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Abstract

Lysines 9 and 10 in Desulfuromonas acetoxidans cytochrome c7, which could be involved in the interaction mecha-
nism with the redox partners, have been replaced by alanine residues using site-directed mutagenesis. The solution
structure of the fully oxidized form of K9-10A cytochrome c7, which is paramagnetic with three paramagnetic
centers, has been determined via 1H NMR. The assignment of the spectra has been performed through an automatic
program whose algorithm and strategy are here described. The assignment of the NOESY spectra has been further
extended by back calculating the NOESY maps. The final number of meaningful NOE-based upper distance limits
was 1186. In the Restrained Energy Minimization calculations, 147 pseudocontact shift constraints were also
included, which showed consistency with NOE-based constraints and therefore further contribute to validate the
structure quality. A final family of 35 conformers was calculated with RMSD values with respect to the mean
structure of 0.69 ± 0.17 Å and 1.05 ± 0.14 Å for the backbone and heavy atoms, respectively. The overall fold
of the molecule is maintained with respect to the native protein. The loop present between heme III and heme IV
results to be highly disordered also in the present structure although its overall shape mainly resembles that of
the oxidized native protein, and the two strands which give rise to the short β-sheet present at the N-terminus and
connected by a turn containing the mutated residues, are less clearly defined. If this loop is neglected, the RMSD
values are 0.52 ± 0.07 Å and 0.92 ± 0.06 Å for the backbone and heavy atoms, respectively, which represent
a reasonable resolution. The relative distances and orientations of the three hemes are maintained, as well as the
orientation of the imidazole rings of the axial histidine ligands, with the only exception of heme IV. Such difference
probably reflects minor conformational changes due to the substitution of the vicinal Lys10 with an Ala.
The replacement of the two lysines does not affect the reduction potentials of the three hemes, consistently with
the expectations on the basis of the structure and electrostatic calculations. However, the replacement of the two
lysines affects the reactivity of the mutant cytochrome c7 with [Fe] hydrogenase, inducing a change in Km. This
finding is in agreement with the identification of the protein area around heme IV as the interacting site.
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Introduction

Multihemic c-type cytochromes, class III cytochromes
according to Ambler (1991), are found in sulfate and
sulfur reducing bacteria. The most studied of these cy-
tochromes is the tetrahemic cytochrome c3 present in
the genus Desulfovibrio. Its three-dimensional struc-
ture known for several strains, shows a conserved
spatial arrangement of the four hemes, despite the low
sequence homology of the polypeptidic chain (Matias
et al., 1996). A triheme cytochrome known as cy-
tochrome c551.5 or c7 isolated from the sulfur reducing
bacteria Desulforomonas acetoxidans (Probst et al.,
1977), is a 68-aminoacid hemoprotein which retains
the characteristic features of cytochrome c3, i.e., bis
histidine axial coordination and low redox potentials
for the iron atoms (Moura et al., 1984). NMR stud-
ies of the iron(II) and iron(III) states (Coutinho et al.,
1996; Turner et al., 1997; Banci et al., 1996; Ass-
falg et al., 1998, 1999) and the recently determined
X-ray structure (Czjzek et al., 2001) have shown
that cytochrome c7 is structurally analogous to cy-
tochrome c3, with deletion of heme II (hemes are
numbered according to the sequence order of the bind-
ing cysteinyl residues) and the corresponding peptidic
attachment sequence. They establish the structural ho-
mology of the three hemes with hemes I, III and IV
of cytochrome c3. As in most cytochromes c3, the
high potential heme is the one analogous to heme
IV (Morais et al., 1995). Electrostatic interactions in
c3 cytochromes between basic groups which surround
heme IV crevice and acidic groups of the physiologi-
cal partner hydrogenase have been demonstrated to be
important for molecular recognition (Cambillau et al.,
1988; Dolla et al., 1991).

The physiological partner of cyt c7 has not
been identified, although cyt c7 has been shown
to react with the recently identified and character-
ized [NiFe]hydrogenase from D. acetoxidans (Brugna
et al., 1999). Cyt c7 is also shown to react with the
[Fe]hydrogenase from Desulfovibrio species.

In order to characterize the interacting site of cyt
c7, we have prepared a modified cytochrome in which
two of the lysines surrounding the heme IV crevice,
K9 and K10 are substituted by Ala residues. Reactivity
of this mutant cytochrome with the [Fe]hydrogenase is
described.

The solution structure of the mutant has been deter-
mined by NMR spectroscopy. In the frame of a project
dealing with the development of new approaches that
allow quick determination of solution structure of pro-

teins, we have developed an automatic assignment
program which relies on the availability of the assign-
ment of an analogous protein of known structure. The
expected NOESY patterns for the new protein can be
recalculated on the basis of the structure of the old
protein and the NOESY maps are reassigned by com-
paring the expected patterns and shifts with the actual
ones. This procedure is expected to be particularly
useful in the case of mutants. The approach resulted to
be successful and allowed us to obtain the assignment
and then the solution structure by analyzing only two
NOESY maps of the protein.

Materials and methods

Bacterial strains and growth conditions

Strains and plasmids used in this study are described
in Table 1. Desulfovibrio desulfuricans G201 was
grown in milieu C (Postgate, 1984) supplemented with
0.28 mM kanamycin when required.

Site-directed mutagenesis

Replacement of K9 and K10 was achieved by site-
directed mutagenesis. Oligonucleotide, K910A1, (5′-
GTGACGTATGAGAATGCGGCGGGCAACGTTAC
CTTT-3′) and its complement (K910A2), were de-
signed in order to replace codons AAGAAG at nu-
cleotides 203–208 in the cyaA sequence (Aubert et al.,
1998) by GCGGCG encoding two alanine residues.
The mutation was introduced in the gene by PCR
as previously described (Ansaldi et al., 1996). Bac-
teriophage mpc3c7 (Aubert et al., 1998) was used
as template in the PCR reaction. The mutation was
checked by DNA sequencing. The mutated amplicon
was then digested by both EcoRI and HindIII and sub-
cloned in pBMK7 previously digested by the same
enzymes to give pK7C7K910A.

This vector was further introduced into D. desul-
furicans G201 by electrotransformation as previously
described (Aubert et al., 1998). Recombinant D. desul-
furicans G201 (pK7C7K910A) was selected on milieu
C supplemented with 0.28 mM Kanamycin and the
presence of the vector was checked by Plasmid DNA
mini-preparation as described in Maniatis et al. (1989)
(Sambrook et al., 1989).
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Table 1. Bacterial strains and vectors used

Desulfovibrio desulfuricans G201 Spontaneous Nalr derivative of

D. desulfuricans G100A (Weimar et al., 1988)

mpc3c7 A derivative of mp18cycHS that contains

cyc-cyaA gene fusion (Aubert et al., 1998)

pBMK7 Broad-host range vector, Kmr (Rousset et al., 1998)

pK7C7K910A Contains cyc-cyaA gene fusion carrying

the mutations on a 530-bp EcoRI-HindIII

insert in pBMK7 (this study)

K9-10A cytochrome c7 purification and
characterization

Recombinant D. desulfuricans G201 (pK7C7K910A)
cells (265 g, wet weight) were obtained from 300 l
culture of medium C. Cells were harvested, resus-
pended in 300 ml of 100 mM Tris-HCl-100 mM
EDTA (pH 9) buffer, and stirred for 30 min at 37 ◦C
in a water bath. The mixture was then centrifuged
at 27 000 × g for 1 h at 4 ◦C, and the resulting
supernatant was dialyzed overnight against distilled
water at 4 ◦C. This periplasmic extract was loaded
onto a column of DEAE-cellulose (Whatman DE 52)
equilibrated with 10 mM Tris-HCl, pH 7.6. The un-
adsorbed fraction that contained cytochrome c7 was
then applied to a hydroxyapatite (Bio-Rad) column
equilibrated with 10 mM Tris-HCl (pH 7.6). The
cytochrome c7-containing fraction was eluted with
300 mM phosphate buffer (pH 7.6) and concentrated
by ultrafiltration on a Centriprep Centrifugal Filter De-
vice YM-3 (Amicon). This concentrated fraction was
then loaded onto a Superdex 75 column equilibrated
with 50 mM Tris-HCl-100 mM NaCl buffer (pH 7.6).
K9-10A cytochrome c7 was found to be pure after
this last step. The purity of the samples was analyzed
by polyacrylamide gel electrophoresis under denatur-
ing conditions (PhastSystem; Pharmacia) and by N-
terminal sequence determination (Applied Biosystems
A470 Gas Phase Sequenator). Amino acid analyses
were carried out on a Beckman amino acid analyzer
(system 6300). The reduction potentials were deter-
mined by electrochemistry as previously described
(Haladjian et al., 1994).

The molecular mass of both wild-type and K9-10A
cytochromes c7 were determined on a reflextran time
of flight mass spectrometer equipped with delayed ex-
traction (Voyager DE-RP, Perceptive Biosystems Inc.).

0.7 µl of sample was directly mixed on the support
with an equal volume of matrix (saturated solution of
sinapinic acid in 40% acetonitrile, 60% water made
0.1% in trifluoracetic acid).

Kinetics of electron transfer

Reduction by [Fe] hydrogenase from D. vulgaris
Hildenborough was achieved using anaerobic cu-
vettes, filled with 50 mM HEPES (pH 7), 25 mM
glucose, 0.5 U ml−1 glucose oxidase and 250 U ml−1

catalase as previously described (Aubert et al., 1998)
and various concentrations of either wild-type or K9-
10A cytochromes c7. The cytochrome reduction rate at
room temperature was determined from the absorption
band at 553 nm and by using the slope of the tangent
drawn at the beginning of the recording.

NMR spectroscopy

The 1H-NMR samples was prepared by dissolving the
lyophilized protein in 100 mM phosphate buffer, pH
6.5, to give 2–3 mM solutions.

The 1H-NMR spectra were recorded on a Bruker
AVANCE 800 spectrometer operating at 800.13 MHz.
A time proportional phase increment (TPPI) NOESY
(Macura et al., 1982; Marion and Wüthrich, 1983)
spectrum was recorded at 298 K in H2O solution on
a spectral width of 50 ppm with a recycle time of
275 ms and a mixing time of 100 ms. This spec-
trum was obtained by presaturating the residual water
resonance during the relaxation delay and the mixing
time. To optimize the observation of connectivities in
the diamagnetic region, another TPPI NOESY map
in H2O solution at 298 K was recorded on a smaller
spectral width (22 ppm) with a recycle time of 658
ms, a mixing time of 100 ms and water suppres-
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sion by gradient-tailored excitation (WATERGATE)
(Piotto et al., 1992).

Both two-dimensional spectra consisted of 2 K
data points in the F2 dimension. 1024 experiments
were recorded in the F1 dimension, using 80 and 256
scans for the spectrum with smaller and larger spec-
tral width, respectively. Raw data were multiplied in
both dimensions by a pure cosine-squared bell window
function and Fourier-transformed to obtain 1024x1024
real data points. A polynomial base-line correction
was applied in both directions.

Data processing was performed using the standard
Bruker software package. The 2D maps were analyzed
with the aid of the program XEASY (Bartels et al.,
1995).

Assignment strategy

The assignment of the protein resonances was per-
formed through a procedure which consists of the pre-
diction of the NOE connectivities and the subsequent
automatic assignment of the experimental NOESY
cross-peaks. Expected NOE connectivities were cal-
culated with the CORMA program (Borgias et al.,
1989), which is based on a relaxation matrix ap-
proach, considering the experimental mixing time. For
this purpose, a structural model has been generated
through the MOLMOL program (Koradi et al., 1996)
by simply introducing the two mutations in the energy
minimized average structure of the native protein. The
proton chemical shifts of the native protein was used to
generate the expected NOESY peak list. The NOESY
map recorded on the diamagnetic spectral width was
used as the spectrum for the automatic assignment.
The peaks have been picked by the automatic peak-
picking routine of the XEASY program (Bartels et al.,
1995). The peak list was assigned with the use of
a new-developed software program (Homology-based
Assignment of Noesy Spectra; HANS, available at the
site www.postgenomicnmr.net). This program com-
pares the NOEs networks of the reference native pro-
tein with those of the mutant. The input files are the
assigned NOESY peak list of the reference system
and the unassigned peak list of the system to be de-
termined. For each expected peak, candidate peaks are
selected within a certain distance in terms of chem-
ical shift. The combinations of candidate peaks give
rise to candidate frequencies, which can be assigned
on the basis of the given NOE patterns and the align-
ment of peaks corresponding to the same frequency.
Resonances and NOEs are assigned when an accept-

able number of expected peaks within a pattern can be
retrieved on the new spectrum. A relaxation matrix ap-
proach based on the CORMA program has been used
to complete the assignment of the NOESY maps, as
described in the Results section.

Proton-proton distance constraints

The volumes of the NOESY cross peaks between
assigned resonances were obtained by manual inte-
gration, with the elliptical integration routine imple-
mented in the program XEASY (Bartels et al., 1995).
NOESY cross peak intensities were converted into up-
per limits of interatomic distances by following the
methodology of the program CALIBA (Güntert et al.,
1991).

Pseudocontact-shift constraints

Pseudocontact shifts arise from the magnetic suscep-
tibility anisotropy and depend on the nuclear position
with respect to the principal axes of the magnetic sus-
ceptibility tensor (Bertini and Luchinat, 1986, 1996).
Therefore they contain structural information and can
be used as structural constraints, once the magnetic
anisotropy tensor parameters are given (Banci et al.,
1996, 1997, 1998). They are long range constraints,
as they decrease with the reciprocal of the third power
of the metal-nucleus distance. In this work they were
used during the energy minimization procedure, as al-
ready reported for the fully oxidized native protein.
Apparently, three close paramagnetic centers all con-
tributing to the pseudocontact shifts of most protons
prevent the use of pseudocontact shift constraints from
random structures and can only be used for structural
refinement.

The pseudocontact shift values were obtained by
subtracting the chemical shifts measured for the to-
tally reduced, diamagnetic form of the native protein,
from the corresponding shifts of the completely ox-
idized, paramagnetic form. This choice of the dia-
magnetic reference is justified by the essential iden-
tity between the structures of the native and mutated
protein, as it results from preliminary calculations
based on distance constraints only. The total number
of pseudocontact shifts used for evaluating the mag-
netic susceptibility tensor and structural refinement
was 147.

Experimentally determined pseudocontact shift
values were used for the determination of the magnetic
anisotropy tensor parameters. The fifteen independent
magnetic susceptibility anisotropy tensor parameters
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(five parameters are needed to describe each tensor:
�χax, �χrh , and three independent direction cosines
that define the principal directions of the χ tensor with
respect to the chosen axis system) could be evaluated
using the position vectors for each proton obtained
for each structure of the starting family and the set of
experimental pseudocontact shift values. The calcula-
tion was performed with the program FANTASIAN
(Banci et al., 1996, 1997), as already reported for
the native cytochrome c7 and other proteins. A pre-
liminary set of magnetic anisotropy tensor parameters
was obtained by running the program FANTASIAN
over the family of structures determined by DYANA
(see below). These values were used as input for the
minimization procedure. Another set of magnetic sus-
ceptibility tensor parameters was calculated over the
family of minimized structures and used for obtain-
ing information about the electronic structure of the
paramagnetic centers. Errors were estimated with a
Montecarlo approach by performing 200 different cal-
culations where 30% of structures and 30% of shift
values were randomly eliminated from input data.

Structure calculations

The experimental distance constraints were used to
generate protein conformers using the DYANA pro-
gram (Güntert et al., 1997). A residue containing
the heme moiety was added to the standard library
as a protein residue, as previously reported (Banci
et al., 1995, 1996, 1997). Also the links between the
iron atoms and their axial ligands and between the
heme and the heme-bound cysteine residues have been
introduced in analogy to previous papers

1514 distance constraints derived from 2D
NOESY connectivities were used in DYANA calcu-
lations. 25 stereo specific assignments were obtained
through the program GLOMSA (Güntert et al., 1991).
500 random structures were annealed in 10 000 steps
using the above constraints. The 35 structures with the
lowest target function were included in the family.

Restrained energy minimization (REM) with the
Sander module of Amber was applied to the 35 struc-
tures of the DYANA family (Pearlman and Case,
1991; Case et al., 1999). A REM calculation was per-
formed by applying the NOE constraints only. A fur-
ther REM calculation was performed introducing both
NOE and pseudocontact shift constraints. Pseudocon-
tact shifts were included as constraints through a mod-
ified Sander module (PSEUDOREM) (Banci et al.,
1997), as already reported for the fully oxidized native

protein. The magnetic anisotropy parameters needed
for this calculation were obtained by running the pro-
gram FANTASIAN (Banci et al., 1996, 1997) over the
family of structures calculated with DYANA.

Structure analysis

The quality of the final family of structures has been
analyzed in terms of ideal geometry parameters with
the Procheck-NMR program (Laskowski et al., 1996).

Electrostatic potential calculations

The present energy minimized averaged solution
structure was used as starting data. The structure was
solvated with a 100 nm thick shell of water mole-
cules. The water molecules were equilibrated through
energy minimization and molecular dynamics calcu-
lations, keeping the protein atoms fixed. Finally the
whole system (water + protein) was energy mini-
mized. The electrostatic potential calculations were
performed with the DelPhi program package (Gilson
et al., 1985; Klapper et al., 1986; Gunner and Honig,
1991) using the same protocol and parameters as for
the native protein (Assfalg et al., 1999).

Results and discussion

K9-10A cytochrome c7 purification and
characterization

Expression of the gene encoding K9-10A cytochrome
c7 into D. desulfuricans G201 led to the purification of
22 mg of cytochrome from 265 g of cells. The yield of
production is similar to that obtained when wild-type
cytochrome c7 was produced in the same organism
(Aubert et al., 1998) suggesting that replacement of
the two K residues has no effect on the production
of the protein. The N-terminal sequence of K9-10A
cytochrome c7 is similar as that of wild-type protein
except at positions 9 and 10 where lysine residues are
replaced by alanines. The molecular mass determined
by mass spectrometry is in agreement with lysine re-
placements by alanine and with the binding of three
hemes per molecule (MW mutant = 8993.96, MW
native = 9108.93).

1H NMR spectra

The 1D NMR spectrum of the fully oxidized K9-10A
mutant of cytochrome c7 is reported in Figure 1, where
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Figure 1. 800 MHz 1H NMR spectra of the fully oxidized native (A) and K9-10A cytochrome c7 (B) recorded in 100 mM phosphate buffer,
pH 6.5 and 298 K.
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Table 2. Heme methyl shifts for the fully ox-
idized K9A K10A and wild type cytochrome
c7. The shift values are measured in H2O so-
lution with 100 mM phosphate buffer, pH 6.5
and 298 K

Heme Methyl K9A K10A WT

I 1-CH3 8.63 8.63

I 3-CH3 18.31 18.00

I 5-CH3 9.08 9.23

I 8-CH3 24.91 24.53

III 1-CH3 14.63 14.63

III 3-CH3 14.38 14.28

III 5-CH3 18.12 18.04

III 8-CH3 −0.84 −0.77

IV 1-CH3 15.31 17.03

IV 3-CH3 9.27 8.84

IV 5-CH3 19.56 20.17

IV 8-CH3 12.71 11.76

it is compared with the corresponding spectrum of the
fully oxidized native protein. The spectra are very sim-
ilar besides minor differences in chemical shifts for
some of the heme resonances (Table 2). Moreover, res-
onances attributable to a minor species could also be
detected. The presence of a minor species can also be
inferred by the analysis of the 2D NOESY maps. Some
NOESY patterns are clearly doubled, the separation
between the corresponding resonances never exceed-
ing 0.75 ppm. In other cases the presence of a minor
species can be inferred by small shoulders of the main
peaks. The ratio between the major form (hereafter
called form A) and the minor one (form B, hereafter)
is about 3:1. As N-terminal sequence, amino acid
composition and mass spectrometry showed that the
protein is pure with respect to the sensibility of these
methods, the presence of two species could reasonably
be attributed to the presence of two conformers in slow
exchange on the NMR time scale. By analyzing the
distribution of residues clearly giving rise to splitting
effects (i.e., residues 4–6, 8–15, 18–20, 37–54, 63–66,
and selected heme resonances) in the NMR spectra we
can interpret the presence of the minor species in terms
of two possible conformations of the loop containing
the two mutated residues. This would reflect also on
the conformation of the two β-strands connected by
this loop, on the straight polypeptide fragment facing
the β-sheet and some of the residues spatially close to
these structural elements.

NMR spectra assignment

The automatic peak picking of the diamagnetic
NOESY map resulted in 2200 peaks, including those
of the minor species. A quite high contour level was
chosen in order to avoid picking of noise. Evident
artifact peaks were removed and further peaks or
shoulders were picked manually. The final peak list,
constituted by about 2400 peaks, was used for the
automatic assignment procedure.

3300 NOE connectivities were back calculated
through the CORMA program using a model struc-
ture for K9-10A cyt c7, as described in Materials and
methods, and the proton chemical shifts of the native
oxidized protein. For simplicity, the effect of paramag-
netism on proton relaxation was not introduced in this
relaxation matrix approach. This implies that some of
the calculated connectivities may not be observable in
practice. A 100 ms mixing time and a 4 ns correlation
time for the tumbling of the molecule were used as
input parameters. The output peak list was obtained
by introducing a value of 0.01 for the cutoff level of
the intensities. The latter peak list and the one corre-
sponding to the experimental NOESY map, were used
as input for the automatic assignment program HANS.

Cross-peaks connecting unassigned resonances
were identified from the NOESY patterns expected on
the basis of the CORMA output. A final number of
2394 and 353 peaks were assigned in the diamagnetic
and paramagnetic NOESY map, respectively.

At the end, a total number of 367 proton reso-
nances were assigned, which correspond to 77.4% of
the total expected proton signals (75.6% of the amino
acid residues, 88.3% of the heme resonances). The
backbone protons for all residues except Ala1 were
identified.

The use of the HANS program resulted precious
for a quick assignment of the present system, being
available the NMR assignment of the native protein.
Although the analysis was complicated by the pres-
ence of two species, HANS program provided 632
out of 2400 peaks, which correspond to 174 protein
resonances and 43 residues assigned. From interactive
analysis at this stage and a posteriori checking through
back-calculation, 96% of the resonances were found to
be correctly assigned.

The present paper reports the first example of
the application of this new protocol for the quick
obtainment of structural data of proteins, using an as-
signment strategy based on the similarity of chemical
shifts and reproducibility of NOESY patterns between
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the system under investigation and a reference system.
At variance with other more sophisticated programs
for automatic assignment of NMR spectra, the HANS
program has an applicability limited to the analysis of
NMR spectra of mutants or proteins with high homol-
ogy to a reference protein whose NMR assignment is
already available and for which a structural model ex-
ists. However, it represents a simple and useful tool in
the NMR scenario.

Solution structure calculations

1514 unique NOESY experimental constraints were
obtained, and their distribution is shown in Figure 2A.
These NOE constraints were transformed into upper
distance limits with the program CALIBA (Güntert et
al., 1991), which uses a volume-to-distance correla-
tion. The best calibration of observed intensities was
found to be inversely proportional to the fourth, fifth or
sixth power of the proton-proton distances, depending
on the calibration class of NOE constraints.

1186 out of the total 1514 experimental constraints
were found to be meaningful and therefore used in the
DYANA calculations. The average number of experi-
mental and meaningful NOE constraints per residue is
21.3 and 16.7, respectively (considering each heme as
a further protein residue). The resulting family, con-
stituted by 35 conformers, experiences target function
values in the 0.36–0.57 Å2 range, resulting in a mean
value of 0.49 ± 0.06 Å2. The conformers have RMSD
values to the mean structure of 0.70 ± 0.16 Å and
1.10 ± 0.15 Å for the backbone and heavy atoms,
respectively.

Each conformer of the family was subjected to
REM calculations. The RMSD and target function val-
ues for the resulting family (Figure 3) are reported
in Table 3. The protein regions characterized by the
largest RMSD values in Figure 2B correspond to
those containing not-assigned residues and/or residues
for which a limited number of NOESY connectivi-
ties could be assigned (Figure 2A). In particular, the
loop involving residues 56–61 results quite disordered.
RMSD values calculated superimposing residues 3-55
and 62-66 are significantly lower: 0.52 ± 0.07 Å and
0.92 ± 0.06 Å for the backbone and heavy atoms, re-
spectively. A similar feature was also found for the
native protein (Assfalg et al., 1998; Assfalg et al.,
1999) and probably reflects an intrinsic disorder of this
external loop.

An analogous REM calculation was performed
on the conformers obtained from DYANA using as

experimental constraints both the NOE-derived up-
per distance limits and the pseudocontact shifts, as
described in the Experimental part. Although the intro-
duction of pseudocontact shift-based constraints does
not improve the precision of the family of conform-
ers, the consistency of the two sets of experimental
constraints contributes in further validating the quality
of the assignment and of the resulting solution struc-
ture. Indeed, the structure obtained upon introduction
of pseudocontact shift constraints is slightly differ-
ent from that obtained with NOEs only, as revealed
by the slightly different magnetic susceptibility tensor
parameters.

The coordinates of the conformers of these final
families were averaged and then energy-minimized.

Structure analysis

The accuracy of the calculated energy-minimized av-
erage structure was assessed by comparing the NOE
connectivities calculated by the program CORMA
(Borgias et al., 1989) with the experimental peaks.
Paramagnetic effects were neglected. In particular we
checked that all the cross peaks used in structural cal-
culations corresponded to an expected peak and all the
expected cross peaks (above a certain intensity thresh-
old, which correspond to a proton-proton distance of
about 4 Å) were identified in our spectrum. More-
over, we verified that all the well resolved peaks above
a reasonable contour level in the 2D NOESY maps,
corresponding to the assigned resonances of form A,
were assigned, integrated, and used in the structure
calculations. The fact that the two sets of different
experimental constraints, i.e., NOE-based upper dis-
tance limits and pseudocontact shifts, are consistent
with each other constitutes an additional proof of the
accuracy of the obtained structure.

The parameters quantifying the agreement be-
tween the constraints and the final REM and
PSEUDOREM families of structures, as well as the
total energy, are summarized in Table 3. These figures
are comparable with those found for the fully oxi-
dized and fully reduced proteins (Assfalg et al., 1998,
1999). It is worthy to mention that the stereochemical
PROCHECK analysis performed on the crystal struc-
ture gives a relatively low percentage of residues in
the most favoured regions of the Ramachandran plot
for 1.9 Å resolution.

The solution structure of the K9-10A shows an
overall fold close to that of the fully oxidized and fully
reduced native protein. The RMSD values between the
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Figure 2. The number of observed experimental NOEs per residue (A) is compared with the RMSD per residue with respect to the average
structure for the backbone (�) and all heavy atoms (∗) obtained for the restrained energy minimized family (B). Black bars in (A) indicate long
range NOEs, dark grey medium range NOEs, light grey sequential NOEs, and white intraresidue NOEs. Residues 70, 71, 72 represent hemes I,
III, and IV, respectively.

average structures of the oxidized mutant and oxidized
native protein are 1.45 Å for the backbone and 1.73 Å
for all the heavy atoms. The corresponding values,
when the oxidized mutant and the reduced native are
compared, are 1.44 and 1.81 Å. A β-sheet is composed
by the 3–4 and 15–16 strands. Five helical segments
are present at positions 17–24, 27–29, 43–46, 50–
55 and 62–65. Therefore, as already observed in all
the available structures of three- and tetraheme cy-
tochromes from sulfur- and sulfate reducing bacteria,

an N-terminus β-sheet, an α-helix containing the two
distal ligands of heme I and III (His17 and His20 in
cytochrome c7), an α-helix preceding the proximal lig-
and of heme I (His30), an α-helix containing the distal
ligand of heme IV (His45), an α-helix formed by the
protein fragment around the proximal ligand of heme
III (His53), and a C-terminal α-helix, are present. In
the present structure the five helical fragments appear
better defined than in the previous solution structures
of cytochrome c7. On the contrary, the N-terminal β-
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Figure 3. Stereoview of the backbone of the family of 35 structures calculated by restrained energy minimization shown as a tube with variable
radius. The radius is proportional to the RMSD of each residue. The figure is generated with the MOLMOL program (Koradi et al., 1996).

sheet is less defined. As this sheet is formed by two
strands connected by a turn containing the two mu-
tated residues, it could be that the mutation induces a
destabilization of this structural element.

Very recently, an X-ray crystal structure of native
cytochrome c7 became also available. As shown in
Figure 4, the backbone fold is essentially superimpos-
able with that of the present structure. The average
RMSD values between the energy-minimized solution
structure of K9-10A cytochrome c7 and the crystal
structure of the native protein are 1.17 Å and 1.72 Å
for the backbone and heavy atoms, respectively, and
the distribution of RMSD per residue is reported in
Figure 5. The largest differences are observed for the
protein fragments that correspond to the areas expe-
riencing the larger RMSD values within the family
of NMR solution structures. Interestingly, the same
residues in the crystal structure are characterized by
large B-factor values.

Parameters previously reported to evaluate the rel-
ative position of the three redox centers are the iron-
iron distances, the angles between heme planes, and
the angles between iron atoms. The values found in
the present average energy minimized structure are re-
ported in Table 4, where they are compared with those
of the previously determined structures of cytochrome
c7, while a superimposition of the heme planes for the
solution structure of mutant and the crystal structure
of the native protein is reported in Figure 4B.

The differences in iron pair distances measured in
the various structures are all within 1 Å. The angles
between heme planes never differ by more than 26◦,
while the differences in the angles between iron atoms
never exceed 8˚ along the series of structures. The

observed variability in these parameters seems to be
related to the indeterminacy of the structure, whereas
none of these values seems to be specifically affected
by the mutation at positions 9 and 10.

More attention should be devoted to the compar-
ison of the axial histidine ligands. As already men-
tioned in the papers from our group (Assfalg et al.,
1998, 1999), the conformation of the imidazole rings
in the solution structures results from the few NOE
constraints observed for some of these residues (and
not the same in the various protein forms) and from
steric requirements imposed by the protein fold. More
significant are the conformational parameters obtained
from the analysis of the heme methyls chemical shifts
in the fully oxidized form, that allow to obtain in-
formation on the relative orientation of the imidazole
planes of the two axial histidines and of the orientation
of the bisector of the angle among them and the heme
plane. In any case, in Figure 4C a comparison of the
orientation of the His planes in the mutant and in the
crystal structure is shown.

The information based on the heme methyls chem-
ical shift is by far more sensitive than the accuracy of
the structural data based on upper distance limits. For
the present protein, small shift differences are found
for the heme methyls with respect to the fully oxidized
wild type protein (Table 2). The conformational data
resulting from the analysis of these shift values are the
following: (i) for heme I the angle between the two
imidazole planes results 62.0◦ and the angle between
the bisector and the plane perpendicular to the heme
containing the NA-Fe-NC atoms results −103.2◦; (ii)
for heme III the corresponding angles are 19.8◦ and
−28.9◦, respectively; (iii) for heme IV the angles are
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Table 3. Restraint violations and structural and energetic statistics for the solution structure of the fully
oxidized K9A K10A cytochrome c7.

REM family PSEUDOREM family

RMS violations per constraint (Å)

Intra-residue (232) 0.020 ± 0.003 0.021 ± 0.004

Sequential (349) 0.016 ± 0.003 0.024 ± 0.006

Short rangea (259) 0.010 ± 0.004 0.023 ± 0.012

Long range (475) 0.013 ± 0.002 0.022 ± 0.010

Total (1315) 0.015 ± 0.002 0.023 ± 0.007

Average number of violations per structure

Intra-residue 7.4 ± 1.58 8.17 ± 1.61

Sequential 8.94 ± 2.66 11.25 ± 2.36

Short rangea 3.60 ± 1.82 7.74 ± 2.06

Long range 6.71 ± 1.72 9.63 ± 2.50

Total 26.66 ± 4.21 36.8 ± 4.59

Average target function (Å2) 0.32 ± 0.06 0.71 ± 0.36

Average no. of violations larger than 0.3 Å 0.06 ± 0.23 0.82 ± 1.25

Average no. of violations between 0.1-0.3 Å 7.45 ± 2.35b 15.8 ± 3.11c

Pseudocontact shift average target function (Å2) – 5.46 ± 1.54

Largest pseudocontact shift violation (ppm) – 2.44d

AMBER force field average total energy (kJ mol−1)e −4939.79 ± 223.76 −1690.55 ± 863.80

Structure precision (Å)f

Backbone 0.69 ± 0.16 0.69 ± 0.17

All heavy atoms 1.09 ± 0.13 1.05 ± 0.14

Structural analysisg

% of residues in disallowed regions 3.4h 3.4h

% of residues in generously allowed regions 1.7 3.4

% of residues in allowed regions 32.8 31.0

% of residues in most favorable regions 62.1 62.1

a Short range distance constraints are those between residues (i,i+2), (i,i+3), (i,i+4) and (i,i+5).
b The largest violation occurs in structure no. 25 for Hα/Hδ3 54 (0.309 Å).
cThe largest violation occurs in structure no. 30 for 1-γCH3 5-Hβ3 12 (1.34 Å).
d The largest violation occurs in structure no. 31 for the Hβ of Val 13.
e Excluding the NOE and pseudocontact shift constraints.
f The precision of the atomic coordinates is defined as the average RMSD between the 35 structures of the
family and the mean coordinates.
gThe reported values are referred to the energy minimized average structures.
h This value accounts for residues Cys26 and Cys49.

74.6◦ and 30.8◦. The corresponding values for the na-
tive, fully oxidized protein were: 63.0◦ and −103.2◦
for heme I, 19.6◦ and −28.9◦ for heme III, 73.3◦ and
24.2◦ for heme IV. Therefore, the only meaningful,
although relatively small, difference exists for heme
IV. It is noteworthy to mention that this heme is the
closest one to the mutation site and in particular that
one of its axial ligands, His66, is spatially close to po-
sition 10. It could therefore be that the substitution of
a positively charged long-chain residue as Lys10 with
an alanine somehow affects the conformation of the
imidazole ring of His66.

Small differences in the electronic properties of
heme IV between the native and the mutated pro-
tein are also pointed out by the analysis of the
magnetic susceptibility tensor parameters. The fi-
nal magnetic susceptibility tensor, calculated over
the 35 structures of the PSEUDOREM family, has
�χax = (3.50 ± 0.31) × 10−32 m3 and �χrh =
(−0.71 ± 0.46) × 10−32 m3 for heme I, �χax = (3.42
± 0.35) × 10−32 m3 and �χrh = (−0.71 ± 0.47) ×
10−32 m3 for heme III, and �χax = (3.36 ± 0.31) ×
10−32 m3 and �χrh = (−0.90 ± 0.40) × 10−32 m3 for
heme IV. The x axis deviates about 5 ± 15◦ from the
NA-Fe-NC direction in heme I, 54 ± 20◦in heme III,
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Table 4. Heme packing geometry and relevant conformational parameters defining the orientation
of the axial histidine ligands for the energy minimized NMR solution structure of the K9-10A
mutant with the X-ray crystal structure and NMR solution structures of the native protein. The
figures reported in this Table for the native protein have been measured from the structure de-
posited in the PDB (PDB code 1hh5) and have been determined with the same method used for the
previously published data for the solution structures of the fully reduced and fully oxidized native
proteins. (The resulting numbers for the X-ray crystal structure are in some cases different from
those reported in (Czjzek et al., 2001).)

K9-10A cyt c7 Native cyt c7 Native cyt c7 Native cyt c7

NMR X-ray fully oxidized NMR fully reduced NMR

Fe-Fe distances (Å)

I–III 12.2 11.5 12.0 11.9

I–IV 18.6 19.3 18.3 18.9

III–IV 12.4 12.6 11.8 12.5

Angles among Fe atoms (◦)

I–III–IV 98.7 106 100.3 101.2

III–IV–I 40.2 35 40.2 38.2

III–I–IV 41.2 39 39.4 40.6

Angles between heme planes (◦)

I–III 45 28 31 41

I–IV 27 6 1 11

III–IV 60 52 68 56

Angles between His planes (◦)a

17–30 (I) 62 72.8 63 –

20–53 (III) 20 31.4 20 –

45–66 (IV) 75 101.2 73 –

aIn the case of the solution NMR structure these values are derived from the heme methyl chemical
shifts in the fully oxidized proteins.

and 77 ± 14˚ in heme IV. The deviation of the z axis
from the perpendicular to the heme plane is 6 ± 5◦,
5 ± 8◦, 11 ± 5◦ for heme I, heme III, and heme IV,
respectively. These values match those of the native
protein, if allowance is made for the experimental er-
ror. The only exception is represented by the rhombic
axes of heme IV, whose orientation results to differ by
20◦ from that of the native protein. The angle defining
the orientation of the x component of the magnetic sus-
ceptibility tensor and the angle between the bisector to
the angle between the two imidazole planes and the
NA-Fe-NC direction, are theoretically predicted to be
opposite in sign but equal in absolute value. This is the
case for the present system, within the experimental
error.

Heme redox potentials

The redox potentials for the three hemes in the mu-
tated protein are −115 ± 10 mV, −165 ± 10 mV,
−215 ± 10 mV. No differences are found, within the
experimental error, with those of the native protein
(−120 ± 10 mV, −172 ± 10 mV, −225 ± 10 mV,

Aubert et al., 1998). This finding is in agreement with
electrostatic calculations performed with the Delphi
program (Gilson et al., 1985; Klapper et al., 1986;
Gunner and Honig, 1991) over the present structure
of the mutant. These calculations show that the rela-
tive reduction potentials are approximately the same
as for the native protein. A slight increase in the re-
duction potential of heme IV is observed, but it is
very small and it could be within the indetermination
of the method. We conclude that the nature of the
residues in positions 9 and 10 has an almost negli-
gible effect on the reduction potential of iron IV in
the wild type protein. These residues are probably too
far from the heme moiety in terms of electrostatic in-
teractions, and are not able to significantly affect the
solvent accessibility to the heme.

Indeed, as reported in Figure 5, no meaningful
differences are detected in solvent accessibility of the
various residues in the mutant with respect to the na-
tive protein. Only slight increase (about 4%) in solvent
accessibility is found for heme IV, as an effect of the
substitution of the two long side chains of Lys9 and



119

Figure 4. The energy minimized NMR solution structure of the
K9-10A mutant (represented in red) is compared with the X-ray
crystal structure of the native protein (represented in grey) in terms
of backbone fold (A), heme orientations (B), and iron axial lig-
and conformations (C). The figure is generated with the MOLMOL
program (Koradi et al., 1996).

10, that in the native structure are facing the heme
propionates, with the short alanine residues.

Electron transfer with hydrogenases

Previous works have shown that cytochrome c7 is re-
duced by either D. acetoxidans hydrogenase (Brugna
et al., 1999) or Desulfovibrio vulgaris Hildenborough
[Fe]hydrogenase (Assfalg et al., 1999). In order to an-
alyze the effects of the mutations on the electron trans-
fer properties of the cytochrome, the kinetics of reduc-
tion of both the wild-type and the mutant cytochromes
by [Fe]hydrogenase from D. vulgaris Hildenborough,
were studied. The steady state rate of reduction of
both cytochromes followed Michaelis-Menten kinet-
ics. The kinetic parameters are kcat = 35.1 ± 6 s−1

and Km = 35.2 ± 12 µM for the native protein, and
kcat = 39.2 ± 9 s−1 and Km = 53.6 ± 12 µM for
the mutant. While the catalytic constants are of the
same order of magnitude, the Km value is higher in
the case of K9-10A cytochrome c7 than in the case
of wild-type cytochrome. This result suggests that the
mutation affects the interaction between cytochrome
and hydrogenase but has no effect on the electron
transfer reaction.

Replacement of two lysines by alanine residues
changes the charge around heme IV and thus should
modify the interaction parameters with the redox part-
ners. The kinetic data presented here are in agreement
with this hypothesis and with the identification of
heme IV as the interacting site for hydrogenase, as
it is the case for cytochrome c3 (Mr 13000) from
Desulfovibrio species.

Concluding remarks

The aim of this study was to characterize the effect
of Lys9 and Lys10 substitution in cytochrome c7. In-
deed, extensive literature data on class III multiheme
cytochromes point out that the lysines surrounding
the heme IV crevice modulate the heme redox po-
tentials and provide a positive patch on the protein
surface which could be important for the interaction
with redox partners.

The three-dimensional solution structure of the
mutated protein has been obtained by an NMR ap-
proach which combines the use of standard constraints
like NOE-based upper distance limits and chemical
shift constraints derived from the presence of three
paramagnetic centers. An automatic assignment pro-
gram was used, which allowed the quick assignment
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Figure 5. RMSD per residue obtained superimposing the energy minimized NMR solution structure of the K9-10A mutant with the X-ray
crystal structure of the native protein. Data are reported for the backbone (�) and all heavy atoms (∗). In top, the secondary structure elements
obtained with the Procheck-NMR program for the energy minimized average structure, are shown. The shading is related to the solvent
accessibility of the residues, white being the most accessible and black the least. Residues 70, 71, 72 represent hemes I, III, and IV, respectively.

of proton resonances, based only on NOESY experi-
ments.

The substitution of Lys9 and Lys10 with two ala-
nine residues does not affect the overall fold of the
protein. Nevertheless, their substitution induces subtle
changes in the β-sheet formed by the two strands con-
nected by the loop containing these amino acids and on
the conformation of the His66 iron ligand of heme IV,
that result close in space to the two lysines. Moreover,
the removal of these two residues is probably respon-
sible of the presence of a minor conformer detectable
in the NMR spectra. The nature of this conformer has
not been further analyzed here, as the shift and NOE
patterns appear so similar to those of the main pro-
tein form, that it is unlikely to be able to detect real
differences within the resolution of the NMR struc-
tures. Moreover, the biological significance of this
conformer appears negligible, as its presence could not
be inferred by measurements of redox potentials and
reactivity with redox partners.

The present structure has been also carefully com-
pared with the very recently published X-ray crystal
structure of the native protein. The structures obtained
with the two techniques overlay very well both in
terms of backbone and prosthetic groups. Oxidized
cytochrome c7 therefore represents a nice example
of the power of NMR methodology for structure de-
termination. Although in principle the shape of this

protein is quite unfavorable for a structural determi-
nation based on proton-proton dipolar interactions as
required by NMR and is further complicated by the
presence of three paramagnetic centers, the first so-
lution structure was solved about 5 years before the
crystal structure and the comparison of the results ob-
tained with the two approaches show the high accuracy
of the NMR-based data.

The heme iron redox potentials are essentially
unaffected by the present mutations and this exper-
imental finding is consistent with the electrostatic
calculations based on the here-obtained structural in-
formation. Nevertheless, Lys10 and Lys9 appear to
have a biological significance as their mutation some-
how affects the reaction with the [Fe]hydrogenase. In
particular a larger, although only slightly, value of Km

is found. This could be interpreted in terms of a re-
duced affinity of the hydrogenase towards a protein
bearing a positively charge reduced by two units in an
area close to the interaction region, although a possi-
ble reduction of Km due to the presence of the minor
species of the protein can not be ruled out. However,
the invariance of the catalytic constants and the mod-
est effect on Km suggest that Lys9 and Lys10 do not
represent the real interacting residues. From the struc-
ture analysis it appears that other four Lys residues are
present close to heme IV but on the side of the distal
His (while the mutation site is close in space to the



121

proximal site of hemeIV). These residues are proba-
bly those important for protein-protein recognition and
electron transfer reaction, while Lys9 and 10 simply
serve to enlarge the positively charged area on this
protein side and reinforce the electrostatic contribution
which guides the partner proteins to interact.
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