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SURFACE PLASMON RESONANCE
(SPR), an optical technique for surface
and interfacial studies, is widely used in
the biosensor, pharmaceutical, and ana-
lytical chemistry communities1–3. Solid-
state physicists have used it for many
years to characterize the structural
properties of thin metallic films and di-
electric coatings, and physical chemists
have used it to study metal-electrolyte
surfaces and Langmuir–Blodgett films.
Increasingly, this method is being used
to study membrane biochemistry and
biophysics4–7. The high sensitivity, sim-
plicity and rapidity of SPR methods are
particularly important for systems in
which the amount and stability of the
material are limiting factors – as is 
often the case in studies of biomem-
branes. These characteristics, as well as
recent technological developments that
extend the versatility of plasmon reso-
nance spectroscopy, offer a new and
powerful approach for investigation 
of structure–function relations in a 
wide variety of membrane-associated 
biological processes.

SPR methods require immobilization
of biomolecules at a solid surface.
Immobilization must not, of course,
alter the biochemical properties of
these systems. For the integral mem-
brane protein systems that have been
studied to date [cytochrome oxidase,

cytochrome b6f (cyt b6f ) and
rhodopsin], these properties do not 
appear to be altered (see below). In 
addition, the anisotropic two-dimen-
sional structures of proteolipid assem-
blies require the characterization both
of events parallel and of events perpen-
dicular to the plane of the membrane.
For example, energy transduction in-
volves electrical-charge transport
within and across membranes, which is
mediated by electron- or proton-trans-
locating integral membrane proteins.
Photon absorption by, or electron injec-
tion into, such proteins on one side of a
membrane establishes an electrochemi-
cal gradient across the membrane,
which, ultimately, can be converted
into chemical-bond energy. Similarly, in
signal transduction, an activation event
occurs on the exterior of the mem-
brane, is transmitted across the cell
membrane and, ultimately, causes a
change in the metabolic state of the
cell. The signal typically is manifested
as a conformational change in a recep-
tor. In many systems, this causes bind-
ing and activation of heterotrimeric G
proteins8–10.

Here, we focus on a new variant of
SPR – coupled plasmon-waveguide 
resonance (CPWR) spectroscopy –
which allows this method to be used to
characterize anisotropic membrane sys-
tems11–14. We review studies of two in-
tegral membrane systems involved 
in energy and signal transduction 
processes, cyt-b6f–plastocyanin and
rhodopsin–transducin, to illustrate this
approach.

Basic principles of plasmon resonance
spectroscopy

Plasmon resonance spectroscopy,
combined with techniques for forming
solid-supported proteolipid mem-
branes, allows kinetic, thermodynamic
and structural characterization4–6 of, po-
tentially, a wide variety of membrane
protein systems. Resonant excitation by
photons of collective electronic oscil-
lations (plasmons) in a thin metallic film
(usually gold and silver) provides a
source of an evanescent electromag-
netic field, which can probe the optical
properties of materials in direct contact
with the plasmon-generating medium.
The amplitude of the plasmon electro-
magnetic wave is maximal at the inter-
face between the plasmon-generating
and the emergent medium (usually air
or water or, in this case, a proteolipid
film in contact with water; see Fig. 1a).
Furthermore, plasmons are generated
only when the following criteria are met:
(1) the light is incident at or above the
critical angle corresponding to total in-
ternal reflection; (2) the energy and mo-
mentum of the excitation light and of
the surface plasmon waves are matched
(i.e. in resonance). Maxwell’s equations
show that the resonance interaction is
controlled by the dielectric constants of
the thin film and the emergent medium.
Note that, in conventional SPR, plas-
mons are generated by only the p-polar-
ized component of the excitation light
(where the p and s components have
their electric vectors perpendicular and
parallel to the film surface, respectively;
see Fig. 1a).

Resonance is achieved either by vary-
ing the incident-light wavelength (l) – or
the frequency (v) – at a fixed angle (a)
at or above the critical angle or by vary-
ing a at a fixed l. Because the resonance
coupling generates electromagnetic
waves at the expense of incident-light
energy, the intensity of reflected light is
diminished [see the blue, green and red
curves in Fig. 2 (the black curves show
the amplitudes of the evanescent fields
associated with these resonances at the
surface of the plasmon-generating
medium)].

Inasmuch as the intensity of the plas-
mon electric field is maximal at the
metal–emergent-medium interface and
decreases exponentially away from the
interface5,12,13, the resonance is sensitive
only to the optical properties of ma-
terials in direct contact with the active
surface and is not affected by the bulk
properties of the medium. These char-
acteristics are the basis for use of SPR
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as a highly sensitive tool for probing
processes that occur at surfaces or in-
terfaces, or within thin proteolipid films
immobilized at the plasmon-generating
surface.

As in the case of other optical meas-
urements, SPR can be performed in ei-
ther kinetic or spectroscopic modes. In
the simpler, kinetic mode, changes in re-
flected-light intensity are monitored at a
single point of the resonance spectrum,
as a function of time; this allows real-
time analysis of binding processes15

(see Boxes 1 and 2). The spectroscopic
mode involves measurement and analy-
sis of the entire resonance spectrum,
with respect to line-shape changes, as a
function of time. In this more detailed
mode, SPR allows both analysis of bind-
ing processes and characterization of
the structural features of an interface4–6.

SPR spectra can be described by
three parameters: a (or l); the spectral
width; and the resonance depth (Fig. 2).
These depend on the following three
properties of the plasmon-generating
and emergent media (see Fig. 1a): the re-
fractive index (n); the extinction coeffi-
cient (k); and the thickness (t). Note 
that both n and k are wavelength depend-
ent. Thin-film electromagnetic theory
based on Maxwell’s equations provides
an analytical relationship between the
spectral parameters and the optical
properties of the film16. This allows evalu-
ation of n, k and t uniquely by non-linear
least-squares fitting of a theoretical
spectrum to the experimental one5,6.
Using a multilayer model (see Box 1),
one can characterize individually the
parameters of the resonance medium, 
a deposited proteolipid membrane 
and protein molecules bound to the
membrane surface.

Note that measurements of light in-
tensity as a function of time cannot be
interpreted simply when the materials
immobilized on the SPR device have an
anisotropic structure – for example, as
in the case of proteolipid membranes
(see Boxes 1 and 2). In these systems,
binding to the surface usually causes
changes in optical anisotropy (i.e. in
molecular orientation); thus, measure-
ments of mass changes must include a
full spectroscopic analysis of resonance
curves that are obtained both with light
polarized parallel to and with light po-
larized perpendicular to the optical axis
of the anisotropic system14 (see Box 1).
Recently developed CPWR devices11–14

allow such analyses to be performed.
Interpretation is simplified when the
system under investigation is isotropic.
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(a) The active inter face of a
conventional sur face plas-
mon resonance (SPR) device.
A thin metal film (which has a
dielectric constant e1) is de-
posited on a transparent sub-
strate (a glass prism with di-
electric constant e0); the film
is in contact with an emer-
gent medium (which has a di-
electric constant e2). The lat-
ter can be air, water or a
proteolipid membrane. The
optical excitation of plas-
mons is possible only when
the energies and momen-
tums of photons and those of
the sur face-plasmon electro-
magnetic waves are
matched. This requirement
can be achieved by an
evanescent wave, which is
generated only under condi-
tions of total internal reflec-
tion by the p-polarized compo-
nent of incident light of
wavelength λ. In p polariz-
ation, the electric vector is
parallel to the incident plane,
which, for large incident an-
gles, becomes perpendicular
to the film plane; in s-polar-
ized light, the electric vector
is perpendicular to the inci-
dent plane (i.e. parallel to the
film plane). For plasmon exci-
tation, the p-polarized x com-
ponent (i.e. the component
parallel to the metal inter-
face) of the incident-light-
wave propagation vector (kx,p)
must match that of the evanes-
cent surface-plasmon electro-
magnetic wave (kSP) – that 
is, kx,p 5 kSP {where kx,p 5
(v/c).ε0

1/2 sina, and kSP 5
(ω/c)(ε1p.ε2p/(ε1p 1 ε2p))}. v is
the frequency of both the excita-
tion light and the surface plas-
mon wave; c is the velocity of
light; a is the incident angle;
ε0, ε1p, and ε2p are the p com-
ponents of the complex di-
electric constants for the en-

trant, plasmon-generating and emergent media, respectively. For each of the media, the
complex dielectric constant is directly related to the complex index of refraction (N;
where N 5 n – ik and i 5 Ï21) by the following relationship: ε 5 N2 (where n is the re-
fractive index, and k is the extinction coefficient). Thus, the resonance condition can be
achieved by varying either α with constant l, or vice versa. At resonance, the incident
light is coupled to plasmon waves travelling along the outer, active (metal) sur face. This
results in transfer of energy from photons to plasmons, which yields a sharp minimum in
the reflectance (as a function either of a or of l); this phenomenon is known as SPR.
Given that SPR can only be achieved with p-polarized light, plasmon-wave generation re-
flects only the p components of the optical parameters (i.e. np and kp). (b) Geometry em-
ployed for conventional SPR and coupled plasmon-waveguide resonance (CPWR) spec-
troscopy studies of proteolipid membranes. A CPWR device contains a glass prism
coated with a 55-nm-thick silver layer, on top of which a 450-nm SiO2 layer is deposited.
A conventional SPR resonator does not include the SiO2 film. (c) Enlargement of the
boxed region in (b), showing a lipid bilayer that contains incorporated rhodopsin.
Rhodopsin is in contact with an adsorbed layer of water on the sur face of the SiO2 film
and interacts with the G protein transducin.
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Only for such systems do the values of n
and k obtained from conventional SPR
spectroscopy [which correspond to np
and kp (the subscripts s, p and av denot-
ing the parallel, perpendicular and aver-
age values of parameters, respectively)]
directly monitor the alterations in the
mass distribution on the sensor surface.
In contrast, for anisotropic structures in
which the optical axis is parallel to the
p-polarization direction, np will always be
larger than either ns or nav (i.e. np . nav .
ns). This distinction has not always been
appreciated in the literature7 and is 
reminiscent of the situation in early
NMR studies of membranes17. Further-
more, changes in either np or ns do not
necessarily reflect alterations in the ab-
solute mass of the system: they can be
partly (or even totally) a result of
changes in anisotropy.

Conventional SPR and CPWR plasmon
devices have the same general features
but quite different characteristics (see
Fig. 2). 

(1) CPWR, by measuring resonances
with both p- and s-polarized excitation,
allows direct measurement of the
anisotropic optical properties of
biomembranes as well as of other types
of structured films (see Fig. 1a and
Boxes 1 and 2). 

(2) The line widths of CPWR are much
narrower than those of conventional

SPR (Fig. 2); therefore, sensi-
tivity and spectral resolution
are significantly enhanced. 

(3) In the CPWR device,
the thin metallic film is cov-
ered with a much thicker di-
electric overcoating (Fig. 1b).
This functions as an optical
amplifier, a mechanical and
chemical shield for the metal
layer, and a surface that al-
lows a variety of molecular-
immobilization strategies.

Application of coupled plasmon-
waveguide resonance
spectroscopy to anisotropic
proteolipid films

CPWR allows evaluation of
structural changes parallel to
and structural changes per-
pendicular to the membrane
and, therefore, permits stud-
ies of structure–function re-
lationships in anisotropic
proteolipid systems. CPWR
experiments can character-
ize in detail the binding and
structural events [i.e. alter-
ations in membrane thick-
ness, molecular orientation (which is
described by the anisotropy in n) and
the orientation of individual chro-
mophores covalently attached to mol-

ecules within the membrane (which is
described by the anisotropy in k)] that
occur during membrane function (see
Boxes 1 and 2). 
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Figure 2
Theoretical surface plasmon resonance (SPR) and
coupled plasmon-waveguide resonance (CPWR) spec-
tra for either reflected light intensity (blue, green and
red plots) or the normalized electric field amplitude
(black plots) generated by plasmons at the outer sur-
face of an SiO2 film (see Fig. 1b,c). These are plotted
as a function of incident angle. For CPWR, both s- and
p-polarized spectra are shown. Curves are calculated
for a constant value of the exciting-light wavelength (l 5
632.8 nm). For the silver layer, thickness (t) 5 55 nm,
refractive index (n) 5 0.067, and extinction coefficient
(k) 5 4.05. For the SiO2 film, t 5 450 nm, n 5 1.4571
and k 5 0. a.u., arbitrary units. 

Box 1. Structural interpretation of optical parameters obtained from plasmon resonance spectroscopy

In conventional surface plasmon resonance (SPR), the influence of the optical parameters of the emergent medium (which has a refractive
index np, an extinction coefficient kp, and a thickness t) on the characteristics of the plasmon resonance spectrum is described by classical
electromagnetic theory of thin films16. The number of measured parameters (i.e. position, width and depth of the curve) equals the number of
unknown optical parameters. Hence, one can uniquely determine the latter from the spectra by fitting a theoretical resonance curve to the 
experimental curve and, therefore, calibrate a plasmon-generating device. One can then obtain the parameters of a lipid film deposited on the
outer surface from a multilayer model4–6, using the optical parameters from the initial calibration. Incorporation of a protein (such as
rhodopsin) into the lipid bilayer generates a new SPR spectrum, which is again analysed by application of a multilayer model. In fitting the SPR
spectra obtained after the binding of a soluble protein, such as transducin, to the proteolipid layer, we assume that the protein forms a separate
layer at the aqueous interface26.

The n and k parameters also include information about the molecular organization of the system. For an anisotropic system whose unique
optical axis is parallel to the p-polarization direction (Fig. 1a), the square of the average value of the refractive index (nav) is related to the
squared values of n obtained in both the p and the s polarizations: nav

2 5 (np
2 1 2ns

2)/3. These values are available from coupled plasmon-
waveguide resonance (CPWR) spectral measurements (see text). The refractive-index anisotropy directly reflects the mass density (d): d 5
ML 5 M/A((nav

2 2 1)/(nav
2 1 2)). In this expression, M is the molecular weight; L is the number of moles of substance per unit volume, and

A is the molar refractivity of the material. Similarly, the average value of the extinction coefficient (kav) is directly proportional to the mass den-
sity (as expressed by the Lambert–Beer law). Note that kav is related to the absorption coefficient (β), which describes the absorption of light
of wavelength l per unit of absorbing-substance thickness5: k 5 b(Cl/4p). C represents concentration.

The degree of molecular order is characterized by either the refractive-index anisotropy (An), which is related to the mean polarizabilities along
the p- and s-polarization vectors, or the absorption anisotropy (Ak), which is defined by the degree of order of molecular segments containing
chromophore groups that absorb at the excitation wavelength. The structural anisotropy of proteolipid systems is the result of a preferred orien-
tation of the elongated molecules comprising the membrane11,14. An is proportional to the degree of molecular order, which is defined by the
order parameter (S): S 5 (3<cos2u> 2 1)/2. In this equation, u is the tilt angle of the molecular principal axis relative to the surface normal,
and <cos2u> is the angular average over the tilt-angle distribution of the molecular main axis in relation to the membrane surface normal. The
absorption anisotropy is the result of the different values of the extinction coefficient that are obtained with either p or s polarization. Thus, light
polarized parallel to the transition-dipole vector has a maximum probability of absorption, whereas light polarized perpendicular to the transition-
dipole vector is not absorbed. 

There are two situations in which the absorption anisotropy can provide useful information. (1) If the molecules are macroscopically aligned,
which is the case for proteolipid membranes, then the orientation of transition dipoles can be determined with respect to the molecular co-
ordinates. (2) When the orientation of a transition dipole with respect to the molecular coordinates is known, then the anisotropy provides 
information on the orientation of the molecule with respect to the symmetry axis of the sample.
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CPWR spectroscopy has several dis-
tinct advantages over other techniques.

(1) The detection method is quite
simple, involving only determination of
reflected-light intensity, which can be
performed in either time-resolved or
steady-state modes.

(2) The high sensitivity of the CPWR
technique (mass sensitivity < 0.5 pg
mm22) allows optical parameters to be
evaluated precisely for a single proteo-
lipid layer that has a surface area of 
<1 mm2.

(3) One can obtain averaged values
for n and k (see Box 1); these character-
ize the mass and molecular orientation
of material contained in an anisotropic
film and can be used independently to
monitor the thermodynamics and ki-
netics of binding processes and the ac-
companying structural changes.

(4) Optical parameters can be evalu-
ated over a wide range of values of l;
binding events that involve different

membrane components can therefore
be measured independently by site-
specific chromophores attached both 
to protein and to lipid molecules.

CPWR can be applied to signal trans-
duction systems, such as light acti-
vation of rhodopsin (see Figs 1c and
3)18. Figure 3 shows a highly schematic
diagram of the structural changes that
occur in the three components: (1) the
chromophore (which is analogous to
the bound ligand in other signal trans-
duction systems or to a redox center in
an energy-transducing protein); (2) the
intra- and extra-membrane regions of
the receptor; and (3) the lipid bilayer in
which the receptor is situated. Also
shown is the binding of transducin to
the receptor following light activation.
Activation of the receptor appears to
cause conformational changes that are
sensitive to the lipid-bilayer environ-
ment19 and cause exposure of recogni-
tion sites for the G protein on the cyto-

plasmic surface of the membrane. We
propose that these processes can be
characterized by CPWR spectroscopy
through time-resolved analysis of the
resonance-spectrum line shapes.

The combination of site-specific chro-
mophore labeling (see Fig. 3) and CPWR
allows the anisotropies in n and k to be
measured in the same sample over a va-
riety of wavelengths. This can provide
information about the mass changes
cause by binding of ligand and G protein
to the receptor, as well as about conse-
quent changes in the shape and orien-
tation of the receptor and the surround-
ing lipids. Furthermore, changes in
orientation of specifically labeled sub-
domains of the receptor (e.g. the inter-
helical loops of rhodopsin, which interact
with transducin after rhodopsin pho-
toactivation20–22) can be observed. In ad-
dition, attachment to a receptor of chro-
mophores that have different spectral
properties allows detection of internal

Box 2. Evaluation of binding parameters from coupled plasmon waveguide resonance spectra

For a pure substance, the mass (m) of an adsorbed layer of thickness t can be calculated from the following relationship: m 5 dt [where the
mass density (d) is obtained from the average value of the refractive index, as indicated in Box 1]. However, such a simple mass calculation be-
comes more complicated when a surface layer is formed from a mixture of substances. Under such conditions one has to use a refractive-index
value that reflects contributions from all of the materials present. This can be done with the Lorentz–Lorenz relationship, which describes the
refractive index of such a mixture4–6. If one assumes an ideal mixture of two substances (e.g. pure lipid or pure protein, both of which have similar
refractive indices, and buffer), one can then calculate a surface mass density of lipid or protein. 

Alternatively, m can be evaluated by a simplified expression: m 5 (n 2 n0).t/(dn/dC), where n0 is the refractive index of the buffer, and C is
the buffer concentration of the adsorbed material. This relationship constitutes the basis for kinetic binding measurements from conventional
surface plasmon resonance (SPR)1–3,15,32,33. However, this approach makes two assumptions, which have important consequences that limit its
applicability. First, the relationship assumes that the refractive-index increment (dn/dC) is constant over the concentration range. Second, it as-
sumes that the average value of n is equal to the value obtained with the p-polarized component of exciting light (as measured with conventional
SPR), which strictly is only valid for isotropic systems (see text and Box 1). In conventional SPR, calculation of mass changes, and therefore an
accurate description of binding processes, can only be obtained for anisotropic systems by line-shape analysis of the resonance spectrum.
However, there is still some approximation, because only np is considered. CPWR solves this problem: optical parameters can be measured for
both p- and s-polarized-light components and, therefore, both the mass and the anisotropy of the system can be analysed (see Box 1).

p
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complex

Transducin

Transducin

Figure 3
Conformational and mass-distribution changes in lipid and protein molecules during activation of the G-protein-coupled visual pigment
rhodopsin26. Phototransformation to metarhodopsin II is followed by the binding of transducin. Purple and green rectangles represent labels at-
tached to lipid and protein molecules, respectively. Changes in the orientation of chromophores bound to the various constituents are indicated.
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reorientations. G proteins can
also be labeled, which allows
visualization of the structural
changes that take place during
activation. Finally, alterations
in protein structure can be
correlated with changes in the
structure of the bilayer,
through use of lipid probes, in
order to characterize the role
of the lipid components in
modulation of protein
function17,23.

Specific examples of applications
of plasmon resonance to
membrane proteins

Application of plasmon res-
onance techniques to mem-
brane protein systems is still
at an early stage, and we have
yet to exploit the full potential
of this novel experimental ap-
proach. We applied the method
to bovine rhodopsin24,25 and 
to two integral membrane 
proteins involved in energy
transduction processes: cyto-
chrome c oxidase4–6 and cyt b6f
(Ref. 14). We investigated the
incorporation of cyt b6f into a
lipid bilayer and the subse-
quent formation of complex between cyt
b6f and its physiological partner, plasto-
cyanin (see Fig. 4). Incorporation of cyt
b6f into a lipid membrane proceeds in
two stages, which are characterized ini-
tially by positive shifts and then by
negative shifts in the resonance positions
as the protein concentration increases.
By evaluating both s- and p-polarized
components of the optical parameters,
we demonstrated that the anisotropic
structure of the lipid membrane alters –
there are changes in both lipid mass (m)
and refractive-index anisotropy (An). On
the basis of these studies, we have pro-
posed a mechanism for cytochrome
binding that involves initial insertion of
protein monomers and, subsequently,
formation of dimeric structures at
higher concentrations. We have also
shown that plastocyanin can bind to the
proteolipid membrane in three different
ways: to cyt b6f, during both the first 
and second phases of protein incorpo-
ration, and nonspecifically to the lipid
membrane. Plastocyanin binds more
strongly to the cytochrome dimer than
to the monomer, which allows the sec-
ond phase to proceed at lower protein
concentrations.

Our laboratory first applied plasmon
resonance spectroscopy to a membrane

receptor system in studies of bovine
rhodopsin24. We used conventional SPR
in a steady-state spectroscopic mode,
including line-shape analysis, to charac-
terize incorporation of rhodopsin into
an egg phosphatidylcholine bilayer sup-
ported on a silver film, and followed
light activation of the receptor, and the
interaction between the receptor and
transducin24,25.

Figure 5a shows typical SPR spectra
for incorporation of rhodopsin into the
bilayer. By fitting theoretical curves to
these data, we evaluated the optical pa-
rameters of the rhodopsin-containing
proteolipid film (see Box 1). Note that,
because these were conventional SPR
measurements, we could determine
only np. Consequently, we could not ob-
tain information about molecular orien-
tation and had to use a modified version
of the Lorentz–Lorenz equation (see Box
1), in which nav was replaced by np, for
mass calculations. CPWR now allows us
to go beyond these limitations in future
research.

A plot of the mass of rhodopsin incor-
porated (which was calculated from the
values of np and t obtained from the fit-
ting procedure) against the total con-
centration of protein in the aqueous
compartment (Fig. 5a) indicates that in-

corporation was essentially complete at
,5 mM rhodopsin. The apparent binding
constant was 3.2 mM. By extrapolating to
infinite rhodopsin concentration, we es-
timate that a rhodopsin molecule occu-
pies an average surface area of 1260 Å2

at saturation. This value agrees with val-
ues for rhodopsin dimensions deter-
mined by other techniques26–28 and indi-
cates that the use of np as an
approximation does not introduce a
large error into the mass calculation.

The effect of activation of rhodopsin
by multiple flashes of 500-nm-wave-
length light (which converts rhodopsin
into metarhodopsin II) on the SPR spec-
trum is shown in Fig. 5b. The magnitude
of the light-induced shift in the SPR
spectrum varied with pH in a manner
that parallels that in analogous flash-
photolysis experiments (see insert in
Fig. 5b), which monitor formation of
metarhodopsin II directly19,29. On the
basis of the line-shape analysis, we con-
cluded that light activation of rhodopsin
results in elongation of the protein,
which, presumably, occurs because the
interhelical loops become more ex-
posed. We suggest that the protein 
protrudes further from the membrane,
carries lipid molecules along with it 
and, consequently, causes membrane
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Figure 4
(a,b) Coupled plasmon-waveguide resonance (CPWR) spectra obtained for a supported phosphatidyl-
choline membrane before (curve 1) and after (curve 2) completion of the initial phase of cytochrome
b6f (cyt b6f) incorporation. Plots for p-polarized (a) and s-polarized (b) light are shown. These data
clearly illustrate that CPWR spectroscopy can measure refractive-index anisotropy. Dotted plots indi-
cate theoretical fits. (c) Biphasic p-polarized resonance shift as a function of the amount of cyt b6f
added to the sample cell. Lines through the data points represent hyperbolic (phase 1) and sigmoidal
(phase 2) components, respectively. The reversal of the shift direction that occurs during phase 2 re-
flects structural alterations in the proteolipid membrane, which are indicated by changes in lipid mass
density (m) and anisotropy values (An). For the first phase, m 5 8.5 mmol m22 and An 5 0.062. For the
second phase, m 5 4 mmol m22 and An 5 0.036. a, incident angle.
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curvature; presumably, recognition sites
for transducin binding become further 
exposed (see Fig. 3). Such an inter-
pretation is consistent with other 
evidence21,22,30,31.

SPR has also been used for direct
monitoring of the interaction between
rhodopsin and transducin. Northup32

used kinetic SPR methodology to
demonstrate that the a subunit alone
does not bind to immobilized
rhodopsin. However, this subunit does
interact with the surface-bound com-
plex formed by rhodopsin and the trans-
ducin bg subunits. We have also used
conventional SPR to monitor the spec-
tral changes caused by binding of trans-
ducin to rhodopsin prior to photolysis25

(see Fig. 5c). Transducin binds tightly 

(K < 60 nM), and cooperatively, to dark-
adapted rhodopsin in the lipid bilayer to
form a closely packed film. Multilayer-
model analysis (see Box 1) yields a 
calculated average thickness of ,57 Å
for the transducin layer – a value that is
in good agreement with crystallo-
graphic data. Further changes in the
SPR spectra are characteristic of light
activation and subsequent GTP–GDP 
exchange. Recently, Heyse et al.33 meas-
ured rhodopsin–transducin interactions
by using conventional time-resolved
SPR. Despite significant differences in
the experimental protocol, their results
were similar to those obtained in 
the earlier studies; this lends further
credence to the approach and to the
conclusions drawn.

Concluding remarks
SPR spectroscopy is clearly a useful

tool for investigating the biochemistry
and biophysics of membrane proteins,
although such applications are still at an
early stage. We hope that our descrip-
tion of recent improvements in plasmon
resonance technology will stimulate fur-
ther progress towards understanding 
of a wide variety of anisotropic mem-
brane assemblies in which bilayer lipids
and integral membrane proteins are
coupled.
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Figure 5
(a) Surface plasmon resonance (SPR) spectra obtained at pH 4.5 for a
phosphatidylcholine bilayer deposited on a silver film (curve 1), and spec-
tra (curves 2 and 3) obtained after two incremental additions of rhod-
opsin (3 mM and 7 mM, respectively). The insert shows the surface den-
sity of rhodopsin in the bilayer as a function of the protein concentration
in the aqueous compartment of the SPR cell24. (b) Curve 1 corresponds
to curve 3 from (a); curve 2 was obtained after illumination of the sample
by several saturating flashes of yellow light, which causes formation of
metarhodopsin II. Filled circles represent theoretical fits (see Box 2). The
data are plotted on an expanded incident-angle scale to demonstrate
both the shift of the resonance minimum and the precision of the fitting
procedure. The insert shows the pH dependence of the changes in the
SPR resonance angle that are obtained after light irradiation (closed 
circles). For comparison, the absorbance changes (normalized at pH 5.0)
obtained upon flash photolysis of phosphatidylcholine vesicles containing
rhodopsin (crosses) are also shown19. (c) SPR spectra obtained for a
dark-adapted rhodopsin–phosphatidylcholine membrane before (curve 1)
and after addition of 40 nM (curve 2) and 160 nM (curve 3) transducin to
the aqueous compartment of the SPR cell. The dotted plots represent
theoretical fits to curves 1 and 3. The insert shows the dependence of
the surface coverage due to transducin, which is bound to the rhodopsin-
containing membrane in the dark, on the protein concentration in the
aqueous compartment of the SPR cell25. a, incident angle.



ATHEROSCLEROSIS IS A common form
of cardiovascular disease and the most
frequent cause of death in western coun-
tries. A feature of atherosclerosis is the
accumulation of cholesterol beneath the
intact endothelium-lining blood vessels.
The accumulating cholesterol is derived
from lipoproteins, primarily low-density
lipoprotein (LDL), and resides both out-
side and within cells located in the sub-
endothelial space. Uncontrolled accumu-
lation of cholesterol causes cells to
become lipid laden (foamy). Indeed, the

presence of ‘foam cells’, most of which are
derived from macrophages, is a hallmark
of early atherosclerosis and contributes
to the progression of the disease (Box 1).
However, exposure to LDL normally does
not convert macrophages and other cells
into foam cells, because cellular choles-
terol homeostasis is controlled tightly at
the level of the expression of the LDL 
receptor, a protein that is responsible for
recognition of apolipoprotein B-100 and
hence uptake of the lipoprotein1.

In contrast to uptake of normal LDL,
however, uptake of chemically or physi-
cally modified forms of the lipoprotein
can be uncontrolled, which can lead to
foam-cell formation1. Recent research
has focused on the possibility that 

oxidation is a post-translational modifi-
cation of the lipoprotein2–4. As a result,
there has also been an increasing inter-
est in vitamin E, and its role in LDL oxi-
dation and atherogenesis, because its
most active form, a-tocopherol (a-TOH),
is regarded as the major lipid-soluble
antioxidant in humans5. Indeed, among
the eight different forms of vitamin E, a-
TOH is selectively retained in the body
and secreted by the liver as an integral
component of very low-density lipo-
protein, the precursor of LDL. Thus, a-
TOH is strategically located next to 
and reaches extra-hepatic tissues in-
cluding the vascular wall together with
cholesterol-containing lipids of LDL.

The oxidation theory of atherosclerosis
The oxidation theory2 is now a preva-

lent hypothesis of atherogenesis: the
formation of oxidized LDL (oxLDL) in
the subendothelial space is thought to
play a causative role, and antioxidants
are therefore potential anti-atherogenic
compounds. The oxLDL has many pro-
atherogenic activities (Box 1)2–4. For 
example, mouse macrophages take up
oxLDL in an uncontrolled manner, and
this can lead to foam-cell formation.
Several different types of receptor, 
referred to as scavenger receptors, might
be involved in this process6. The expres-
sion of at least some of these receptors
is upregulated by oxLDL in vitro, in vivo7

and in foam cells in human lesions8. In
addition, class A scavenger receptors
play a pathogenic role in atherogenesis
in mice9. This is consistent with, although
does not prove, the hypothesis that
oxLDL causes atherosclerosis.
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TALKING POINT

The ambivalence of vitamin E in
atherogenesis

Roland Stocker
The early events in atherogenesis might be due to the oxidation of low-
density lipoprotein. The antioxidant vitamin E, therefore, has received
much attention as a potential anti-atherogenic agent. Recent mechanistic
studies of the early stage of lipoprotein-lipid oxidation show that the role of
vitamin E in this process is not simply that of a classical antioxidant.
Unless additional compounds are present, vitamin E can have antioxidant,
neutral or pro-oxidant activity. This more complex function is reflected in
the results of vitamin-E-intervention studies of atherosclerosis in animals
and of controlled prospective trials on the incidence of cardiovascular 
disease in humans, which, overall, are inconclusive.
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