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ABSTRACT The solution structure of the three-heme
electron transfer protein cytochrome c; from Desulfuromonas
acetoxidans is reported. The determination of the structure is
obtained through NMR spectroscopy on the fully oxidized,
paramagnetic form. The richness of structural motifs and the
presence of three prosthetic groups in a protein of 68 residues
is discussed in comparison with the four-heme cytochromes c;
already characterized through x-ray crystallography. In par-
ticular, the orientation of the three hemes present in cyto-
chrome c;7 is similar to that of three out of four hemes of
cytochromes c3. The reduction potentials of the individual
hemes, which have been obtained through the sequence-
specific assignment of the heme resonances, are discussed
with respect to the properties of the protein matrix. This
information is relevant for any attempt to understand the
electron transfer pathway.

Multiheme cytochromes with bis-histidine coordination are
classified as class III c-type cytochromes (1). This class includes
triheme, tetraheme, and octaheme cytochromes (2). They
show no structural similarity with the cytochromes c (Cyt c) of
other classes and are associated with the most divergent
respiratory mode in sulfur or sulfate-reducing bacteria. These
bacteria are able to utilize elemental sulfur or oxidized sulfur
compounds as terminal electron acceptors. Their respiratory
processes are exceptional in terms of the negative redox
potentials involved and in the implication of the existence of
several multiheme Cyt c.

Among the bacteria able to reduce sulfate to sulfide, the
most characterized are the Desulfovibrio. They are ecologically
versatile. In the absence of sulfate they can grow by fermen-
tation of lactate, pyruvate, or ethanol in syntrophic association
with a methanogen to utilize the hydrogen released.

The Desulfuromonas bacteria cannot reduce sulfate but
obligately require sulfur as respiratory electron acceptor, using
acetate as oxidizable substrate. The oxidation of acetate to
CO, is stoichiometrically linked to the reduction of elemental
sulfur to sulfide. Proteins involved in this process include
cytochromes and ferredoxins, the former in the periplasm
while the latter are in the cytoplasm. At variance with Desul-
fovibrio, no hydrogenase in the periplasm of Desulfuromonas
bacteria has yet been detected.

The best-studied proteins among multiheme cytochromes
are Cyt c3 (13,000 kDa) found in Desulfovibrio bacteria. They
contain four hemes and act as the natural electron donors and
acceptors with hydrogenase and ferredoxins. The determina-
tion of a few three-dimensional structures of Cyt c¢3 from
different sources has shown that the arrangement of the four
hemes is highly conserved (3-7). Each heme exhibits a distinct
redox potential in the —200- to —400-mV range.

Cyt ¢-555.1, also known as Cyt ¢y, from Desulfuromonas
acetoxidans is a small (68 amino acids, ~9,100 kDa) mono-
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meric class III c-type cytochrome containing three hemes. Its
sequence is somewhat homologous to many tetraheme Cyt c3
from Desulfovibrio organisms (8, 9). The sequence of Cyt c;
from D. acetoxidans has been aligned with those of some Cyt
¢3 (9). It was assumed that Cyt c; has a deletion in the protein
segment binding heme II (residues 44-67); with this assump-
tion the sequence homology is about 38% (10). Up to now no
explanation has been proposed for the reasons why one heme
is missing in Cyt ¢7 with respect to Cyt c3. In Cyt ¢7, two of the
heme groups have a reduction potential of —177 mV and the
third of —102 mV (11).

Cyt c¢7 appears to be involved in the electron transfer to
elemental sulfur. With regard to the metabolic processes of
elemental sulfur bacteria, it was shown that Cyt c¢3 from
Desulfovibrio may function as a sulfur oxidoreductase in vitro
(12). More recently, it has been suggested that Cyt ¢; would be
involved in the coupled oxidation of acetate and dissimilatory
reduction of Fe(III) and Mn(IV) (13) for obtaining energy for
growth of these bacteria. Recent studies have demonstrated
that Cyt ¢3 can function as a terminal Fe(III) and U(VI)
reductase in Desulfovibrio (14).

Comparison among structures of different proteins of the
same or similar classes has been used (15, 16) to identify
common secondary structure motifs and possibly trace their
evolution. The x-ray structures of four Desulfovibrio Cyt c3 are
available (3-7), which provide the basis for a detailed char-
acterization of the enzyme (17). The structure of Cyt ¢ is
unknown. Furthermore, almost nothing is known about the
protein partners of Cyt ¢7 in the redox cycle. The comparison
of the three-dimensional structures of Desulfovibrio Cyt c3 with
that of D. acetoxidans Cyt c; may shed light on their function.

We report here the solution structure of the fully oxidized
Cyt c¢7. Oxidized cytochromes contain low spin iron(III) with
one unpaired electron per heme. The solution structure de-
termination of paramagnetic metalloproteins is a challenge
because the presence of unpaired electrons broadens the NMR
lines (18, 19), especially if three paramagnetic centers are
present in a small molecule.

MATERIALS AND METHODS

NMR Sample Preparation. Cyt c; from D. acetoxidans was
purified as reported (8). The 'H NMR samples were prepared
by dissolving the lyophilized protein in 100 mM phosphate
buffer at pH 6.5 to give 2-3 mM solutions.

NMR Spectroscopy. The 'H NMR spectra were recorded on
a Bruker MSL 200, a DRX 500, or an AMX 600 spectrometer,

Abbreviations: Cyt ¢, cytochrome ¢; NOE, nuclear Overhauser effect;
NOESY, NOE spectroscopy; TPPI, time proportional phase incre-
ment; WATERGATE, water suppression by gradient-tailored excita-
tion.

Data deposition: The atomic coordinates have been deposited in the
Protein Data Bank, Chemistry Department, Brookhaven National
Laboratory, Upton, NY 11973 (reference 1CFO0).
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operating at 200.13 MHz, 500.13 MHz, or 600.13 MHz
respectively.

Time proportional phase increment (TPPI) nuclear Over-
hauser effect spectroscopy (NOESY) (20, 21) spectra were
recorded with presaturation of the solvent signal both during
the relaxation delay and the mixing time. To optimize the
detection of cross peaks involving fast-relaxing resonances,
NOESY maps at 292, 300, and 308 K in 2H,O (D20) (90%
D,0/10% H,0) or in H>O (90% H,0/10% D,0) solution
were recorded on the full spectral width (49.0 ppm) with
recycle time of 550 ms and mixing time of 15 ms. To optimize
the observation of connectivities in the diamagnetic region
NOESY maps in D,0O and H,O solutions were recorded on
a smaller spectral width [36.2 and 17.3 ppm for NOESY and
NOESY water suppression by gradient-tailored excitation
(WATERGATE) (22, 23), respectively], with recycle times
of 800 ms and mixing times of 25, 60, and 100 ms. Analo-
gously, TPPI homonuclear Hartmann-Hahn (HOHAHA)
(24) experiments, with presaturation during the relaxation
delay, were recorded on spectral width of 49.0 ppm (recycle
time of 550 ms, spin lock time of 18 ms) and 30 ppm (recycle
time of 800 ms and spin lock times of 30, 60, and 90 ms). A
magnitude correlated spectroscopy (COSY) (25, 26) map
was recorded in H,O solution on a 30 ppm spectral width
(recycle time of 800 ms).

All two-dimensional spectra consisted of 4 K data points in
the F2 dimension. From 800 to 1024 experiments were re-
corded in the F1 dimension, using 64-192 scans per experi-
ment. Raw data were multiplied in both dimensions by a pure
cosine-squared (NOESY, HOHAHA) and a pure sine-
squared (COSY) bell window function and Fourier-
transformed to obtain 2048 X 2048 real data points. A
polynomial base-line correction was applied in both directions.

Distance and Angle Constraints. The volumes of the cross
peaks between assigned resonances were obtained using the
integration routines present in the program XEASY (27) or by
manual integration. Most of the dipolar connectivities were
taken from the 100-ms NOESY WATERGATE in 90% H,O/
10% DO solution at 300 K.

NOESY cross-peak intensities were converted into upper
limits of interatomic distances by following the methodology of
the program CALIBA (28).

3J(NH-Ha) were evaluated from the 100-ms NOESY WA-
TERGATE by the INFIT (29) procedure available in the DIANA
package and converted into angle constraints using the Kar-
plus relation.

Structure Determination. The experimental distance con-
straints were then used to generate protein conformers using
the distance geometry program DIANA (28). The heme groups
were constructed in analogy to x-ray data of other c-type
cytochromes, and structure calculations were performed in-
troducing a covalent link between the hemes and the sulfur of
cysteine residues. An upper distance limit of 2.2 A between the
Ne2 of the axial histidines and the iron ion was imposed after
checking that the histidine-metal coordination involves the
above mentioned imidazole nitrogen in all the structures of
heme proteins deposited in the Protein Data Bank.

DIANA calculations, including the redundant angle strategy
routine (REDAC) (30), were performed following the proce-
dure and with the parameters already used by us for the
determination of other solution structures (31, 32). Initially
500 random structures were calculated. Stereospecific assign-
ments of diastereotopic protons and methyl groups were
obtained using the program GLOMSA (28). The average struc-
ture calculated from the best 20 structures obtained from
DIANA (see below) has been energy minimized and used for
comparison with the crystal structures.

Structure Analysis. The structural analysis of the coordi-
nates of the energy-minimized structure of whole protein, in
terms of Ramachandran plots, deviation from ideal structural
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FiG. 1. Shown is the 600 MHz '"H NMR spectrum of Cyt ¢7 from
D. acetoxidans recorded in D>O solution, 100 mM phosphate buffer
(pH 6.5).

parameters, secondary structure elements, etc., was performed
with the PROCHECK program (33).

RESULTS AND DISCUSSION

The 'H NMR spectrum of fully oxidized Cyt ¢; shows many
signals shifted outside the diamagnetic envelope (Fig. 1) in
agreement with the previously reported spectra (34). The
downfield shifted signals are due to heme methyls and propi-
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FiG. 2. Number of intra-NOEs (4) and inter-NOEs (B) per
residue identified in the NMR spectra. The total height of each column
represents the amount of observed experimental NOEs. The open and
filled bars correspond to NOE constraints that are found to be
irrelevant and meaningful, respectively. In C, diagrams of the root-
mean-square deviation (rmsd) values per residue with respect to the
average structure calculated on the 20-structure family for backbone
(m) and all heavy atoms are reported (O).
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F1G. 3. Stereoview of the ribbon diagram of the solution structure
of Cyt ¢7 from D. acetoxidans (A) and of the x-ray crystal structure of
Cyt c3 from Desulfovibrio desulfuricans (7) (B), displayed using MOL-
SCRIPT (36). The solution structure of Cyt c¢7 has been obtained from
the average of the 20 solution structures of the distance geometry
family, followed by energy minimization.

onate a-protons and to the B-CH, of axial histidines. The
nonselective Ty values in the present protein are as low as 60
ms for the heme methyl groups. Only two ring protons of two
of the coordinated histidines (i.e., His-17 and His-30) have
been assigned among the broad features upfield (500- to
1000-Hz line width).

Two-dimensional NMR spectra, optimized (35) for the
nuclear relaxation times of the present system, were recorded
which lead to an almost complete assignment of the 'H
resonances (resonances of 67 residues out of 68 were assigned,
Ala-1 being the only unassigned residue) and to the evaluation
of 1142 proton—proton upper limit distances. The sequence
specific assignment of the heme resonances was also obtained.

From 1142 nuclear Overhauser effects (NOEs), 793 of which
have been found meaningful (Fig. 2 A and B), and from 21
experimentally evaluated angle constraints, obtained analyz-
ing the 3J(NH-Ha) coupling constants, a distance geometry
family of 20 structures has been obtained through the program
DIANA (28).

The root-mean-square deviation (rmsd) values with respect
to the average structure for the entire protein (residues 3-67)
are of 0.70 = 0.22 and 0.98 = 0.19 A for the backbone and all
heavy atoms, respectively, and a target function (30)—i.e., an
evaluation of the disagreement with the experimental
NOEs—of =0.41 A2 The structure results well defined in the
residue range 3-54 and 64-67 (see Fig. 2C). Indeed, if the rmsd
values are calculated for these residue ranges, the values are
0.57 = 0.30 and 0.91 = 0.21 A for the backbone and all heavy
atoms, respectively. In the residue range 55-63 the family
experiences a larger rmsd than the total value as a consequence
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Fi6.4. (A) Schematic representation of the sequential connectivi-
ties involving NH, Ha, and HpB protons. The thickness of the bar
indicates the NOEs intensities. In the first line, NH resonances that
have been found to exchange slowly in DO solution are also indicated.
(B) Diagonal plot of the NOEs observed between the backbone
protons, which identify the secondary structure elements.

of the lower number of NOEs per residue with respect to the
rest of the protein (Fig. 2 A and B). The low number of NOEs
in this part of the protein is due to the conformation of this
loop which is pointing toward the exterior of the protein.
The energy-minimized average structure is shown in Fig. 34.
Two main secondary structure elements can be identified on
the basis of the observed backbone NOEs (Fig. 4). Medium
range NOEs between the Ha of residue i and the amide and
Hp protons of residue i+3, together with NOEs between
amide—amide and Ha—amide protons of residues i and i+2
indicate the presence of a 3¢ helix in the 18-25 residue range.
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Table 1. Intramolecular iron—iron distances (upper diagonal) and
heme-heme angles (lower diagonal) in the solution structure
of Cyt ¢y from D. acetoxidans

Angles (°)/distances (A)

heme 1 11 v
1 — 11.3 20.5
111 84 — 13.3
v 37 65 —

The heme numbering corresponds to that of four-heme Cyt c3.

The presence of an antiparallel B-sheet involving residues 2-8
and 11-18 is clearly indicated by the presence of long range
(i-e., between residues 2-8 and residues 11-18) backbone
NOEs and is evident from Fig. 4B. The presence of helices in
the 40-46 and 51-54 range is suggested by the presence of
short and medium range sequential connectivities. A few
backbone amide protons have been found to exchange slowly
(i.e., their resonances are still detectable a few weeks after the
sample has been dissolved in D,O solution) (Fig. 44). The
largest number of slowly exchanging amide protons is detected
for the residues involved in the B-sheet motif.

Similar secondary structure elements are also present in the
x-ray structure of Cyt c3 from Desulfovibrio desulfuricans (7)
(Fig. 3B), which appears to be the most similar to the present
protein. A short right-handed 3¢ helix (His-22-Glu-26), four
segments of right-handed a-helix (Glu-29-His-34, Ser-63-Ala-
70, Ser-78-Lys-90, and Leu-93-Gly-99), and a short double-
stranded antiparallel B-sheet (Val-9-Gly-13 and Lys-16—Phe-
20) are observed in the former structure. Despite the low
sequence homology found among various Cyt c3, the x-ray
structures up to now reported reveal highly conserved second-
ary and tertiary structure elements (60-90%) (3-7, 37), where
always a B-sheet and four helices are present. The main tertiary
structural feature of the known Cyt c3 is the substantially
unchanged relative spatial arrangement of the four heme
moieties. This structural feature probably ensures the effi-
ciency of the electron transfer process.

In Cyt ¢7 the cysteine residues and the ligands to the hemes
belong to the same secondary structure motifs as in Cyt c3.
Although Cyt c7 lacks one of the hemes (heme II), the
remaining three have a relative arrangement similar to that
reported for Cyt ¢z (3-7). The intramolecular iron-iron and
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interplanar angles found in Cyt ¢7 are summarized in Table
1. The heme-heme distances compare well with those
reported in the four available x-ray structures of Desulfovib-
rio Cyt c3 (3-7), where the iron—iron distance for heme I and
I is 11.05 = 0.05 A, for heme I and I'V is 17.7 = 0.1 A, and
for heme Il and IV is 12.05 * 0.05 A. Also the heme—heme
angles are similar to those of Cyt c¢7: in Cyt ¢3 hemes I and
IIT are almost orthogonal and I and IV approximately
parallel (21 % 1°) to each other, as found in the present
protein (see Table 1). Despite the presence of the cavity
produced by the missing heme II in Cyt c7, the polar
propionate chains are pointing toward the outside of the
protein, as it occurs in Cyt c3. Finally, the external loop
constituted by residues 55-64 forms a pocket around heme
III. A similar pocket has been observed also in the structures
of Cyt c3. This pocket is defined by a loop which, similarly to
Cyt ¢7, is protruding toward the exterior of the protein.

The histidines are relatively well defined despite the lack of
experimental constraints for four imidazole moieties, with the
largest scattering of 40° experienced by His-53.

Two different midpoint redox potentials have been mea-
sured for the present protein (—102 mV for one heme and
—177 mV for the other two) (11). If the protein is reduced
by one electron, the hyperfine-shifted NMR signals of one
heme—i.e., that with the highest reduction potential—
disappear (34). On the basis of our assignment, this heme is
heme IV.

Among all the tested Cyt c3, the heme with the highest
reduction potential is, for three proteins from Desulfovibrio,
heme IV and, in Desulfomicrobium baculatus c3, heme III (ref.
7 and references therein). These hemes are surrounded by a
patch of positively charged residues (7), which accounts for the
highest reduction potential.

An analysis of the distribution of charged residues around
the heme iron atoms in Cyt c¢; indicates that heme IV is
definitely the one surrounded by the largest number of positive
residues (Fig. 5). Within a sphere of 11 A radius from the heme
iron, the charge is +6 around heme IV, 0 around heme III, and
—2 around heme I.

For Cyt c3, a pathway for the intramolecular electron
transfer from the highest potential heme to the others has been
proposed (7, 38—41): the electron goes from heme IV to heme
III. Since the same structural features are all present in the

F1G. 5. Stereoview of backbone and hemes of the energy-minimized average structure of D. acetoxidans Cyt c;7. The positively and negatively
charged residues are shown in blue and red, respectively. The neutral residues are shown in yellow. The three-heme groups are green, and the axial

histidines are yellow. The molecule orientation is the same as in Fig. 3.
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solution structure of Cyt c7, a similar pathway for the electron
transfer could hold for the present system.

Note Added in Proof. After the submission of this paper, a paper by
Xavier and coworkers (42) on the NMR characterization of the
reduced form of Cyt c¢;7 appeared, which reported the relative orien-
tation of the three hemes. On that basis we interchanged the assign-
ment of five heme proton resonances, which lead to the present
orientation of hemes I and III.
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