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Abstract

Plasmon-waveguide resonance (PWR) spectroscopy has been used to study the interactions between ligands that correspond to inhibitors,
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ctivators or substrates and three integral membrane proteins representing potential drug targets; cyclooxygenases 1 and 2 (CO
ntegrin �V�3, and hepatitis C virus RNA polymerase. The proteins were incorporated into an egg phosphatidylcholine bilayer
nto the surface of the PWR resonator, and changes in the amplitude and position of the PWR spectra due to mass density in
onformational transitions have been used to characterize the kinetics and binding affinities corresponding to these interactions. A
artition of COX-2 into the bilayer was not as efficient as was the case with the other two proteins, sufficient protein could be inc

o allow ligand binding to be observed. It was also possible to incorporate COX-1 into a lipid bilayer by adding a suspension of m
embrane fragments containing this enzyme to a preformed bilayer, and to observe binding of an inhibitory ligand. The interaction

ntegrin�V�3 and two ligands with different in vivo efficacies could be distinguished by both spectral measurements and binding
n the case of the RNA polymerase, the kinetics of PWR spectral changes upon adding a substrate solution to an enzyme–templ
ere consistent with those obtained from direct measurements of enzymatic turnover. These experiments demonstrate the uti
pectroscopy to provide novel information regarding drug interactions with membrane proteins in a lipid environment and to d
onformational changes induced by binding of various drug molecules.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Previous work from this laboratory[1–5] has utilized a
ecently developed spectroscopic method called plasmon-
aveguide resonance (PWR) to investigate ligand and G-
rotein binding to members of the superfamily of 7-

Abbreviations: COX, cyclooxygenase; MBD, membrane binding do-
ain; PGs, prostaglandins; Tx, thromboxanes; NSAIDs, non-steroidal anti-

nflammatory drugs; DMSO, dimethyl sulfoxide; Tris, tris(hydroxymethyl)
minomethane; HCV, hepatitis C virus; PWR, plasmon-waveguide
esonance
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transmembrane helix GPCRs (�-opioid and�2-adrenergic
receptors). PWR is able to determine binding constants
to characterize conformational states, with high sensit
and without the need for radioactive or fluorescent lab
These experiments have provided new insights into the
tional mechanisms of these integral membrane protein
well as demonstrating the potential usefulness of this t
nique in drug discovery. In the present studies, this metho
ogy has been applied to members of three additional typ
membrane-associated proteins, a monotopic enzyme h
amphiphilic helices that attach it to one face of the lipid
layer (cyclooxygenases 1 and 2, COX-1 and -2), an enz
with a single C-terminal transmembrane helix anchorin

731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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to the membrane (hepatitis C virus RNA polymerase), and a
receptor having two transmembrane helices (integrin�V�3).
This extends the range of potential drug targets for which use-
ful new information can be obtained by PWR spectroscopy.

Prostaglandin H2 synthases (PGHS), also known as cy-
clooxygenases (COX), catalyze the first committed step in the
biosynthesis of prostaglandins (PG) and thromboxanes (Tx)
via the bis-oxygenation of arachidonic acid. They are the
pharmacological targets of non-steroidal anti-inflammatory
drugs (NSAIDs)[6]. The inhibition of COX-2 derived PG
production is thought to be responsible for the anti-pyretic,
anti-inflammatory, and analgesic properties of NSAIDs and
is, therefore, of great interest to the pharmaceutical industry.

Integrins are a class of heterodimeric cell surface recep-
tors that mediate cell adhesion and migration, activation of
intracellular kinase cascades, and gene transcription[7,8].
They have been implicated in the progression of a variety
of diseases and hereditary disorders[9]. The dimeric unit is
comprised of an� subunit of approximately 180 kD and a
� subunit of approximately 90 kD. Each of these subunits
are products of larger gene families which can associate to
form distinct heterodimeric pairs. The� and� subunits are
non-covalently linked integral membrane proteins that fold
to form a large extracellular ligand binding domain[10,11].
Two transmembrane helices, contributed by each of the dif-
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ular basis of HCV NS5B-catalyzed nucleotide incorporation
and subsequently the mechanistic characterization of the in-
hibitors.

In the work to be described further, PWR is able to detect
spectral shifts accompanying ligand, substrate, or inhibitor
binding to the purified membrane proteins studied here and,
in the case of COX-1, to microsomal membrane fragments
following incorporation of these materials into an egg phos-
phatidylcholine bilayer deposited onto the resonator surface.
Binding occurs within concentration ranges consistent with
the known affinities of the various interactions. Examples will
be given of dose–response curves and of the kinetics of the
events associated with the binding processes and with enzy-
matic turnover. The results demonstrate the utility of PWR
in investigating these systems.

2. Materials and methods

2.1. Materials

Hematin and all standard buffer reagents were obtained
from Sigma Chemical (St. Louis, MO). COX-1 from sheep
seminal vesicles and recombinant murine COX-2 were pu-
rified as described previously[19]. The COX inhibitors,
C Pen-
n res
a in
D

Fig. 1. Structures of ligands used in the present study.
erent subunits, serve to anchor the receptor to the m
rane. A relatively small cytosolic domain serves to med
idirectional signaling, from the extracellular surface to
ytoplasmic interior (so called “outside-in”) as well as fr
he cell interior to the extracellular environment (“inside-o
12]). The latter of these reflects the activation state of the
nd serves to increase the integrin’s affinity for extracel

igands.
The hepatitis C virus (HCV) is an enveloped posit

tranded RNA virus belonging to theFlaviviridaefamily [13]
hat is replicated in the cytoplasm of the infected cell
inus-strand RNA intermediates. HCV is a major causa
gent of sporadic and transfusion-associated liver dis
he genome composed of 9600 nucleotides encodes

east 10 different cleavage products, three structural pro
nd six non-structural proteins. One of the non-structural

eins (NS5B) of the HCV is an RNA-dependent RNA po
erase essential for replication of the viral genome[14,15]
nd is one of the main potential targets for anti-HCV age
nzymatic functions residing in the HCV non-structural p

eins have become the focus of intensive research in sea
fficient antiviral therapies. Recently published crystal st

ures of the HCV NS5B indicates that this enzyme ad
unique overall structure with a fully encircled active

avity rather than an open form like human immunov
ype 1 (HIV-1) or other polymerases[16–18]. Initiation of
ucleotide polymerization is the most complex process
olymerase cycle. Polymerases use a variety of strategi

nitiation, including protein priming, oligonucleotide exte
ion and de novo initiation. Detailed kinetic information
xpected to play a crucial role in understanding the mo
elecoxib and SC-560, were prepared as described by
ing et al. [20] and supplied as solids. Their structu
re shown inFig. 1. Inhibitor stocks were prepared
MSO. The human integrin,�V�3, was obtained from
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Chemicon International Inc., (Temecula, CA) and was used
without further purification. The hexapeptides, H3N-Gly-
Arg-Gly-Asp-Ser-Pro–COOH and H3N-Gly-Arg-Ala-Asp-
Ser-Pro–COOH, were obtained from EMD Biosciences Inc.
(San Diego, CA). The small-molecule antagonists for the
�V�3 integrin, SC-103 and PHA-898, were provided by the
Pfizer Medicinal Chemistry Department as the hydrochloride
salts. Their structures are provided inFig. 1.

Recombinant full length NS5B polymerase with a C-
terminal 6-His tag was expressed using the baculovirus Sf9
cell system[15]. Purified protein was a kind gift from Phar-
macia (Kalamazoo) and used without further purification.
The polymerase was solubilized using 2% CHAPS deter-
gent and purified using immobilized nickel affinity chro-
matography. Catalytic functionality of the full-length RNA
polymerase was demonstrated using a homo-polymeric RNA
template, as well as a hetero-polymeric RNA template, us-
ing the assay method described by Luo et al.[21]. The syn-
thetic RNA hetero-polymer consisted of a random sequence
of 32 nucleotides and was designed to be devoid of secondary
structure. A mixture of GTP, ATP, CTP and UTP in buffer
was used for de novo initiation with this template[22]. This
hetero-polymeric 32-mer template was also utilized in the
PWR experiments.
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Fig. 2. Schematic diagram of the sample arrangement in a PWR apparatus.
Polarized light (p- or s-polarization) from a CW laser is incident on the
back surface of a silver film at an angle (α) slightly above the critical angle
for total internal reflection. This causes plasmon and waveguide modes to be
excited, resulting in an evanescent electromagnetic field localized at the outer
surface of the silica layer. Molecules immobilized at the interface between
this surface and the aqueous compartment interact with this field, thereby
altering the resonance excitation process. This is detected by changes in the
intensity of the light reflected by the silver layer, measured as a function of
the incident angle (PWR spectrum).

spectra (due mainly to light scattering by imperfections in the
films).

In the experiments described herein, plasmon resonance
spectra were obtained using a Beta PWR instrument obtained
from Proterion Corp. (Piscataway, NJ) that records the rel-
ative reflectance versus the absolute angle with a resolution
of 1 mdeg. Immobilized protein samples were prepared by
adding microliter aliquots of either detergent-solubilized pro-
teins or membrane fragments to the aqueous compartment of
the PWR cell containing an appropriate buffer of approxi-
mately 1 ml total volume. This addition resulted in dilution of
the detergent to below the critical micelle concentration and
spontaneous incorporation of the protein into an egg phos-
phatidylcholine bilayer already deposited onto the resonator
surface and in contact with the aqueous buffer (Salamon et
al., for details of bilayer formation)[3,26]. Protein incor-
poration into the bilayer was monitored by changes in the
PWR spectra that were followed in real time until equilibrium
was established (usually 10–20 min). In most cases several
aliquots were added, although complete saturation was gen-
erally not achieved. Subsequent to protein incorporation, mi-
croliter aliquots of ligand or substrate solutions were added
and the resulting changes in the PWR spectra were again
monitored as a function of time. In some experiments, sat-
urating amounts were added so as to follow the kinetics of
.2. PWR spectroscopy

The physical basis of PWR spectroscopy has been
cribed in detail elsewhere[3,23,24]. Briefly, PWR involves
xcitation of plasmon and waveguide modes by light f
polarized CW laser (He–Ne;λ = 543.5 or 632.8 nm) in

esonator consisting of a prism coated with silver and
ca layers in contact with an aqueous compartment (Fig. 2).
WR spectra are measured by rotating the resonator

espect to the laser source and recording reflected ligh
ensity as a function of incident angle. Resonance occu
n angle slightly above the critical angle for total inter
eflection, and is influenced by the refractive indices (n) and
ptical extinction coefficients (k) of the materials immob

ized on the resonator surface, as well as by the thick
t) of the deposited layer. Since resonances can be obt
ith both p-polarized (electric vector perpendicular to

esonator surface) ands-polarized (electric vector parallel
he resonator surface) excitation, PWR spectra are sen
o changes in both mass density and molecular orientatio
aterials deposited in ordered arrays on the resonator

he case with lipid bilayers containing incorporated inte
roteins. Mass density changes result in isotropic altera

n PWR spectra, i.e.p- ands-polarized spectra shift by equ
mounts in the same direction. Structural changes le
nisotropic changes in PWR spectra, i.e.p- ands-polarized
pectral shifts occur with unequal amplitudes, often in o
ite directions. Graphical procedures have been develop
nalyze these changes[25]. In the present systems, the ma
ials do not absorb light at the excitation wavelengths u
nd thus thek parameter has only a minor influence on
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Table 1
PWR resonance shifts occurring upon successive additions of various inte-
gral membrane proteins and ligands to an egg PC bilayer

Protein Conditions p-Shifts (mdeg) s-Shifts (mdeg)

COX-2 +Apoprotein 11 8
+Hemin 12 8
+Ligand (celecoxib) 36 25

COX-1 +Membrane fragments 9 8
+Ligand (SC-560) 11 11

Integrin− �V�3
Peptide experiment

+Integrin 31 36
+RGD hexapeptide 7 8

PHA-898 plus SC-103
+Integrin 42 53
+PHA-898 18 12
+SC-103 11 9

SC-103 plus PHA-898
+Integrin 13 17
+SC-103 8 10
+PHA-898 7 7

HCV RNA polymerase
+Polymerase 27 24
+32-nt template 12 9
+NTP −16 −17

The errors in these values are±1 mdeg.

ligand binding whereas, in other experiments, several aliquots
of sub-saturating amounts were successively added in order
to obtain a dose–response curve. The PWR spectral shifts
observed in these experiments are summarized inTable 1.
The standard deviations of these shifts are±1 mdeg, as de-
termined from replicate measurements.

3. Results

3.1. Binding of inhibitors to COX-1 and -2

Fig. 3 shows the results obtained following the addi-
tion of COX-2 apoprotein, solubilized in an octylglucoside-
containing buffer, to the aqueous compartment of a PWR
cell within which a lipid bilayer had previously been de-
posited onto the resonator surface. Protein insertion into the
bilayer was clearly evident from the changes in the intensity
and angular positions of thes- andp-polarized resonances.
Control experiments (not shown) demonstrated that the addi-
tion of octylglucoside-containing buffer alone did not cause
any spectral changes. Note that the amounts of COX-2 that
were required in order to obtain these effects were relatively
large and the PWR spectral shifts were rather small, as com-
pared to results with other membrane proteins both in the
p tiga-
t ef-
fi w,
w OX
p nly

Fig. 3. Top: PWR spectra of an egg PC bilayer in contact with a 10 mM Tris,
10 mM KCl, pH 7.3 buffer (curves 1) forp- (left panel) ands-polarization
(right panel). Addition of COX-2 apoprotein dissolved in buffer contain-
ing 30 mM octylglucoside to the aqueous cell compartment (final protein
concentration = 12.6 (M) shifted both thes- and p-polarized spectra to
larger incident angles with an increase in spectral depth (curves 2). Ad-
dition of a hemin solution (final concentration = 10�M) in DMSO to the
incorporated apoprotein resulted in additional spectral shifts to higher in-
cident angles (curves 3).Bottom: Addition of an ethanol solution of the
COX-2 selective ligand celecoxib (final concentration = 1�M) to the PWR
cell containing incorporated holoprotein (curves 3 are the same as those in
the top panel) resulted in shifts to larger incident angles for boths- and
p-polarized spectra (curves 4), with no significant changes in the spectral
depth.

a relatively small hydrophobic membrane-binding domain. In
contrast to the small changes observed in the incident angle
position, the relatively large changes in spectral intensity are
suggestive of an appreciable structural anisotropy induced in
the bilayer by COX-2 insertion. This is also not surprising,
given that most of the protein extends outside of the mem-
brane in this system[28–30].

Following incorporation of the COX apoprotein into the
bilayer, a microliter aliquot of a dimethylsulfoxide solution
of hemin was added to the aqueous compartment to pro-
duce the holoprotein. An additional spectral shift was ob-
served (Fig. 3a and b) that probably reflects both mass den-
sity and conformational alterations upon formation of the
holoprotein. The addition of the COX-2 selective inhibitor,
celecoxib, at concentrations expected to saturate the active
site (IC50 ∼0.03�M [31]) produced further PWR spectral
changes (Fig. 3c and d), again due to both mass density and
conformational changes accompanying ligand binding. Con-
trol experiments (not shown) demonstrated that these spec-
tral changes were only produced when COX-2 was present in
the membrane. Similar results upon celecoxib binding were
resent experiments (see further) and in previous inves
ions [4,5,23,26,27]. This comparison suggests that the
ciency of COX-2 incorporation into the bilayer was lo
hich perhaps is not surprising considering that the C
rotein is a monotopic integral membrane protein with o
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obtained in experiments in which hemin was added to the
apoprotein prior to insertion into the bilayer.

COX-2 is quite soluble in aqueous buffer even at low con-
centrations of octylglucoside, as evidenced from the rela-
tively low efficiency of incorporation into the bilayer. In a
separate experiment, excess COX-2 was removed by flush-
ing the sample compartment with fresh buffer following pro-
tein incorporation. The results obtained demonstrated that
the ligand-induced spectral shifts were not due to insertion
of protein into the membrane upon binding of celecoxib to
COX in the bulk solvent (data not shown).

The incorporation of membrane proteins as part of a crude
microsomal fraction was demonstrated using COX-1 that was
over expressed in insect cells. As is evident inFig. 4, the
membrane fragments either fused with, or adsorbed onto, the
egg PC bilayer that had been previously deposited on the res-
onator surface. Furthermore, sufficient COX-1 was present
on the PWR resonator to produce spectral shifts (Fig. 4)
upon addition of a saturating amount of a COX-1 specific in-
hibitor, SC-560 (IC50 ∼0.0005�M [31]). This result clearly
demonstrates that PWR experiments can be performed using
membrane preparations obtained from cells over expressing
recombinant proteins, without the necessity of extensive iso-
lation and purification.
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Fig. 5. PWR spectra obtained after depositing onto the resonator surface
an egg PC bilayer in contact with a buffer containing 10 mM Tris, pH 7.3,
and 1 mM MgCl2 (curves 1), and after adding human integrin�V�3 in
10 mM octyl glucoside (final protein concentration = 54 nM) (curves 2).
Incorporation of protein produced shifts to larger incident angles and changes
in spectral depth for boths-andp-polarized spectra. After incorporation, an
aliquot of RGD peptide was added into the sample cell (final concentration
= 2 nM) resulting in further increases in the spectral incident angles and
spectral depths (curves 3).

results in anisotropic spectral changes, withs-shifts larger
thanp-shifts (seeTable 1for values), indicating the occur-
rence of structural changes in the proteolipid membrane. The
addition of a solution of hexapeptide containing the�V�3
recognition sequence, RGD, to the sample cell produced an
additional spectral shift. Addition of aliquots of this pep-
tide caused progressive shifts that define a hyperbolic curve,
yielding a binding constant of 0.10 nM (Fig. 6). This exam-
ple illustrates the high sensitivity of the PWR methodology.
High affinity binding of the RGD peptide to human�V�3
integrin has been observed previously (KD = 14 nM; data
not shown) in separate experiments using a solid phase as-
say involving�V�3-coated plates[34]. The greater affinity
demonstrated for the RGD peptide in the present study may

F ddi-
t ) to
b he
p
C

.2. Ligand binding to integrin�V�3

PWR spectral changes produced upon addition o
ctylglucoside-containing solution of integrin to the aq
us compartment of a cell containing a previously depo
gg PC bilayer are shown inFig. 5. Note that considerab
maller protein concentrations were used and larger sp
hifts were produced, indicating higher incorporation
iency than was observed with COX-2. This result is con
ent with the transmembrane nature[32,33] of the integrin
olecule, and demonstrates an appreciably higher af

or the bilayer. Incorporation of the integrin into the bila

ig. 4. PWR spectrum of an egg PC bilayer in contact with a 10 mM
H 7.3, buffer before (curves 1) and after (curves 2) a microsomal mem

raction containing COX-1 was added to the aqueous compartment.
o larger incident angles were observed. Addition of an ethanol soluti
C-560 (a COX-1 selective ligand) to the PWR aqueous compartment
oncentration = 1.5 (M) resulted in further spectral shifts to larger a
curves 3) with small anisotropic changes in spectral depth.
ig. 6. Titration curve showing PWR spectral shifts occurring upon a
ion of aliquots of RGD peptide (concentration range was 50 pM–2 nM
ilayer-incorporated integrin�V�3. Solid curves are hyperbolic fits to t
- (�) ands-polarized (�) spectral data withKD values of 0.10± 0.01 nM.
onditions were as in Fig. 5.
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Fig. 7. Top: PWR spectra for an egg PC bilayer in 10 mM Tris, pH 7.3, and
1 mM MgCl2 before (curves 1), and after integrin�V�3 (final concentration
= 58.5 nM) in 10 mM octylglucoside was added (curves 2) causing shifts to
larger incident angles. PHA-898 (final concentration = 500 nM) was then
added to the sample cell (curves B), resulting in a further increase in reso-
nance angle position for bothp- ands-polarized spectra and a slight increase
in depth for thep-polarized spectrum. Subsequent addition of SC-103 (final
concentration = 10 (M) resulted in additional spectral shifts to larger angles
for boths- andp-polarized spectra and a further small increase in spectral
depth forp-polarization (curves A).Bottom: PWR spectra for integrin�V�3
after incorporation into an egg PC bilayer (curves 2), and after addition of
SC-103 (final concentration = 10 (M) (curves A), followed by addition of
PHA-898 (final concentration = 500 nM) (curves B). Conditions were as in
top panel.

reflect the ability of integrin to adopt a more physiologically
relevant conformation when reconstituted in a lipid bilayer.
TheKD value obtained here is also in satisfactory agreement
with results obtained for the binding of the RGD-containing
peptide, echistatin, to purified�V�3 in an in vitro assay (KD
= 0.5 nM[35]).

Figs. 7 and 8demonstrate the ability of PWR to distinguish
between two synthetic integrin-specific ligands having differ-
ent in vivo efficacies by experiments in which the two ligands
were added successively to an integrin-containing bilayer.
When a saturating amount of PHA-898 (IC50 = 1.4 nM[34])
was added to a PWR cell containing bilayer-incorporated in-
tegrin, a shift to larger incident angles, and an increase in
spectral depth for thep-polarized resonance, was observed
(Fig. 7, top). A similar result was obtained in a separate exper-
iment upon addition of an excess of SC-103 (IC50 = 0.85 nM
[34]) to an integrin sample (Fig. 7, bottom), although in this
case no significant change in spectral depth was observed for
either resonance. Since the molecular weights of these two
compounds are closely similar (PHA-898, MW = 502; SC-
103, MW = 621), the differences in spectral response indicate
that different conformations of the integrin were produced

Fig. 8. Top left: Kinetics of binding of PHA-898 (final concentration =
500 nM) to bilayer-incorporated integrin�V�3 plotted as spectral position
vs. time. Conditions were as in Fig. 7. Solid line is a single exponential fit
to the kinetic data yielding a rate constant of 1.1× 10−3 s−1. Top right:
Kinetics of the subsequent binding of SC-103 (final concentration = 10 (M)
to PHA-898-ligated integrin plotted as spectral position vs. time. Conditions
were as in Fig. 7. Solid line is a single exponential fit to the data with a rate
constant of 3.8× 10−3 s−1.Bottom left: Kinetics of binding of SC-103 (final
concentration = 500 nM) to bilayer-incorporated integrin�V�3 plotted as
spectral position vs. time. Data were fit with two exponentials (solid line)
with rate constants of 2.4× 10−3 s−1 and 1.9× 10−3 s−1.Bottom right: Ki-
netics of the subsequent binding of PHA-898 (final concentration = 10 (M)
to SC-103-ligated integrin plotted as spectral position vs. time. Data were
fit with two exponentials (solid line) with rate constants of 6.1× 10−3 s−1

and 0.22× 10−3 s−1.

upon binding of these two ligands. Subsequent additions of
saturating amounts of PHA-898 or SC-103 in these two ex-
periments produced further shifts to larger angles (Fig. 7,
top and bottom). This indicates that PHA-898 and SC-103,
respectively, were displaced from the integrin by the sec-
ond addition. Again, since mass changes are not likely to
be responsible for the additional spectral shifts, this further
suggests that the two ligands generated different conforma-
tions of the protein. This is also shown by the fact that the
changes in spectral depths upon binding these two ligands to
integrin were different (compare top and bottom panels for
both polarizations). The spectral shift values (Table 2) are
also consistent with this. Thus, upon addition of the ligand
PHA-898, spectral changes occur in whichp-shifts are larger
thans-shifts and thep-spectrum becomes deeper than thes-
spectrum. Subsequent addition of the ligand SC-103 shows a
furtherp-shift that is larger than thes-shift. However, revers-
ing the order of addition of SC-103 results ins-shifts larger
thanp-shifts, which is different from that obtained upon ad-
dition of PHA-898. These changes clearly demonstrate that
different conformational states are produced by these two
ligands.
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The kinetics of the binding processes for the two ligands
are presented inFig. 8. The shifts to larger angles obtained
upon PHA-898 addition to the incorporated integrin, fol-
lowed by SC-103 addition, could both be fit with a single
exponential function, although the rate constants were not
the same. However, both the kinetic curves for SC-103 addi-
tion and the subsequent addition of PHA-898 were biphasic,
with a small negative shift followed by a larger positive shift,
again with apparently different rate constants. This demon-
strates that these two ligands produce different conformations
upon binding, and that the binding mechanisms were also dif-
ferent.

3.3. Binding of RNA template to hepatitis C virus RNA
polymerase and enzymatic synthesis of oligonucleotide

Appreciable shifts of thep- ands-polarized PWR spectra
to larger incident angles occurred when a solution of HCV
(recombinant hepatitis C virus) RNA polymerase in buffer
containing 2% CHAPS was added to the aqueous compart-
ment of the PWR instrument in which an egg PC bilayer had
previously been deposited on the resonator surface (Fig. 9).

F d on
t mM
a f
H
2
t
m
r
s
U
=
t
a

Fig. 10. The time course of NTP interaction with the template-bound RNA
polymerase is shown as a plot of incident angle vs. time obtained fors-
polarization. The kinetic pattern indicates at least three phases associated
with enzymatic turnover to produce double-stranded RNA. The solid curve
is a three-exponential fit to the data.

As was the case with integrin, only nanomolar concentrations
of the polymerase were required in order to obtain signifi-
cant incorporation, again consistent with the transmembrane
nature of the protein. Addition of a solution of an RNA tem-
plate to the aqueous phase of the PWR cell caused an addi-
tional spectral shift to larger angles (Fig. 9), consistent with
an increase in mass caused by binding of the template to the
polymerase. Subsequent addition of a solution containing a
mixture of nucleoside triphosphates (predominantly GTP) to
the cell caused a shift of the PWR spectra to smaller incident
angles (Fig. 9). Such a negative shift can only be caused by
structural changes, inasmuch as mass increases always result
in refractive index increases which necessarily are reflected
in positive angular resonance shifts.

Fig. 10 shows the time course of the negative shifts in-
duced by NTP addition. Complex multiphasic kinetics were
obtained as a result of NTP incorporation into the membrane
bound RNA-polymerase complex. An initial fast binding step
was observed resulting in a shift to lower incident angles.
This was followed by a slower shift to larger angles and a
still slower shift to shorter angles as the system came to a
final equilibrium. A three-exponential fit to the experimen-
tal data yielded rate constants having values of 2.57± 0.26,
0.24 ± 0.03, 0.094± 0.006 min−1 (half-lives: t1= 0.27±
ig. 9. Top: PWR spectrum obtained with an egg PC bilayer deposite
he PWR resonator in contact with buffer containing 20 mM Tris, 100
mmonium acetate and 1 mM MnCl2 (curves 1). Addition of a solution o

CV (hepatitis C virus-recombinant) RNA polymerase in buffer containing
% CHAPS (final protein concentration = 50 nM) (curves 2) caused shifts

o larger incident angles. A 32-mer RNA template was then added to the
embrane-bound polymerase to a final concentration of 24 nM (curves 3),

esulting in additional shifts to larger angles and an increase in depth for the
-polarized resonance.Bottom: An NTP mixture (GTP-50�M; ATP, CTP,
TP-2 (M) was added to the sample cell (final concentration of the mixture
1 (M) after the addition of the RNA template (curves 3 are the same as

hose in the top panel), which resulted in resonance shifts to lower incident
ngles (curves 4).

0.03,t2= 2.9± 0.4, t3 = 7.4± 0.5 min), respectively (χ2 =
9 ute
v
d dif-
f ors.
T ab-
s at is
i

.1886E − 7). It is important to point out that the absol
alues of the resonance angles shown inFigs. 9 and 10are
ifferent. This is typical of PWR experiments done at

erent times with different bilayers and different resonat
he relative magnitudes of the shifts, rather than the
olute angles at which the resonances occur, is wh
mportant
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4. Discussion

The present investigation demonstrates the utility of PWR
spectroscopy to examine ligand binding to membrane pro-
teins of therapeutic interest that have been reconstituted in
a lipid bilayer. Unlike other direct binding methods that uti-
lize proteins that have been detergent solubilized, PWR can
be used to explore the contribution of a lipid environment to
drug binding and potency. Furthermore, the membrane pro-
teins utilized have minimal interactions with the lipid bilayer,
in contrast to those in previous studies[2–5]. These results
expand the repertoire of membrane proteins amenable to in-
vestigation using PWR spectroscopy.

Results from X-ray crystallography[28,29]have demon-
strated that the dimeric COX enzyme is comprised of an
EGF-like domain, a membrane-binding domain (MBD), and
a globular catalytic domain. The membrane-binding domain
is comprised of four amphipathic helices that appear to asso-
ciate with only one leaflet of the lipid bilayer. Results from
photo-affinity labeling and mutagenesis studies[30] support
this hypothesis. The helices of the membrane-binding domain
form the mouth of a hydrophobic channel that extends 20Å
within the globular catalytic domain to the cyclooxygenase
active site. Consequently, access to the cyclooxygenase active
site by lipid substrates and inhibitors is likely mediated by in-
t
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e tra-
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c ter-
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z ni-
t The
r c lig-
a or-
m ore,
l were
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l n of
P ruc-
t ule
a pmen

of new integrin-targeted therapeutics, which may thus prove
useful in drug design protocols.

Efficient assembly of polymerase–RNA template complex
is an essential step to permit nucleotide incorporation for de-
termination of the kinetics of HCV NS5B-catalyzed RNA
synthesis. In the experiments described above, a small syn-
thetic RNA sequence (a 32 nucleotide RNA without any sec-
ondary structures such as a stem loop at the 3′-end) was used
as a template to test for the ability of HCV NS5B to initiate
RNA synthesis de novo by either folding back of the template
intramolecularly upon binding to the polymerase for copy-
back RNA synthesis or by synthesis of a complementary RNA
strand[21]. The polymerase activity was observed here as
changes in the PWR resonance position following GTP initi-
ation. Subsequent to RNA binding, addition of GTP caused
positive-strand synthesis resulting in PWR spectral shifts that
demonstrate three distinct kinetic phases. This is in contrast
to previous kinetic analysis, which has identified only two
distinct phases that have been interpreted as initiation and
chain elongation. The rapid change in resonance position to
lower angles likely reflects enzyme structural changes oc-
curring upon NTP binding. The subsequent slower changes
could represent base pairing with the 3′-terminal template
base of the viral RNA and the initiation of synthesis, followed
by elongation of the complementary RNA strand to produce
s
t ation
a esis
u nts to
p f
0 r
v rved
i
t likely
c fact
t s in
e in-
t .

pec-
t ing
d nvi-
r gral
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v g at
e em-
b nges
i ight
i n the
s pro-
v e that
c tem-
eractions with the MBD and the lipid bilayer[28,29]. In the
ase of the detergent-solubilized enzyme, it seems likely
he mouth of the channel is more solvent exposed than fo
embrane-associated enzyme and, therefore, more ac
le to inhibitors present in solution. The ability to direc
onitor ligand binding to COX reconstituted into a lipid

ayer could therefore provide new insight into the depend
f inhibitor potency on hydrophobicity, and a potential r
f drug interactions with the membrane bilayer.

Integrins mediate bidirectional signaling across
lasma membrane. Recent structural studies have pro
vidence for distinct conformational changes in the in
ellular, transmembrane and extracellular domains[36], and
ave given additional insight into the complexity ass
ted with signal transduction mediated by these struc
hanges. Activation and ligand binding events include in
ctions with cytoskeletal components and extracellular

rix proteins, as well as reorganization and clustering o
ntegrin subunits across the membrane surface[37]. The con
ormational changes, as well as larger structural reorg
ations within the bilayer, provide a variety of opportu
ies for the development of small molecule antagonists.
esults presented demonstrate that two integrin-specifi
nds with different efficacy in vivo induce distinct conf
ational changes upon binding to the integrin. Furtherm

igand binding and the resulting conformational changes
emonstrated to occur in a multi-step process, involvin

east two kinetically distinct steps. Thus, the applicatio
WR to monitor changes in integrin conformation and st

ure within a lipid bilayer upon the binding of small molec
ntagonists represents a unique approach for the develo
i-

t

hort transcripts. It has been shown in previous studies[21,38]
hat the base pairing step is sensitive to NTP concentr
nd is therefore rate-limiting. Furthermore, RNA synth
sing GTP has been shown by steady-state experime
roceed via complex biphasic kinetics withkcat values o
.017± 0.002 min−1 and 0.086± 0.003 min−1. The latte
alue compares well with the slowest rate constant obse
n the present PWR investigation (0.094± 0.006 min−1) and
hus supports the hypothesis that the changes observed
orrespond to RNA synthesis in these experiments. The
hat PWR allows a deconvolution of intermediate step
nzyme turnover should allow its use in studies of drug

erventions at various points along the reaction pathway
The present studies demonstrate the utility of PWR s

roscopy to provide novel structural information regard
rug interactions with membrane proteins in a lipid e
onment. In the first example, COX represents an inte
embrane protein in which the drug binding site is only

essible via the protein–lipid interface. PWR spectrosc
llows one to monitor ligand binding within the context o

ipid bilayer, which can provide insight regarding the con
ution of the hydrophobic lipid phase to drug potency. In
econd example, integrins mediate bi-directional signa
ia conformational changes induced upon ligand bindin
ither the cytosolic or the extracellular side of the cell m
rane. PWR can distinguish unique conformational cha

nduced upon ligand binding and thereby may provide ins
nto the pharmacological action of drug leads based upo
pectral changes observed. Finally, HCV polymerase
ides an example of a membrane-associated enzym
atalyzes a complex reaction sequence consisting of
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plate binding, initiation, and chain elongation steps during
enzymatic turnover. PWR has permitted the identification of
conformational changes associated with each stage of the cat-
alytic cycle that could be exploited to develop novel targets
for drug development. In each of these examples, the utility
of PWR spectroscopy distinguishes this technique from cur-
rently available methods to provide important insights into
protein–ligand interactions for drug discovery efforts.
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