 of reported sequence in
SWISS-PROT3 for RSCP strain 2.4.1 with electron density
for strain R26. Sequence error in RSCP strain 2.4.1 is iden-
tified by clear electron density for a threonine side chain at
position 118. The error probably results from a typographic
transposition of the sequence, amino acids 116–119 GTGC3

should be GGTC, as confirmed by comparison with more
recently determined genomic sequence for strain 2.4.1.32–34

Sequences of cytochrome c′ from strains R26 and 2.4.1 are
identical. CombinedShake&wARP map. 1.8Å data, 1σ elec-
tron density level in gray, rendered withXtalView.30

Dimer topology and interface

Cytochromes c′ are distinguished by their
dimer topology, which has been attributed to the
charge disposition at the A/B dimer interface.9 In
the classic “X” shaped Type 1 dimer,9 such as
CVCP, the subunits cross each other at roughly
right angles to each other when viewed perpendic-
ularly to the noncrystallographic dyad, with helix
crossing angles35 Ä(A/A ′) = −125◦, Ä(B/B′) =
−149◦, and the charged residues are disposed at
the loop ends. The central region of the dimer in-
terface consists of a hydrophobic “patch” in which
both A/A′ and B/B′ helices interact. An aromatic
or aliphatic hydrophobic residue on helix A blocks
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Fig. 4. Rhodobacter sphaeroidescytochrome c′ dimer.
(A) Dimer is viewed along the twofold NCS axis. Helices
are labeled A–D and A′–D′ on each monomer. (B) Dimer is
viewed perpendicular to the twofold NCS axis, located hor-
izontally. (C) Same view as in (B), rendered schematically
with helices shown as rods for clarity. Images rendered with
WebLabViewerLitec©v4.2.

Fig. 4. Continued.

the sixth ligand binding site to the heme. Hence,
upon binding of ligands, the movement of this
residue induces further conformational changes,
which lead to dissociation of the dimer.36 In the
Type 2 RCCP dimer,5 however, the dimer topol-
ogy is “flat,” withÄ(A/A ′) = 177◦ andÄ(B/B′) =
164◦, and the subunits nearly antiparallel. Charged
residues are disposed more towards the center of
the dimer interface, and dimer contacts involve
mainly B/B′ helices.5 The absence of the A/A′

dimer contacts in the case of RCCP would explain
why ligand binding does not induce dissociation
of the dimer.

RSCP subunits form a flattened “X” shaped
dimer when viewed perpendicular to the non-
crystallographic dyad (Fig. 4). Dimer contacts
involve both A/A′ and B/B′ helix interactions,
with RSCP helix crossing anglesÄ(A/A ′) =
−143◦, Ä(B/B′) = −172◦. In helix A (residues
2–29), there are 12 hydrophobic interactions
and three hydrogen bond interactions with he-
lix A ′ in the sequence range 5–19, and in helix
B (residues 35–52) there are 10 hydrophobic
interactions and four hydrogen bond interac-
tions with helix B′ in the sequence range 42–
52, as indicated by the program, CSU.37 Two
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additional hydrophobic dimer interactions of the
A/B ′ type involve L16. With the exception of a
water molecule involved in hydrogen bonding
with Y13, L49, and Y52, there are no water
molecules at the interface that mediate dimer con-
tacts. Because dimer contacts involve the A he-
lices, dissociation upon ligand binding is likely to
be similar to that observed in CVCP, where move-
ment of F14 at the vacant position of the heme
leads to conformational changes in helix A and
disruption of the dimer interface structure.

The dimer topology of RSCP is intermediate
between that in Types 1 and 2 cytochromes c′, con-
sistent with the charge disposition across the A/B
interface (Fig. 5). The hydrophobic contact region
between the two RSCP subunits is offset from
the center of the interface towards the N-terminal
edge of each subunit, and charged residues ex-
tend into the interface from the A–B loop end,
although not as extensively as in RCCP. The con-
tact surface area in RSCP is comparable to that for

Fig. 5. Charge disposition for RSCP at the dimer interface.
Viewed as in Fig. 4(B) but with monomer in front removed
from view. Charges are disposed towards the loop ends, and
there is a hydrophobic contact region in the lower half of the
dimer interface towards the N-terminal edge.

Type 1 cytochromes c′ such as CCVP and RMCP
(approximately 800̊A2), and greater than that for
RCCP (500Å2). However, the RSCP dimer in-
terface has about 15% more polar residues than
CVCP. The interacting surfaces in both RSCP and
RCCP exhibit less complementarity and greater
planarity than in either CVCP or RMCP.38 Thus,
the interface characteristics in RSCP result in a
dimer topology that, while still “X” shaped, is flat-
ter in appearance (more antiparallel), intermediate
between the two Types. As in the case of RCCP,
the disposition of charged groups in RSCP would
play a role in establishing an equilibrium mixture
of monomer and dimer in solution.2,7

Channel formation between helices B and C

Like other cytochromes c′ belonging to
Group 1,19 RSCP has both a bulky aromatic side
chain near the heme iron sixth ligation position
and a deep solvent accessible channel between
helices B and C. This channel facilitates the bind-
ing of larger ligands, such as ethyl- andn-butyl
isocyanide, in CVCP36 and RCCP.39 The chan-
nel between helices B and C forms partly as a
result of amino acid substitutions in these helices.
For example, in Group 2 helix B, P55 in RMCP,
P53 in RRCP, and W56 in ADCP and AXCP are
substituted in Group 1 by G55 in CVCP, A52 in
RCCP, and S55 in RSCP. In Group 2 helix C, W86
in RMCP, S83 in RRCP, and Q83 in ADCP and
AXCP are substituted in Group 1 by G85 in RCCP,
A88 in CVCP, and G87 in RSCP. Group 2 cy-
tochromes c′ generally have a three–four residue
deletion in this region of the amino acid sequence
as well. A93 and its equivalent appear to be con-
served in Group 1, whereas in Group 2, this residue
is substituted by E, N, or L. Because A93 forms
an interhelical contact between helices C and D, a
larger side chain may shift the position of helix C,
closing down the opening of a channel. The aro-
matic side chain, F14, as well as the edge of the
heme and the H123 ligand, are accessible to sol-
vent through the channel in RSCP (Fig. 6). M88
(D, K, or Q in most other cytochromes c′), which
is located on the molecular surface and near the
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Fig. 6. Solvent accessible channel between helices B and
C. A large channel is present between helices B and C,
which places RSCP within the Group 1 cytochromes c′.16 In
this space filling model, the protein is shown in white CPK
spheres, the edge and the distal side of the heme are shown in
dark gray spheres, and the aromatic side chain of F14, which
blocks the distal ligand binding site, is hown in black spheres.
Image rendered with WebLabViewerLitec©v4.2.

channel entrance, may influence heme ligation by
hindering access to the channel in solution.19

Heme environment

As is typical of c′-type cytochromes, the
heme in RSCP is covalently bound to the sequence
C---X---Y---C---H through thioether linkages be-
tween the heme vinyl groups and two cysteine
residues on helix D, C119 and C122, near the C-
terminus (Fig. 7). The heme iron is pentacoordi-
nate with four pyrrole nitrogen atoms equatorial,
NE2 of the H123 imidazole group in an axial po-
sition, and F14 from helix A blocking what would

be the sixth “distal” coordination site. As expected
for pentacoordinate hemes, the porphyrin ring is
puckered towards the histidine ligand, with a Fe-
H123 bond length of 2.01̊A. The Fe---Fe distance
within the dimer is 24.40̊A.

The heme pocket is primarily hydrophobic,
due to van der Waals contacts between the heme
and aromatic or aliphatic portions of neighboring
residue side chains. Residues constituting the im-
mediate heme contact environment include R10,
K11, F14, S15, V17, A18, F21, L46, Y58, T70,
A71, A72, I76, F83, K86, G87, F90, V115, T118,
C119, C122, H123, R127, and F126 more periphe-
rally through a stabilizing interaction with F83.
The inner heme propionate, via O1D, is hydro-
gen bonded to NE of R10, OH of T70, and the
backbone N of A71. It has been suggested that
R10, which is conserved in all known cytochrome
c′ structures, is important to incorporation of the
heme, the stability of the protein, and possibly
the binding of ligands.19 Except for a single wa-
ter hydrogen bonded to O2A of the outer propi-
onate of each heme of the dimer, there are no water
molecules in the heme pocket or associated with
either heme.

Factors that may control heme iron
reduction potential

Thirty years ago, Kassner proposed that
a more hydrophobic environment in the heme
pocket would favor the reduced form of the
heme thereby raising the reduction potential,41

and a theoretical model was proposed for the ef-
fects of local nonpolar heme environments on
the reduction potentials in cytochromes.42 More
recent work by various groups on designed six-
coordinate heme proteins is building a consen-
sus of factors that modulate the reduction po-
tential of hemes.43–47 These factors, whose1Em

ranges from 30–210 mV, include (a) local dielec-
tric effects arising from the solvent accessibility
of the hemes; (b) the hydrophobicity of the heme
pocket; (c) interactions of the heme and heme lig-
ands with surrounding residues. Heme reduction
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Fig. 7. Heme pocket of RSCP. Schematic diagram of protein–heme interactions mediated by hydrogen bonds
and by hydrophobic contacts. The heme in RSCP, shown at the center of the figure, is covalently bound to the
sequence C---K---Y---C---H through thioether linkages to C119 and C122 near the C-terminus. F14 in helix A,
visible below the heme, blocks direct access to what would be the sixth “distal” ligand site. NE2 of the H123
imidazole group binds iron in the axial position. R10, shown at the lower left, is hydrogen bonded via NE to OD2
of the heme propionate. Additional residues that constitute the heme environment are indicated. Image created
with LIGPLOT.40
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potentials of single heme bound states have been
found to correlate with apoprotein conforma-
tional specificity, demonstrating that hydropho-
bic packing modulates heme redox activity.44

Cytochromes c′ share a similar four helix bun-
dle structural motif and pentacoordinate heme
iron ligation, they exhibit a>100 mV range
in reduction potential,2,3 and those for which
crystal structures have been determined have
well described heme microenvironments.9,11–16,19

Thus, cytochromes c′ present an opportunity
to consider the role that various aforemen-
tioned factors may play in mediating reduction
potential.

Solvent accessibility.We have calculated
the solvent accessible surface area (ASA)37 for
the pentacoordinate hemes in the cytochromes c′

whose structures have been reported, and we find
that there is a weak correlation (0.22) between the
ASA and the reported midpoint reduction poten-
tial of the heme.2,3 One must be cautious, how-
ever, to conclude that solvent accessibility is not
a determining factor of heme reduction potential.
Although cytochromes c′ maintain a certain de-
gree of structural homology, other factors due to
subtle, nonnegligible differences will provide ad-
ditional energetic contributions.

Hydrophobicity. We next consider the effect
that local hydrophobic amino acids may have on
the heme reduction potentials. In six-coordinate
heme systems, single conservative hydrophobic
amino acid modifications local to heme binding
sites have been found to modulate heme reduc-
tion potentials by as much at 50 mV, although
these effects are not strictly additive, because
modifications are distant dependent.48 When
the hydropathy profiles49,50 of the local heme
environments and the reported heme reduction
potentials for cytochromes c′ are compared, there
is a good correlation (0.7–0.8). Moreover, the
contact surface area37 of the heme with local
residues correlates well (0.84) with the reported
reduction potential, which suggests that for the
pentacoordinate hemes, hydrophobic packing is
a significant factor in modulating heme redox
activity.

Heme–protein interactions.Comparison of
heme reduction potentials and amino acid
sequences in the heme environment of the cy-
tochromes c′ suggests that residue 71 in RSCP and
its equivalents may be important in modulating the
reduction potential. In those cytochromes c′where
this residue is D or E (RCCP, CVCP, RRCP), the
reduction potential is less positive. Interestingly,
this residue is located in a mobile region in close
proximity to the heme.51 The residues and confor-
mation of this region may modulate heme redox
potential by controlling heme proprionate solvent
accessibility, as has been previously suggested for
cytochromes.52 Sequences with G at position 87
and its equivalents (RSCP, RCCP) have interme-
diate potential, those with A or S (RRCP, CVCP)
have less positive potential, and those with Q in
this position (ADCP, AXCP) have more positive
reduction potential. These differences may be at-
tributed to hydrophobic packing, because G and
Q exhibit greater contact surface interaction with
the heme. In RPCP, whose reduction potential is
also more positive, a deletion in the amino acid
sequence actually places F spatially in this po-
sition, again with an increased contact surface
area.

Conclusions

The structure of cytochrome c′ from
Rhodobacter sphaeroidesprovides new insights
into the structural features of this class of proteins
that dictate dimer topology and mediate heme re-
dox activity. Dimer topology is dictated by the
size, shape, and disposition of the hydrophobic
patch at the dimer interface, as well as the pla-
narity and complementarity of the contact region.
Heme iron reduction potential is controlled by the
hydropathy profile and hydrophobic packing of
residues in the heme pocket, although solvent ac-
cessibility to the heme propionate may provide
finer modulation. Cytochromes c′ can be clearly
classified into two groups, based on the presence
of a bulky aromatic residue blocking the sixth dis-
tal heme ligand binding site, and the presence of a
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solvent accessible channel between helices B and
C. However, analysis of factors that influence the
quaternary structure of RSCP has revealed more
subtle distinction in dimer topology among the
cytochromes c′ and has provided new insights for
the design of synthetic multimeric proteins that
incorporate hemes.
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