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ABSTRACT: The dissociation constants for the binding of oxidized and reduced wild-type cytochromec2

from Rhodobacter capsulatusand the lysine 93 to proline mutant of cytochromec2 to photosynthetic
reaction centers (Rhodobacter sphaeroides) has been measured to high precision using plasmon-waveguide
resonance spectroscopy. For the studies reported, detergent-solubilized photosynthetic reaction center was
exchanged into a phosphatidylcholine lipid bilayer to approximate the physiological environment. At
physiologically relevant ionic strengths (∼100 mM), we found two binding sites for the reduced wild-
type cytochrome (KD ) 10 and 150 nM), with affinities that decrease with decreasing ionic strength
(2-5-fold). These results implicate nonpolar interactions as an important factor in determining the
dissociation constants. Taking advantage of the ability of plasmon-waveguide resonance spectroscopy to
reslove the contribution of changes in mass and of structural anisotropy to cytochrome binding, we can
demonstrate very different properties for the two binding sites. In contrast, the oxidized wild-type
cytochrome only binds to a single site with aKD of 10 nM at high ionic strength, and this site has properties
similar to the low-affinity site for binding the reduced cytochrome. The binding of oxidized cytochrome
c2 has a strong ionic strength response, with the affinity decreasing∼30-fold in going from high to low
ionic strength. The K93P mutant binds to a single site in both redox states, which is similar, in terms of
mass and structural anisotropy, to the oxidized wild-type site, with the affinity of the mutant oxidized
state being∼30-fold weaker than that of the oxidized wild-type cytochrome at high ionic strength. Thus,
reduced wild-type cytochrome can bind to both the high- and low-affinity sites, while the oxidized wild-
type cytochrome and both redox states of the mutant cytochrome can only bind to the low-affinity site,
possibly the consequence of the more stable structure of reduced wild-type cytochrome. In aggregate, the
results are consistent with a model in which a transient conformational change in the region 88-102 in
the cytochrome three-dimensional structure, the so-called hinge region, drives the dissociation of the
oxidized cytochrome from the reaction center-cytochrome complex, facilitating turnover.

A characteristic of many small, soluble, class Ic-type
cytochromes, for example, mitochondrial cytochromec (cyt
c)1 and its nearest bacterial homologue cytochromec2 (cyt
c2) is that they shuttle between membrane-bound donors and
acceptors. Thus, the oxidized cyt binds with specificity to
an electron donor (for example cytochromeb/c1), it is
reduced, and the product dissociates. The reduced cyt then
binds to an electron acceptor (for example, mitochondrial
cytochrome oxidase or photosynthetic reaction center),
transfers an electron, dissociates, and then repeats the cycle.
Much of the focus has been on the interaction of reduced
cytochromes with cytochrome oxidase or photosynthetic
reaction center (RC), where electron transfer kinetics and

binding constants have been measured. In the case of
cytochrome oxidase, binding is usually measured using
steady-state kinetics, henceKm values, and from analysis of
the transient kinetics in the case of RCs.

The kinetics of interaction of cytc2 with RC are complex,
but resolvable. Following incubation of the reduced cyt with
detergent-solubilized RC in the dark, two kinetic phases for
cyt oxidation are observed following a pulse of laser light,
which initially generates the oxidized reaction center bac-
teriochlorophyll dimer (RC+) and reduced quinone acceptor.
The faster phase (kET) is a first-order electron transfer from
the reduced cyt to RC+, and the amplitude of this phase, but
not the rate constant, is dependent on the concentration of
the added cytochrome, consistent withboundcyt reducing
the RC+. The second, slower phase of cyt oxidation is
pseudo-first-order. The rate constant is proportional and the
amplitude inversely proportional to the cyt concentration,
consistent with a second-order process (kon) in competition
with the faster first-order process. The dissociation constant
for the binding of reduced cyt to reduced (or dark-adapted)
reaction center (KD) can be determined from analysis of the
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fraction of the fast phase as a function of cyt concentration.
The reactions can be described by eq 1

wherec2(Fe2+) is reduced cytc2, andc2(Fe3+) is oxidized
cyt c2.

Typically, kET is on the order of 106 s-1, KD ) 0.2-1 µM,
and kon ∼ 109 M-1 s-1 at pH 7-8 and 10-20 mM ionic
strength (1-6). Moreover, a number of studies have found
at least two binding sites for cytc2 and/or horse cytc with
RCs (3, 4, 7, 8). There is considerable variation in the rate
constants, dissociation constant, and stoichiometry, depending
on the species used (RC and cyt), the ionic strength, the
detergent concentration and type, the phospholipids used to
make vesicles, and the pH (see ref9 for a review). Note
thatKD and the ratio ofkon/koff are not necessarily the same,
since they involve the binding of reduced cytc2 to two
different species (RC and RC+). Moreover, there are two
additional binding constants, those for the interaction of
oxidized cytochrome with RC and RC+, which could play a
role in the overall turnover of cytochrome under the
appropriate conditions.

In the earliest direct determination ofKD, Rosen et al. (2)
measured the binding ofRhodobacter sphaeroidescyt c2 to
R. sphaeroidesreaction centers by equilibrium dialysis at
low ionic strength (10 mM Tris-Cl, pH 8) and obtainedKD

values of 1 and 1.5µM for the reduced and oxidized cytc2

to RC, respectively. The binding constant for reduced cytc2

is consistent with that derived from kinetic measurements
under similar conditions (for example, 0.3µM in 10 mM
HEPES, pH 7.5, ref10). The turnover rate of horse cytc
with R. sphaeroidesRC+ as a function of ionic strength,
specific ions, viscosity, temperature, light intensity, pH, and
cyt concentration has been investigated (5). It was concluded
that bothkon andkoff (eq 1) were ionic strength dependent
and that turnover was retarded at low ionic strength,
becoming maximal at∼40 mM NaCl and declining sharply
at higher ionic strengths.

Gerencser et al. (5) proposed that, at low ionic strength,
the turnover rate is limited by the dissociation rate of the
oxidized cyt, which inhibits the binding of reduced cyt. At
high ionic strength, the binding of reduced cyt (kon) is
significantly weakened, thus accounting for the lower
turnover. This analysis requires thatkoff be ionic strength
dependent, but it is not clear why this should be the case. In
a model that is dominated by electrostatics, increasing ionic
strength would strongly affect the rate constant of formation
of a reactive complex, but once the transient complex is
formed, dissociation rate constants do not need to have the
same ionic strength dependence. There are extensive data
establishing a major role for positively charged side chains
on the cyt in the region of the exposed heme edge, which
interact with negatively charged side chains on the RC in
the region of Y162 (light chain), facilitating formation of a
transient complex, that account for the ionic strength
dependence ofkon (eq 1) (6, 10). However, recent studies

with R. sphaeroidesRCs and cytc2 establish that hydro-
phobic residues affect both binding and electron transfer (11).
This is consistent with a model in which long-range
electrostatic interactions are key for docking and thus critical
in association of the RC and cyt, but van der Waals,
hydrophobic interactions, and hydrogen bonding are domi-
nant in the final positioning and strongly influencekET and
KD (eq 1).

Differential binding of substrate and product in enzyme
reactions is well-known to facilitate product dissociation
following reaction. This is not difficult to envision because
the substrate and product molecules generally have substan-
tially different properties. One mechanism by which product
dissociation (oxidized cyt for our purposes) might be
facilitated is by a change in conformation of the cyt.
However, the three-dimensional structures of oxidized and
reduced cytc andc2 show minimal differences (e.g. ref12).
Nevertheless, the crystal structures of oxidized cyt show
higher temperature factors than for the reduced ones (e.g.
ref 13) and the stability of the oxidized cyt is less than that
of the reduced ones (e.g. ref14). Likewise, the NMR solution
structures of oxidized cyt appear to be more flexible/dynamic
than for the reduced redox state (e.g. refs15, 16). Therefore,
a case might be made for a dynamic conformational change.
Indeed, a number of investigators have suggested that such
conformational changes might facilitate differential binding
of cyt c to their electron transfer donors and acceptors (13,
17). Differential binding of the two cyt redox states, with a
3-5-fold preference for oxidized cyt, at low ionic strength,
has been reported for the interaction of cytc with RCs (18,
19).

It is well-known that oxidized, but not reduced, cytc and
c2 undergo dynamic motion at pH 7 localized at the exposed
heme edge, where electron transfer occurs (20). This dynamic
process results in the transient dissociation of the sixth ligand
methionine (21), which results in the rapid interconversion
(27-42 s-1) of the ligated, closed form of cytc andc2 to a
more open, high-spin form that does not have a sixth ligand.
This process has been studied through binding of exogenous
ligands such as imidazole to the heme iron, where the
conversion to the open form is required for imidazole binding
(22). The three-dimensional structures of the imidazole
complexes of horse cytc andR. sphaeroidescyt c2 indicate
that 9-15 residues (termed the hinge) could be involved in
the dynamic conformational change (23, 24). We have been
studying the dynamics of the hinge (sequence positions 88-
102 inRhodobacter capsulatuscyt c2) through a combination
of site-directed mutagenesis and measurement of equilibrium
and kinetics of imidazole binding (25). Importantly, we have
characterized cytc2 mutants that have markedly altered
affinities for imidazole with up to 20-fold faster kinetics for
hinge movement. Thus, if hinge movement plays a role in
the dissociation of the oxidized protein from RCs, mutants
with altered kinetics may affect the apparentKD, by altering
koff (eq 1). This provides a mechanism for differential
binding, which can be tested.

Surface plasmon resonance and its more recent variant,
plasmon-waveguide resonance (PWR), provide a means to
accurately measure binding of ligands to membrane receptors
(26). Thus, using PWR, we can directly measure the binding
of both cyt c2 (wild-type and mutants) redox states to RC
incorporated into lipid bilayers. Importantly, PWR can also

c2(Fe2+)
hνV

+ RC 798
KA ) 1/KD

c2(Fe2+)-RC
hνV

(1)

c2(Fe2+) + RC+ 798
kon

koff
c2(Fe2+)-RC+ 798

kET
c2(Fe3+)-RC
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characterize conformational changes that accompany such
binding (27, 28). We will show here that differential binding
of cyt c2 redox states to RCs occurs under the appropriate
solution conditions and that binding of the oxidized but not
the reduced protein is markedly altered when a mutant that
affects hinge dynamics is used.

MATERIALS AND METHODS

Purification of Photosynthetic RCs and Cyt c2. Cyt c2, the
cyt c2 mutant K93P, andR. sphaeroidesRCs were prepared
as previously described (10, 25). Guanidine-HCl denatur-
ation, redox potentials, and the alkaline pKa monitored by
the loss of the 695 nm band were determined as previously
described (20). All PWR studies were carried out in 10 mM
Tris-Cl, pH 7.3, supplemented with either 10 or 100 mM
KCl to yield ionic strengths of 19 or 109 mM, respectively,
at ambient temperature.

PWR Spectroscopy.PWR spectroscopy is based upon the
resonant excitation by polarized light from a CW He-Ne
laser of surface plasmons in a thin metal film (Ag) deposited
on the surface of a glass prism under total internal reflection
conditions. Plasmon excitation is coupled with the excitation
of waveguide modes due to an overcoating of a dielectric
layer (SiO2) on the silver film. Plasmon formation generates
an evanescent electromagnetic field localized at the outer
surface of the PWR sensor that decays exponentially with
increasing distance from the metal-dielectric interface (26).
Resonance is achieved by varying the incident angle (R) at
a fixed wavelength (λ). The intensity of the reflected light
is diminished due to plasmon excitation that occurs at the
expense of the incident light energy. A plot of reflected light
intensity vs incident angle constitutes a PWR spectrum.

Resonances can be excited with light whose electric vector
is polarized either perpendicular (p) or parallel (s) to the
resonator surface and can be used to probe the properties
(refractive index,n; extinction coefficient at the excitation
wavelength,k; and thickness,t) of a layer of molecules
immobilized on the silica surface (29). This allows the
characterization of uniaxially ordered anisotropic systems
such as proteolipid membranes that are deposited on the
resonator surface, as well as changes in mass density and
conformation occurring as a consequence of biomolecular
interactions. The PWR spectrum can be described by the
depth, the half-width, and the angular position of the
resonances, which are determined by the optical character-
istics of the sensor and the immobilized molecules. Molecular
interactions occurring at the surface are detected as changes
in these spectral characteristics. Thus PWR provides a means
to directly measure the binding of oxidized and reduced
cytochromes to RCs incorporated in a lipid bilayer.

Insertion of Reaction Centers into Solid-Supported Lipid
Bilayer. Self-assembled solid-supported lipid bilayers were
used in the present experiments (30). The lipid membrane
was formed using a solution of 8 mg/mL egg phosphatidyl-
choline (egg PC; Avanti Polar Lipids, Birmingham, AL) in
butanol/squalene (0.93/0.07, v/v). Phosphatidylcholine is an
important component of theR. sphaeroideschromatophore
membrane (23-32% of total lipid P, depending on strain)
along with phosphatidylethanolamine (25-27%) and phos-
phatidylglycerol (37-39%) (31). The method for membrane
preparation involves spreading a small amount of lipid

solution across an orifice in a Teflon block separating the
silica surface of the PWR resonator from the aqueous phase.
The hydrated silica surface attracts the polar groups of the
lipid molecules to form a monolayer with the hydrocarbon
chains oriented toward the excess lipid solution. Spontaneous
bilayer formation is initiated when the sample compartment
of the resonator is filled with an aqueous solution, resulting
in a thinning process to form the second monolayer of the
lipid and a plateau-Gibbs border consisting of lipid solution
that anchors the bilayer to the Teflon block. This border
allows excess lipid solution to flow in or out of the orifice
in response to protein insertion and/or conformational
changes.

R. sphaeroidesRC molecules were incorporated into such
a preformed lipid bilayer by addition of 12.5µL of an 80
µM solution of RC, solubilized in buffer containing 35 mM
octyl glucoside, to the aqueous compartment of the PWR
cell (volume 1 mL). This results in dilution of the detergent
to below the critical micelle concentration (25 mM) and to
spontaneous transfer of the protein from the detergent micelle
into the lipid membrane. Typically, the bilayer was washed
with the reaction buffer, although residual octyl glucoside
did not appear to affect measured binding constants. It is
not possible to measure the amount of RC incorporated into
the bilayer, but to ensure bilayer flexibility, less than
saturating amounts of RCs were added. It is not necessary
to know the absolute RC concentration, since the PWR
spectral shift is directly proportional to the amount of cyt
bound, which is much smaller than the concentration of cyt
added to the PWR cell. Note that RCs are incorporated in
both directions. However, only those with interaction do-
mains facing the aqueous volume will bind cyt (∼50%). All
PWR spectral measurements reported here have been ob-
tained with a 543 nm laser light source using a Beta PWR
instrument from Proterion Corp. (Piscataway, NJ) with an
angular spectral resolution of 1 mdeg, and reproducibility
was also(1 mdeg.

Graphical Analysis of PWR Spectra.Analysis of PWR
spectral data can be accomplished by either theoretical fitting
using thin-film electromagnetic theory based on Maxwell’s
equations (32) or by a graphical analysis approach (28). To
analyze the complex binding interactions between cytc2 and
RC, we have used the graphical analysis approach to
deconvolute the components of the PWR spectral shifts that
are due to changes in structural anisotropy and in proteolipid
mass, as reflected by thep- and s-polarized resonances.
Changes in mass density are due to addition or subtraction
of mass from the membrane (either protein or lipid or both),
resulting in changes in refractive index and thickness.
Changes in mass distribution result from structural changes
(i.e., long-range molecular order and molecular conforma-
tions) occurring at the resonator surface, resulting in changes
in refractive index anisotropy. Furthermore, although both
mass density and anisotropy changes can result in changes
of spectral position, the alteration of mass density results in
isotropic changes of these properties (i.e.,s-shifts equal in
magnitude and direction top-shifts), whereas alterations in
structure cause anisotropic changes (i.e.,s-shifts different
in magnitude and direction fromp-shifts). One can distin-
guish mass changes from structural changes by transforming
spectral shift variations from an orthogonal (s-p) coordinate
system into a (mass-structure) one. The procedure for doing
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this is described by Salamon and Tollin (28). Once this has
been accomplished, each point on the mass axis (∆m) can
be expressed by changes of the original coordinates (∆sand
∆p) as follows

and on the structural axis

In this way, the contribution of structural changes and mass
alterations are expressed in terms of angular shifts.

In this work, the PWR sensor was experimentally cali-
brated by measuring the PWR spectra obtained from a bare
resonator surface (i.e., without lipid bilayer and RC) in
contact with aqueous buffer containing varying amounts of
either KCl or KBr using p- and s-polarized light. The
resulting spectral shifts were plotted as a function of salt
concentration, and the slope was used to obtain the sensitivity
factor (Sf). Similar results were obtained with both salts. With
the present sensor, thes-polarized resonances had a greater
mass sensitivity thanp-polarized resonances, resulting in a
sensitivity factorSf ) ∆s/∆p ) 1.56 ( 0.02.

RESULTS

PWR Spectral Changes Occurring upon RC Incorporation.
The insertion of RCs into the phospholipid bilayer was
followed by PWR spectra resulting from changes in mass
density and molecular order, due to the formation of a
proteolipid membrane that was spectrally different from the
bilayer without the RC, as shown in Figure 1. The PWR
spectra of the bilayer (dashed curves) show a large shift in
resonance position toward higher angles of incidence (curves
1), as well as changes in spectral amplitude, for bothp- and
s-polarization. Insertion of the RC was anisotropic, i.e.,
p-shifts> s-shifts; note that these values correspond to actual
experimental observations, without correction for the dif-
ference in sensitivity of thes- and p-resonances. This
anisotropy is a consequence of the overall cylindrical shape
of the RC and is evidence for a uniaxial insertion process
with the long axis of the RC perpendicular to the membrane
plane, resulting in an increase in the structural anisotropy of
the bilayer.

RC-Reduced Wild-Type Cyt c2 Binding. For the binding
of cyt c2 to RCs, we focused initially on a relatively high
ionic strength (109 mM) to approximate physiological
conditions. For the conditions under which we growR.
sphaeroides,the fresh growth media has an ionic strength
of ∼140 mM and the spent media is∼75 mM. The
periplasmic space, where cytc2 interacts with the RC, should
have an ionic strength similar to that of the growth medium.
Moreover, egg PC was used to prepare the phospholipid
bilayer, since PC is an important phospholipid component
in both R. sphaeroidesand R. capsulatusmembranes (31,
33). However, it is possible to make bilayers having mixed
lipid compositions, and this might be of interest in future
extensions of these studies. After incorporation of the RC
into an egg PC bilayer in contact with a 10 mM Tris-Cl/100
mM KCl buffer, pH 7.3, aliquots of a solution of reduced
R. capsulatuscyt c2 in the same buffer (reduced with a small
excess of dithionite just before the binding experiment) were

added to the sample compartment in the dark. The binding
of reduced cytc2 to RCs resulted in significant changes in
the position, depth, and amplitude of the PWR spectrum
(Figure 1A,B, curves 2 and 3). A biphasic binding process
was observed. At low cytc2 concentrations (<0.1 µM), an
anisotropic shift to lower angles was observed for bothp-
ands-polarization (curves 2,p-shifts> s-shifts), accompanied
by a decrease in spectral amplitude. Further increases in cyt
c2 concentrations (>0.2 µM) resulted in an anisotropic
spectral shift toward higher incident angles, with an increase
in spectral amplitude (curves 3,p-shifts > s-shifts).

Plots of the resonance shifts forp- ands-polarized light
as a function of added cytc2 are presented in Figure 2A.
These biphasic curves were fit with two hyperbolic functions
of opposite sign to obtain the deconvoluted curves labeled
1-4 (data points were not weighted during fitting). The solid
lines through the data points correspond to the sum of curves
1 and 2 (curve 5,p-polarized resonance shifts) and curves 3
and 4 (curve 6,s-polarized resonance shifts). As is evident,
these deconvoluted curves yield excellent fits to the data.
The high- and low-affinity dissociation constants obtained
from these deconvolutions are reported in Table 1. Control
experiments, in which similar concentrations of cytc2 were
added to a preformed bilayer in the absence of RC, did not
result in spectral shifts (data not shown). This establishes
that the observed changes result from binding interactions
between the reduced cytc2 and the RC.

The relatively high ionic strength used in these experiments
is not typical of kinetic studies of the cytc2-RC interaction
using detergent-solubilized RCs, where relatively low ionic
strength (10-20 mM) is typically used to enhance the
electrostatic effects. Moreover, the apparent affinities re-
ported here (Table 1) are higher than expected from the
kinetic studies (KD ) 300-700 nM). Thus for comparison,
we have measured the dissociation constants for the interac-
tion of reduced wild-type cytc2 and RCs at 19 mM ionic
strength. Panels E and F of Figure 1 present typical PWR
spectra for bothp- ands-polarization, with the resulting plots
of PWR shifts against cytc2 concentration shown in Figure
2B, along with the fitted curves, and corresponding affinities
are summarized in Table 1. As with high ionic strength, we
find two binding sites. These have lower affinities than found
at high ionic strength and again appear to have a 1:1
stoichiometry. The low affinity site (KD ) 270 nM) has a
dissociation constant consistent with the kinetic studies.
However, as the ionic strength is increased from 19 to 109
mM, the affinity increases, contrary to expectations based
upon a purely electrostatic binding mechanism. This obser-
vation will be addressed in the Discussion. Note that the
magnitude of the PWR shifts (in mdeg) is dependent on the
amount of cyt bound and the magnitude of the resulting mass
and structural changes (see below for graphical analysis).

RC-Oxidized Wild-Type Cyt c2 Binding.The PWR spectral
effects for oxidized cytc2 binding at 109 mM ionic strength
are shown in Figure 1, panels C and D. These involve an
anisotropic increase in amplitude for bothp- ands-polariza-
tion, as well as a shift to higher incident angles that occurs
at all cyt concentrations. This is quite different behavior than
was observed with reduced cytc2, i.e., monophasic binding
occurs as a function of increasingc2 concentration (Figure
3A). The data could be fit with a single hyperbolic function,
yielding a binding constant (KD ) 10 nM) that is similar in

∆m ) [(∆s)2
m + (∆p)2

m]1/2 (2)

∆str ) [(∆s)2
str + (∆p)2

str]
1/2 (3)
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form (positive PWR shift) to the second phase (low affinity)
of the reduced cytc2 binding (Table 1) at this ionic strength,
but with a KD like that of the high affinity site. Over the
entire concentration range investigated here, the high-affinity

binding, the left spectral shift process observed with the
reduced cyt, is absent.

At low ionic strength (19 mM), oxidized cytc2 also binds
monophasically at a single site (Figure 1, panels G and H),

FIGURE 1: PWR spectra showing insertion ofR. sphaeroidesRC into egg PC bilayer and interaction of cytc2 with bilayer incorporated RC.
(A, B) Reduced cytc2 (I ) 109 mM, pH) 7.3). PWR spectral changes forp-polarized (left panel) ands-polarized (right panel) light
excitation obtained for solid-supported egg PC bilayer (dashed line), and after equilibration of incorporated RC (curve 1) in Tris-Cl/KCl
buffer (see methods; final bulk concentration of RC in sample cell) 1 µM). PWR spectra obtained after making the solution 0.05µM
(curve 2) and 0.5µM (curve 3) in reduced cytc2. (C, D) Oxidized cytc2 (I ) 109 mM, pH) 7.3). PWR spectra of RC inserted into an
egg PC bilayer (curve 1) and after making the solution 0.25µM in oxidized cytc2 (curve 2). (E, F) Reduced cytc2 (I ) 19 mM, pH) 7.3).
PWR spectra of RC in egg PC bilayer (curve 1) and after making the solution 0.08µM (curve 2) and 1.5µM (curve 3) in reduced cytc2.
(G, H) Oxidized cytc2 (I ) 19 mM, pH ) 7.3). PWR spectra of RC incorporated into an egg PC bilayer (curve 1) and on making the
solution 2.5µM in oxidized cytc2 (curve 2).
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with an affinity 33-fold lower than that at high ionic strength
(Figure 3B and Table 1). Thus, as with the binding of reduced
cyt c2, the affinity for the oxidized cyt increases with an
increase in ionic strength from 19 to 109 mM. Note that the
affinity and positive PWR shift for oxidized cytc2 at low
ionic strength is approximately that of the low-affinity site
for the reduced cyt at this ionic strength.

K93P Properties.The K93P mutant was chosen for these
studies as it has a much increased rate constant for the hinge

movement in the oxidized form relative to the wild-type cyt,
involving breakage of the Fe-methionyl sulfur bond and
allowing the heme face to become available to exogenous
ligands (25). Thus, this rate constant (k12) increases from
∼35 to∼700 s-1 for the K93P mutant (25). The stability of
oxidized K93P relative to oxidized wild-type cyt is decreased
by ∼1.6 kcal/mol based on guanidine-HCl titrations moni-
tored by circular dichroism in the far UV. The pKa for the
alkaline titration of the 695 nm band is 7.7 for oxidized
K93P, compared to 9.6 for the wild-type cyt, consistent with
a substantial weakening of the Fe-methionyl sulfur bond.
The redox potential of K93P is 300 mV, suggesting that the
reduced form is destabilized∼1.5 kcal/mol relative to the
oxidized form. Thus, the net destabilization of reduced K93P
as compared to wild-type is∼3 kcal/mol.

RC-K93P Binding.The interactions of theR. capsulatus
cyt c2 hinge mutant K93P with membrane-bound RC were
investigated for both redox states. Plots of the resonance
shifts forp- ands-polarized light as a function of added K93P
are given in Figure 3C,D for oxidized and reduced species
at high ionic strength. TheKD values for the fits are
summarized in Table 1. For the reduced mutant, the PWR
shift occurred to larger angles at all concentrations (Figure
3D), completely eliminating the biphasic behavior observed
with wild-type cyt c2. Reduced K93P bound∼2-fold less
tightly as reduced wild-type cyt (relative to the high-affinity
site) but∼7-fold more tightly than the low-affinity site. The
oxidized K93P data (both ionic strengths) were fit with two
binding sites,∼80% was fit (Figure 3C) with theKD values
reported in Table 1. The second phase (∼20% of the curve)
had aKD that within experimental error was that found for
the reduced protein, as apparently the oxidized K93P
autoreduced during the course of the experiment. The
principal impact of this complication was an increased error
in the KD values. The oxidized mutant bound 31-fold more
weakly than oxidized wild-type cyt and 13-fold less tightly
than reduced K93P. These results will be discussed further
below.

The KD values for the binding of oxidized and reduced
K93P at 19 mM ionic strength are given in Table 1 (data
not shown). However, unlike the oxidized wild-type cyt, the
affinity for oxidized K93P decreases with increasing ionic
strength. In contrast, reduced K93P has an affinity that
increases with increasing ionic strength, albeit only 2-fold,
but similar to the wild-type cyt.

FIGURE 2: PWR spectral position minimum plotted as a function
of the concentration of reduced cytc2. (A) Plots of PWR spectral
shifts occurring upon addition of aliquots of reduced cytc2 to
membrane-incorporated RC forp-polarization (closed symbols) and
s-polarization (open symbols) at 109 mM ionic strength, pH 7.3.
Negative values are indicative of resonance shifts to smaller incident
angles. Hyperbolic deconvolutions of the experimental data are
presented as curves 1-4 (dissociation constants given in Table 1)
for both panels. Curve 5 is a summation of curves 1 and 2, and
curve 6 is a summation of curves 3 and 4 for both panels. (B) Plots
of PWR spectral shifts at 19 mM ionic strength, pH 7.3, with details
as for panel A. The estimated error in resonance angle positions in
this and other figures is(1 mdeg.

Table 1: KD Values for Cytc2-RC Interaction

KD (nM)a for different
cytochrome redox states

cytochrome oxidized reduced

Ionic Strength) 109 mM
wild-type 10( 2 10( 1, 150( 2
K93P 310( 90b 24 ( 2

Ionic Strength) 19 mM
wild-type 330( 30 54( 3, 270( 30
K93P 165( 35b 48 ( 4

a KD values are the average of those determined from thep- and
s-polarization fits.b Oxidized K93P titrations were fit with two
hyperbolic curves, the major component (∼80% of the total) yielded
the KD reported, the minor component (∼20%) was theKD of the
reduced species (see the text).
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Graphical Data Analysis.Figure 4 presents an (s-p)-
coordinate plot of the high ionic strength data shown in
Figures 2 and 3, containing both mass and structural axes
placed according to the sensitivity of the PWR sensor (cf.
Materials and Methods). The origin in this plot corresponds
to the values obtained for the RC inserted into a lipid bilayer
prior to addition of any cytc2. Thus, all of the data points
shown refer to shifts induced by cyt binding. The deconvo-
luteds- andp-spectral shifts obtained for the biphasic reduced
cyt c2 binding to the RC and also the simple hyperbolic
binding for oxidized cytc2 and the oxidized and reduced
K93P mutant are shown. Note that the high-affinity process
for the reduced cytc2 binding falls in the third quadrant of
this plot (corresponding to negative values for bothp- and
s-shifts), whereas the lower affinity binding process for the
reduced cyt, as well as all other data sets corresponding to
oxidized cytc2 and to mutant cytc2 binding, fall within the
first quadrant (corresponding to positive values forp- and
s-shifts). Note also that the slopes of these plots all differ
substantially, reflecting shifts to varying extents toward the
mass and structural axes. Such differences in slope are the
result of differences in the contributions of mass changes
and structural anisotropy changes to the spectral shifts and
thus allow values for the magnitudes of these changes to be
obtained as a function of cytc2 concentration. These are
shown in Figure 5 for reduced cytc2.

Figure 5 shows that the negative changes obtained for the
high-affinity binding processes of the reduced wild-type cyt
are a result of decreases in both the mass density and in the
structural anisotropy of the proteolipid system and that the
positive changes for the low-affinity binding processes are
due to increases in both mass density and in structural
anisotropy. Thus, this analysis allows one to distinguish the
physical processes involved in these binding events. It is
important to point out that a decrease in mass density in this
situation, in which mass is clearly being added to the system
by cyt binding to the membrane-bound RC, can only result
from expulsion of lipid from the bilayer as a consequence
of protein conformational changes. We will return to this
point below. The same procedure was used to analyze the
oxidized wild-type, oxidized K93P, and reduced K93P but
with only a single hyperbolic curve.

Table 2 presents values for the percentage contributions
to the total spectral shift of mass changes on binding, along
with the ratio of the fraction mass change to fraction
structural anisotropy change for both wild-type and K93P,
their two redox states, and at two ionic strengths. It is clear
that, for the wild-type cytochrome, binding of the reduced
form results in a larger percentage of structural change, and
therefore a smaller ratio, than is the case for the oxidized
form. The difference between redox states is significantly

FIGURE 3: Plots of PWR resonance minima positions as a function of cyt concentration. Data forp-polarized (closed squares) ands-polarized
spectral shifts (open squares) are presented. Solid lines show the fit to the experimental data by a single hyperbolic function; dissociation
constants are reported in Table 1. (A) Oxidized cytc2, ionic strength) 109 mM. (B) Oxidized cytc2, ionic strength) 19 mM. (C)
Oxidized K93P, ionic strength 109 mM. (D) Reduced K93P, ionic strength 109 mM.
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smaller for the K93P mutant. A molecular interpretation of
these changes will be presented below.

DISCUSSION

Using PWR spectroscopy applied to RCs incorporated into
a phospholipid bilayer, we have shown thatKD values can
be measured with high precision for cytc2 binding. A
considerable amount of work has been done on the interac-
tion of RCs with cyt as discussed in the Introduction,
particularly cytc2, with the reaction scheme shown in eq 1
being generally applicable, but with considerable variation
in the reported kinetic constants and stoichiometry depending
on conditions (pH, ionic strength, detergent concentration,
lipid composition, cyt source, etc). In the context of eq 1,
KD is 270 nM for the low-affinity binding of reducedR.
capsulatuscyt c2 to R. sphaeroidesRCs (Table 1) at 19 mM
ionic strength, similar to that recently reported from kinetic
analysis (500 nM) using the same proteins at a slightly lower
ionic strength and with detergent-solubilized (0.04% dodecyl
â-maltoside) RC (10). In this same study, theKD for the
binding of reducedR. sphaeroidescyt c2 to R. sphaeroides
RCs was found to be 340 nM. However, a high-affinity site
was not observed in the Tetreault et al. (10) study (KD ) 54
nM at 19 mM ionic strength). In contrast, a number of
authors have reported at least two binding sites (or cyt
conformations) (3, 4, 7, 8) for the interaction of cyt and RCs.
For example, Tiede et al. (4) reported that two first-order
reactions (τ ) 0.5 and 3µs) were observed for the reaction
of LDAO solubilizedR. sphaeroidesRCs withR. capsulatus
cyt c2 at low ionic strength, in the relative proportions of 9
to 1 with an apparentKD of 4-6 µM for both sites.
Moreover, depending on the species of cyt used, the relative
proportions of the two high-affinity sites varied considerably
(from a single site to roughly equal amounts of two high-

affinity sites). Drepper et al. (8) studied electron-transfer
kinetics from cytc2 to LDAO-solubilizedR. sphaeroidesRCs
using zero-length cross-linking between the cyt and the RC
and found two first-order processes. They concluded that the
two kinetic phases involve the same exclusive site for binding
cyt c2, but with two complexes of different geometry.
Overfield and Wraight (7) reported two binding sites for
reduced horse cytc using LDAO-solubilized RCs, one
photochemically active (KD ∼ 1 µM) and one photochemi-
cally inactive (KD < 10 nM) at low ionic strength. Thus,
our observation of two reduced cyt binding sites is not
unprecedented (see below for further discussion). A key
question that we cannot address directly under the conditions
of the PWR experiment is whether both of the binding sites
for reduced wild-type cytc2 that we observe are photochemi-
cally active. On the basis of studies cited above, the two
sites we observe could be photochemically active, and we
will assume so for the subsequent discussion.

At 109 mM ionic strength, we find that theKD values
actually decrease (i.e., affinities increase) relative to 19 mM
with the wild-type reduced cyt,∼5-fold for the high-affinity
site,∼2-fold for the low-affinity site for wild-type, and∼2-
fold for reduced K93P (Table 1). This is contrary to the
expectation based on kinetic studies where a strong effect
of ionic strength is observed (LDAO-solubilized RCs), with
kon (eq 1) decreasing∼10-fold between 19 and 109 mM ionic
strength [although not measuring precisely the same reaction,
RC+ + c2(Fe2+) versus RC+ c2(Fe2+)] (34). The ionic
strength effect onkon is consistent with a decrease in affinity
at high ionic strength (assumingkoff does not change with
ionic strength). Note that LDAO has a positive charge and
may affect electrostatics in such a way as to mask or partially
mask the effect of ionic strength on the kinetic measurements.
However, the effect of ionic strength on the binding of cyt
(c2 or c) to RCs incorporated in phospholipid vesicles (3,
35) and steady-state turnover of photooxidized RCs (5) are
consistent with a substantial decrease in affinity as the ionic
strength is increased. Thus, our finding thatKD decreases
with increasing ionic strength is not consistent with the
studies cited above. However, the conditions used here (solid-
supported planar bilayer) are substantially different than in
the previous studies (detergent-solubilized RCs or unilameller
vesicles in the presence of detergent, and horse cytc in some
cases). Further studies will be required to understand the
differences in the effect of ionic strength reported here.

The decrease inKD at high ionic strength reported here
suggests that nonpolar interactions play an important role in
binding. As the ionic strength is increased,kon decreases,
presumably because of the key role that electrostatics play
in recognition and formation of the cyt-RC encounter
complex, but nonpolar interactions, important in the release
of the cyt (either redox state in the case of the wild-type
cyt), are enhanced. This could result in a net increase in
affinity depending on the relative effects of ionic strength
on the on and off rate constants. This interpretation is
consistent with the recent work of Gong et al. (11), who
find that interfacial hydrophobic side chains play a key role
in controlling bothkET andKD, which they find are strongly
correlated with the affinity increasing with increasingkET.

A significant advantage of PWR is the ability to measure
changes in mass and structural anisotropy on binding.

FIGURE 4: Plots of PWR spectral shifts on an (s-p) coordinate
system containing mass and structural anisotropy axes for the
binding of cyt c2 to reaction center. Deconvoluted pairs of
hyperbolic curves from Figure 2 for the binding of reduced wild-
type cytc2 (109 mM ionic strength):0, high-affinity binding;9,
low-affinity binding. Hyperbolic curves from Figure 3A for binding
of oxidized cyt c2 (109 mM ionic strength,+), and hyperbolic
curves from Figure 3C,D for binding of K93P mutant (oxidized,
109 mM ionic strength, dashed line; reduced, 109 mM ionic
strength, dotted line).
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Clearly, the two binding sites observed with reduced wild-
type cyt c2 have very different properties, with binding to
the high-affinity site resulting in a decrease in both mass
and structural anisotropy. This result requires that binding
at the high-affinity site causes the RC to contract along the
normal and move the protein mass further into the membrane,
thereby expelling phospholipids and resulting in a net
decrease in membrane mass and in structural anisotropy (i.e.,
the axial ratio of the RC decreases). Binding to the second
site reverses the mass and anisotropy loss. However, it is
interesting that the proportions of the mass vs structural
changes are approximately the same for the two sites (72
and 75% mass contribution, Table 2) but with opposite
effects.

There are three possibilities to explain the wild-type cyt
c2 binding data. First, a separate site model in which there
are two independent sites on the RC with substantially

different affinities, one driving a structural change, which
results in decreasing mass and structural anisotropy, and the
other increasing mass and structural anisotropy. This model
is consistent with the data in that two clearly distinct
hyperbolic processes are observed which, on the basis of
the magnitudes of the PWR signal changes, appear to be
about equal in occupancy (comparing amplitudes of curves
1 vs 2 and 3 vs 4 in Figure 2A,B). A second possibility is
that the binding of a cyt to the low-affinity site drives a
structural change that results in the release of the cyt bound
to the high-affinity site (that is, results in a large decrease in
affinity). This model would result in reversing the decrease
in mass and in structural anisotropy as observed. These two
alternatives cannot be distinguished at the present time. The
third possibility is that there are two populations of RCs (or
conformers of reduced cytc2) present with distinct affinities
and at approximately equal concentrations. This is less likely

FIGURE 5: Mass and structural anisotropy changes as a function of reduced cytc2 concentration at 109 mM ionic strength. Data points for
mass and structural anisotropy changes are calculated using the plots shown in Figure 4. The solid lines through the data points are fits
using a single hyperbolic function with the dissociation constants as given in Table 1. (A) Mass changes obtained for the high-affinity (O)
and low-affinity (b) binding processes for reduced wild-type cytc2. (B) Structural anisotropy changes obtained for the high-affinity (9)
and low-affinity (0) binding processes for reduced wild-type cytc2. (C) Mass (4) and structural anisotropy (1) changes for binding of
reduced K93P mutant.

Table 2: Deconvolution of Mass and Structural Anisotropy (SA) Changes for Cytc2 Binding to RCs

contribution of mass and structural anisotropy to PWR

oxidized cyt reduced cyt

cytochrome mass (%) mass/SA mass (%) mass/SA

Ionic Strength) 109 mM
wild-type 81.4( 2.0 4.6 72.0( 0.1/75.0( 1.5a 2.6/3.0a

K93P 79.0( 2.6 3.8 77.0( 1.5 3.3
Ionic Strength) 19 mM
wild-type 72.5( 0.2 2.6 66.5( 1.1/62.3( 2.3a 2.0/1.7a

K93P 69.4( 0.8 2.3 69.0( 0.7 2.2
a High-affinity site/low-affinity site.
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than the previous possibilities, although it cannot be ruled
out by these data (however, see below).

Oxidized wild-type cytc2 binds to a single site with a
positive shift in the PWR spectra, which is consistent with
an increase in mass and increased anisotropy, as does the
low-affinity reduced site. As can be seen in Table 2, the
percentage of the shift due to mass change is larger for the
oxidized than for reduced cyt at both ionic strengths with
wild-type cyt. Note that both redox states of the K93P mutant
also have a positive increase in the PWR signal on binding
at a single site. Again, the structural change accounts for a
smaller proportion of the shift than the mass change (Table
2). These observations appear to exclude multiple RC
populations as an explanation for the two sites available for
reduced wild-type cyt. Moreover, the existence of two
conformers of reduced wild-type cytc2 also seems unlikely,
since the reduced cytc2 has substantially greater stability
relative to the oxidized state, suggesting that if multiple cyt
c2 conformers exist, they would be seen in the oxidized not
reduced form of cytc2. The common factors between
oxidized wild-type cytc2 and both redox states of K93P,
which correlates with a single hyperbolic curve, is that they
show an increase in mass and anisotropy on RC binding and
are all significantly less stable to denaturation than is reduced
wild-type. On the basis of these observations, the results are
consistent with a model in which there are two independent
binding sites on the RC surface, with the high-affinity site
requiring a cytc2 conformer that can only be accessed by
the reduced wild-type cyt, whereas the low-affinity site is
accessible to the reduced wild-type and the less stable (more
dynamic) oxidized form or less stable reduced forms (i.e.,
reduced K93P). This interpretation will be tested in future
studies. It follows then that binding to the high-affinity site
drives a structural change, which moves the RC into the
membrane, resulting in a loss of mass by displacement of
lipid, while the low-affinity site positions the bound cyt
further away from the membrane, increasing the apparent
mass and the anisotropy. Thus, for purposes of comparison,
we equate the low-affinity reduced site and the oxidized site,
which have similar but not identical behavior in terms of
the effect of binding on mass and structural anisotropy. Note
also that the effect of increasing ionic strength is to
significantly increase the contribution of the mass change
(decrease the contribution of structural change) to the PWR
spectral shifts (Table 2), which is true for both wild-type
and the mutant and for both redox states.

As discussed above in the case of binding of reduced cyt
(wild-type and K93P), there is a small increase in affinity
on increasing the ionic strength from 19 to 109 mM (2-5-
fold). However, wild-type oxidized cyt has a∼30-fold
stronger affinity at high ionic strength. The net result,
equating the low-affinity site for reduced wild-type and the
oxidized wild-type binding site based on the directions of
the spectral shifts, and hence the nature of the induced
conformational change, is differential binding of the two
wild-type redox states at high ionic strength (KD ) 10 nM
for oxidized vs 150 nM for reduced). In the case of K93P,
there is also differential binding at high ionic strength, but
in this case, the reduced form is more tightly bound (KD )
24 vs 310 nM for oxidized). Assuming that the∼20-fold
increase in the hinge movement in the K93P mutant
compared to wild-type cyt facilitates the release of the

oxidized state from the RC-cyt complex, then a large
increase inKD would be expected and was observed (310
nM for K93P vs 10 nM for wild-type, at 109 mM ionic
strength). Thus, the results presented here suggest that hinge
dynamics play a role in electron transfer under physiological
conditions by driving the dissociation of the oxidized cyt.
This would facilitate the entrance of a second electron into
the RC as required for full quinone reduction.

Interestingly, comparing the low-affinity reduced wild-
type site and reduced K93P binding, the affinity for reduced
K93P is∼6-fold greater than for reduced wild-type at both
ionic strengths studied. This could be attributed to the
replacement of lysine by a more hydrophobic proline, which
results in a substantially decreasedkoff, hence a higher
apparent affinity. The situation with binding of oxidized wild-
type as compared to oxidized K93P is less clear. Assuming,
that, at high ionic strength, hinge dynamics are dominant in
the case of K93P, we can rationalize the 31-fold decrease in
affinity for oxidized K93P relative to wild-type. However,
at 19 mM ionic strength, the affinity of the oxidized K93P
is ∼2-fold greater than that for wild-type, suggesting that
the hinge dynamics do not play a role in binding at this ionic
strength, although it is not clear what is responsible for the
difference inKD values. Unfortunately, hinge dynamics have
been measured only at high ionic strength, necessitated by
the use of high concentrations of imidazole to determine the
rate constants (25). Hence, it remains to be seen if oxidized
K93P hinge dynamics are altered at low ionic strength.

In summary, although much more needs to be done to fully
understand the apparent affinity of RCs for cytc2 as
determined by PWR, nevertheless, a number of points are
clear. First, PWR provides high-quality binding and confor-
mational data under conditions that closely resemble the
physiological situation (high ionic strength, RC incorporated
into a phospholipid bilayer). Second, there are two binding
sites for reduced wild-type cytc2 (independent of ionic
strength) with only one of these sites available to the oxidized
wild-type cyt. Third, combining the binding data for oxidized
wild-type cytc2 and the K93P mutant (both redox states), it
can be suggested that the second, high-affinity site requires
a more stable conformation than the low affinity site. Fourth,
we find that nonpolar interactions appear to play an important
role in the affinity of RCs for cytc2, a result not inconsistent
with recent kinetic studies (11). Fifth, using a cytc2 mutant
(K93P) with substantially altered hinge dynamics, we have
evidence that hinge dynamics facilitate the dissociation of
oxidized cyt from the transient cytc2-RC complex at high
ionic strength.
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