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Abstract

Analysis of NMR spectra reveals that the heme axial Met ligand orientation and dynamics in
Nitrosomonas europaea cytochrome c552 (Ne cyt c) are dependent on heme redox state. In the
oxidized state, the heme axial Met is fluxional, interconverting between two conformers related to
each other by inversion through the Met δS atom. In the reduced state, there is no evidence of
fluxionality, with the Met occupying one conformation similar to that seen in the homologous
Pseudomonas aeruginosa cytochrome c551. Comparison of the observed and calculated
pseudocontact shifts for oxidized Ne cyt c using the reduced protein structure as a reference
structure reveals a redox-dependent change in the structure of the loop bearing the axial Met (loop
3). Analysis of nuclear Overhauser effects (NOEs) and existing structural data provides further
support for the redox state dependence of loop 3 structure. Implications for electron transfer
function are discussed.
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INTRODUCTION

Electron transfer (ET) reactions between proteins are essential in energy transduction
pathways.1,2 Because biological ET reactions typically occur at low driving forces,
minimizing reorganization energy is expected to increase ET rates in biological systems.3 To
minimize reorganization energy, it is proposed that ET metalloproteins suppress changes in
structure associated with changes in metal redox state. Indeed, comparisons of the structures
of oxidized and reduced ET proteins typically reveal only small changes in structure with
redox state,4–12 consistent with low reorganization energies and fast ET rates at low driving
force.13–17 To minimize reorganization energy, ET metalloproteins were traditionally
assumed to be structurally rigid, particularly at the metal site.13,18,19 In recent years,
however, results of experimental and computational studies have revealed that ET
metalloproteins are not as rigid as traditionally thought. In some ET metalloproteins,
significant structural mobility has been observed near the metal site.20–24 Contrary to the
traditional view of a static redox site, mobility may play a role in ET gating, in docking to
redox partners, and in modulating donor-acceptor distance and coupling.25–33 The
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relationship between protein dynamics and ET activity is not fully understood but is
evolving away from the concept that an ET protein acts as a rigid entity to the idea that
dynamics play an active role in modulating biological ET reactions.

Here, we investigate the dependence on redox state of heme axial methionine dynamics in
Nitrosomonas europaea cytochrome c552 (Ne cyt c). Ne cyt c belongs to the cyt c8 family of
small (~80 amino acids) bacterial cyts c with His/Met heme axial ligation, and has been
noted for its unusual spectroscopic properties. For one, it displays a “large gmax”-type EPR
spectrum, in contrast with the rhombic spectra seen for many cyts c.34–37 In addition, the 1H
NMR spectrum of oxidized Ne cyt c shows an unusually small range of chemical shifts for
its heme methyl resonances,38 which has been proposed to result from fluxionality of the
heme axial Met, in which the side chain interconverts between the “R” and “S”
configurations rapidly on the NMR time scale (Figure 1).21,39 Axial Met fluxionality has
been observed in two other cytochromes to date, Hydrogenobacter thermophilus cytochrome
c552 (Ht cyt c),21 and the N64Q mutant of Pa cyt c,40 which are also members of the cyt c8
structural family.

In conflict with the proposal that the Ne cyt c axial Met is fluxional is the solution (NMR)
structure of the reduced protein showing the axial methionine in a single conformation, and
with an orientation similar to that seen in Pa cyt c (Figure 1A).42 In support of the presence
of Met fluxionality, however, is a recent X-ray crystal structure of Ne cyt c crystallized in
the oxidized state that shows evidence of the axial Met occupying both R and S forms.43 In
this work, we investigate the basis for these seemingly contradictory results on Ne cyt c
axial Met orientation and propose that the heme axial Met orientation and dynamics in Ne
cyt c are dependent on heme redox state. Furthermore, the analysis herein reveals that the
methionine-donating loop (loop 3; residues 50–68) in Ne cyt c undergoes a redox state-
dependent change in structure that accompanies the change in axial methionine orientation
and dynamics. Although small redox-linked changes in structure and in polypeptide
dynamics have been noted before in cytochromes, a substantial change in axial ligand
orientation with redox state has not previously been reported.

MATERIALS AND METHODS

Sample Preparation

Ne cyt c was expressed by growing BL21(DE3) cells harboring the pSNEC (Ampr)39 and
pEC86 (Cmr)44 plasmids in LB medium supplemented with ampicillin (50 μg/mL) and
chloramphenicol (50 μg/mL). The culture was agitated at 110 rpm at 37 °C for 16 h and the
cells were harvested by centrifugation. Purification of Ne cyt c from cell pellets was as
reported.39 Pa cyt c was expressed and purified as described.45 Horse cyt c was purchased
from Sigma. The numbering system used herein for Ne cyt c is based on the Pa cyt c
sequence, starting with residue 3 in Ne cyt c and placeing the axial His and Met ligands at
positions 16 and 61, respectively.

NMR Spectroscopy

Proton NMR spectra were collected on a Varian INOVA 500-MHz spectrometer. Ne cyt c
(1–3 mM) was in 50 mM sodium phosphate, pH 7.0 containing 10% D2O. Ferric protein
samples contained a 5-fold molar excess of K3[Fe(CN)6]. Ferrous protein samples were
prepared by adding a 20–40-fold molar excess of Na2S2O4 after bubbling nitrogen through
the sample. For oxidized Ne cyt c, 2-D NOESY (mixing time 100 ms) and TOCSY (spin-
lock time 90 ms) spectra were collected at 298 K with a 30,000-Hz spectral width, 4096
points in the F2 dimension, and 512 increments in the F1 dimension. 2-D NOESY and
TOCSY spectra of ferric Ne cyt c were also collected at 303 K to resolve spectral overlap.
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For ferrous Ne cyt c, NOESY and TOCSY spectra were taken with a 12,000-Hz spectral
width, 4096 points in the F2 dimension, and 512 increments in the F1 dimension.
Presaturation was used to suppress the solvent signal. For variable temperature (266–300 K)
1-D 1H-NMR experiments, oxidized Ne cyt c was prepared in 50 mM sodium phosphate, pH
7.0, with 10% D2O and 20% (v/v) CD3OD.

Assignments of heme 1H resonances of oxidized and reduced Ne cyt c were made by
identifying connectivities between heme substituents in NOESY spectra according to
standard procedures.46 Polypeptide 1H resonances were also assigned according to
established methods47 and were guided by published assignments.39,42

NMR Line Shape Analysis

For the analysis of the temperature dependence of heme methyl resonance line shapes for
ferric Ne cyt c, 1H NMR spectra were processed using the program NUTS 2001 (Acorn
NMR, Inc.). The program WINDNMR (version 7.1.5) was used to simulate the heme 5-CH3
and 8-CH3 1H resonances; the 1-CH3 and 3-CH3 resonances were excluded from the
analysis because of their overlap at lower temperatures. The following assumptions were
made when carrying out the simulation:21 1) the exchange is between two states
corresponding to axial Met configurations R and S (Figure 1A, B); 2) a population ratio of
1:1 for the two states is maintained; 3) the chemical shifts of the heme methyl resonances in
configuration S are same as those of the corresponding resonances in Pa cyt c (Figure 1C),
and 4) the natural line width of the Ne cyt c heme methyl resonances in the absence of
exchange is the same as that of the corresponding resonances in Pa cyt c, which does not
show axial Met dynamics. The values for the rate constant for exchange (k) and the chemical
shifts for Ne cyt c with Met in configuration R are calculated in the simulation. An Eyring
plot of ln(k/T) vs. 1/T was analyzed to determine activation parameters.

Determination of Magnetic Axes

Experimental pseudocontact shifts (δpc
obs) were determined by taking the difference

between the observed chemical shift of a proton in the oxidized (δox) and reduced (δred)
states:

[1]

The relationship in equation 1 assumes that the contact shift is negligible and that the protein
undergoes no significant structural change with redox state. The contact shift contribution
will be non-negligible only for iron-coordinated residues. Therefore, nuclei on the heme, the
axial ligands, and Cys residues attached to the heme were excluded. The atomic coordinates
of reduced Ne cyt c (PDB: 1A56)42 were used in magnetic axes calculations for the purpose
of identifying redox-linked structure change. The folds of oxidized and reduced Ne cyt c are
known from structural determinations to be similar to each other overall.42,43 A total of 167
pseudocontact shifts from throughout the protein structure are used in the calculation so that
the calculation is based on shifts for residues both near to and relatively distant from the
iron, and dispersed throughout the protein structure. The orientation of magnetic axes and
the values of axial (Δχrh) and rhombic (Δχax) magnetic anisotropies for oxidized Ne cyt c
were determined using an in-house program21 according to a published procedure.48 First,
molecular coordinates were defined with the heme iron at the origin, the +z axis
perpendicular to the mean plane of the heme pyrrole nitrogen atoms in the direction of axial
Met, and the +y axis aligned along the direction of the pyrrole I nitrogen (Figure 2). Next,
the protein structure was rotated in a stepwise fashion and at each step a least-squares fitting
of experimental pseudocontact shifts to equation 2 was performed:
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[2]

where ri is the distance from the iron to atom i (determined from the three-dimensional
structure), and li, mi, and ni are the direction cosines of the position vector of atom i (ri) with
respect to the magnetic axes.49 The sum-squared error between calculated and experimental
pseudocontact shifts was used to assess the goodness of fit. Experimental pseudocontact
shifts used in the fit are reported in Table S1 in supporting information.

RESULTS AND DISCUSSION

Heme Methyl Resonance Line Shapes and Chemical Shifts

It was previously reported that the 1-D NMR spectrum of oxidized Ne cyt c displays an
unusual pattern of resonances in the high-frequency region, with all four heme methyls
having similar shifts to each other, giving a spread of only 4.1 ppm at 298 K (Figure
1E).38,39 This finding contrasts with the typically large spread seen for heme methyl shifts in
ferric heme proteins with His-Met axial ligation of ~ 20 – 30 ppm (Figure 1C,D).50 The
compression of the heme methyl shifts in Ne cyt c is consistent with exchange of the heme
axial Met between configurations R and S (Figure 1A,B) rapidly on the NMR time
scale.21,39 The pattern of heme methyl chemical shifts for configuration R has methyls 3-
CH3 and 8-CH3 with higher chemical shifts relative to 5-CH3 and 1-CH3, whereas for
configuration S methyls 5-CH3 and 1-CH3 have higher chemical shifts relative to 8-CH3 and
1-CH3. Upon rapid exchange, the observed chemical shifts are the average of those seen for
these two orientations, giving similar chemical shifts for all four heme methyls. Along with
the chemical shift pattern, the temperature-dependent properties of the Ne cyt c NMR
spectrum, reported previously,39 are consistent with axial Met fluxionality. At low
temperature (266 K), the heme methyl 1H NMR resonances of Ne cyt c exhibit line widths >
500 Hz, over four-fold greater that those seen in the spectrum at 300 K, and similar to what
is seen for Ht cyt c, which has a fluxional Met.21 In contrast, in Pa cyt c over this
temperature range, line widths show little change. This increase in line width observed in Ne
cyt c as temperature decreases does not correlate with changes in the T1 values for the heme
methyls, indicating that the temperature-dependent process responsible for the increase in
line width is not the electron relaxation time. A candidate is a chemical exchange process
that affects the chemical shifts of all four heme methyls, i.e., fluxionality of the axial
Met.21,39 An analogous motion of the axial His is unlikely because its orientation is
essentially fixed by the c-heme-binding motif.51,52 Also in support of this exchange process
is the X-ray crystal structure of ferric Ne cyt c isolated from N. europaea cells that was
determined recently. A structure was determined with 18 molecules in the asymmetric unit;
of these molecules, 14 display the axial Met in the S orientation, and 4 could be refined with
either orientation, suggesting a mixture of S and R orientations for those molecules. Thus the
X-ray crystal structure lends further support for the presence of Met fluxionality in oxidized
Ne cyt c observed by NMR. However, it is important to note that there is evidence of
photoreduction of the protein during X-ray diffraction data collection, resulting in ambiguity
of the oxidation state in the crystal structure.43

To determine the rate of axial Met exchange, simulation of the heme 5-CH3 and 8-CH3
resonances in the Ne cyt c NMR spectrum using WINDNMR has been performed. The
chemical shifts calculated for configuration R (17.37 ppm for 5-CH3 and 30.16 ppm for 8-
CH3 at −7 °C) are consistent with this orientation because they are similar to measured
values for oxidized horse cyt c (13.17 ppm for 5-CH3 and 38.40 ppm for 8-CH3 at −7 °C),
which has Met configuration R. The shifts for configuration S, which are assumed in this
analysis to be the same as those for Pa cyt c, and the observed shifts for Ne cyt c, assumed
to be the average of R and S, were inputs in this calculation. The spectra resulting from the
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simulation and the determined exchange rates are shown in Figure 3. The excellent
agreement between the simulated and experimental spectra provides further support for the
existence of Met fluxionality in this protein. The activation enthalpy for the exchange
process determined from an Eyring plot was determined to be 40 ± 2 kJ mol−1 (Supporting
Figure S1), a value that is similar to that determined for small inorganic complexes in which
thioether ligands undergo inversion at sulfur.53–55 This ΔH‡ value is somewhat smaller than
that determined for Met fluxionality in Ht cyt c (59 ± 10 kJ/mol).21

Magnetic Axes and Axial Met Orientation in Ferric Ne cyt c

The orientation of the magnetic axes was determined for two reasons: 1) To evaluate the
orientations of the axial ligands, 2) To determine whether the protein structure changes with
redox state. The chemical shifts for oxidized and reduced Ne cyt c are reported in Tables S2
and S3, respectively. A total of 167 pseudocontact shifts were determined according to
equation 1 and are reported in Table S1. From the pseudocontact shifts, the orientation and
anisotropy of the paramagnetic susceptibility tensor χ for oxidized Ne cyt c were determined
by a least-squares fitting to equation 2, yielding results reported in Table 1 along with the
values for Pa cyt c for comparison.21 In cyts c the axial His orientation is typically held
constant along the α-γ meso axis of the heme because of the constraints of the CXXCH
motif,51,52,56 hence differences in χ tensor orientation are expected to be primarily
determined by axial Met orientation.57 The small magnitude of the Euler angle β (the z axis
tilt from z′, the heme normal) indicates that the z axis is nearly perpendicular to the heme
plane, as expected.21,48 When the z axis is perpendicular to the heme, the in-plane rotation
of the magnetic axes relative to molecular axes is well defined by κ = α + γ. Relative to Pa
cyt c, Ne cyt c displays an altered value of κ, which is related to the mean plane of the axial
ligands relative to the heme, φ, according to φ = −κ, in a relationship known as the
counterrotation rule.57 The −36° value of κ for Ne cyt c is similar to the value for the N64Q
mutant of Pa cyt c (−38°)40 and for Ht cyt c (−47°),21 which have been shown to have
fluxional Met ligands. In contrast, a value of −12° has been determined for Pa cyt c, which
has a φ value of 16° as measured from the crystal structure.21 This result, along with the line
shape analysis reported above,39 support the existence of Met fluxionality in oxidized Ne cyt
c, similar to what is observed for oxidized Ht cyt c.21,39

In addition to the difference in κ, Ne cyt c displays differences in magnetic anisotropy
relative to Pa cyt c. The rhombicity of the χ tensor (Δχrh/Δχax) for Ne cyt c (0.13) is smaller
than that previously determined by NMR for Pa cyt c (0.38).21 These results from NMR are
consistent with EPR analysis indicating rhombicity of 0.16 for Ne cyt c and 0.37 for Pa cyt
c.35 In the case of cytochromes with bis-His heme axial ligation, rhombicity is determined
primarily by the angle formed by the ring planes of the two axial His.58 In the case of hemes
with His-Met axial ligation, no clear relationship between the magnetic anisotropy and axial
ligand orientations has emerged.36,37,43

Axial Met Orientation in Ferrous Ne cyt c

The orientation of the axial Met ε-CH3 relative to the porphyrin in reduced diamagnetic
cytochromes is readily deduced by detection of NOEs between the Met ε-CH3 protons and
the porphyrin meso protons. In Pa cyt c (Met configuration S observed in the crystal
structure), strong NOESY cross peaks are expected between the ε-CH3 of axial Met and the
heme γ-meso and δ-meso protons, but not to the α-meso proton. In Met configuration R,
cross peaks to the heme δ-meso and α-meso, but not to the γ-meso proton are expected
(Figure 1A, B). In reduced Ne cyt c, NOEs to the γ-meso and δ-meso protons, and to no
other heme meso protons are observed (Figure 4), indicating that the position of the Met ε-
CH3 relative to the heme is similar to that seen for Pa cyt c. This observation is reflected by
the NMR structure of reduced Ne cyt c, which has a axial Met orientation similar to that of
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Pa cyt c.42 These results support the conclusion that in reduced Ne cyt c, only one
orientation of the axial Met is present, which is similar to that seen in Pa cyt c. We thus
propose that in Ne cyt c, axial Met fluxionality is present in the oxidized state but not in the
reduced state. This finding contrasts with the behavior of Pa cyt c, which displays a fixed
Met orientation in both oxidation states,4 and with Ht cyt c for which there is evidence of
more than one axial Met orientation in both redox states.21 Note that analysis of NOEs is not
used here for evaluation of the axial Met conformation for the oxidized protein because the
short T1 values lead to loss of NOE intensity.

Evaluation of redox-linked structure change in Ne cyt c

The finding that the axial Met is fluxional in oxidized but not reduced Ne cyt c is
unprecedented. This interesting redox-dependent behavior could be a result of a weaker
Met(δS)-Fe(III) bond relative to a Met(δS)-Fe(II) bond,59 lowering the barrier for
fluxionality. Another explanation is that Ne cyt c undergoes a structural rearrangement upon
oxidation state change that promotes Met ligand dynamics in the oxidized state. In support
of this proposal, distal heme pocket mutations have been shown to alter heme axial Met
dynamics in related cytochromes.40,60 Aiding evaluation of redox-linked structure change
are the three-dimensional structures of Ne cyt c. The structure of the protein crystallized in
the oxidized form has been characterized through X-ray crystallography (PDB: 4JCG and
3ZOW),43 and the NMR solution structure of the reduced protein has been reported (PDB:
1A56).42 Alignment of the backbone atoms of the mean NMR structure of reduced Ne cyt c
with the X-ray crystal structure of oxidized Ne cyt c is shown in Figure 5. Examination of
the aligned structures reveals significant differences in loop 3; the backbone from residues
65–67 shows a particularly pronounced difference. Furthermore, the contact between Val23
and Ile59, which is at the bend of loop 3, is disrupted in the oxidized protein. In the X-ray
crystal structure of oxidized Ne cyt c crystallized in the P6522 space group PDB: 4JCG), the
axial Met is found in only one orientation in each of the 4 molecules in the asymmetric unit,
corresponding to configuration S. However, in a 2.35-Å structure of oxidized Ne cyt c
crystallized in the P212121 space group (PDB: 3ZOW), two Met orientations are observed
among the 18 molecules in the asymmetric unit, consistent with fluxionality.43 In comparing
the 3-D structures of oxidized and reduced Ne cyt c, it is important to note that the
comparison being made between the oxidized and reduced protein structures is between
structures determined using two different methods, which may contribute to apparent
structure differences. Furthermore, there is evidence that iron reduction occurs during X-ray
data collection, and as a result the X-ray crystal structure of protein crystallized when
oxidized may reflect a mixture of oxidation states.43 Finally, a possible explanation for the
single Met orientation in one of the X-ray crystal structures (4JCG) is the depletion of
conformers present at room temperature upon cooling for data collection.61,62 Thus, while
comparison of the X-ray crystal structure to the NMR structure points to a change in the
structure of loop 3, further evaluation of the structure in solution is warranted to test the
hypothesis that structure changes with redox state.

To evaluate redox-dependent structure in solution, the results from the magnetic axes
determination for oxidized Ne cyt c using the reduced Ne cyt c structure as a reference
structure were examined. An assumption made in the determination of the magnetic axes
using the method described here is that the oxidized and reduced proteins are isostructural.
Thus, a significant difference in structure between the oxidized form and the reduced form
will result in a deviation between calculated and observed pseudocontact shifts. Indeed,
analysis of the plots of the δpc

obs vs. δpc
calc for Ne cyt c reveals a number of data points that

deviate significantly from a line of slope 1 (Figure 6A). This scatter could arise from a
number of factors including inaccuracies in the reference structure, incorrect assignments, or
a difference in structure between the reduced reference state and the oxidized state.
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However, it is notable that most of the points that deviate significantly from the linear
correlation between the observed and calculated shifts for Ne cyt c (difference between
observed and calculated is > 0.5 ppm) are in loop 3 (Gly51, Ser52, Ser53, Val55, Trp56,
Pro60, and Asn64) or in contact with this loop (Val23). This finding is in support of a redox-
dependent structural change in occurring in loop 3.

To further investigate the existence of a redox-linked structure change, NOEs involving
residues in loop 3 in oxidized and reduced Ne cyt c were compared. Because of the
enhanced nuclear relaxation in the oxidized form of the protein, the interpretation of loss of
an NOE in the oxidized protein relative to the reduced protein is complicated by the
possibility that the intensity loss results from the shorter T1 values in the oxidized protein
rather than an increase in internuclear distance relative to the reduced protein. Thus we
consider only NOEs present in the oxidized and absent in the reduced protein as indications
of a redox-linked structure change. The most notable difference between NOEs in the two
redox states is that the amide proton of Gly50 displays NOEs to Hα and Hβ of Asn64 in the
oxidized form (Figure S2), while in the reduced protein the Gly50 amide proton has no
cross-peaks to the Asn64 side chain. Residues Asn64 and Gly50 sit across from each other
within loop 3; disruption of these NOEs upon reduction would reflect a change in the loop
conformation. Relevant to understanding the effect on the axial Met, in structures of Ne cyt c
as well as its homologue Pa cyt c, the Asn64 side chain forms a hydrogen bond with Met61
δS; a change in this interaction resulting from a loop 3 rearrangement may influence Met
orientation and dynamics. Indeed, mutation of residue 64 has been shown to alter Met
orientation and dynamics in homologous proteins.40,60,63 Analysis of the three-dimensional
structures, however, suggests that the Asn64-Met61 contact remains intact in both oxidation
states: The Asn64 δN is within H-bonding distance of the Met61 δS in the X-ray crystal
structure (4JCG) of oxidized Ne cyt c (3.6 Å distance between heavy atoms), while in the
NMR structure of reduced protein (1A56) this distance appears shorter (3.3 Å). Chemical
shifts provide additional support for the presence of this contact in both oxidation states,
aided by comparison to data for Pa cyt c, for which the Asn64 δNH to Met61 δS distance
remains ~3.6 Å in both oxidation states.4 In reduced Ne cyt c, one Asn64 δNH has a
chemical shift (δobs = 3.43 ppm) consistent with a strong ring current shift and thus with its
position near the Met61 δS above the heme plane. This shift is similar to that seen in Pa cyt
c (δobs = 3.18 ppm).40 In oxidized Ne cyt c, the Asn δNH protons (δobs = 12.15, 11.44 ppm)
display large chemical shifts, on the order of those of oxidized Pa cyt c (δobs = 13.46, 13.86
ppm).40 The large hyperfine shifts observed for these nuclei are consistent with the residue
being positioned above the heme plane, near the Met61 side chain. Thus, surprisingly, it
appears that there is minimal change in the contact between Asn64 and Met61 in Ne cyt c as
a function of redox state, although there is strong support for the proposal that loop 3
conformation overall is sensitive to redox state.

Functional Implications

ET proteins typically undergo minimal structure change upon redox state change.
Cytochromes c in particular have been reported to show only small changes in the hydrogen
bonding network in the heme pocket, reorientation of heme propionates, and changes in
positions of structural water upon redox state change.4,6,7,10 The most well-studied systems
are the mitochondrial cytochromes c, in which a number of studies have identified small
redox-dependent changes in the hydrogen-bonding network near the heme, in heme
propionate-7 orientation and hydrogen bonding, in Gly41, and in internal water
molecules.5,64,65 Pa cyt c shows similar small redox-dependent structure changes.4 The
most notable redox-dependent changes in Pa cyt c structure are movement of an internal
water molecule and of Ile59. Notably, Ile59 forms a hydrophobic contact with Val23 (Figure
5), and a redox-dependent structure change in this contact is detected here in Ne cyt c.
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The finding that Ne cyt c undergoes a change in axial Met orientation upon redox state
change is surprising, as any change to the iron coordination sphere would be expected to
increase reorganization energy for ET and thus decrease rates of ET reactions with redox
partners at low driving force. However, in a study of the rates of ET reaction between
structurally homologous bacterial cyts c with similar redox potentials (Ne cyt c, Pa cyt c, P.
stutzeri cyt c551, and P. stutzeri ZoBell cyt c551) with the P. stutzeri ZoBell reductase, Ne cyt
c displays a substantially (2-fold) higher rate for ET than the other cytochromes, which show
rates similar to each other.38 Additional studies would be needed to understand how this
redox-dependent change in Ne cyt c structure influences reorganization energy. The change
in ligand dynamics observed here, however, has some precedent in that changes in overall
polypeptide dynamics with cytochrome c redox state are well-documented, with cyts c
showing significantly more mobility in the oxidized relative to the reduced state.10,11,65–67 It
is likely that a similar change in polypeptide mobility occurs in Ne cyt c, and any such
change may be related to the change in axial ligand mobility.

There are now a number of examples of redox-linked structure changes in metalloproteins
with proposed or demonstrated functional relevance. For example, NMR studies of human
ferredoxin reveal a change in secondary structure with redox state that is proposed to alter
the affinity for ferredoxin reductase.68 Similarly, in Anabaena ferredoxin a redox-dependent
structural change in a loop is proposed to modulate the formation and dissociation of the
electron-transfer complex between ferredoxin and ferredoxin NADP+ reductase.69 A
particularly well-characterized system is Pseudomonas putida putidaredoxin / cytochrome
P450cam (Pdx/P450). Backbone dynamics of P450 are dependent on redox state,
particularly in the protein region that interacts with Pdx, and these changes are proposed to
regulate the formation and dissociation of the Pdx-P450 complex. Pdx binding also
influences P450 structure and activity.23,70 Furthermore, Pdx displays redox-dependent
structure and dynamics that influence its interaction with P450.71 Among multiheme
cytochromes c, redox-linked structure changes have been identified that influence
cooperativity of multielectron transfer72 as well as proton-coupled ET.73 Given the
precedent provided by other redox proteins, the significant redox-dependent change in
structure and ligand dynamics of Ne cyt c is expected to have functional relevance. Ne cyt c
is present at high levels in N. europaea cells and is proposed to engage in ET with a number
of partners including cytochrome c554, diheme cytochrome c peroxidase, cytochrome bc1,
and nitrite reductase.74,75 It is possible that its redox-dependent characteristics aid in
regulating its binding to and release from multiple redox partners that include electron
donors and acceptors. The determination of structures of complexes of Ne cyt c with known
or potential redox partners would be valuable for determining whether the phenomena
observed here are exploited by nature to regulate ET flow.

CONCLUSIONS

In this study, a redox-linked change in structure of the ET protein Ne cyt c has been
identified by analysis of pseudocontact shifts and NOEs along with three-dimensional
structures reported in the literature. The change in structure primarily involves the loop
bearing the heme axial Met ligand, and is accompanied by an unusual change in the heme
axial Met interaction with heme, with the Met becoming fluxional in the oxidized state. This
result reveals more complex redox-dependent behavior of cytochromes than has previously
been described, and is expected to have functional implications for ET reactions involving
this cytochrome. Because of a paucity of structural data on protein-protein complexes of ET
partners, factors that control specificity of biological ET reactions remain poorly
understood.76 Given its redox-dependent behavior, available high-resolution structures,43

well-characterized electronic structure,36,77,78 and multiple putative redox partners, Ne cyt c
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constitutes an excellent model system for investigating the complex factors controlling
biological ET reactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A) Heme from Pa cyt c4 with axial His (background) and Met (foreground) ligands
highlighted, with Met in the S configuration, and heme methyl and meso nomenclature
shown. B) Heme and axial ligands from horse cyt c41 with Met in the R configuration. C) –
E) High-frequency regions of 1H NMR spectra39 of oxidized Pa cyt c (C), horse cyt c (D),
and Ne cyt c (E), with heme methyls labeled. Heme methyl 1 is buried in the diamagnetic
region for horse cyt c. Note that the chemical shifts in E) are approximate averages of shifts
in C) and D).
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Figure 2.

Orientation of magnetic axes in Ne cyt c. The solid arrows indicate the axes in the molecular
reference frame (x′, y′, z′), and the dashed arrows are the magnetic axes (x, y, z), where x
indicates the orientation of χxx. The z′ and z axes point in the direction of the viewer. The
value of κ is shown (see text). In this view, the plane of the axial His ring, shown in Figure
1, approximately bisects the x′ and y′ axes.
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Figure 3.

WINDNMR simulation of the heme methyl 1H NMR resonances for oxidized Ne cyt c in
20% methanol/80% 50 mM NaPi pH 7. The experimental spectra are in gray and the
simulated peaks for the heme 5-CH3 and 8-CH3 are in green and red, respectively. The 3-
CH3 and 1-CH3 resonances were not simulated because of overlap. The rate constants
determined are shown. The corresponding Eyring plot is in Figure S1.
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Figure 4.

Portion of NOESY spectrum of reduced Ne cyt c showing NOE cross peaks to the axial Met
ε-CH3 (−3.13 ppm). The presence of cross peaks to the heme γ- and δ-meso protons but not
to the α-meso (chemical shift shown with dashed line) define the Met orientation as shown
in Figure 1A.
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Figure 5.

Alignment of backbone atoms of the X-ray crystal structure of oxidized Ne cyt c in cyan
(PDB: 4JCG)43 and the NMR structure of reduced Ne cyt c in yellow (PDB: 1A56).42 The
backbone atoms of residues 65–67 are shaded blue (oxidized) and orange (reduced).
Residues 23 and 59 are shown in space-filling mode.
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Figure 6.

A) Plot of calculated vs. measured pseudocontact shifts for Ne cyt c. Residues showing large
differences (> 0.5 ppm) between calculated and measured values are labeled and denoted
with red squares. B) Structure of Ne cyt c (PDB: 4JCG) with residues noted in (A) shown in
spacefilling mode. Residues on loop 3 are highlighted in dark blue. The heme and its axial
ligands are shown in stick mode. Gly24 is obscured by residues 22 and 23.
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