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Centers: Plasmon-Waveguide Resonance Spectroscopy

S. Devanathan, Z. Salamon, G. Tollin, J. Fitch, T. E. Meyer, and M. A. Cusanovich*
Department of Biochemistry and Molecular Biophysics, dérsity of Arizona, Tucson, Arizona 85721

Receied August 20, 2004; Rised Manuscript Receéd October 11, 2004

ABSTRACT: The dissociation constants for the binding of oxidized and reduced wild-type cytocltsome
from Rhodobacter capsulatusnd the lysine 93 to proline mutant of cytochrometo photosynthetic
reaction centersRhodobacter sphaeroideisas 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-{00 mM), we found two binding sites for the reduced wild-

type cytochromeKp = 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 wittikKg 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

C; has a strong ionic strength response, with the affinity decreas8@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 regibd28@

the cytochrome three-dimensional structure, the so-called hinge region, drives the dissociation of the
oxidized cytochrome from the reaction centeytochrome complex, facilitating turnover.

A characteristic of many small, soluble, clasg-type binding constants have been measured. In the case of
cytochromes, for example, mitochondrial cytochrooreyt cytochrome oxidase, binding is usually measured using
c)! and its nearest bacterial homologue cytochraméeyt steady-state kinetics, henkg, values, and from analysis of

C,) is that they shuttle between membrane-bound donors andthe transient kinetics in the case of RCs.
acceptors. Thus, the oxidized cyt binds with specificity to  11a kinetics of interaction of cyt, with RC are complex,

an electron donor (for example cytochrorbtcy), it is but resolvable. Following incubation of the reduced cyt with

E?dgcetd‘ and lthet product dlssocf:lates. The; redqtcec:] CyIjt.h(Trﬂetergent—solubilized RC in the dark, two kinetic phases for
inds to an electron acceptor (for example, mitochondria cyt oxidation are observed following a pulse of laser light,

cytochrome oxidase or photosynthetic reaction center), which initially generates the oxidized reaction center bac-

%riochlorophyll dimer (RC) and reduced quinone acceptor.
The faster phasekéy) 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
t This work was supported in part by NIH grants GM21277 to the added cytochrome, consistent witbundcyt reducing
M.A.C. and T.E.M. and GM59630 to G.T. and Z.S. the RC'. The second, slower phase of cyt oxidation is
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621 7533, Fax: (520) 621 6603. E-mail: cusanovi@u.arizona.edu. pseudo-first-order. The rate constant is proportional and the

L Abbreviations: cyt, cytochrome(s); EDTA, ethylenediaminetet- @mplitude inversely proportional to the cyt concentration,
raacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic consistent with a second-order procegg)(in competition

acid; K93P, lysine 93 to proline cytochronme mutation; LDAO, i irat- i iati
lauryldimethylamineN-oxide: PC. phosphatidylcholine: PWR, plasmon- with the faster first-order process. The dissociation constant

waveguide resonanc®, RhodobacterRC, reaction center (s); Tris, for th_e binding of reduced cyt to r_educed (or dark—_adapted)
tris(hydroxymethyl)aminomethane. reaction centerip) can be determined from analysis of the

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
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fraction of the fast phase as a function of cyt concentration. with R. sphaeroidefRCs and cytc, establish that hydro-

The reactions can be described by eq 1 phobic residues affect both binding and electron trangfr (
C — 1K Tlhis is c_on;istent .with a kmo:cjeldin k\./vhich dlo;:g-rar)geI
+ A~ "D Hy_ electrostatic interactions are key for docking and thus critica
CZ(r']:j ) +RC CZ(Fe:wi RC in association of the RC and cyt, but van der Waals,
hydrophobic interactions, and hydrogen bonding are domi-

1) nant in the final positioning and strongly influenker and

- + Kon 4 + ket 3+ Ko (eq 1)-

c(F€") + RC E’Cz(Fez )-RC" —c,(Fe")—RC Differential binding of substrate and product in enzyme

reactions is well-known to facilitate product dissociation

where c(Fe") is reduced cyt,, andcy(Fe*) is oxidized following reaction. This is not difficult to envision because
Ccyt C,. the substrate and product molecules generally have substan-

Typically, ket is on the order of 10s7%, Kp = 0.2—1 uM, tially different properties. One mechanism by which product
andkon ~ 10° Mt st at pH 78 and 16-20 mM ionic dissociation (oxidized cyt for our purposes) might be
strength {—6). Moreover, a number of studies have found facilitated is by a change in conformation of the cyt.
at least two binding sites for cgb and/or horse cyt with However, the three-dimensional structures of oxidized and
RCs @, 4, 7, 8). There is considerable variation in the rate reduced cyt andc, show minimal differences (e.g. rép).
constants, dissociation constant, and stoichiometry, dependindNevertheless, the crystal structures of oxidized cyt show
on the species used (RC and cyt), the ionic strength, thehigher temperature factors than for the reduced ones (e.qg.
detergent concentration and type, the phospholipids used taref 13) and the stability of the oxidized cyt is less than that
make vesicles, and the pH (see Efor a review). Note of the reduced ones (e.g. rBf). Likewise, the NMR solution
thatKp and the ratio ok,/kot are not necessarily the same, structures of oxidized cyt appear to be more flexible/dynamic
since they involve the binding of reduced ag to two than for the reduced redox state (e.g. r5s16). Therefore,
different species (RC and R Moreover, there are two  a case might be made for a dynamic conformational change.
additional binding constants, those for the interaction of Indeed, a number of investigators have suggested that such
oxidized cytochrome with RC and RCwhich could play a ~ conformational changes might facilitate differential binding
role in the overall turnover of cytochrome under the of cytc to their electron transfer donors and acceptdf (
appropriate conditions. 17). Differential binding of the two cyt redox states, with a

In the earliest direct determination Kf, Rosen et al.2) 3—5-fold preference for oxidized cyt, at low ionic strength,
measured the binding &hodobacter sphaeroideyt c, to has been reported for the interaction of cywith RCs (L8,
R. sphaeroideseaction centers by equilibrium dialysis at 19).
low ionic strength (10 mM Tris-Cl, pH 8) and obtain&g It is well-known that oxidized, but not reduced, eyand
values of 1 and 1.&M for the reduced and oxidized cyt ¢, undergo dynamic motion at pH 7 localized at the exposed
to RC, respectively. The binding constant for reducedcsyt  heme edge, where electron transfer occR@. (This dynamic
is consistent with that derived from kinetic measurements process results in the transient dissociation of the sixth ligand
under similar conditions (for example, Qi in 10 mM methionine 21), which results in the rapid interconversion
HEPES, pH 7.5, refl0). The turnover rate of horse cgt (27—-42 sY) of the ligated, closed form of cyt andc; to a
with R. sphaeroidefRCt as a function of ionic strength, more open, high-spin form that does not have a sixth ligand.
specific ions, viscosity, temperature, light intensity, pH, and This process has been studied through binding of exogenous
cyt concentration has been investigatgd [t was concluded  ligands such as imidazole to the heme iron, where the
that bothk,, and k. (eq 1) were ionic strength dependent conversion to the open form is required for imidazole binding
and that turnover was retarded at low ionic strength, (22). The three-dimensional structures of the imidazole
becoming maximal at40 mM NaCl and declining sharply  complexes of horse cytandR. sphaeroidesyt ¢, indicate
at higher ionic strengths. that 9-15 residues (termed the hinge) could be involved in

Gerencser et al5) proposed that, at low ionic strength, the dynamic conformational chang#3(24). We have been
the turnover rate is limited by the dissociation rate of the studying the dynamics of the hinge (sequence positiors 88
oxidized cyt, which inhibits the binding of reduced cyt. At 102 inRhodobacter capsulatuyt ¢;) through a combination
high ionic strength, the binding of reduced cW,f is of site-directed mutagenesis and measurement of equilibrium
significantly weakened, thus accounting for the lower and kinetics of imidazole bindin@§). Importantly, we have
turnover. This analysis requires thiafs be ionic strength  characterized cyt, mutants that have markedly altered
dependent, but it is not clear why this should be the case. Inaffinities for imidazole with up to 20-fold faster kinetics for
a model that is dominated by electrostatics, increasing ionic hinge movement. Thus, if hinge movement plays a role in
strength would strongly affect the rate constant of formation the dissociation of the oxidized protein from RCs, mutants
of a reactive complex, but once the transient complex is with altered kinetics may affect the apparé&y, by altering
formed, dissociation rate constants do not need to have thek, (eq 1). This provides a mechanism for differential
same ionic strength dependence. There are extensive dathinding, which can be tested.
establishing a major role for positively charged side chains  Surface plasmon resonance and its more recent variant,
on the cyt in the region of the exposed heme edge, which plasmon-waveguide resonance (PWR), provide a means to
interact with negatively charged side chains on the RC in accurately measure binding of ligands to membrane receptors
the region of Y162 (light chain), facilitating formation of a  (26). Thus, using PWR, we can directly measure the binding
transient complex, that account for the ionic strength of both cytc, (wild-type and mutants) redox states to RC
dependence ok, (eq 1) 6, 10). However, recent studies incorporated into lipid bilayers. Importantly, PWR can also
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characterize conformational changes that accompany suchsolution across an orifice in a Teflon block separating the
binding 27, 28). We will show here that differential binding  silica surface of the PWR resonator from the aqueous phase.
of cyt ¢, redox states to RCs occurs under the appropriate The hydrated silica surface attracts the polar groups of the
solution conditions and that binding of the oxidized but not lipid molecules to form a monolayer with the hydrocarbon
the reduced protein is markedly altered when a mutant thatchains oriented toward the excess lipid solution. Spontaneous

affects hinge dynamics is used. bilayer formation is initiated when the sample compartment
of the resonator is filled with an agueous solution, resulting
MATERIALS AND METHODS in a thinning process to form the second monolayer of the

lipid and a plateattGibbs 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. sphaeroideRC molecules were incorporated into such
a preformed lipid bilayer by addition of 12/4 of an 80
uM solution of RC, solubilized in buffer containing 35 mM

Purification of Photosynthetic RCs and Cyt €yt c;, the
cyt ¢, mutant K93P, andR. sphaeroideRCs were prepared
as previously describedl@, 25). Guanidine-HCI denatur-
ation, redox potentials, and the alkalin&gmonitored by
the loss of the 695 nm band were determined as previously
describedZ0). 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, octyl glucoside, to the agueous compartment of the PWR
at ambient temperature. ) cell (volume 1 mL). This results in dilution of the detergent
PWR Spectroscopf?WR spectroscopy is based upon the 4 pelow the critical micelle concentration (25 mM) and to
resonant excitation by polarized light from a CWHee  gpontaneous transfer of the protein from the detergent micelle
laser of surface plasmons in a thin metal film (Ag) deposited jnto the lipid membrane. Typically, the bilayer was washed
on the surface of a glass prism under total internal reflection it the reaction buffer, although residual octyl glucoside
conditions. Plasmon excitation is coupled with the excitation §iq not appear to affect measured binding constants. It is
of waveguide modes due to an overcoating of a dielectric ot possible to measure the amount of RC incorporated into
layer (SiQ) on the silver film. Plasmon formation generates the pilayer, but to ensure bilayer flexibility, less than
an evanescent electromagnetic field localized at the OUtergatyrating amounts of RCs were added. It is not necessary
surface of the PWR sensor that decays exponentially with 5 know the absolute RC concentration, since the PWR
increasing distance from the metaielectric interfaceZ6). spectral shift is directly proportional to the amount of cyt
Resonance is achieved by varying the incident ang)ea bound, which is much smaller than the concentration of cyt
a fixed wavelength). The intensity of the reflected light ~ aqded to the PWR cell. Note that RCs are incorporated in
is diminished due to plasmon excitation that occurs at the yoth directions. However only those with interaction do-
expense of t_he _incident light energy. A plot of reflected light 5ins facing the aqueous volume will bind cyt50%). Al
intensity vs incident angle constitutes a PWR spectrum.  p\wR spectral measurements reported here have been ob-
Resonances can be excited with light whose electric vectortained with a 543 nm laser light source using a Beta PWR
is polarized either perpendiculap)(or parallel §) to the  instrument from Proterion Corp. (Piscataway, NJ) with an
resonator surface and can be used to probe the propertieaingular spectral resolution of 1 mdeg, and reproducibility
(refractive indexn; extinction coefficient at the excitation  was also+1 mdeg.
wavelength,k; and thicknesst) of a layer of molecules Graphical Analysis of PWR SpectrAnalysis of PWR
immobilized on the silica surface29). This allows the  spectral data can be accomplished by either theoretical fitting
characterization of uniaxially ordered anisotropic systems ysing thin-film electromagnetic theory based on Maxwell's
such as proteolipid membranes that are deposited on theequations 32) or by a graphical analysis approacsy. To
resonator surface, as well as changes in mass density an@nalyze the complex binding interactions betweercggind
conformation occurring as a consequence of biomolecularRC, we have used the graphical analysis approach to
interactions. The PWR spectrum can be described by thedeconvolute the components of the PWR spectral shifts that
depth, the half-width, and the angular position of the are due to changes in structural anisotropy and in proteolipid
resonances, which are determined by the optical charactermass, as reflected by the and s-polarized resonances.
istics of the sensor and the immobilized molecules. Molecular Changes in mass density are due to addition or subtraction

interactions occurring at the surface are detected as changegf mass from the membrane (either protein or lipid or both),
in these spectral characteristics. Thus PWR provides a meansesulting in changes in refractive index and thickness.
to directly measure the binding of oxidized and reduced Changes in mass distribution result from structural changes
cytochromes to RCs incorporated in a lipid bilayer. (i.e., long-range molecular order and molecular conforma-
Insertion of Reaction Centers into Solid-Supported Lipid tions) occurring at the resonator surface, resulting in changes
Bilayer. Self-assembled solid-supported lipid bilayers were in refractive index anisotropy. Furthermore, although both
used in the present experimen8)). The lipid membrane  mass density and anisotropy changes can result in changes
was formed using a solution of 8 mg/mL egg phosphatidyl- of spectral position, the alteration of mass density results in
choline (egg PC; Avanti Polar Lipids, Birmingham, AL) in  isotropic changes of these properties (iseshifts equal in
butanol/squalene (0.93/0.07, v/v). Phosphatidylcholine is an magnitude and direction tp-shifts), whereas alterations in
important component of thR. sphaeroideshromatophore  structure cause anisotropic changes (iseshifts different
membrane (2332% of total lipid P, depending on strain) in magnitude and direction fromp-shifts). One can distin-
along with phosphatidylethanolamine (287%) and phos-  guish mass changes from structural changes by transforming
phatidylglycerol (3739%) (1). The method for membrane  spectral shift variations from an orthogonst{) coordinate
preparation involves spreading a small amount of lipid system into a (massstructure) one. The procedure for doing
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this is described by Salamon and Toll@28]. Once this has  added to the sample compartment in the dark. The binding
been accomplished, each point on the mass axig €an of reduced cyt; to RCs resulted in significant changes in
be expressed by changes of the original coordinatesid the position, depth, and amplitude of the PWR spectrum
Ap) as follows (Figure 1A,B, curves 2 and 3). A biphasic binding process
was observed. At low cyt; concentrations<0.1 uM), an
A= [(As)2m + (Ap)zm] 12 (2) anisotropic shift to lower angles was observed for both
ands-polarization (curves Z-shifts > s-shifts), accompanied
and on the structural axis by a decrease in spectral amplitude. Further increases in cyt
5 5 1 c; concentrations X0.2 uM) resulted in an anisotropic
Agy = [(A9) sy + (AP) gyl ) spectral shift toward higher incident angles, with an increase
_ o in spectral amplitude (curves B;shifts > s-shifts).
In this way, the contribution of structural changes and mass  pjots of the resonance shifts fpr and s-polarized light
alteratipns are expressed in terms of angula}r shifts. ~as a function of added cyb are presented in Figure 2A.

In this work, the PWR sensor was experimentally cali- These biphasic curves were fit with two hyperbolic functions
brated by measuring the PWR spectra obtained from a barepf opposite sign to obtain the deconvoluted curves labeled
resonator surface (i.e., without lipid bilayer and RC) in 14 (data points were not weighted during fitting). The solid
contact with aqueous buffer containing varying amounts of |ines through the data points correspond to the sum of curves
either KCI or KBr usingp- and spolarized light. The 3 and 2 (curve 5p-polarized resonance shifts) and curves 3
resulting spectral shifts were plotted as a function of salt 5nq 4 (curve 6s-polarized resonance shifts). As is evident,
concentration, and the slope was used to obtain the sensitivityihese deconvoluted curves yield excellent fits to the data.
factor &). Similar results were obtained with both salts. With  1he high- and low-affinity dissociation constants obtained
the present sensor, tisepolarized resonances had a greater from these deconvolutions are reported in Table 1. Control
mass sensitivity thap-polarized resonances, resulting in a experiments, in which similar concentrations of cytvere
sensitivity factor§ = AYAp = 1.56 4 0.02. added to a preformed bilayer in the absence of RC, did not
RESULTS result in spectral shifts (data not shown). This establishes

that the observed changes result from binding interactions

PWR Spectral Changes Occurring upon RC Incorporation. between the reduced cgt and the RC.

The insertion of RCs into the phospholipid bilayer was  The relatively high ionic strength used in these experiments
followed by PWR spectra resulting from changes in mass is not typical of kinetic studies of the cgt—RC interaction
density and molecular order, due to the formation of a using detergent-solubilized RCs, where relatively low ionic
proteolipid membrane that was spectrally different from the strength (16-20 mM) is typically used to enhance the
bilayer without the RC, as shown in Figure 1. The PWR electrostatic effects. Moreover, the apparent affinities re-
spectra of the bilayer (dashed curves) show a large shift inported here (Table 1) are higher than expected from the
resonance position toward higher angles of incidence (curveskinetic studies Kp = 300—700 nM). Thus for comparison,
1), as well as changes in spectral amplitude, for fpetand we have measured the dissociation constants for the interac-
s-polarization. Insertion of the RC was anisotropic, i.e., tion of reduced wild-type cyt, and RCs at 19 mM ionic
p-shifts > s-shifts; note that these values correspond to actual strength. Panels E and F of Figure 1 present typical PWR
experimental observations, without correction for the dif- spectra for botlp- ands-polarization, with the resulting plots
ference in sensitivity of thess and p-resonances. This of PWR shifts against cyt; concentration shown in Figure
anisotropy is a consequence of the overall cylindrical shape 2B, along with the fitted curves, and corresponding affinities
of the RC and is evidence for a uniaxial insertion process are summarized in Table 1. As with high ionic strength, we
with the long axis of the RC perpendicular to the membrane find two binding sites. These have lower affinities than found
plane, resulting in an increase in the structural anisotropy of at high ionic strength and again appear to have a 1:1
the bilayer. stoichiometry. The low affinity siteKp = 270 nM) has a

RC-Reduced Wild-Type Cyi Binding. For the binding dissociation constant consistent with the kinetic studies.
of cyt ¢c; to RCs, we focused initially on a relatively high However, as the ionic strength is increased from 19 to 109
ionic strength (109 mM) to approximate physiological mM, the affinity increases, contrary to expectations based
conditions. For the conditions under which we gr&v upon a purely electrostatic binding mechanism. This obser-
sphaeroidesthe fresh growth media has an ionic strength vation will be addressed in the Discussion. Note that the
of ~140 mM and the spent media is75 mM. The magnitude of the PWR shifts (in mdeg) is dependent on the
periplasmic space, where agtinteracts with the RC, should  amount of cyt bound and the magnitude of the resulting mass
have an ionic strength similar to that of the growth medium. and structural changes (see below for graphical analysis).
Moreover, egg PC was used to prepare the phospholipid RC-Oxidized Wild-Type Cyt 8inding. The PWR spectral
bilayer, since PC is an important phospholipid component effects for oxidized cyt, binding at 109 mM ionic strength
in both R. sphaeroidesnd R. capsulatusnembranes3dl, are shown in Figure 1, panels C and D. These involve an
33). However, it is possible to make bilayers having mixed anisotropic increase in amplitude for bgthands-polariza-
lipid compositions, and this might be of interest in future tion, as well as a shift to higher incident angles that occurs
extensions of these studies. After incorporation of the RC at all cyt concentrations. This is quite different behavior than
into an egg PC bilayer in contact with a 10 mM Tris-Cl/100 was observed with reduced a4, i.e., monophasic binding
mM KCI buffer, pH 7.3, aliquots of a solution of reduced occurs as a function of increasimg concentration (Figure
R. capsulatusyt ¢, in the same buffer (reduced with a small  3A). The data could be fit with a single hyperbolic function,
excess of dithionite just before the binding experiment) were yielding a binding constankp = 10 nM) that is similar in
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Ficure 1: PWR spectra showing insertion Rf sphaeroideRC into egg PC bilayer and interaction of aytwith bilayer incorporated RC.

(A, B) Reduced cyt; (I = 109 mM, pH= 7.3). PWR spectral changes fpipolarized (left panel) and-polarized (right panel) light
excitation obtained for solid-supported egg PC bilayer (dashed line), and after equilibration of incorporated RC (curve 1) in Tris-CI/KCI
buffer (see methods; final bulk concentration of RC in sample €ell uM). PWR spectra obtained after making the solution Qu85

(curve 2) and 0.5M (curve 3) in reduced cyt,. (C, D) Oxidized cytc, (I = 109 mM, pH= 7.3). PWR spectra of RC inserted into an

egg PC bilayer (curve 1) and after making the solution @.®5n oxidized cytc, (curve 2). (E, F) Reduced cygt (I = 19 mM, pH= 7.3).

PWR spectra of RC in egg PC bilayer (curve 1) and after making the solutionru®Q@urve 2) and 1.5M (curve 3) in reduced cyt,.

(G, H) Oxidized cytc; (I = 19 mM, pH= 7.3). PWR spectra of RC incorporated into an egg PC bilayer (curve 1) and on making the
solution 2.5uM in oxidized cytc, (curve 2).

form (positive PWR shift) to the second phase (low affinity) binding, the left spectral shift process observed with the
of the reduced cyt;, binding (Table 1) at this ionic strength, reduced cyt, is absent.

but with aKp like that of the high affinity site. Over the At low ionic strength (19 mM), oxidized cyt; also binds
entire concentration range investigated here, the high-affinity monophasically at a single site (Figure 1, panels G and H),
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Ficure 2: PWR spectral position minimum plotted as a function
of the concentration of reduced ogt (A) Plots of PWR spectral
shifts occurring upon addition of aliquots of reduced cytto
membrane-incorporated RC fpipolarization (closed symbols) and
s-polarization (open symbols) at 109 mM ionic strength, pH 7.3.
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Table 1: Kp Values for Cytc,—RC Interaction

Ko (nM)? for different
cytochrome redox states

cytochrome oxidized reduced
lonic Strength= 109 mM
wild-type 10+ 2 10+ 1, 150+ 2
K93P 310+ 9P 2442
lonic Strength= 19 mM
wild-type 330+ 30 54+ 3, 270+ 30
K93P 165+ 3%° 48+ 4

aKp values are the average of those determined frompthand
s-polarization fits.? Oxidized K93P titrations were fit with two
hyperbolic curves, the major component§0% of the total) yielded
the Kp reported, the minor component-20%) was theKp of the
reduced species (see the text).

movement in the oxidized form relative to the wild-type cyt,
involving breakage of the Femethionyl sulfur bond and
allowing the heme face to become available to exogenous
ligands @5). Thus, this rate constank,f) increases from
~35 to~700 s for the K93P mutantZ5). The stability of
oxidized K93P relative to oxidized wild-type cyt is decreased
by ~1.6 kcal/mol based on guanidine-HCI titrations moni-
tored by circular dichroism in the far UV. The&Kpfor 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 Fmethionyl sulfur bond.
The redox potential of K93P is 300 mV, suggesting that the
reduced form is destabilized1.5 kcal/mol relative to the
oxidized form. Thus, the net destabilization of reduced K93P
as compared to wild-type is3 kcal/mol.

RC—K93P Binding.The interactions of th&. capsulatus
cyt ¢; 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. The&Kp 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 c,. Reduced K93P bound2-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 th&p values

angles. Hyperbolic deconvolutions of the experimental data are reported in Table 1. The second phas€(0% of the curve)

presented as curves-4 (dissociation constants given in Table 1)

had aKp that within experimental error was that found for

for both panels. Curve 5 is a summation of curves 1 and 2, and the reduced protein, as apparently the oxidized K93P

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

autoreduced during the course of the experiment. The

as for panel A. The estimated error in resonance angle positions inPrincipal impact of this complication was an increased error

this and other figures i1 mdeg.

with an affinity 33-fold lower than that at high ionic strength

in the Kp 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

(Figure 3B and Table 1). Thus, as with the binding of reduced below.

cyt ¢, 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 cyt, at low
ionic strength is approximately that of the low-affinity site
for the reduced cyt at this ionic strength.

K93P PropertiesThe K93P mutant was chosen for these

The Kp 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,

studies as it has a much increased rate constant for the hingéut similar to the wild-type cyt.



Cytochrome-Reaction Center Binding Biochemistry, Vol. 43, No. 51, 200416411

w
o

A c

304 251 [
> > o
3 g 204 =
£ £
£ 27 £
z Z 154
[ [
3 3
& S 104
c c
g 101 2
[0] [0]
4 4

5_
0-a T T 0 T T T T
0.0 0.1 0.2 0.3 0.0 0.5 1.0 15 2.0
oxid-WT C, (uM) oxid-K93P C2 (uM)
B D

20. 20 -
=) ) . o
8 % 15 o
£ £
ﬂ 20_ }e - o
= = A
[72] [}
e 2 104
o [$]
c c
g e
2 ' 2
¢ x 51 [/

0 . . . . 0 : . . .

0 2 4 6 8 0.00 0.02 0.04 0.06 0.08
oxid-WT C, (uM) red-K93P C, (uM)

Ficure 3: Plots of PWR resonance minima positions as a function of cyt concentration. Datpdéarized (closed squares) aggolarized

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 cytionic strength= 109 mM. (B) Oxidized cytc,, ionic strength= 19 mM. (C)

Oxidized K93P, ionic strength 109 mM. (D) Reduced K93P, ionic strength 109 mM.

Graphical Data AnalysisFigure 4 presents ars{p)- Figure 5 shows that the negative changes obtained for the
coordinate plot of the high ionic strength data shown in high-affinity binding processes of the reduced wild-type cyt
Figures 2 and 3, containing both mass and structural axesare a result of decreases in both the mass density and in the
placed according to the sensitivity of the PWR sensor (cf. structural anisotropy of the proteolipid system and that the
Materials and Methods). The origin in this plot corresponds positive changes for the low-affinity binding processes are
to the values obtained for the RC inserted into a lipid bilayer due to increases in both mass density and in structural
prior to addition of any cyt,. Thus, all of the data points  anisotropy. Thus, this analysis allows one to distinguish the
shown refer to shifts induced by cyt binding. The deconvo- physical processes involved in these binding events. It is
luteds- andp-spectral shifts obtained for the biphasic reduced jmportant to point out that a decrease in mass density in this
cyt ¢, binding to the RC and also the simple hyperbolic sjtuation, in which mass is clearly being added to the system
binding for oxidized cytc, and the oxidized and reduced by cyt binding to the membrane-bound RC, can only result
K93P mutant are shown. Note that the high-affinity process om expulsion of lipid from the bilayer as a consequence
for the reduced cyt, binding falls in the third quadrant of ¢ hrotein conformational changes. We will return to this
this plot (corresponding to negative values for bptrand 55t pelow. The same procedure was used to analyze the

s-shifts), whereas the lower affinity binding process for the . .+.- wild-type, oxidized K93P, and reduced K93P but
reduced cyt, as well as all other data sets corresponding toWith only a single hyperbolic curve

oxidized cytc, and to mutant cyt, binding, fall within the

first quadrant (corresponding to positive values ferand Table 2 presents values for the percentage contributions
s-shifts). Note also that the slopes of these plots all differ to the total spectral shift of mass changes on binding, along
substantially, reflecting shifts to varying extents toward the With the ratio of the fraction mass change to fraction
mass and structural axes. Such differences in slope are thétructural anisotropy change for both wild-type and K93P,
result of differences in the contributions of mass changes their two redox states, and at two ionic strengths. It is clear
and structural anisotropy changes to the spectral shifts andthat, for the wild-type cytochrome, binding of the reduced
thus allow values for the magnitudes of these changes to beform results in a larger percentage of structural change, and
obtained as a function of cyt, concentration. These are therefore a smaller ratio, than is the case for the oxidized
shown in Figure 5 for reduced cgs. form. The difference between redox states is significantly
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affinity sites). Drepper et al.8] studied electron-transfer
kinetics from cytc, to LDAO-solubilizedR. sphaeroideRCs
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 ¢, but with two complexes of different geometry.
Overfield and Wraight {) reported two binding sites for
reduced horse cyt using LDAO-solubilized RCs, one
photochemically activekp ~ 1 uM) and one photochemi-
cally inactive Kp < 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 cyt, 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 thKp values

system containing mass and structural anisotropy axes for theactually decrease (i.e., affinities increase) relative to 19 mM

binding of cyt ¢, to reaction center. Deconvoluted pairs of
hyperbolic curves from Figure 2 for the binding of reduced wild-
type cytc, (109 mM ionic strength):0, high-affinity binding;m,
low-affinity binding. Hyperbolic curves from Figure 3A for binding
of oxidized cytc, (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).

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 th&f values can
be measured with high precision for cgt binding. A

with the wild-type reduced cyty5-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 (€q 1) decreasing10-fold between 19 and 109 mM ionic
strength [although not measuring precisely the same reaction,
RC" + cy(Fe*") versus RC+ cy(Feh)] (34). The ionic
strength effect ol is consistent with a decrease in affinity
at high ionic strength (assumingsy 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
(c; or ¢) to RCs incorporated in phospholipid vesiclés (

considerable amount of work has been done on the interac-35) and steady-state turnover of photooxidized RE)sate

tion of RCs with cyt as discussed in the Introduction,
particularly cytc,, with the reaction scheme shown in eq 1
being generally applicable, but with considerable variation

consistent with a substantial decrease in affinity as the ionic
strength is increased. Thus, our finding tlika decreases
with increasing ionic strength is not consistent with the

in the reported kinetic constants and stoichiometry dependinggy,gies cited above. However, the conditions used here (solid-

on conditions (pH, ionic strength, detergent concentration,
lipid composition, cyt source, etc). In the context of eq 1,
Kp is 270 nM for the low-affinity binding of reduceg.
capsulatusyt ¢; to R. sphaeroideRCs (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
p-maltoside) RC 10). In this same study, th&p for the
binding of reducedR. sphaeroidesyt ¢, to R. sphaeroides
RCs was found to be 340 nM. However, a high-affinity site
was not observed in the Tetreault et 40) study Kp = 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 ald) reported that two first-order
reactions £ = 0.5 and 3us) were observed for the reaction
of LDAO solubilizedR. sphaeroideRCs withR. capsulatus
cyt ¢; at low ionic strength, in the relative proportions of 9
to 1 with an apparenKp of 4—6 uM for both sites.

supported planar bilayer) are substantially different than in
the previous studies (detergent-solubilized RCs or unilameller
vesicles in the presence of detergent, and horseicysome
cases). Further studies will be required to understand the
differences in the effect of ionic strength reported here.

The decrease iKp at high ionic strength reported here
suggests that nonpolar interactions play an important role in
binding. As the ionic strength is increasdd, decreases,
presumably because of the key role that electrostatics play
in recognition and formation of the cyRC 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 all), who
find that interfacial hydrophobic side chains play a key role
in controlling bothker andKp, which they find are strongly

proportions of the two high-affinity sites varied considerably
(from a single site to roughly equal amounts of two high-

A significant advantage of PWR is the ability to measure
changes in mass and structural anisotropy on binding.
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Table 2: Deconvolution of Mass and Structural Anisotropy (SA) Changes foc{Binding to RCs
contribution of mass and structural anisotropy to PWR

oxidized cyt reduced cyt

cytochrome mass (%) mass/SA mass (%) mass/SA
lonic Strength= 109 mM
wild-type 81.4+ 2.0 4.6 72.0+£ 0.1/75.0+£ 1.3 2.6/3.¢
K93P 79.0+ 2.6 3.8 77.0£15 3.3
lonic Strength—= 19 mM
wild-type 725+ 0.2 2.6 66.5+ 1.1/62.3+ 2.3 2.0/1.7
K93P 69.4+ 0.8 2.3 69.0+ 0.7 2.2

a High-affinity site/low-affinity site.

Clearly, the two binding sites observed with reduced wild- different affinities, one driving a structural change, which
type cytc, have very different properties, with binding to results in decreasing mass and structural anisotropy, and the
the high-affinity site resulting in a decrease in both mass other increasing mass and structural anisotropy. This model
and structural anisotropy. This result requires that binding is consistent with the data in that two clearly distinct
at the high-affinity site causes the RC to contract along the hyperbolic processes are observed which, on the basis of
normal and move the protein mass further into the membrane,the magnitudes of the PWR signal changes, appear to be
thereby expelling phospholipids and resulting in a net about equal in occupancy (comparing amplitudes of curves
decrease in membrane mass and in structural anisotropy (i.e.1 vs 2 and 3 vs 4 in Figure 2A,B). A second possibility is
the axial ratio of the RC decreases). Binding to the secondthat the binding of a cyt to the low-affinity site drives a
site reverses the mass and anisotropy loss. However, it isstructural change that results in the release of the cyt bound
interesting that the proportions of the mass vs structural to the high-affinity site (that is, results in a large decrease in
changes are approximately the same for the two sites (72affinity). This model would result in reversing the decrease
and 75% mass contribution, Table 2) but with opposite in mass and in structural anisotropy as observed. These two
effects. alternatives cannot be distinguished at the present time. The
There are three possibilities to explain the wild-type cyt third possibility is that there are two populations of RCs (or
¢, binding data. First, a separate site model in which there conformers of reduced cgt) present with distinct affinities
are two independent sites on the RC with substantially and at approximately equal concentrations. This is less likely
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than the previous possibilities, although it cannot be ruled oxidized state from the REcyt complex, then a large
out by these data (however, see below). increase inKp would be expected and was observed (310
Oxidized wild-type cytc, binds to a single site with a  nM for K93P vs 10 nM for wild-type, at 109 mM ionic
positive shift in the PWR spectra, which is consistent with strength). Thus, the results presented here suggest that hinge
an increase in mass and increased anisotropy, as does thdynamics play a role in electron transfer under physiological
low-affinity reduced site. As can be seen in Table 2, the conditions by driving the dissociation of the oxidized cyt.
percentage of the shift due to mass change is larger for theThis would facilitate the entrance of a second electron into
oxidized than for reduced cyt at both ionic strengths with the RC as required for full quinone reduction.
wild-type cyt. Note that both redox states of the K93P mutant  Interestingly, comparing the low-affinity reduced wild-
also have a positive increase in the PWR signal on binding type site and reduced K93P binding, the affinity for reduced
at a single site. Again, the structural change accounts for ak93P is~6-fold greater than for reduced wild-type at both
smaller proportion of the shift than the mass change (Tablejonic strengths studied. This could be attributed to the
2). These observations appear to exclude multiple RC replacement of lysine by a more hydrophobic proline, which
populations as an explanation for the two sites available for results in a substantially decreaskgk, hence a higher
reduced wild-type cyt. Moreover, the existence of two apparent affinity. The situation with binding of oxidized wild-
conformers of reduced wild-type cyi also seems unlikely,  type as compared to oxidized K93P is less clear. Assuming,
since the reduced cyt, has substantially greater stability that, at high ionic strength, hinge dynamics are dominant in
relative to the oxidized state, suggesting that if multiple cyt the case of K93P, we can rationalize the 31-fold decrease in
c; conformers exist, they would be seen in the oxidized not affinity for oxidized K93P relative to wild-type. However,
reduced form of cytc,. The common factors between at 19 mM ionic strength, the affinity of the oxidized K93P
oxidized wild-type cytc, and both redox states of K93P, is ~2-fold greater than that for wild-type, suggesting that
which correlates with a single hyperbolic curve, is that they the hinge dynamics do not play a role in binding at this ionic
show an increase in mass and anisotropy on RC binding andstrength, although it is not clear what is responsible for the
are all significantly less stable to denaturation than is reduceddifference inKp values. Unfortunately, hinge dynamics have
wild-type. On the basis of these observations, the results arebeen measured only at high ionic strength, necessitated by
consistent with a model in which there are two independent the use of high concentrations of imidazole to determine the
binding sites on the RC surface, with the high-affinity site rate constant26). Hence, it remains to be seen if oxidized
requiring a cytc, conformer that can only be accessed by K93P hinge dynamics are altered at low ionic strength.
the reduced wild-type cyt, whereas the low-affinity site is  |n summary, although much more needs to be done to fully
accessible to the reduced wild-type and the less stable (morq nderstand the apparent affinity of RCs for oyt as
dynamic) oxidized form or less stable reduced forms (i.e., determined by PWR, nevertheless, a number of points are
reduced K93P) This interpretation will be tested in future clear. First, PWR provides h|gh_qua||ty b|nd|ng and confor-
studies. It follows then that binding to the high-affinity site mational data under conditions that closely resemble the
drives a structural change, which moves the RC into the physiological situation (high ionic strength, RC incorporated
membrane, resulting in a loss of mass by displacement ofinto a phospholipid bilayer). Second, there are two binding
lipid, while the low-affinity site positions the bound cyt sjtes for reduced wild-type cyt, (independent of ionic
further away from the membrane, increasing the apparentstrength) with only one of these sites available to the oxidized
mass and the anisotropy. Thus, for purposes of comparison,yild-type cyt. Third, combining the binding data for oxidized
we equate the low-affinity reduced site and the oxidized site, wild-type cytc, and the K93P mutant (both redox states), it
which have similar but not identical behavior in terms of can be suggested that the second, high-affinity site requires
the effect of binding on mass and structural anisotropy. Note 3 more stable conformation than the low affinity site. Fourth,
also that the effect of increasing ionic strength is to e find that nonpolar interactions appear to play an important
significantly increase the contribution of the mass change role in the affinity of RCs for cyt,, a result not inconsistent
(decrease the contribution of structural change) to the PWR wjith recent kinetic studiesl(). Fifth, using a cyt, mutant
spectral shifts (Table 2), which is true for both wild-type (K93P) with substantially altered hinge dynamics, we have
and the mutant and for both redox states. evidence that hinge dynamics facilitate the dissociation of
As discussed above in the case of binding of reduced cyt oxidized cyt from the transient cgb—RC complex at high
(wild-type and K93P), there is a small increase in affinity jonic strength.
on increasing the ionic strength from 19 to 109 mM-&
fold). However, wild-type oxidized cyt has a30-fold REFERENCES
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