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ABSTRACT The incorporation of cytochrome (cyt) bgf into a solid-supported planar egg phosphatidylcholine (PC) bilayer
membrane and complex formation with plastocyanin have been studied by a variant of surface plasmon resonance called
coupled plasmon-waveguide resonance (CPWR) spectroscopy, developed in our laboratory. CPWR combines greatly
enhanced sensitivity and spectral resolution with direct measurement of anisotropies in refractive index and optical extinction
coefficient, and can therefore probe structural properties of lipid-protein and protein-protein interactions. Cyt bgf incorpo-
ration into the membrane proceeds in two stages. The first occurs at low protein concentration and is characterized by an
increase in total proteolipid mass without significant changes in the molecular order of the system, as demonstrated by shifts
of the resonance position to larger incident angles without changing the refractive index anisotropy. The second stage,
occurring at higher protein concentrations, results in a decrease in both the mass density and the molecular order of the
system, evidenced by shifts of the resonance position to smaller incident angles and a large decrease in the membrane
refractive index anisotropy. Plastocyanin can bind to such a proteolipid system in three different ways. First, the addition of
plastocyanin before the second stage of b4f incorporation begins results in complex formation between the two proteins with
a K of ~10 uM and induces structural changes in the membrane that are similar to those occurring during the second stage
of complex incorporation. The addition of larger amounts of plastocyanin under these conditions leads to nonspecific binding
to the lipid phase with a K of ~180 uM. Finally, the addition of plastocyanin after the completion of the second phase of bgf
incorporation results in tighter binding between the two proteins (K, ~ 1 wM). Quantitation of the binding stoichiometry
indicates that two plastocyanin molecules bind tightly to the dimeric form of the cyt bgsf complex, assuming random insertion
of the cytochrome into the bilayer. The structural basis for these results and formation of the proteolipid membrane are
discussed.

INTRODUCTION

The interactions between membrane-associated proteins adf97) that protein-membrane interactions may have both
lipids play an essential role in the functioning of a wide thermodynamic and structural consequences, mediated by
variety of cell membrane systems, including those in whicheffects on the conformation of the protein as well as on the
cellular signals are mediated by lipid messengers that modstructure of the membrane, and that the structural organiza-
ulate protein functions (Culis and De Kruijf, 1979; Epand, tion of integral membrane proteins may control the func-
1991; Brown, 1994). Recent studies have shown that ifjonal state of the membrane. Thus studies of the organiza-

other systems as well (e.g., rhodopsin; cf. Brown, 19944jon and dynamics of lipid-protein assemblies are of
Salamon et al., 1994, 1996), lipids can have a profounggnsiderable importance.

effect on the structure and function of integral membrane gycidation of the microscopic properties of lipid and

proteins, although the mechanisms of many of these intefs ieolipid assemblies represents a technically difficult
actions still have to be elucidated. Furthermore, it has be

. . Setween two immiscible phases, and they are often both
to explain many of the complex properties of these system'r:,ab"e and structurally heterogeneous. As a result, only a

Egﬂgxﬁsiggzgg;?;;gﬁnétlgﬁﬁ)igl\gin{;%qIi/lsorl:?i\tlseeihg\:]vnimited number of studies have addressed the problem of

Kinnunen, 1996; Pinheiro et al., 1997; Jordi and Kruijff 4ipid and protein structural organization in molecular films.

1995; Heimburg and Marsh, 1996; Salamon and ToIIin,In our laboratory, we have recently developed a variant of
surface plasmon resonance (SPR) spectroscopy that can be
applied to the structural and functional characterization of
, . L lipid and lipoprotein membranes (Salamon et al., 1997a).
Received for publication 18 February 1998 and in final form 22 June 1998.__ . . . . .
. . . _This involves a coupling of plasmon resonances in a thin
Address reprint requests to Dr. Gordon Tollin, Department of Biochemis- | fi . . iel . .
try, University of Arizona, Tucson, AZ 85721. Tel.: 520-621-3447; Fax: metal film _and V_VavegU|de modes in a dielectric over_coatlng
520-621-9288; E-mail: gtollin@u.arizona.edu. (the technique is termed coupled plasmon-waveguide reso-
© 1998 by the Biophysical Society nance (CPWR) spectroscopy) and combines a greatly en-

0006-3495/98/10/1874/12  $2.00 hanced sensitivity and spectral resolution with the ability to
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directly measure anisotropies in refractive index and optica(Guss et al., 1992) and shows that the protein consists of a
absorption coefficient in a proteolipid membrane adsorbedingle polypeptide chain of 99 residues, forming an eight-
to the surface of the overcoating (Salamon et al., 1997a). Istrandedp-barrel. As noted above, the functional role of
the present experiments, we have utilized self-assembleg)astocyanin is to carry electrons from dyto the reaction
solid-supported planar lipid bilayer membranes and CPWRenter chlorophyll dimer, P700, in photosystem |. The spe-
spectroscopy to investigate the mechanism and structuraific mechanism of interaction between plastocyanin and
consequences of the incorporation of the cytochrome (cytgyt f in the chloroplast, which involves complex formation
bg f complex into a lipid membrane, and to directly measureand electron transfer, has not been completely elucidated
the binding parameters of the interaction between plastofPearson et al., 1996; Soriano et al., 1996). The most prob-
cyanin and such a cyig f-containing lipid bilayer. able hypothesis for in vitro interprotein electron transfer
The cytbgf complex is one of three integral membrane (Pearson et al., 1996; Soriano et al., 1996) assumes that the
protein complexes involved in electron transport in oxy-interaction is mediated by electrostatic attraction between
genic photosynthesis. The complex accepts electrons frorie prominent basic region of citocated at the interface of
the oxygen-producing photosystem Il reaction center, doits large and small domains and an acidic patch on the
nates electrons to the NADPreducing photosystem | re- surface of plastocyanin. There is, however, experimental
action center, and contributes to the electrochemical protoevidence which indicates that the reduction of the plasto-
gradient that drives ATP synthesis (Cramer et al., 1991). Ityanin copper center can also occur at comparable rates via
is homologous in many aspects to the logf complex of the  docking to a hydrophobic surface patch (Qin and Kostic,
respiratory chains of the mitochondrion and photosynthetid993). A role for a hydrophobic interaction was also pro-
bacteria. Thebgf complex comprises four subunits with a posed from the biphasic response to ionic strength of the in
molecular mass greater than 18 kDa. Three of thembgyt vitro rate of the turnip cyf—plastocyanin reaction (Meyer et
cyt f, and Rieske iron-sulfur protein, contain redox pros-al., 1993) and from interaction of plastocyanin with sup-
thetic groups. The fourth subunit is involved together with ported lipid bilayer membranes (Salamon and Tollin, 1992).
cyt bg and Rieske protein in forming the oxidizing plasto- All of these factors have recently been combined into a
quinol binding site (Cramer et al., 1996). The complex alsomechanism for the in vitro reaction in which initial electro-
contains at least three additional small hydrophobicstatic guidance and contact between the two proteins is
polypeptides {4 kDa). The total molecular mass of the followed by nonpolar interactions that mediate movement
seven-subunit monomeric complex is 110 kDa (Breyton ebf plastocyanin on the surface of dytallowing the copper
al., 1994). The redox partners of citare its donor, the to come closer to the heme (Pearson et al., 1996; Martinez
Rieske protein, and its acceptor, the soluble copper proteiat al., 1994).
plastocyanin, which carries electrons to the photosystem | As will be demonstrated below, the results of the present
reaction center. CPWR experiments clearly reveal that incorporation of cyt
The bg f complex has the unusual property that the subbgf complex into a self-assembled solid-supported lipid
units can be separated from the complex and from eaclhmembrane is a complex, protein concentration-dependent
other at alkaline pH (Szczepaniak et al., 1991; Cramer et alprocess involving two stages, the second of which results in
1994b). This implies that, unlike in many other membranelarge structural and compositional changes in the lipid
proteins (Cramer et al., 1994b), the attractive forces arisingnembrane. Furthermore, the presence of plastocyanin influ-
from intramembrane hydrophobic, hydrogen bonding, andnces these processes by binding to thebgytcomplex
van der Waals interactions between the subunits are relavith a much higher affinity after the second stage of incor-
tively weak. As a consequence, the electrostatic repulsivporation has occurred.
force exerted between the subunits at alkaline pH, arising

from the net excess negative charge on the periphera{]ATERIALS AND METHODS
polypeptide segments, is sufficient to cause the subunits of

the complex to separate in the membrane. In addition, it i&urification of cyt bef complex and plastocyanin

known that thebs f complex, isolated predominantly in the cytochromeb, f complex was purified from spinach chloroplasts as de-
dimeric form, can dissociate to a monomeric, relativelyscribed in Huang et al. (1994), and by a generally similar procedure from
inactive form (Szczepaniak et al., 1991) from which thethe thermophilic cyanobacteriuMastigocladus laminosu@Huang et al.,

Rieske protein may be missing (Bald et al., 1992)_ Themanuscript in preparation), and resuspended in 30 mM Tris-HCI, pH 7.8,

lativel Ki b f b buni containing 50 mM NacCl, 1 mM MgG| and 30 mMpB-octylglucoside. The

relatively Wea mtr_amem rane' orces between su umFS app'urified complex from chloroplasts anMdastigocladus laminosusespec-

parently facilitate interconversion of monomer and dimerively, was characterized by typical turnover activities-00 (25°C) and

forms of the complex (Cramer et al., 1994b). ~450 (35°C) electrons transferred to dyper second from decyl-plasto-
Plastocyanin is a small copper-containing protein (10_54uinol. Plastocyanin was obtained from spinach by the procedure of

kDa) that is also a part of the electron transfer chain inYocum (1982) and was characterized spectrophotometrically.

photosynthetic cyanobacteria, algae, and higher plants (for . .

reviews see Gross et al., 1993; Pearson et al., 1996; Sid>reparation of egg PC bilayer membranes

fridsson et al., 1997). The three-dimensional structure ofipid bilayer membranes were formed on a silica surface deposited on a

poplar plastocyanin has been determined at 1.3 A resolutiosilver film (Salamon et al., 1997a) from a solution containing either 10
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mg/ml egg PC in squalene (Fluka)/butanol (either 1% or 1.5%; v/v) or 6components of cw (continuous wave) laser light (He-Ne with either
mg/ml egg PC in squalene/butanol (1%; v/v), using a procedure originally632.8 nm [red light], on = 543.5 nm [green light] were used) within the
developed to form freely suspended lipid bilayer membranes separatingvailable incident angles under total internal reflection conditions, as
two aqueous solutions (Mueller et al., 1962). The method, which is basegreviously described (Salamon et al., 1997a). As a consequence, anisotro-
on the interaction between the hydrophilic silica surface and amphipathipies in both refractive index and optical absorption coefficient can be
lipid molecules, involves spreading a small amount of lipid bilayer-forming determined with high precision and sensitivity.
solution via a Hamilton microsyringe across an orifice in a Teflon sheet According to electromagnetic theory, the optical properties of thin-film
that separates the silica film from the aqueous phase (Salamon et amaterials (including lipid-protein systems) are characterized by their thick-
1997a). The surface of the silica, covered with a thin layer of water (Geaess {) and by a complex dielectric constant, which includes the refractive
et al., 1990; Silberzan et al., 1991), attracts the polar groups of the lipidndex () and the extinction coefficienk) (Salamon et al., 1997a, b, c;
molecules, thus forming an adsorbed lipid monolayer with the hydrocarborSalamon and Tollin, 1998). The CPWR phenomenon is a straightforward
chains oriented toward the bulk lipid phase. Subsequent to this first step afonsequence of the application of thin-film electromagnetic theory. The
lipid membrane formation, the main body of the sample cell (Salamon einfluence of film optical parameters(k, andt) on the characteristics of
al., 1997a) is filled with a buffer solution (10 mM Tris-HCI, 5 mM KCI; pH the CPWR spectrum is completely contained in this theory. For any
7.5). This initiates the second step, which involves a thinning process, i.edielectric layer, including lipid and proteolipid membranes, the number of
formation of both the second monolayer and a Plateau-Gibbs border thaheasured CPWR curve parameters (i.e., position, width, and depth of the
anchors the bilayer membrane to the Teflon spacer, allowing the excess oésonance curve) equals the number of unknown optical parameters, and
lipid and solvent to move out of the Teflon orifice. thus the latter can be readily evaluated. Because these are well separated in
the equations, they can be uniquely evaluated from the spectra, using a
nonlinear least-squares technique to fit a theoretical resonance curve to an

Preparation of PC bilayer membranes containing experimental one. In addition, because the refractive inagxdifectly

: P flects a mass density (defined as mass per unit volume of deposited
cyt bgf complex and plastocyanin bindin refiect Y .
vt be P P y 9 material), one can obtain the total deposited mass fromtta@d n

Cyt bsf complex was incorporated into a preformed lipid membrane parameters (Salamon et al., 1997a-c; Salamon and Tollin, 1998)sf
deposited on the surface of the silica film by adding small aliquots of aconstant, an increase in the resonance angle can be associated with an
concentrated solution~(115 uM) of either thermophilic cyanobacterial ~increase in mass density within the film, and vice versa. As will be seen
(Mastigocladus laminoshir spinach cyths f complex, in 30 mM Tris-  below, this is quite important in the context of the present experiments.
HCI, pH 7.8, containing 50 mM NaCl, 1 mM Mggland 30 mM octyl ~ Furthermore, these three optical parameters,(K can be evaluated for
glucoside, to the aqueous compartment of the CPWR cell. The lattePoth polarizations, thereby producing enough experimental data to char-
contained~2 ml of 10 mM Tris-HCI buffer with 5 mM KCl at pH 7.5;  acterize the following structural parameters of the thin films: thickness,

addition of the protein solution thereby diluted the detergent to a finalorientation of molecules (by measuring the anisotropynjn and the
concentration in the range of 0.3-3.0 mM, significantly below its critical orientation of chromophores attached to the molecules within the sensing

micelle concentration (cme 25 mM), allowing transfer of cylbs fintothe ~ 1ayer (by measuring the anisotropy k) In the experiments descibed in
supported egg PC bilayer. After the CPWR spectral changes produceldiis work, the light wavelengths used (see above) are located away from the
upon the addition of each aliquot of protein reached saturaticd®(min), absorption maxima of the cyibs f chromophore centers, and thus the

the resonance spectra were recorded. Identical results were obtained wigtinction coefficient K) represents mainly scattered light due to imper-
either of the two cyb, f complexes. To determine if denaturation of the fections in the proteolipid membrane structure.

bs f complex occurred upon dilution of the detergent to below the cmc, we  In the present experiments, the CPWR interface designs were manu-
have carried out parallel experiments with the spinach protein under thes@ctured by Denton Vacuum (Moorestown, NJ). They contained two opti-
same conditions, measuring reduced minus oxidized difference spectr@dlly active layers of different thicknesses, silver and Sif@posited on a
(data not shown). Only relatively small spectral changes occurred over 8lass prism. Special care has been taken in the manufacture to produce
20-min time period (the CW:cytf heme ratio went from 1.8:1 to 1621)’ durable, Iong-lasting ﬁlms, which can be UItraSOnica”y cleaned and reused
indicating that the protein was not extensively denatured by dilution. Tofor many measurements.

measure plastocyanin binding, small aliquots of concentrated solutions of

plastocyanin -1 mM) in Tris buffer were added to the aqueous compart-

ment of the CPWR cell V\_nth|n~l min after the end of each of the two RESULTS

stages of cybg f complex incorporation (see below).

Biphasic cyt bgf incorporation

Coupled plasmon-waveguide The incorporation of cybgf into a solid-supported planar
resonance spectroscopy egg PC bilayer was followed by monitoring steady-state

CPWR spectra obtained after the addition of a small aliquot

The CPWR apparatus and the experimental and theoretical data analysist] ncentrated lution of protein. di lved in an octvl
procedures are the same as those used with conventional surface plasm% a concentrated solution of protein, dissoive an octy

resonance (SPR) spectroscopy (Salamon et al., 1997b,c; Salamon aSducoside-containing buffer, to th? aqgueous compartmenF of
Tollin, 1998). Those aspects of the methodology that are unique to th&@ CPWR cell. As we have previously demonstrated with
CPWR application have recently been described elsewhere (Salamon et ahther integral membrane proteins (Salamon et al., 1994,

1997a). Here we present only a brief summary of the technology. The{l_996' Salamon and Tollin. 1996a b) typical spectral
method involves a coupling of plasmon resonances in a thin metal film and ’ ! ’ :

waveguide modes in a dielectric overcoating, and thus combines charaé:—hange.S rgsultlng from protein mcorpor.atlon |nt'o the bllayer
teristic features of both waveguide spectroscopy (high sensitivity and4PON dilution of the detergent to below its cmc involve both

spectral resolution and the ability to direcly measure anisotropies in re@ shift of the resonance position to larger incident angles
fractive index and optical absorption coefficient in a sensing layer) andand alterations in the resonance curve shape due to changes
SPR spectroscopy (simple and convenient optical coupling arrangements, the resonance depth and width. In the case Ofb’é)ft

and a complete isolation of the optical probe from the system under mplex incorporation. this tvpical radiam w ianifi
investigation). Spectroscopic measurements with CPWR devices are bas&? pie corporation, S typical paradig as sig

on the resonant excitation of electromagnetic modes of the structure bgantly modified in that a drqmatically different Pattem Of'
both TM (transverse magnetip) and TE (tranverse electrig) polarized ~ spectral changes was obtained at low and high protein
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concentrations within the CPWR cell. At low concentra- at higherbg f concentrations (6.2M and 8.4uM; Fig. 1 A,
tions of the protein (up to 4.2M; see Fig. 1A, curve 2  curves 3 and Ythis pattern was replaced by a reverse shift
there was a shift of the resonance position to a larger anglef the resonance position, with even larger changes in the
of incidence, accompanied by an increase in the depth anshape of the resonance curve. A similar pattern was ob-
a decrease in the width of the resonance curve as compargérved withs-polarization (data not shown). The reversal of
to that obtained with the lipid bilayer membrane befogé  the shift direction at higher protein concentrations and the
addition urve J. This corresponds to the usual pattern of changes in spectral shape are clearly illustrated by the data
spectral changes that we have observed previously witth Fig. 1 A. Although we have not accurately measured the
other membrane proteins, resulting from an increase in masgne dependence of either the first or second phasesl they
within the bilayer region due to protein insertion. However, occur in a similar time range, with each addition of protein
equilibrating within 15-25 min. It has to be emphasized that
addition of the same amounts of detergent solution without
protein to the aqueous compartment of the CPWR cell does
not measurably change the resonance spectra.

The process of cyibg f incorporation was also shown to
be dependent on the lipid membrane composition and struc-
ture, which in the present experiments have been changed
by varying the amount of squalene used in forming the
bilayer. Fig. 1B shows thep-polarized resonance position
shifts as a function df, f concentration for two lipid bilayer
membranes, containing either 1.5%r¢les) or 1% (rian-
gleg squalene (v/v) in a butanol solution of 10 mg/ml egg
PC. The structural properties of these two lipid membranes
03 are quite different, as indicated by the optical parameters

' ‘ ! ! ! ' presented in Table 1, which were obtained by fitting the
61.95 6200 62.05 6210 62.15 : .
Incident angle, deg experimental CPWR curves by the procedures described
previously (Salamon et al., 1996, 1997a-c). This is due to
changes in the packing of fatty acid tails in the membrane
interior caused by the incorporation of different amounts of
Ky =103 uM squalene, which results in increases in both the bilayer
thickness and its optical anisotropy (for further details see
\ Second phase the discussion of Table 2 below) (Salamon et al., 1996). For
\ > :/ ease of comparison, the individual data points in Fi@ 1
have been normalized to the maximum shift to larger angles
] that occurred during the experiment. The lines represent, for

\i,‘/ both membranes, theoretical hyperbolic ficuifive 3 or

sigmoidal fits Curves 2 and Bto the experimental data. It
. can clearly be seen from these data that the second phase of
the incorporation is more significantly influenced by the

0.0 zis sio 7i5 e properties of the lipid membrane than is the first phase. It is

Added cyt bgf complex, pmol L™ also important to note that the first phase can be fit by a

simple hyperbolic function (with an appardff, = 10 = 3

FIGURE 1 @) Typical CPWR spectra obtained with a lipid membrane yM), whereas the second phase is evidently sigmoidal,
formed from a solution of 10 mg/ml egg PC in butanol containing 1.5% jndicating that different molecular processes are responsible

squalene ang-polarized 632.8 nm laser light. Curve dpen circle} was . .
obtained without cythg f, whereas curves 2—4 were obtained after the for the measured spectral changes in the two concentration

addition of different amounts of protein to the sample compartment of thd@Nges. These results, together with the fact that during the

CPWR cell. Curve 2 corresponds to the end of the first phase (taken at 4.8econd phase the resonance position shifts in the direction
uM cyt bs f complex in the buffer compartment of the sample cell), and opposite that which should occur in the case of a simple
curves 3 (at 6.3uM cyt bg f) and 4 (at 8.4uM cyt bg f) to the end of the

6 . . ) increase in the mass of incorporated byt, strongly indi-
second phase of protein incorporation (see text). Closed circles in spectra

2 and 4 represent theoretical fits to the data (see text for discuss)n). ( cate that the spectral alterations _m_ the second .p_hase are
Dependence of the resonance minimum position on théogfcomplex  generated by structural changes within the proteolipid mem-
concentration in the aqueous phase during protein incorporation into a P@rane involving a decrease in mass density (see above)_ In
b"ay‘lar meln;bza?;("’;.s ?eflc”bedf.m Conta'tr_“”rg Vary'”g a:“’“”tlssg; other words, the usual spectral changes due to insertion of
squalene: 1% (v/V)A, first phase of incorporationsy, second phase; 1.5% S - . L .
(V/v): O, first phase®, second phase. Curves show nonlinear Ieast—squalreg‘ddmonaI prote.ln mass into the |Ip|d membra.ne, WhICh
fits to either hyperbolic (curve ¥, = 10 uM) or sigmoidal (curves 2and  takes place during both phases, must be overridden in the

3) functions. second phase by even stronger effects due to structural
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TABLE 1 Summary of the optical parameters obtained for lipid bilayers containing either 1% (1) or 1.5% (2) squalene, with or
without cyt bgsf and with either p- or s-polarized 632.8-nm laser light*

1 2

n t (nm) k n t(nm) k
BLM; no bg f p 1.548 5.3 0.020 1.592 5.9 0.070
s 1.480 5.2 0.030 1.505 5.9 0.052
BLM + by f (first phasej Protein-lipid layer p 1.548 5.3 0.025 1.592 5.9 0.070
S 1.480 5.2 0.030 1.505 5.9 0.052

Protein-buffer layer p 1.346 5.2 0.005 1.346 5.1 0

s 1.348 5.2 0 1.340 5.0 0
BLM + bgf (second phasg) Protein-lipid layer p 1.503 5.3 0.010 1.490 5.9 0.220
s 1.465 5.2 0.010 1.440 5.9 0.012

Protein-buffer layer p 1.356 5.2 0 1.357 5.1 0

s 1.361 5.2 0 1.358 5.0 0

n, Refractive indext, thicknessk, extinction coefficient.

*The optical parameters have been obtained with the following accuracies: the refractive-i@d@d1, the thickness=0.1 nm, and the extinction
coefficient =0.002.

“Data taken at 4.2uM cyt bgf.

SData taken at 8.4«M cyt byf.

changes of the membrane that result from alterations ispanning protein, there will be a protein-buffer layer on
mass distribution. This will be discussed further below. each side of the bilayer membrane. This becomes especially
important when the protein is asymmetrical in shape and
randomly inserts into the membrane, thereby producing two
protein-buffer layers similar in both composition and optical
properties, separated by the thickness of the lipid membrane
To quantitatively characterize these complex spectra(i.e., ~5.5 nm; note that this corresponds to an average
changes we have used the following model. In the first stagéhickness of the membrane, which includes the hydrated
of incorporation (data obtained at low protein concentradipid headgroups; Salamon et al., 1996) and 1-2 nm of water
tions in Fig. 1), a simple insertion of cy f into the lipid  formed by condensation of liquid on the flat SiGurface
bilayer occurs, as has been observed with other transmenfSee et al., 1990; Silberzan et al., 1991). These two protein-
brane proteins integrating into solid-supported planar lipidouffer layers are essentially identical if the protein inserts
membranes (Salamon et al., 1994, 1996, 1997h,c; Salamaandomly and can therefore be assumed to be a single layer
and Tollin, 1996a,b, 1998). This can be described by an the modeling process used to obtain theoretical CPWR
hyperbolic binding curve and produces a proteolipid structesonance curves (note that only a single protein-buffer
ture consisting of two regions (see Fig. 2) in which thelayer is shown in Fig. 2). Such a model has been employed
hydrophobic (integral) components of thgf complex are in this work; its justification is that it yields good fits to the
located within the bilayer interior forming a protein-lipid data and reasonable dimensions for the protein molecules in
layer, and the hydrophilic (peripheral) portion of the proteinthe membrane, as will be described below.

extends outside the lipid membrane and forms an ex- It is also important to point out that insertion of the
tramembrane protein-buffer layer. A more detailed descriphydrophobic portion of a transmembrane protein into the
tion of such a two-layered model has previously been prelipid membrane interior results in the displacement of lipid
sented elswhere (Salamon et al., 1997c). For a membranaiolecules by protein (in the present membrane system, this

Characterization of the two phases of
cyt bgf incorporation

TABLE 2 Calculated values of the average refractive index (n,,)?, the refractive index anisotropy (A,)°, and the total mass (m,)
from the optical parameters of the bilayers given in Table 1

1 2
m, (wmol m™?) m (umol m?)
Nay A, Lipid Protein N, A, Lipid Protein

BLM; no bg f 1503 0.048 7.4-0.7 0 1535 0.062 8.%0.9 0
BLM + bgf (first phase) Protein-lipid layer 1.503 0.048 #20.7 0.007=0.001 1535 0.062 8509 0.005*+0.001

Protein-buffer layer  1.347 0 1.342 0.004
BLM + bgf (second phase)  Protein-lipid layer 1.478 0.026 #4.05 0.011+0.003 1458 0.036 4.60.5 0.011* 0.003

Protein-buffer layer  1.358  0.003 1357 0

aThe estimated accuracy i50.001.°The error is=0.002.
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FIGURE 2 Schematic of the two-layer model (lipid-protein and buffer- o )
protein) used for fitting CPWR data. Also shown are silver film and FIGURE 3 Refractive index of the protein-buffer layer of the two-layer

deposited hydrated SiQayer. Water of hydration is included in the optical Proteolipid membrane model (see text) as a function of thégftomplex
parameters of both layers. concentration in the aqueous phase, during the first phase of protein

incorporation, obtained with a PC bilayer as described in Fig. 1 and
containing either 1% @, — — —) or 1.5% @, ——) squalene, angb-
polarized laser light. Solid and dashed lines represent nonlinear least-
excess lipid goes into the Plateau-Gibbs border, which anRduares fits to a hyperbolic function; these yield the r_ef'ractive ind_ices of
hors the membrane to the Teflon ). Thi r the proteln—bu_ffer layer for the second phage of protein |ncorp0rat|9n and
chors the me ane . 0 - e 1éeflo SUPPO ) S Procesge apparent incorporation constak,j and final value of the refractive
does not produce a significant change in the CPWR spegngex 015.)-
trum, because the refractive indices of lipid and protein are
very similar (~1.5). Thus, during a simple insertion process
of integral protein molecules whose dimensions are largeincorporated protein (a more typical value lies between 1.45
than the lipid membrane, the major portion of the resonancand 1.50; cf. Salamon et al., 1997b,c; Salamon and Tollin,
shift toward larger incident angles comes from the protein-1998). This indicates that there is significant dilution of the
buffer layer (the refractive indices of protein and buffer areprotein within the bilayer, i.e., appreciable buffer is present
quite different). In contrast to this, as we have noted abovein the protein-buffer layer (see Fig. 2; for further discussion
the structural changes responsible for the observed reverssée below).
in the direction of the spectral shifts, which characterizes the To calculate the mass of cyi;f incorporated into the
second phase of protein incorporation, occur only in thebilayer during the second phase, we have used the extrap-
protein-lipid layer. As we will demonstrate below, these olatedn values obtained from the extensions of the curves in
latter changes are due to modifications in the ordering of thé&ig. 3. This assumes that protein insertion precedes the
lipid and protein molecules in the bilayer membrane. structural changes that result in the observed negative shifts
Using this framework, one can fit the experimental res-in resonance angle (i.e., that if these structural changes had
onance curves with theoretical curves (for details seeot occurred, tha values would have increased along these
Salamon et al.,, 1997b,c) and thereby obtain the opticahyperbolic curves). This allows us to calculate the optical
parameters of the proteolipid membrane during both phasgsarameters of the protein-lipid layer during the second
of protein incorporation. Examples of such theoretical fitsphase of incorporation by theoretically fitting the latter
are given in Fig. 1A. Fig. 3 shows the refractive index resonance curves. The same assumptions and fitting proce-
values for the protein-buffer layer obtained from fitting the dures can be used with thepolarized resonance data,
experimentabp-polarized resonance curves during the firstwhich then generate a second set of optical parameters
phase of cylbgf incorporation into a lipid membrane con- describing both phases of protein incorporation. Table 1
taining either 1% ¢losed circlepor 1.5% ppen circley} of  presents the values of refractive indicaep 4nd thicknesses
squalene. Note that little or no difference exists between thé) for both protein-lipid and protein-buffer layers obtained
two membranes. The solid lines correspond to hyperboliavith both types of lipid membranes and both polarizations
fits to these experimental data points, yieldingsvalue of  (optical extinction coefficientk, values are also given, but
11 = 4 uM (note that this is in good agreement with the the significance of these is less clear, inasmuch as they
hyperbolic fit in Fig. 1B). Extrapolation of the hyperbolic correspond mainly to light scattering effects; these will not
fit to infinite concentration of thdog f complex results in a be discussed further). The results show that the calculated
value forn,,, that allows a calculation of the surface masstotal thickness of the cyhs f complex lies in the range of
(packing) density (defined as mass per unit surface area) df0.4—11.0 nm for the two lipid membranes used here (cor-
the incorporated protein. The,, value obtained in this way responding to the sum of values for both protein-lipid and
(1.40 = 0.02) is somewhat low for close packing of an protein-buffer layers, as shown in Fig. 2). The same range of
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values for the complex thickness has been independentlyalues and therefore evaluate changes in the molecular
obtained using both red (632.8 nm) and green (543.5 nmyrder of the proteolipid membrane that occur during the
laser wavelengths (data for latter not shown). incorporation process.

Although a projection map of the cydsf complex has Table 2 shows the results of calculations of fevalues
recently been determined at 8-A resolution (Mosser et al.for the two stages of cylb, f incorporation, along with the
1997), and therefore the diameters of both monomeric antbtal mass of lipid and protein, for the two types of lipid
dimeric molecules have been measured, there is still nbilayer membranes used in these experiments. These results
high-resolution three-dimensional structure for the proteindemonstrate several important facts regarding the properties
The available spectroscopic, biochemical, genetic, and elef the proteolipid membrane:
tron microscopy studies (Cramer et al., 1996; Mosser et al., (1) The optical parameters of the lipid bilayer (in partic-
1997) have yielded only limited information about three-ular n andt) are significantly changed by variation in the
dimensional structure. Based on these investigations, estsqualene content. This is in agreement with our previous
mated values for the length of the molecule vary from 8.3measurements (Salamon et al., 1996), as well as with other
nm for the complex fronBynechocysti®CC 6803 to 11.0 studies of the role of incorporated hydrocarbons in lipid
nm for spinach cyt;f (Boekema et al., 1994). Thus we bilayer membranes using ellipsometry and x-ray reflectivity
consider the thickness values presented in Table 1 as beirf{homa et al., 1996). Such measurements indicate that
in satisfactory agreement with the other estimates in théncreasing the amount of hydrocarbon solvent in the bilayer-
literature. The results in Table 1 also demonstrate that théorming solution causes an increase of both the bilayer
protein-buffer layer shows only a minimal difference be-thickness and its optical anisotropy. These effects involve
tween the refractive indices measured with eitiperor  hydrocarbon chain penetration into the hydrophobic interior
s-polarizations (i.e., a low refractive index anisotropy), in- of the lipid membrane, thereby decreasing both the dynam-
dicating a very small degree of molecular order in thisics of the movement of lipid tails and the average tilt angle
extramembrane region of the system. of the lipid molecules. The values given in Tables 1 and 2

The data in Fig. 3 and Table 1 and the Lorentz-Lorenzshow that increasing the squalene content from 1% to 1.5%
equation as previously described (Salamon et al., 1994ncreases bilayer thickness from 5.3 nm to 5.9 nm and the
1996; Salamon and Tollin 1996a,b) allow a calculation ofA, value from 0.049 to 0.062. Futhermore, the increased
the mass of protein inserted into the lipid bilayer membraneamount of squalene, by increasing the degree of order of the
using a molecular mass of 110 kDa for the byt complex  lipid molecules, also permits a greater packing density and
and assuming that the mass of the complex is equallyherefore a higher average density of the lipid membrane,
divided between the two layers (see Fig. 2). Furthermorewhich can be seen in Table 2 from the average values of the
the refractive indices obtained with ands-polarized light  refractive index (1.503 versus 1.535) and the total mass (7.4
provide information on the molecular order of the system.versus 8.7umol m~?) for the two membranes. These alter-
As has previously been described (Salamon et al., 1997a), ations of the membrane properties have a larger impact, as
the p-polarization case the electric vector is completelyshown in Fig. 1B, on the second phase laff incorporation
normal to the surface of the lipid membrane, whereas irthan on the first phase. This will be discussed further below.
s-polarization the electric vector is parallel to the surface of (2) As Table 2 indicates, despite the increase in the
the lipid film. The anisotropy of the refractive indeRA{  inserted mass of the cigt f complex from 0.007umol m 2
can be defined as (or 0.005umol m~?) to 0.011wmol m~? over both phases

PR, of incorporation, the total mass of the proteolipid membrane

Ao = (0 = /ey + 2) @ decreases during the second phase from 7200l m 2

wheren,, is an average value of the refractive indeg,[=  (or 8.505umol m~?) to 4.011umol m~2 This can only be
1/3(; + 2n2)], and n, and n are the refractive indices accomplished by removal of lipid.
measured in the parallel and perpendicular directions within (3) During the second phase of complex incorporation the
the lipid membraneA,, can be related to the components of molecular order of the lipid-protein layer drastically de-
the mean polarizabilities along these two directions and t@reases A, values change from 0.048 to 0.026, and from
the anisotropy of the molecular shape (Den Engelson(.062 to 0.036, for the two membrane systems).
1976). In the present system, the anisotropy of the refractive There are some interesting correlations between the
indices and therefore the mean polarizabilities alongpthe changes in mass and molecular order and the membrane
ands-polarization vectors are the direct result of orientationcharacteristics that provide additional information about the
of the elongated molecules comprising the proteolipid memstructural properties of the system. As the data in Table 2
brane (Salamon et al., 1997a). ThRysis proportional to the  indicate, the higher the average refractive index of the lipid
degree of molecular ordeS) (Pelzl, 1994), which is de- membranen,, (i.e., the higher the lipid packing density),
fined as follows: the larger the change in the mass of the proteolipid mem-

_ brane during the second phase (i.e., for both bilayers, the

S=1/23 cos6 - 1) @ final lipid mass is 4.qumol m ™2, and the final total mass is

where 0 is the tilt angle of the molecule to the surface 4.011 umol m 2, despite the differences in the starting
normal. One can then calculafg, from the measuresh  values). This correlation also holds farvalues obtained
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with both p- and s-polarizations, i.e., because, has a
higher value tham for both lipid membranesy, is affected
more thamg by the second phase of clyg f incorporation.

-

w

o
]

1.35 ~

Interaction of plastocyanin with lipid membranes

containing cyt bgf Ky =10:2 pmol L™

1.34

Refractive index of protein-buffer layer .

n, =1.41:0.01
We have also investigated the interaction between lipid e
membranes containing the f complex and plastocyanin 133
added to the buffer solution of the CPWR cell at the end of ’ 00 2‘5 5'0 -

both the first and second phases of cytochrome incorpora-
tion. Fig. 4 A shows the refractive index of the protein-
buffer layer during the first stage of cyf incorporation

into a lipid membrane formed with a solution containing 6
mg/ml egg PC in 1% squalene/butanol (v/v). The solid line
represents a hyperbolic fit to the experimental data points
and results in an apparent dissociation congtgnt 10 =

2 1M and an extrapolated value of the refractive index=

1.41 = 0.01. These two parameters are, within the error
limits of the fitting, the same as those of Fig. 3.

Addition of plastocyanin to the solution at the end of this
first phase obg f incorporation produces two different kinds | | 1 |
of resonance changes, depending on the plastocyanin con- 0 6 12 18 24 10
centration in the CPWR cell. At low plastocyanin concen- Added plastocyanin, pmol L™
trations (up to~25 uM) the resonance position shifts in a
manner similar to that of the shift which occurs during the
second phase dif; f complex incorporation (Fig. B), i.e.,

Added cyt b,f complex, pmol L™

=y
[3;]
N

1.50 —

Ky=10 +1 pmol L™
1.48 | o .

1.46 —

Refractive index of protein-lipid layer @

Ky = 180220 pmol L™
0.15 —

the resonance minimum shifts to smaller incident angles m_ = 0.23:0.01umol m? 1
corresponding to a refractive index decrease (shown in Fig.

4 B). A hyperbolic fit to these datasélid line) yields a 0.10 //;O
dissociation constank, = 10 = 1 uM. In contrast, at P
plastocyanin concentrations higher than 28! the reso- 0.05 o4 K = 17020 umol L'

nance position (and hence the refractive index) shifts in the S m_=0.18:0.02 umol m?

Adsorbed plastocyanin, pmol m? o

opposite direction, i.e., the resonance minimum shifts to /

higher incident angles, as would be expected from a simple 0.00 ° 1 | |

binding of plastocyanin to the membrane surface. To con- 0 100 200 300 400
firm this interpretation, we have measured the binding of Added plastocyanin, pmol L

plastocyanin to a lipid membrane in the absencebgf
complex €losed circlesn Fig. 4 C) and have compared the FIGURE 4 Dependence of the refractive index value of either the pro-

results to those obtained Wiﬂ)];f Complex present in the tein-buffer @) or the protein-lipid B) layer obtained wittp-polarization
and a bilayer membrane containing 6 mg/ml egg PC in butanol/squalene

|Ip|d membrane qﬁpen C'rCI?Sn Fig. 4C; ,data shown O_nly 100:1, v/v) on either the cyig f complex concentrationA) or plastocya-

for the higher plastocyanin concentrations); the solid anGin added at the end of the first phase oflgé complex incorporationg).

dashed lines represent hyperbolic fits to the experimentalc) Plastocyanin binding isotherms to lipid bilayer obtained at high protein

data. The dissociation constants obtained from these thegoncentration, either withou —) or with (O, ——-) cytbs f complex

retical fits are the same within the limits of error for both after the secopd phase of protein_incorporation. Solid an_d dashed Ii_nes

data sets, although the adsorbed plastocyanin mass is Silr&i:‘Pre_sent _no_nllnear least-squares fItS-tO a hyperbolic functlon_; thgse yield
- ! . e dissociation contant&g) and the final value of the refractive index

nificantly smaller wherbgf complex is present. These re- (n,..) and protein surface coverages. .

sults, taken together with those presented in FigB,4

indicate the following two conclusions. First, in the pres-

ence ofbg f, plastocyanin binds to both the cytochrome andlayer containing the cyit; f complex is expected because of

the membrane, albeit with rather different dissociation con-a smaller available membrane surface when the complex is

stants (10uM versus 170uM) and thus different concen- present.

tration dependencies. Second, the similar values for the Addition of plastocyanin to the CPWR cell at the end of

dissociation constants shown in FigC4eveal that the lipid the second phase of cigy f incorporation results in tighter

membrane remains intact after incorporation of thelgyt ~ binding to the complex in the lipid membrane. This is

complex. The smaller amount of protein bound to the bi-shown in Fig. 5, in which the hyperbolic fits¢lid line)
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value for the mass o, f incorporated is larger than that
obtained from the refractive index value in Fig. 3 (11 nmol
m~? Table 2).

In the present case, when protein dimensions are larger
than the thickness of the lipid bilayer, thereby resulting in a
two-layer system (see Fig. 2), both methods of mass calcu-
lation have inherent errors. Because of protein dilution in
the protein-buffer layer, the first method underestimates the
Ko = 1:0.05 pmol L™ value of the refractive index, which results in a smaller

+0.2 nmol m?2 calculated protein mass. The second method assumes that
the lipid membrane interacts with water-soluble proteins in
the same manner, regardless of the presence or absence of
0.0 I l | integral membrane protein molecules. Although this seems
0.0 0.5 1.0 1.5 20 to be supported by the very similar dissociation constant
Added plastocyanin, pmol L values obtained under the two conditions (see Fid)4
FIGURE 5 Plastocyanin binding isotherm obtained after completion ofthere is still the addltlonal assumpt!on that th.e entire lipid
the second phase of cif f incorporation. Solid curve shows a nonlinear membrane surface that is not occupied by the integral mem-
least-squares fit to a hyperbolic function; this yields the dissociationbrane protein is available to bind a water-soluble protein.
constant Kp) and the final protein surface coverage.j. That constraint is difficult to verify experimentally, and
therefore it may introduce some error, thereby increasing
the calculated protein mass. If we average the values ob-
yields aKp = 1 £ 0.05 M, and an extrapolated value of tained with both methods of calculation, one obtains a mass
the bound mass at infinite concentration of plastocyanin ofiensity for the cyb, f complex of 14+ 3.5 nmol m 2. We
6 + 0.2 nmol m 2 It is important to note that this disso- conclude from this calculation and the extrapolated mass of
ciation constant value is-10-fold smaller than that ob- plastocyanin bound to cy; f complex shown in Fig. 5 (&
tained after completion of the first phaselwff incorpora- 0.2 nmol m ?) that one plastocyanin molecule is bound to
tion (Fig. 4B). We will return to this again below. 2.3 = 0.6 monomeric cybg f complex molecules at the end

The molar ratio of the bound plastocyanin to that of cytof the second phase of incorporation. The simplest interpre-
bg f complex at the end of the second phase can be calcdation of this result is that two plastocyanin molecues are
lated in two ways. From the hyperbolic fit to the refractive bound to a dimeric form of thosk;f molecules that are
index data in Fig. 3, we can obtain a value for the refractiveoriented with their plastocyanin-binding sites facing the
index of the protein-buffer layer at a concentration of cytaqueous phase of the CPWR cell50%, assuming random
bg f complex of 8.4uM in the CPWR cell (i.e., at the end of insertion). We will return to this point again below.
the second phase of protein incorporation, which corre-
sponds to the maximum amountlgff used in these exper-
iments). Applying the Lorentz-Lorenz equat!on, we are therbISCUSSION
able to calculate a value for the mass oflayt incorporated
into the lipid membrane (11 nmol i%; see Table 2). Using The results presented above clearly indicate that during the
this and knowing the mass of bound plastocyanin (6 nmokecond phase of cyigf incorporation into a planar lipid
m~2 from Fig. 5), one obtains a ratio of 06 0.17. This  bilayer the protein-lipid layer undergoes major structural
ratio can also be calculated from the difference between thehanges. These alterations result in a lower mass density (as
amount of plastocyanin bound to the bare membrane anihdicated by a lower value of the average refractive index)
that bound to the membrane containing (Fig. 4C). This  and a lower degree of molecular order (as indicated by the
mass calculation is based on the fact that curve 2 in Fig. 4maller value of the anisotropy) than exist in the original
C represents the binding of plastocyanin to a smaller lipidipid membrane. In addition, the transition between the two
membrane surface than in the case of curve 1, because of tpbases involves cooperativity, as indicated by the sigmoidal
bgf complex that is incorporated at the end of the firstshape of the curves in Fig. B, and occurs within a rather
phase. Therefore, the difference between tthe values small range of protein concentration. Three possible mech-
obtained from the two curves in Fig.@ (50 nmol m ?), anisms can be suggested to account for these results: 1) a
mutiplied by the ratio of the surface area occupied by eaclprotein-induced phase transition within the lipid bilayer; 2)
molecule of plastocyanin~750 A?, as calculated from a bimodal association of cyi, f with the bilayer; 3) cyby f
curve 1 in Fig. 4C) to that occupied by a monomeric aggregation within the bilayer. We will discuss these in
molecule of cyth, f complex (2200 A from the x-ray data; turn.

Mosser et al., 1997), yields the mass of thd complex It is well known that lipid bilayers in the lamellar phase

incorporated into the lipid membrane. This gives®73.4  can undergo transitions that involve major in-plane struc-
nmol m~? of cyt bs f complex at the end of the second phasetural reorganizations (Kinnunen and Laggner, 1991; Is-
of incorporation, and yields a ratio of 0.35 0.07. This raelachvili et al., 1980; Hui and Sen, 1989; Tate et al.,
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1991). Decreasing the effective size of the polar headgroumactivation (Nugent and Bendall, 1987) and titration with
or increasing the effective size of the hydrocarbon chairspecific inhibitors (Rich et al., 1991) have indicated that the
region will increase the spontaneous curvature of the memfunctional unit is the monomer. On the other hand, although
brane; if this exceeds a critical energy barrier, it results inan active monomeric form of the spinach complex has
the transformation into a nonlamellar phase. In the contextecently been reported (Chain and Malkin, 1995), in most
of lipid-protein interactions, the degree of mismatch be-cases the monomeric form of tihgf complex from higher
tween the thickness of the hydrophobic region of the bilayeplants has been found to be much less active (four- to
and the length of the hydrophobic membrane-spanning ddfivefold, or even completely inactive) than the dimeric form
mains of an integral protein (Mouritsen and Kinnunen,(Chain, 1985; Huang et al., 1994). However, even with
1996) is thought to be an essential part of the energeticpurification methods that lead to isolation of dyf com-
involved in protein induction of a lamellar to nonlamellar plex in a predominantly dimeric form, it has been shown
structural transition. The hydrophobic length of the insertedhat the conversion of dimer to monomer occurs with time,
protein enforces a boundary condition on the lipid mole-with a rate dependent on ionic strength. The stability of the
cules, which have to adapt their conformational state as wellimeric cytbs f complex is increased at higher ionic strength
as their local composition to this boundary. (Huang et al., 1994), as has also been found for théocyt
Although hydrophobic matching offers a possible expla-complex (Nalecz and Azzi, 1985). There also seems to be at
nation for the structural changes observed during the secorldast a qualitative similarity between these two complexes
phase of cyb, f incorporation, there are some experimentalas far as the role of lipid is concerned. In both cases lipid
data that are somewhat difficult to interpret in this context.molecules stabilize the dimeric form of the complex. Lipid
For example, the structural changes can also be induced tanalysis has shown that20—30 lipid molecules are present
peripherally bound plastocyanin added at the end of the firsper dimer of the cythsf complex (Breyton et al., 1997;
phase ofbg f incorporation. Furthermore, the binding affin- Huang et al., 1994), as compared with the 40-50 molecules
ity of plastocyanin is markedly increased after the structurabf PC per cytochrome, required for maximum activity of
changes have occurred. thebc, complex. Furthermore, as Breyton et al. (1997) have
The second possibility involves two modesiiff com-  shown with the cybgf complex obtained fronChlamydo-
plex association with the lipid bilayer. This mechanism monas reinhardtjithere seems to be no specificity for lipid
presumes that during the first phase only peripheral bindingnolecules for stabilization of the dimer. In addition, they
of the dimer to the membrane occurs. The second phase théave shown that when the purifibgf complex was layered
would involve insertion of the dimer into the bilayer mem- onto a gradient containing 20 mM ®-(N-heptylcar-
brane. The process of incorporation of such a large dimeribamoyl)-methyle-p-glycopyranoside and 0.1 g/liter PC, it
complex can reorganize the bilayer in two ways: proteinsedimented as a mixture of dimeric and monomeric forms,
insertion will result in lipid dilution (i.e., lowering the lipid whereas in the presence of 0.2 mM dodecyl-Baltoside
mass and therefore decreasing lipid molecule packing derand no lipids, thebgf complex always remained in the
sity). Furthermore, the structural arrangement of lipid mol-dimeric form (Breyton et al., 1997). These latter observa-
ecules (due to dilution of the lipid and to protein-lipid tions seem to indicate that the presence of lipids shifts the
interactions) can change. Although these two effects cadimer-monomer equlibrium.
account for the changes in mass density and anisotropy Considering the above information and the fact that the
during the second phase of the bytf complex incorpora- purification of the bgf complex employed in this work
tion presented in Table 2, again there are other observationgelds the dimeric form of the protein, it is possible that
that cannot easily be accommodated by this model, i.e., thdilution of the complex into a lipid membrane results in
concentration dependence of the byt incorporation mode dimer dissociation and monomer incorporation into the bi-
and the influence of plastocyanin binding on this process.layer structure. Such incorporation would occur until the
The third explanation involves the enhancement by thegacking density of the inserted protein molecules reaches a
two-dimensional space of the membrane of the probabilityhigh enough level to allow sufficient interaction between
of formation of dimeric or oligomeric protein complexes protein molecules to lead to the formation of the dimeric
due to protein-protein interactions (Grasberger et al., 1986)state of the cytbsf complex. It is possible that the two
Such lipid-mediated protein aggregation is known to occumphases of cyt,f incorporation into the lipid membrane
(Mouritsen and Kinnunen, 1996), and both thd andbc,  observed herein are a consequence of these molecular pro-
complexes are known to dimerize. In the case ofltleg  cesses, and that the spectral changes occurring in the second
complex, it has been proposed that the equilibrium betweephase arise as a consequence of protein dimerization (note
monomer and dimer plays a role in regulating electronthat it is also possible to formulate this mechanism in terms
transport in vivo, with the dimeric form having the greater of a dimer-to-oligomer aggregation process, rather than a
(by a factor of 2—3) activity (Nugent and Bendall, 1987; monomer-to-dimer transition; inasmuch as we have no di-
Nalecz and Azzi, 1985; Schmitt and Trumpower, 1990).rect evidence to favor either of these alternatives, we will
Whether or not thdy; f complex is a functional or a struc- continue the discussion using the simpler monomer/dimer
tural dimer is still a matter of discussion (Cramer et al.,model). This interpretation is supported by the fact that the
1994a, 1996; Hope, 1993; Breyton et al., 1997). Radiatiorsecond phase of incorporation is governed by a sigmoidal
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curve (Fig. 1B, curves 2 and 3 suggesting that cooperat- ation (e.g., by including galactolipids). It will be especially
ivity is involved in this process; such nonlinearity can beimportant to examine the electron transport activity of the
associated with dimerization of the complex. Even strongecyt bg f complex over both phases of protein incorporation
experimental evidence for dimer formation during the sec-within a supported lipid bilayer, which can be accomplished
ond phase of protein incorporation comes from the experiby simultaneously measuring CPWR spectra and electro-
ments on binding of plastocyanin to a membrane containinghemical redox processes. Such studies are under way.
thebg f complex, i.e., the induction of structural changes by
plastocyanin and the increase in binding affinity after the _ _ . .

tructural changes have oceurred. These results can be si Sl{pported in part by National Science Foundation grant MCB-9404702 (to
S . g . o e % and GT) and National Institutes of Health grant GM-38323 (to WAC).
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