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ABSTRACT: The solution structure of reducedBacillus pasteuriicytochromec, which has only 71 amino
acids, has been determined by NMR to an RMSD of 0.46( 0.08 Å for all backbone atoms and 0.79(
0.08 Å for all heavy atoms and refined through restrained energy minimization. The target function out
of 1645 constraints is 0.52( 0.11 Å2, and the penalty function is 66( 12 kJ mol-1. The structure
appears very similar to that in the oxidized state, only Trp87 and the propionates showing significant
differences. The mobility was investigated through15N R1 and R2 relaxation rates,15N-1H NOE, and
1H/2H exchange. It is found that the oxidized form is generally more mobile than the reduced one. By
comparing the redox-state dependence of the structural/dynamic properties of Fe-S proteins, cytochrome
c, and blue copper proteins, hints are provided for a better comprehension of the electron transfer processes.

Electron transfer (ET)1 processes are at the heart of a
number of key physiological processes, such as aerobic and
anaerobic respiration, and fatty acid metabolism. ET pro-
cesses often involve one or more soluble proteins, whose
sole biological function is that of shuttling the electron(s)
from one redox center to another and which are normally
referred to as ET proteins. There are three deeply investigated
classes of such proteins, namely, cytochromes, ferredoxins,
and cupredoxins (also known as blue copper proteins) (1).
The three systems exploit respectively an iron ion in a heme
cofactor, iron-sulfur cluster(s), and a copper ion to store
the electron which is being shuttled. For at least one
representative of each of the above three classes, the
dependence of its structural and dynamic properties on the
oxidation state of the metal cofactor has been characterized
at atomic detail (2-10).

It is becoming increasingly apparent that a generalization
of redox-dependent properties in ET proteins is not possible.
Not unexpectedly, different classes of ET proteins show
variations in their structural and dynamic features upon
change of oxidation state, which can be profoundly diverse
both in extent and in nature. Generally, redox-dependent
structural variations appear to be limited and often largely
restricted to side chain reorientation. On the other hand,
variations in backbone dynamics as probed by either15N
NMR relaxation data (which investigates motions in time

scales between 10-12 and 10-9 s and/or between 10-5 and
10-3 s) or1H/2H amide exchange (which investigates motions
on time scales longer than 1 s) are commonly (but not
always) observed. No obvious correlation between redox-
dependent variations of the dynamic properties of an ET
protein on the various time scales has been reported.

It is known that mitochondrial cytochromesc undergo
some structural rearrangements upon electron transfer (11-
13). The oxidized species are also more mobile than the
reduced ones, particularly in the millisecond time scale (8)
and on the time scale of1H/2H exchange (14). It would be
tempting to believe that these features are relevant for
molecular recognition in the electron transfer process.
Something similar holds for cytochromeb5 (5, 15). Also in
Fe2S2 ferredoxins, it is observed that the oxidized protein is
more flexible than the reduced form (6, 16). On the other
hand, in blue copper proteins no protein rearrangement is
observed upon electron transfer nor change in mobility on
any time scale (9). Also, in high-potential iron-sulfur
proteins (HiPIP’s) no protein rearrangement was observed
within the NMR structural resolution (2, 17). It should be
noted that NMR chemical shift variations have been observed
in HiPIP’s and Fe2S2 ferredoxins as well as in cytochromes
c and b5, particularly for 15N nuclei, upon change in the
oxidation state, which are not related to any classical
understanding of contact or dipolar coupling between the
unpaired electron and the resonating nucleus (3, 9, 18-20).
It is still unclear whether these chemical shift variations are
caused by very subtle conformational changes or by elec-
tronic factors.

In the present work, the dependence on the oxidation state
of the structural and dynamic properties ofBacillus pasteurii
cytochromec (Bpcytc hereafter) is investigated. The solution
structure and dynamics of reducedBpcytc are here character-
ized by heteronuclear NMR spectroscopy and compared to
the oxidized species. The primary sequence ofBpcytc is only
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71 amino acid long, making it one of the monoheme
cytochromesc with the highest ratio of heme to number of
amino acids ever reported (21). Notwithstanding the rela-
tively high charge of the polypeptide chain (-6), the small
protein size is expected to result in an enhanced role of the
metal ion charge due to the reduced distance of the metal
site from any region of the protein backbone. This should
make any effect due to ET quite evident. The putative
functional role of Bpcytc (22) is analogous to that of
mitochondrial cytochromesc and to that ofParacoccus
denitrificanscytochromec552, for which an analogous study
has been reported (23). The comparison of the redox-
dependent variations occurring in these systems is thus
expected to be particularly useful in highlighting structural
and dyanamic features of possible mechanistic relevance to
ET processes.

MATERIALS AND METHODS

Sample Preparation.Samples of recombinantBpcytc were
prepared as previously described (24). The protein was
reduced by adding excess sodium dithionite, under anaerobic
conditions. All samples were in 100 mM phosphate buffer,
pH 7.

NMR Spectroscopy and Solution Structure Calculations.
NMR spectra were acquired on reducedBpcytc on Bruker
Avance 800, 500, and 400 spectrometers at 296 K. Data
acquisition and processing were performed by using a
standard Bruker software package (XWINNMR). 2D TOC-
SY (25) and 2D NOESY (26) spectra were acquired at 400
and 800 MHz, respectively, at two temperatures (296 and
286 K). A 3D 15N-HSQC NOESY spectrum (27), a HNHA
spectrum (28), and a HNHB spectrum (29) were acquired at
500 MHz, with a triple resonance cryoprobe. The HNHA
spectrum (28) was used to determine3JHNHR coupling
constants, from which constraints for theφ torsion angle were
extracted by means of the appropriate Karplus curve (28).

The assignment of the1H and15N NMR signals of reduced
Bpcytc was achieved using standard procedures (30) through
the analysis of 2D and 3D homo- and heteronuclear spectra.
The 2D and 3D NOESY spectra acquired at 296 K were
used to obtain upper distance limits for structure calculations.
Intensities of dipolar connectivities were converted into upper
distance limits through the program CALIBA, using the
standard procedure (31). Stereospecific assignments of
diastereotopic pairs were obtained using the program GLOM-
SA (31), as well as from relative cross-peak intensities in
the HNHB spectrum (29). The ratio between intraresidue and
sequential HN-HR NOESY cross-peak intensities was used
to extract constraints for theφ and ψ torsion angles (32).

All of the above constraints were used as input for the
program DYANA (33). The heme special residue was
introduced in calculations as previously described (34, 35).
A total of 130 random structures were generated and
annealed using the standard DYANA protocol in 10000 steps.
The 30 structures with lowest target function values were
selected as the final DYANA family and subjected to a
restrained energy minimization (REM) refinement with the
program AMBER (36). The energy-minimized structures
constituted the final REM family. The average structure of
this family was built by superimposing the backbone atoms
of all residues and again subjected to REM.

Structure analyses were performed with the programs
PROCHECK (37), PROCHECK-NMR (38), and AQUA
(38). Structure visualization was done with the program
MOLMOL (39).

NMR Mobility Data Acquisition and Analysis.The NMR
experiments for determination of15N longitudinal and
traversal relaxation rates and1H-15N NOE were recorded
at 296 K at 500 MHz.R1 and R2 relaxation rates were
obtained by fitting the cross-peak volumes (I), measured as
a function of the relaxation delay, to a single exponential
decay by using the Levenberg-Marquardt algorithm (40),
as described in the literature (41). Uncertainties had been
evaluated by using a Monte Carlo approach (41). Hetero-
nuclear NOE values were calculated as the ratio of peak
volumes in spectra recorded with and without saturation.15N
relaxation data were analyzed in terms of the model-free
formalism (42) with the Modelfree program, version 4.0,
following the reported protocol (41), and using an isotropic
model for diffusion. The amide proton-nitrogen backbone
distance was taken to be 1.02 Å, and the CSA was taken to
be δ ) -172 ppm (43). For the tryptophan side chain HN
moiety, the CSA was taken to beδ ) 89.0 ppm (44, 45),
and for the histidine side chain HN moiety, the CSA was
taken to beδ ) -154.5 ppm (44, 45). Model selection for
the model-free calculations was performed according to the
procedure previously described (41). In the last stage of
calculations τm was optimized together with all other
parameters.

1H/2H exchange measurements were carried out using the
same approach followed for the oxidized protein (24) and
were fit to a monoexponential decay.

RESULTS

Solution Structure of Reduced Bpcytc.Essentially all
expected resonances for1H and 15N nuclei were assigned.
In particular, 100% of the backbone1H and15N (except Pro
residues) resonances were assigned, including the HN moiety
of Ser34, which could not be detected in the oxidized protein
(24). It was also possible to assign the resonance of the Nδ1
nucleus of the imidazole ring of the axially bound His36.
The assignment achieved in this study, together with the
stereospecific assignment, is reported in Table S1 of Sup-
porting Information and has been deposited with the BMRB
(entry 5597). Figure S1 shows a1H-15N spectrum of the
protein, labeled with the assignment.

Table 1 reports the details of the experimental constraints
used for structure calculation. In total, 1541 meaningful upper
distance limits (out of 1958) could be obtained from the 2D
NOESY spectrum (Table 1). Figure 1A reports the distribu-
tion of the NOE constraints on a per residue basis. In
addition, 104 dihedral angle constraints were employed
(Table 1). All of the constraints used for solution structure
calculations are listed in the Supporting Information.

The average target function of the 30 conformers consti-
tuting the DYANA family is 0.52( 0.08 Å2. Their global
root-mean-square deviation (RMSD) from the mean structure
is 0.46 ( 0.08 Å over the entire protein backbone. The
penalty function of the REM family is 66( 12 kJ mol-1

(corresponding to 0.49( 0.09 Å2), while the backbone
RMSD to the mean structure is 0.46( 0.08 Å. The RMSD
for all heavy atoms is 0.78( 0.09 Å. The RMSD values for
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the REM family are plotted on a per residue basis in Figure
1B. An overview of the quality parameters for the REM
family, as well as for the restrained energy-minimized mean
structure, is given in Table 1. They indicate that the obtained
structure has a very good quality. Coordinates for the final
family of conformers and for the energy-minimized average
structure have been deposited in the PDB (PDB entry 1N9C).

A “sausage” view of the backbone is shown in Figure 2,
which also depicts the secondary structure elements resulting
from calculations. The protein displays an all-helical fold,
as is commonly found forc-type cytochromes (46), with two
long helices at the N- and C-termini (R1 and R5, spanning
residues 24-30 and 80-91, respectively), and three ad-
ditional helices: two short helices involving residues 32-
34 (R2) and 51-54 (R3) and a longer helix in position 57-
66 (R4). The first ligand to the iron ion is His36, and the
second ligand is Met71; both are located in two external
loops.

Table 1: Summary of NMR Constraints Used for Structure Calculation, Restraint Violations, Structural Statistics, and Energetics for the
Restrained Energy-Minimized Solution Structure of Reduced Cytochromec from B. pasteurii

REM 〈REM〉

no.

av no. of
violations per

conformer

RMS
violation

per restraint
no. of

violations

RMS
violation

per restraint

structural constraint
meaningful NOESY (total NOESY) 1541 (1958) 27.0( 2.60 0.017( 0.002 35 0.023
intraresidue 207 1.47( 0.67 0.008( 0.004 1 0.0040
sequential 341 7.37( 1.70 0.022( 0.004 10 0.025
medium range 458 6.70( 1.81 0.013( 0.002 10 0.016
long range 535 11.5( 2.04 0.017( 0.002 14 0.029
φ 52 0.17( 0.45 0.08( 0.20 1 1.564
ψ 52 1.63( 0.95 0.71( 0.41 2 2.383
violations between 0.1 and 0.3 Å 10.0( 2.6 17
violations larger than 0.3 Å 0.35( 0.48 2
largest distance violation (Å) 0.39 0.35
largestφ violation (deg) 8.6 11.3
largestψ violation (deg) 13.5 15.1

energetics
total target function 0.52( 0.11 1.0
Amber average energy (kJ/mol) -3330( 150 -3319

structure analysis
completeness of15N backbone assignment 100%
completeness of1H backbone assignment 100%
structural constraints per residue 23.2
residues in most favored regionsa (%) 85.8 88.0
residues in allowed regionsa (%) 13.9 12.0
residues in generously allowed regionsa (%) 0.2 0.0
residues in disallowed regionsa (%) 0.0 0.0
overallG-factorb -0.51 -0.17

a As defined by the Ramachandran plot.b As defined in the program PROCHECK (37).

FIGURE 1: (A) Number of NOEs per residue for reducedB. pasteurii
cytochromec. White, light gray, dark gray, and black bars indicate
intraresidue, sequential, and medium-range, or long-range connec-
tivities, respectively. The NOE constraints for the heme moiety are
reported as belonging to residue 93. (B) Per residue plot of backbone
(filled squares) and heavy atoms (open circles) RMSD with respect
to the mean structure for the final family of conformers. The
position ofR-helices is depicted at the bottom of the picture.

FIGURE 2: (A) Stereoview (side by side) of the backbone of the
final family of conformers of reducedB. pasteuriicytochromec
represented as a tube with variable radius, proportional to the
backbone RMSD of each residue. Comparison ribbon display of
the energy-minimized average structure of (B) reduced and (C)
oxidizedB. pasteuriicytochromec. This figure was prepared with
the program MOLMOL (39).
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Protein Mobility from15N Relaxation and Amide Exchange
Data. 15N relaxation data to be used in the model-free
analysis were obtained for all non-proline residues (excluding
also the N-terminal residue Val22), for the Nε1 of Trp87,
and for the Nδ1 of His36. The averageR1 and R2 and
heteronuclear NOE were respectively 2.59( 0.13, 7.05(
0.30, and 0.76( 0.05 at 500 MHz. For all residues three
data were used as imput for the Modelfree program, namely,
R1, R2, and NOE at 500 MHz.

The results of the model-free fittings are shown in Figure
3. The data for all residues could be fitted with a maximum
of two adjustable parameters, the large majority of residues
being adequately fitted by the simplest model of the
Modelfree program (41, 47). Only two residues were fitted
thus usingτe as an adjustable parameter: Asp23, which is
the second residue of the sequence, and Gly67 (Figure 3).
Inclusion ofRex (up to 1.45 s-1) in the fittings was required
for residues Ser34, Cys35, Asp39, and Gly70 (Figure 3). The
averageS2 value over the backbone NH moieties of all
residues was 0.89( 0.06. The NH moieties of the side chains
of His36 and Trp87 could both be fitted using onlyS2 as an
adjustable parameter. The resultingS2 values were 0.88 and
0.75, respectively (Figure 3). The best-fit parameters obtained
from model-free calculations are listed in the Supporting
Information.

DISCUSSION

Comparison of the Solution Structure of Bpcytc in the
Oxidized and Reduced State.Figure 2 shows a comparison
of the solution structures of oxidized and reducedBpcytc. It
can be seen that the two structures are very similar, with an
RMSD between all backbone atoms of only 0.34 Å. The
largest differences between the conformation of the protein
backbone in the two forms lie in the loop regions connecting
the various helices. These regions most often coincide with
relative maxima of the RMSD per residue, and thus the
differences observed are marginally significant. The back-
bone conformation in the two solution structures is also very

similar to that observed in the crystal structure of the oxidized
protein, which was solved at pH 4.6 in the oxidized state
(48).

As far as the conformation of side chains is concerned,
the most relevant redox-state-dependent variation is that of
the position of Trp87, whose side chain in the reduced form
moves toward the interior of the protein with respect to that
observed in the oxidized structure. The motion preserves the
orientation of the plane of the Trp87 side chain and can be
described as a rotation centered on its CR atom around an
axis normal to the plane of the side chain, whose atoms are
displaced up to 1.4 Å. This change in position is substantiated
by NOEs between the side chain of Trp87 and the backbone
amide moiety of Val28, which are observed in reduced
Bpcytc and are not compatible with the position of the side
chain observed for the oxidized protein. This movement
brings the side chain of Tp87 closer to the heme cofactor
by slightly more than 1 Å. It is possible that this structural
change may contribute to tuning the heme redox potential
[which in the present protein is quite low with respect to
mitochondrial cytochromes, being only+47 mV (49)].
Recently, the existence of a redox-state-dependent gating
mechanism has been proposed for rubredoxin, a small ET
protein using an iron ion as cofactor (50). Whether such
effects are also affecting the ET rate depends on the kinetics
of the structural rearrangement, on which the present data
do not provide information. It is worthwhile recalling that
the redox potentials of ET partners can vary upon complex-
ation with the partner. This has been proposed for mito-
chondrial cytochromec (51), as well as for other systems,
such as cytochromeb5 (52). However, complex formation
in these systems is driven by electrostatic recognition
between the partners; in the present system, structure
modeling studies instead suggest that hydrophobic interac-
tions may guide the interaction with the partner (24).

Other differences in side chain conformation are restricted
to highly solvent-exposed residues, e.g., Glu25. The inter-
pretation of these differences is difficult, as they may be also
linked to slight variations in pH and/or ionic strength (e.g.,
due to the addition of reductant) between the oxidized and
reduced protein samples. There are no buried titratable side
chains inBpcytc besides theδNH moiety of the imidazole
ring of the iron-bound His36. The variation of the charge of
the iron ion is likely to induce a decrease of the acidity (i.e.,
Ka) of this group upon reduction. The available data,
however, clearly show that this group is protonated at neutral
pH in both oxidized and reducedBpcytc. It is also to be
noted that this group forms a redox-state-independent
hydrogen bond with Pro46 (see later), which prevents its
deprotonation. As far as solvent-exposed side titratable side
chains are concerned, large variations of their pKa’s appear
unlikely due to the fact that they protrude in the solvent and
should thus be shielded from charge variations at the iron
site by the high dielectric constant of bulk water.

A number of researchers have highlighted that in electron
transfer hemoproteins a change in the oxidation state of the
iron ion is often linked to a structural rearrangement of the
heme substituents (46, 53, 54). In the present case, both heme
propionates protrude in solution in both oxidation states. A
conformational change is nevertheless observed for propi-
onate 7, caused by a 20-30° rotation around the bond
between itsR andâ carbons and by a rotation of the terminal

FIGURE 3: Per residue plots of the best-fit model-free parameters
obtained from15N relaxation data for reduced cytochromec from
B. pasteurii. Residues 93 and 94 represent respectively the side
chain NH moieties of Trp87 and His36.
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carboxylate group. This rotation brings the carboxylate in a
position allowing the formation of a new hydrogen bond with
the side chain of Gln66, which also experiences a small
structural rearrangement. Propionate 6, whose conformation
is less well defined than for propionate 7, instead is found
to experience a structural rearrangement causing it to form
hydrogen bonds with the backbone amide of Gly70 in several
conformers of reducedBpcytc.

It is well-known that in essentially allc-type cytochromes
the side chain of the axial His (His36 in the present system)
is hydrogen-bonded to the carbonyl oxygen of a nearby
conserved Pro (here Pro46) through its exchangeable Hδ1
proton (24, 55, 56). In the present system, the cross-peak
due to the NH moiety of the imidazole could be observed in
1H-15N HSQC experiments, and this moiety could thus be
directly investigated. Its relatively highS2 value (0.88) and
the slow rate of exchange in D2O of the Hδ1 proton provide
direct experimental indications that the mentioned H-bond
is present in solution.

Comparison of the Mobility of Bpcytc in the Oxidized and
Reduced State.The averageS2 for the backbone amide
moieties in reducedBpcytc is 0.89( 0.06, which compares
with 0.86 ( 0.05 for the oxidized protein (24). This
difference corresponds to a generalized slight increase (on
average ca. 0.03) ofS2 along the protein chain in the reduced
with respect to the oxidized form, which however is lower
than the sum of the average errors onS2 in the two oxidation
states, which is around 0.05. The most notable exception is
constituted by residues 35-37, which are slightly more
flexible in the reduced state (up to a 0.1 decrease inS2).
Notably this corresponded to the most rigid region in the
oxidized protein (24). Also the per residue profile of theS2

values shown in Figure 3 very closely resembles that of the
oxidized protein, with enhanced flexibility at the N- and
C-terminal termini and relatively more rigid stretches around
the iron axial ligands. Globally, the backbone of the protein
appears to be rigid on the nanosecond to picosecond time
scale in both oxidation states. The NH moiety of the side
chain of Trp87 is slightly more mobile in the reduced than
in the oxidized form (S2 ) 0.75 and 0.83, respectively), even
though it is less solvent-exposed in the former system.

The most prominent dynamic feature of oxidizedBpcytc
was the presence of quite important conformational exchange
processes involving residues 33, 39-41, and 44, while the
backbone amide moiety of residue 34 could not be detected
in NMR spectra (24). These processes are still observable
for residues 34 and 35 in the reduced state, albeit with small
Rex values (lower than 1 s-1, to be compared with values
between 2 and 7 s-1 for the oxidized protein), which
presumably indicates that the distribution of conformers in
equilibrium in the reduced state is largely biased toward one
dominant species (Figure 3). It is to be mentioned that in
principle pseudocontact shifts due to the paramagnetism of
the oxidized species could make the observedRex values for
the oxidized species larger than what would be measured in
an otherwise identical diamagnetic sample. However, it has
been demonstrated in the similar case of cytochromeb5 that
this in practice is not a problem (5). Additionally, in the
reduced species an exchange process could be observed for
Gly70 (Figure 3), which is not observed in oxidizedBpcytc.

The kinetics of exchange of amide protons in D2O has
been determined for both oxidation states and globally is

significantly faster in the oxidized form, as also observed
for otherc-type cytochromes (13, 14, 23). The ratio of the
apparent exchange rates [kexch (57)] determined in the two
oxidation states is shown on a per residue basis in Figure 4.
It can be seen that generally for residues in the exchange
regime amenable to NMR characterization the exchange rates
in the oxidized protein are 1-2 orders of magnitude larger
than in the reduced state. The larger variations in the residue-
specific opening constants appear to cluster in helicesR4
and R5. These two helices are parallel and in reciprocal
contact, suggesting that there may be a concerted mechanism
by which the protection of the amide groups in this region
of the protein is enhanced in reducedBpcytc.

The data discussed in this and the preceding section
provide a thorough picture of the influence of the oxidation
state of the heme iron on the structural and dynamic
properties ofBpcytc. To fully understand the role played by
the heme cofactor, further insights can be obtained from the
investigation of the apo form of the protein, which will be
tackled in our laboratory.

Implications for Electron Transfer Proteins.The results
of the comparison between the structural and dynamic
properties of oxidized and reducedBpcytc can be sum-
marized as follows: (i) there are no gross conformational
rearrangements upon reduction; (ii) relatively small structural
changes are observed for some side chains and, most notably,
for the side chain of Trp87 and for the heme propionates;
(iii) the reduced form ofBpcytc is less flexible than the
oxidized on time scales longer than 10µs, while both states
are rigid on the subnanosecond time scale. The occurrence
of a conformational rearrangement of one heme propionate
upon change of oxidation state appears to be a quite general
feature of cytochromes, not only ofc-type (13, 34, 58-60),
although it has not been observed forP. denitrificans
cytochromec552 (23). This rearrangement is most likely
caused by the variation of the electrostatics induced by the
change in charge at the iron ion. ET studies suggest that it
may be of relevance for the ET process mediated by
cytochromec (13, 23, 60-62). The redox-state-dependent
dynamic behavior ofBpcytc (see point iii above) is analogous
to that of mitochondrial andP. denitrificans c-type cyto-
chromes (13, 23, 34, 60), and opposite to that, less common,
of DesulfoVibrio Vulgariscytochromec553 (4). It is interesting
to observe that the latter is a strict anaerobic organism, while
the other cytochromes, as well asBpcytc, are involved in
aerobic respiration. This suggests that there is a correlation
between the features of the redox-state-dependent dynamic

FIGURE 4: Comparison of the per residue exchange rates (kexch)
observed in the oxidized and reduced forms of cytochromec from
B. pasteurii.
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behavior ofc-type cytochromes and the biochemical pathway
they belong to.

Of the three best characterized classes of ET proteins,
namely, cytochromes, ferredoxins, and blue copper proteins,
the former two display a distinct dependence of their dynamic
properties on the redox state (5-8, 23), while the third one
does not (9). This difference may be related to the fact that
optimal ET transfer occurs when the reorganization at the
redox site is minimal. The copper site in blue copper proteins
may thus require a more rigid protein structure enforcing
minimal reorganization than is the case for cytochromes and
ferredoxins. On the other hand, it is tempting to link the
common behavior of cytochromes and ferredoxins to a
functional mechanism in which the recognition by physi-
ological partners as a function of redox state is fine-tuned
through differential sampling of the available conformational
space by the oxidized and reduced forms of the protein. In
Bpcytc, the oxidized species samples a larger conformational
space with respect to the reduced one (see, for instance,
Figure 4). Thus, selectivity for binding to oxidizedBpcytc
with respect to the reduced species would be enhanced if
the partner were preorganized to better bind a conformer
relatively distant from the essentially redox-state-independent
average structure. On the other hand, a partner designed to
optimally recognize the average protein structure would have
greater affinity for the reduced vs the oxidized species.
Available data for putidaredoxin, an Fe2S2 ferredoxin, are
in keeping with this hypothesis (3, 6). It is to be noted that
a certain degree of selectivity between oxidized and reduced
cytochromec is desirable, as it reduces inhibition in the ET
process. Interestingly, in the more evolved mitochrondrial
cytochromec, the variation in the protein dynamic properties
upon change of oxidation state occurs to a larger extent than
in the case of the present bacterial cytochrome and involves
also regions which have been shown to be directly at the
interface for partner recognition (7, 8). It is tempting to
speculate that the selection mechanism depicted above may
have been enhanced along evolution, through the design of
a more elaborate loop structure, and also at the expense of
the stability of the heme environment (63).
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SUPPORTING INFORMATION AVAILABLE

Four tables listing respectively15N and1H NMR chemical
shifts in reducedBpcytc, upper distance limits and dihedral
angle constraints used in solution structure calculations, and
best-fit model-free parameters and one figure showing the
1H-15N HSQC spectrum of reducedBpcytc. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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