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ABSTRACT: All class I c-type cytochromes studied to date undergo a dynamic process in the oxidized
state, which results in the transient breaking of the iron-methionine-sulfur bond and sufficient movement
to allow the binding of exogenous ligands (imidazole in this work). In the case ofRhodobacter capsulatus
cytochrome c2, the sixth heme ligand Met96 and up to 14 flanking residues (positions 88-100, termed
the hinge region), located between two relatively rigid helical regions, may be involved in structural
changes leading to a transient high-spin species able to bind ligands. We have examined 14 mutations at
9 positions in the hinge region ofRhodobacter capsulatuscytochrome c2 and have determined the structure
of the G95E mutant. Mutations near the N- and C-terminus of the hinge region do not affect the kinetics
of movement but allow us to further define that portion of the hinge that moves away from the heme to
the 93-100 region in the amino acid sequence. Mutations at positions 93 and 95 can alter the rate constant
for hinge movement (up to 20-fold), presumably as a result of altering the structure of the native cytochrome
to favor a more open conformation. The structure of one of these mutants, G95E, suggests that interactions
within the hinge region are stabilized while interaction between the hinge and the heme are destabilized.
In contrast, mutations at positions 98 and 99 alter imidazole binding kinetics but not the hinge movement.
Thus, it appears that these mutations affect the structure of the cytochrome after the hinge region has
moved away from the heme, resulting in increased solvent access to the bound imidazole or alter interactions
between the protein and the bound imidazole.

Class I cytochromes c are primarily low-spin due to the
presence of the strong-field heme ligands, histidine and
methionine, and the ferrous form does not normally bind
exogenous ligands. However, it is well established that the
ferric form of mitochondrial cytochrome c and the bacterial
cytochromes c2 undergo a dynamic rearrangement that results
in breakage of the iron-methionine bond and in the
formation of a low concentration of high-spin species that
permits weak binding of exogenous ligands (1-3). In all
cases, it has been found that imidazole binding is a two-
step process involving a rate-limiting protein rearrangement
followed by second-order ligand binding (2-4), as illustrated
in equation 1 where cyt1 is the native closed, unreactive form
and cyt* is the open form that binds imidazole. The rate
constant for rearrangement isk12, and the apparent binding
constant isKapp ) K1K2/(1+ K1), where K1 ) k12 /k21

(equilibrium between the open and closed forms), andK2 )
k23 /k32 (ligand binding).

The protein rearrangement coupled to ligand binding
occurs in a region (termed the hinge) between two sections
of secondary structure (4), helices 84-91 and 107-119, in
Rhodobacter sphaeroidescytochrome c2 (helices 80-87 and
104-114 in Rhodobacter capsulatuscytochrome c2). In
Figure 1A, theR-carbons for the hinge region (positions
92-106) of the native form and of the imidazole complex
(5) of Rb. sphaeroidescytochrome c2 are overlaid (the
structure of theRb. capsulatuscytochrome c2-imidazole
complex has not been determined). Also shown in Figure
1A are the heme and bound waters. Note that the overlay
suggests that the hinge region may be constrained to positions
97-105 (93-100 in theRb. capsulatuscytochrome c2 amino
acid sequence) since the backbone in the 92-96 and 106
regions are the same in free and complexed structures (Figure
1A and 1B). Figure 1B shows the overlay ofRb. sphaeroides
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cytochrome c2 and its imidazole complex in the hinge region
and includes backbone and side chain atoms. This illustrates
the large movement in some of the side chains, including
those of M100 and F102. Figure 1C presents an overlay of
the hinge regionR-carbons, bound waters, and hemes ofRb.
sphaeroidesandRb. capsulatuscytochrome c2. As can be
seen, there is considerable structural homology between the
cytochromes c2 from the two species (9 out of the 15 hinge
amino acids are the same). This is consistent with the fact
that imidazole binding (equilibrium and kinetics) are identical
for the two species (3). Thus, in the context of eq 1, we
have structural information relative to cyt and cyt*-
imidazole species, but not for cyt*, the open conformation
without ligand. Cyt*-imidazole is likely to be a more closed,
less dynamic, structure than cyt* because of the stabilizing
interactions between the surrounding protein and the bound
imidazole.

There has been speculation that rearrangement of the hinge
in the absence of imidazole may have a role in electron

transfer since this rearrangement occurs in a structural region
involved in binding to reaction partner proteins (6). Because
the rearrangement is specific to the oxidized form of the
protein, it may provide a mechanism to signal the change in
oxidation state during physiological electron transfer, altering
the binding constant and product dissociation. However, no
data are currently available that directly address this view.
The analogous hinge region in horse cytochrome c includes
residues 77-85 (7). The apparent binding constant for
imidazole (Kapp) is much larger withRb. capsulatus(1440
M-1) andRb. sphaeroides(1420 M-1) cytochrome c2 than
it is for horse cytochrome c (30 M-1), but the kinetics of
rearrangement (k12) are comparable for all three (27-42 s-1)
(3). Studies of imidazole binding by mutants ofRb. capsu-
latus cytochrome c2 showed that most are similar to wild-
type protein (i.e., within a factor of 2), but with some
exceptions that bind imidazole more strongly and rearrange
more rapidly (4, 8). The exceptions (G95E and G95P), which
are located in the hinge region, appear to alter the kinetics
of the rearrangement (k12, k21). It is important to note that
mutants with substantially altered hinge kinetics and an
altered equilibrium between the open and closed forms (eq
1) may provide a means to test proposals in regard to the
physiological role of the hinge.

In the past, we had insufficient data to specify all four
rate constants for imidazole binding. More recently, however,
we found that mutant G95P has much greater high-spin
character than wild-type protein in equilibrium with the
normal low-spin species (i.e.,K1 is 55-fold larger than for
wild-type cytochrome) (8). This additional information has
permitted resolution of all four rate constants for the mutant,
and by extrapolation, for wild-type protein, by assuming that
the rate constant for imidazole binding,k23, is the same for
both the wild-type cytochrome and the G95P mutant (i.e.,
1.4× 105 M-1s-1). We have now studied imidazole binding
for additional hinge mutants ofRb. capsulatuscytochrome
c2 to determine the role of individual sequence positions in
hinge dynamics and to further define the hinge region.

MATERIALS AND METHODS

Rb. capsulatuscytochrome c2 and mutants were prepared
as previously described (9). Imidazole was purchased from
Sigma Chemical Co. The equilibrium binding of imidazole
was studied by measuring the peak-to-trough difference in
amplitude due to the increase in absorbance at 405 nm and
the decrease at 417 nm. All experiments were carried out in
100 mM Tris-cacodylate buffer, pH 7, supplemented with
sodium chloride to maintain constant ionic strength. All
solutions contained 100µM potassium ferricyanide to
maintain cytochrome c2 in the oxidized state. Equilibrium
titrations and kinetic experiments were carried out at 500
mM ionic strength to allow the use of a wide range of
concentrations of imidazole (which has a pKa of 7) and that
contributes substantially to the ionic strength. Equilibrium
and kinetic data were analyzed relative to eq 1 as described
previously (3). All equilibrium constants and second-order
rate constants are given in terms of the concentration of
unprotonated imidazole.

We were unable to obtain the K93G single mutant,
presumably because it is too unstable. Thus, we constructed
the double mutant 10V11/K93G, which includes an insertion

FIGURE 1: (A) Superposition of the hingeR-carbons, hemes, and
bound waters of the native and the imidazole complex ofRb.
sphaeroidescytochrome c2 (5). The imidazole complex is in green,
and the uncomplexed cytochrome c2 is in CPK colors (carbon gray).
(B) Superposition of the hinge backbone atoms, side chains, hemes,
and bound waters of the native and the imidazole complex ofRb.
sphaeroidescytochrome c2. Colors as in A. (C) Superposition of
the hingeR-carbons, hemes, and bound waters ofRb. sphaeroides
(green) andRb. capsulatus(CPK) cytochrome c2.
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of valine between residues 10 and 11 that we have found is
a strongly stabilizing mutation, which permits folding. Our
shorthand notation for this mutant is VK93G.

Circular dichroism spectra were measured with an Aviv-
modified Cary 60 spectropolarimeter. Denaturation was
studied by changes in ellipticity at 220 nm as a function of
guanidine in 20 mM Tris-Cl, pH 7.5, 40 mM NaCl. Two
parameters were obtained from the data, the midpoint
concentration (Cm) and the slope (m) of the log plots. The
midpoints are highly reproducible, but in our experience, the
variation in slope from one experiment to the next was equal
to the differences among most mutants. Therefore, we report
only theCm.

The reduced form of the G95E mutant was crystallized
under conditions very similar to those described for the wild-
type protein (10). Crystals used for structure determination
grew in hanging drops against a well solution containing
3.5-3.6 M (NH4)2SO4, 50 mM Tris-HCl pH7.5, and 200
mM NaCl, using 2+ 2 µL drops and a 4.5 mg mL-1 protein
stock solution. Like the wild-type protein, the G95E mutant
crystallizes in theR32 space group with cell parametersa
) b ) 100.23 Å,c ) 162.15 Å, containing two molecules
in the asymmetric unit. The initial model based on wild-
type cytochrome c2 was refined against data to 2.3 Å of 88%
completeness and I/sigma 13.27 (3.2, outer resolution shell)
andRmerge8.7% (33%) to finalR- and freeR-factor of 19.8
and 24.2%.

Structures were modeled with the Deep View/Swiss-Pdb
Viewer software (http://www.expasy.org/spdbv/).

RESULTS

Equilibrium Imidazole Binding.From our previous work
comparing wild typeRb. capsulatuscytochrome c2 with
mutations distributed throughout the structure, we found that
both G93E and G95P had increased affinity for imidazole
as compared to wild type and most other mutants (4, 8).
Thus, it appeared likely that other mutations in the hinge
region would significantly alter imidazole binding and
kinetics. We have now examined 13 additional mutants in
the hinge region to establish their importance for imidazole
binding and protein dynamics. Figure 2A shows the differ-
ence absorbance spectra at various concentrations of imida-
zole for binding to mutant K90E. Figure 2B is the double
reciprocal plot of the data from which the apparent binding
constant,Kapp, was determined. Values ofKapp are given in
Table 1 for all the mutants studied. The difference spectra
are generally similar to that of the wild-type protein.
However, in some cases, the titrations indicate the presence
of high-spin heme with a trough at 395 nm (G95E, G95P,
see Figure 3A). In addition, in a number of cases, absorbance
in the 600-650 nm region, indicative of high-spin heme, is
found (G95E, G95P, G95K, and K93P, see Figure 3B).

The apparent affinities for imidazole were similar to wild-
type for many hinge mutants but were much larger as
compared to wild-type for mutations at positions 93 and 95.
Mutants K93P, VK93G, G95P, G95E, and G95K showed
significant increases in affinity for imidazole relative to wild
type (7-30-fold), but K93E was like wild type. Mutant
M96N, in which the sixth heme ligand was replaced by the
weak field ligand asparagine (11), bound imidazole almost
400 times more strongly than wild type.

Stopped-Flow Kinetics.As found for wild-type cytochrome
c2, all of the mutants studied had rate constants that became
independent of imidazole concentration at high ligand
concentrations (Figure 4). In the context of eq 1, the plots
of the observed rate constants as a function of ligand
concentration reflect a change in the rate-limiting step and
can be analyzed, as previously reported, to obtain values for
the individual rate constantsk12 and k32, and using the
measured apparent affinity for ligand (Kapp), a value fork23/
k21. The measured rate constants andKapp are summarized
in Table 1. In previous work, we determined the value of
K1 for the G95P mutant because sufficient high-spin cyto-
chrome (cyt* in eq 1) was present to permit a direct
measurement. Thus,k21, k23, andK2 could be computed for
imidazole binding. Further, assuming thatk23 would be the
same for G95P and wild-type cytochrome c2, we were able
to estimate all kinetic parameters for wild-type cytochrome
c2. We argued that since the mutation at position 95 is in
the hinge, which swings out in the transiently open form
(cyt*, eq 1), it would presumably affect rearrangement but
would have less influence on the heme electronic structure
and direct ligand binding (k23) per se. On further reflection,
and observing the variation ink32 (Table 1), we now believe
a better assumption is that the ratiok23/k32 (K2) is less affected
than isk23 alone. In Table 1, we have calculatedk23, k21 and

FIGURE 2: (A) Titration of Rb. capsulatuscytochrome c2 mutant
K90E (10µM) with imidazole (8.3µM-1.08 mM) at pH 7 and 25
°C. (B) The inverse of the total peak to trough absorbance changes
at 408 and 418 nm was plotted against the inverse of the imidazole
concentration to obtain the binding constantKapp.
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K1(k12/k21) using a value of 1× 106 M-1 s-1 for K2 as
determined experimentally for imidazole binding to the G95P
mutant.

The mutants (and wild-type) summarized in Table 1 can
be divided into four groups. In the first group are those which
have basically the same kinetic parameters for imidazole

binding as wild-type protein. M96N as the sole representative
of group 2 is unique in binding imidazole via a simple
equilibrium with an overall binding constant (5.7× 105 M-1),
which approaches the value ofK2 measured for the G95P
mutant, presumably reflecting the fact that M96N is pre-
dominantly high-spin. A third group of mutants, at positions
93 and 95, has significantly increased apparent overall
affinities for imidazole and significantly larger values of
k23/k21, as compared to wild-type cytochrome c2. Finally,
there are two mutants (F98S and K99E) in group 4, which
have increased values ofk32 andk23/k21. Note that the data
analysis (K1) predicts that five of the mutants in the elevated
affinity group will have values ofK1 consistent with greater
than 1% of the mutant being in a high-spin form, which
should be detectable. In fact, either the titrations (Figure 3A)
or spectroscopy in the 600-650 nm region (Figure 3B), or
both, provide evidence for the presence of the high-spin form
with mutants K93P, G95E, G95K, and G95P. VK93G is
predicted to have about 1% high-spin species, but this was
not detectable spectrophotometrically. This may be a con-
sequence of the value being near the limit of spectroscopic
detection.

Table 1: Imidazole Binding Properties ofRb. capsulatusCytochrome c2 and Selected Mutants

cyto Kapp× 10-3 (M-1) k12s-1 k32× 102 (s-1) k23/k21 (M-1) k23 × 10-4 (M-1 s-1) k21 × 10-4 (s-1) K1 × 103

WT 1.44 27.4 6.3 3.3 6.3 1.9 1.4
K90E 1.56 30.0 5.3 2.8 5.3 1.9 1.6
K91E 1.18 28.4 6.9 2.9 6.9 2.4 1.8
K93E 1.33 25.7 5.5 2.8 5.5 2.0 1.3
A101P 1.79 51.0 3.0 1.0 3.0 3.0 1.7
A101G 2.00 36.5 6.5 3.5 6.5 1.8 2.0
K102E 1.99 48.1 3.6 1.8 3.6 2.0 2.0
M96N 568 NA NA NA
K93P 42.3 651 10.6 7.0 11 1.6 43.0
VK93G 11.0 86.3 16 20 16 0.8 11.0
G95E 44.4 280 9.5 15 9.5 0.6 47.0
G95K 22.0 55.1 16 64 16 0.2 22.0
G95P 30.0 53.8 16.8 70 14 0.2 30.0
F98S 6.10 40.0 80 120 80 0.7 6.0
K99E 2.30 26.1 24 21 24 1.1 2.3

FIGURE 3: (A)Titration of Rb. capsulatuscytochrome c2 mutant
G95P (10µM) with imidazole (3.0µM-0.7 mM) at pH 7 and
25 °C. The data were analyzed as in Figure 2 (not shown). (B)
Near-IR absorbance of wild-type, K93P, G95E, G95P, and G95K.
Protein concentrations were typically 500µM, and the spectra taken
in a universal buffer (2 mM PIPES, MES, MOPS, HEPES, BICINE,
and citrate) supplemented with 100 mM NaCl, pH 7. The spectra
shown were offset to illustrate the shape, not the absolute
absorbance.

FIGURE 4: Concentration dependence of the observed rate constant,
kobs, for the binding of imidazole toRb. capsulatuscytochrome c2
mutants K93P (upper curve), G95P (middle curve), and K102E
(lower curve). The solid line is a fit to the data using the explicit
solution to eq 1 (3).
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Physical-Chemical Properties.Table 2 summarizes the
guanidine concentration for half-denaturation from circular
dichroism titrations in the far UV, and the pKa for the loss
of the 695 nm absorption band at alkaline pH for the mutants
and wild-type cytochrome c2. For all of the group 1 mutants
and most of the group 3 mutants, them values for the
guanidine titrations were similar to that for wild-type
cytochrome c2. Note that the 695 nm titrations for wild-type
and for the mutants, which behave like wild-type protein
with respect to imidazole binding, are complex with two
pKa values derived from the titration (the percentage
contribution of the lower pKa is given in parentheses).
However, for those mutants with altered kinetic properties,
where the pKa is less than 9, they titrate as a single
component. The mutants with pKa values above 9 are subject
to strongly alkaline conditions during the titrations, which
presumably facilitates conversion to a denatured form which
has a pKa value near pH 11 andn-values greater than one.

G95E Structure.The G95E mutant crystallizes in the same
space group as the wild-type cytochrome and has a backbone
structure almost identical to that of the wild-type cytochrome.
The rms deviations for comparison of the alpha carbons of
wild-type and G95E are 0.20, and there is an rms of 0.23
for all backbone atoms. Figure 5A shows the hinge and
adjacent regions of the wild-type protein including apparent
hydrogen bonds (Deep View/Swiss-PdbViewer). There are
15 hydrogen bonds involving the hinge (88-102), residues
75-78, residues 54-57, the heme and bound waters (left,
center, and right in the view shown) and a coordination bond
between the heme iron and the methionine sulfur in the wild-
type cytochrome c2. The same bonds, with the same bond
lengths (within 0.2 Å) are found in the G95E mutant crystal
structure (Figure 5B). Five additional, relatively long hy-
drogen bonds, are found in the G95E structure, K93 N-K91
O, I57 N-left-hand water (Figure 5B), K93 O-S56 OG,
T94 OG1-E95 N, and E95 O-A97 N. Moreover, the
carboxyl group of E95 is within 3.4 Å of theε-amino group
of K54, consistent with the formation of a salt bridge.
Significant differences in the position of the peptide backbone
in the region 94-97 for wild-type and G95E are shown in
Figure 5C, where the backbone atoms, heme, and bound
waters are overlaid. For example, the distance between the
carbonyl oxygens of wild-type and G95E cytochrome c2 are
0.12, 0.50, 0.85, 0.15, 0.42, and 0.26 Å for positions 93-
98, respectively. The basic movement of the carbonyl
oxygens at positions 95 and 97 is away from the heme.
Moreover, each of the bound waters moves just over 0.3 Å,
apparently to compensate for the shifts in the backbone and
other minor adjustments. Thus, there are no dramatic

structural changes in G95E relative to wild-type, but there
are a number of small structural adjustments. A possible
steric clash between theâ-carbon of the glutamic acid at
position 95 and adjacent heme atoms does not appear to be
responsible for the structural changes observed, with the
principal new interactions being five hydrogen bonds and a
likely salt linkage between the E95 carboxyl and theε-amino
group of K54.

DISCUSSION

Taking advantage of the kinetics and spectral properties
of G95P, we were able to determineK2 (1 × 106 M-1) for
this mutation. As discussed earlier, we computedk23, k21,
andK1, assuming the G95PK2 value is a reasonable estimate
for the hinge mutants and wild-type. Thus, all relevant
parameters, kinetic and equilibrium have beenestimatedfor
wild-type and mutantRb. capsulatuscytochromes c2 (Table

Table 2: Physical-Chemical Properties ofRb. capsulatus
Cytochrome c2 and Selected Mutants

cyto
CM

(M) pK695 cyto
CM

(M) pK695

wild-type 1.61 9.6/11.1(72%) K93P 1.18 7.7
K90E 1.65 9.3/11.3(43%) VK93G 1.78 8.4
K91E 1.76 9.4/11.3(39%) G95E 1.13 7.6
K93E 1.69 10.3/12.1(41%) G95K 1.39 7.4
A101P 1.66 9.8/12.2(30%) G95P 1.20 7.2
A101G 1.60 8.8/10.5(49%)
K102E 1.54 9.9/12.3(46%) F98S 1.36 9.6/11.8(34%)

K99E 1.36 7.1
M96N 2.46 NA

FIGURE 5: (A) Stereoview of theRb. capsulatuscytochrome c2
hinge (89-102) and adjacent regions (75-80, 52-57). Hydrogen
bonds, as identified by Deep View, are dashed black lines. Shown
are the backbone atoms, side chains, heme, and bound waters. For
clarity, side chains at positions 52, 53, 57, 76, and 77 were omitted.
(B) Superposition of wild-type (CPK) and G95E (green) in the hinge
and adjacent regions. Shown are backbone atoms, side chains, heme,
and bound waters. (C) Superposition of wild-type (CPK) and G95E
(green) main chain atoms, hemes and bound waters.
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1). Note that our underlying assumption is that the hinge
mutants will not affect the heme electronic properties and
will have only marginal effects on direct ligand binding (k23

in particular, because the hinge has presumably swung away
from the heme face for ligand binding). This assumption does
not necessarily hold for all mutants, particularly if the
mutation alters the interaction of the protein chain with the
bound imidazole. However, in this case, a significant effect
on k32 would be likely. The four mutant groups, based on
imidazole binding properties and presented in Table 1, will
be discussed in turn.

Group 1 Mutants.The first group, including wild-type and
the mutants K90E, K91E, K93E, A101G, and K102E,
involves mutations that are relatively radical, with either a
change in charge, in the size of the side chain, or in
conformational flexibility of the backbone. Despite this
diversity, all these cytochromes c2 have basically similar
imidazole binding properties (kinetic and equilibrium).
Interestingly, all proteins in this first group have very similar
properties in terms of resistance to denaturation, and their
alkaline pKa for the 695 nm transition (Table 2). Thus, it is
reasonable to conclude that these substitutions do not have
a significant effect on hinge dynamics. In these examples,
the cytochrome is predominantly in the closed state (cyt, eq
1), on the order of 99.8-99.9% (based onK1).

Group 2 Mutants.In contrast to the mutants discussed
above, the second group (M96N) is in the open or high-spin
state (cyt* in eq 1) and has an affinity (∼6 × 105 M-1)
approaching that estimated forK2 (1 × 106 M-1) in wild-
type and the mutants. Presumably, in this case, there is little
or no closed form (cyt in eq 1); hence, a rate-limiting
conversion to the open form is not observed. Interestingly,
in terms of the concentration of guanidine-HCl required for
denaturation (Table 2), it appears that M96N is substantially
more stable than wild-type; however, them-value is de-
creased significantly. Thus, the overall stability of M96N is
similar to that for the wild-type cytochrome. Further analysis
of the M96N mutant will have to await the determination of
its structure.

Group 3 Mutants.The third group, consisting of K93P,
VK93G, G95E, G95K, and G95P, has substantially altered
imidazole binding and kinetics. Relative to wild-type, muta-
tions at positions 93 (with the exception of K93E) and 95
have a number of common properties, including elevated
values ofKapp (7-31-fold), increased values ofk12 (2-24-
fold) and decreased values ofk21 (1.2-10-fold). Note
however, thatk32 for the group 3 mutants is within a factor
of 3 of that for wild-type. Clearly, positions 93 and 95 can
influence the hinge kinetics and make the heme more
accessible to imidazole. This general observation is consistent
with detectable amounts of high-spin heme in the mutants
at positions 93 and 95. As shown in Figure 5, the G95E
mutation results in a number of small structural changes,
which, based on the kinetics of imidazole binding, result in
increased flexibility of the hinge (or part thereof). An obvious
explanation for the effect of mutations at G95 is that they
result in a loss of conformational flexibility, because glycine
is the only amino acid without a side chain and the only one
that can adopt conformations outside the allowed regions of
the Ramachandran plot. However, both wild-type cytochrome
c2 and G95E adopt normal phi/psi angles within the allowed
regions. Thus, the unique conformational flexibility of

glycine cannot be the reason that mutations have such large
effects at this position. A second possibility is that there is
a steric clash in the mutants which is not present in the wild-
type G95, which is adjacent to the heme. When we modeled
the wild-type protein with an alanine at position 95, the
distance of the beta carbon to the fixed carbons of the heme
indicated that there is no steric clash (4.4 Å to the heme
CAD and CMD carbons). The distance from the modeled
beta carbon to the nearest atom, the front heme propionate
O1D oxygen, was found to be 3.0 Å. However, in the crystal
structure of mutant G95E, the beta carbon of the glutamic
acid is 3.9 Å from the same heme propionate oxygen. Thus,
a potential steric clash resulting in the twisting of the peptide
backbone in the hinge region (positions 93-97) in G95E
may drive structural changes that stabilize the hinge per se
(5 additional hydrogen bonds, Figure 5B) but which weaken
the interactions of the hinge with the heme, resulting in an
increase ink12. Note that, in principle, the front heme
propionate could rotate to adjust for a steric clash. However,
this could disrupt the extensive hydrogen bonding network
involving the bound waters. The proximity of the G95E
carboxyl to the K54ε-amino group would further stabilize
the mutant conformation. In both the G95P and the G95K
mutants, steric repulsion with the propionate carboxyl would
also lead to a weakening of the heme-hinge interaction by
the same logic used in the G95E case, but with kinetic effects
somewhat different for the three mutations at position 95
(Table 1) because of the different side chain properties (size,
charge, etc.).

Rb. sphaeroidescytochrome c2 and horse cytochrome c
have naturally occurring variants at position G95 (K99 and
K79, respectively), which suggests that they would show
significantly different imidazole binding and kinetics for
rearrangement based on theRb. capsulatuscytochrome c2
results described here. Nevertheless, it has been shown that
these cytochromes are similar to the wild typeRb. capsulatus
protein in terms of the value ofk12 and, in the case ofRb.
sphaeroidescytochrome c2, of Kappas well. In fact, the alpha
carbon of Rb. sphaeroidesM100 (position 96 in Rb.
capsulatus) has shifted about 0.5 Å away from the heme
relative toRb. capsulatuscytochrome c2 (see Figure 1C),
and the lysine side chain does not clash with other regions
of the cytochrome. Furthermore, the structural equivalent of
position K54 inRb. capsulatuscytochrome c2 is G58 inRb.
sphaeroides. Thus, it appears that the small changes in
position (backbone, side chains, and bound waters), between
Rb. capsulatusand Rb. sphaeroidescytochrome c2, com-
pensate for the amino acid difference at position 95/99, and
do not affect the kinetics of imidazole binding.

In the case of K93, the lysine side chain extends into the
solvent (Figure 5A) and does not form a salt bridge with
any other amino acid side chain. Thus, substitution of the
lysine with a glutamic acid has no measurable effect on the
hinge kinetics. In contrast, the substitution with proline or
glycine has a very substantial impact onKapp andk12. As a
consequence, these mutations affectK1, consistent with a
significant weakening of the interaction of the hinge with
the rest of the protein. Presumably, a change in conforma-
tional flexibility with proline or glycine at this position
permits a repositioning of the backbone and side chains in
this region, resulting in altered kinetics. Structures of the
K93P and VK93G mutants are needed to fully analyze the
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structural changes induced by these mutations. The fact that
substitution with both proline and glycine, which have very
different side chain properties, affectsK1 suggests that a
specific conformation in the region of position 93 is
important for the stability and hinge movement and that both
the glycine and proline mutants adopt conformations that
prevent native folding.

Group 4 Mutants.The fourth group of mutants includes
F98S and K99E. Mutant F98S is of particular interest because
there is an extensive literature on the equivalent mutation in
yeast (F82) (12-17), and it forms a close interaction with
the heme. That is, it would appear from the structure to lock
the hinge in place and reduce mobility. However, we found
that mutant F98S has a nearly normal apparent binding
constant (Kapp) and rate constant for rearrangement (k12), but
k23/k21 is 36-fold larger than that for wild type, and in fact,
it is larger than that for any of the other mutants. Further-
more,k32 is 0.8 s-1 for F98S, which is larger than that for
any other mutant and 14-fold larger than for wild-type, and
k21 is decreased almost 3-fold (assuming thatK2 is the same
for wild-type and F98S). The K99E mutation affects the
kinetic and binding constants in a similar way, but with a
smaller effect;k23/k21 is 7-fold larger, andk32 approximately
4-fold larger, than that for wild-type. The lack of detectable
high-spin heme and the large increase ink32 in F98S and
K99E suggests that our assumption thatK2 is the same for
wild-type and the hinge mutants may not be valid with these
mutants. On the basis of the increase ink32, it would appear
that, in the imidazole-mutant complexes (F98S and K99E),
the bound imidazole is more solvent accessible (or less
sterically constrained) and thus more likely to dissociate.
Using theRhodobacter sphaeroidescytochrome c2 - imi-
dazole complex structure (Figure 1B), it appears that
replacement of the phenylalanine with serine removes the
hydrophobic interaction with the heme that may allow
increased solvent and ligand access in the open form (cyt*
in eq 1). The structure of the yeast cytochrome c F82S mutant
shows that there are rearrangements of nearby side chains,
but the main effect is to open a solvent channel to the heme
(12). Thus, the imidazole binding constant (K2) is strongly
affected because of a markedly different environment in
proximity to the bound ligand, distinct from that found with
the mutations at positions 93 and 95. A similar, but smaller
effect may be operative with K99E. K99 normally salt-
bridges D78, but the mutation to glutamic acid at position
99 would break this salt-link and result in electrostatic
repulsion. This may cause a repositioning of the side chain
and backbone, increasing solvent access to the bound
imidazole, effectively raising its pKa, and thereby weakening
the interaction with the heme iron. An alternative is that
increased solvent access could alter the interaction of the
bound imidazole with the surrounding protein matrix.

SUMMARY

Clearly, the mutations near the N- or C- terminus of
the hinge peptide (88-102) have little effect on the hinge
dynamics. This is consistent with the structural data that are
available for Rb. sphaeroidescytochrome c2, where the
principal structural differences between wild-type and the
imidazole complex are in the region 97-104 (93-100 in
Rb. capsulatuscytochrome c2), as shown in Figure 1A. Thus,
from a dynamic point of view, the hinge appears to be

constrained to positions 93-100. Within the 93-100 region,
we have characterized mutations at positions 93, 95, 96, 98
and 99. Position 96 supplies the sixth heme ligand, and
M96N changes the structure substantially but does not
provide information relative to the hinge dynamics. Mutations
at positions 93 and 95 have a profound effect on the hinge
dynamics, apparently a consequence of altering the interac-
tions with adjacent groups, leading to a destabilization of
the heme-hinge interaction. Note that, based on the G95E
structure, only small structural changes occur, but these,
coupled with a new salt bridge between the G95E carboxyl
and the K54 epsilon amino group, result in a twisting (relative
to wild-type) of the backbone in G95E, which alters the
heme-hinge interface. That is, these mutations alter the
structure of the closed native form of cytochrome c2,
facilitating the conversion to the open form. In contrast, the
mutations at positions 98 and 99 have little effect on the
hinge dynamics but rather affect the imidazole binding
constant through increased solvent access. To a first ap-
proximation, these mutations alter the structure of the open
form of native cytochrome c2.
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