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Abstract: We have devised methods in which cross-polarization magic-angle spinning (CP-MAS) solid-
state NMR is exploited to measure rigorous parameters for binding of 13C-labeled substrates to membrane
transport proteins. The methods were applied to two proteins from Escherichia coli: a nucleoside transporter,
NupC, and a glucuronide transporter, GusB. A substantial signal for the binding of methyl [1-13C]-â-D-
glucuronide to GusB overexpressed in native membranes was achieved with a sample that contained as
little as 20 nmol of GusB protein. The data were fitted to yield a KD value of 4.17 mM for the labeled ligand
and 0.42 mM for an unlabeled ligand, p-nitrophenyl â-D-glucuronide, which displaced the labeled compound.
CP-MAS was also used to measure binding of [1′-13C]uridine to overexpressed NupC. The spectrum of
NupC-enriched membranes containing [1′-13C]uridine exhibited a large peak from substrate bound to
undefined sites other than the transport site, which obscured the signal from substrate bound to NupC. In
a novel application of a cross-polarization/polarization-inversion (CPPI) NMR experiment, the signal from
undefined binding was eliminated by use of appropriate inversion pulse lengths. By use of CPPI in a titration
experiment, a KD value of 2.6 mM was determined for uridine bound to NupC. These approaches are
broadly applicable to quantifying binding of substrates, inhibitors, drugs, and antibiotics to numerous
membrane proteins.

Introduction

The process of drug discovery is assisted by a range of
experimental techniques that are used to identify lead com-
pounds with moderate to high affinity for the pharmacological
target molecule in vitro. Nuclear magnetic resonance (NMR)
spectroscopy has emerged as a valuable tool in drug discovery
for detecting the association of small molecules with purified
receptors of pharmaceutical interest and for determining their
binding constants.1-5 Most current NMR screening methods
involve the detection of spectra of weakly binding ligands in
solution and in large excess over the concentration of a soluble
protein. These methods exploit various physical properties of

the ligand in solution that are modulated by its transitory
association with the receptor (e.g., diffusion coefficients,6

transferred NOEs,7 or saturation transfer8). The choice of NMR
method to be used is influenced by issues of throughput rate,
size and concentration of the target, affinity of the ligand, and
the accuracy and precision of the binding constants obtained.

Over half the targets of current drug therapies are membrane-
embedded proteins,9 which usually must be isolated in a lipid
bilayer to preserve their structure and function. Solution NMR
has recently been used to detect weak interactions between
ligands and membrane-spanning proteins, for example, inte-
grin,10 but the size, heterogeneity, and insolubility of membranes
generally present considerable experimental difficulties. Strongly
bound ligands undergoing slow dissociation rates from mem-
brane receptors cannot be detected directly by conventional
NMR methods because the resonance lines are broadened by
chemical shift anisotropy (CSA) and dipolar interactions within
the binding site. Binding constants of ligands undergoing slow
exchange between the free and bound states have been
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determined indirectly via solution NMR by displacing the
observed ligand with a competitive ligand,2 but first it is
necessary to determine theKD of the displacing species by an
independent method. Moreover, the requirement for a large
excess of ligand over the receptor can promote nonspecific
binding of poorly soluble ligands with the hydrophobic interior
of the lipid membrane, which can obscure the pharmacologically
relevant interactions and introduce substantial errors.

Cross-polarization magic-angle spinning (CP-MAS) is a
standard solid-state NMR technique that is also capable of
detecting the interactions of ligands with membrane proteins,
regardless of size or function, and with binding affinities ranging
from nanomolar to over millimolar.11-13 When a suitably
isotopically labeled (e.g.,13C, 15N, or 19F) ligand is added to a
membrane sample, the ligand produces an NMR signal only if
its motion is restrained by interactions with the membrane
protein target. The advantage of the CP-MAS approach is that
CSA and dipolar interactions are reduced or eliminated, so that
both strongly and weakly binding ligands can be observed
equally well without adjustment of the experimental conditions.
A further advantage of CP-MAS is that the sample spinning
reduces susceptibility to broadening, giving sharper lines and
higher signal-to-noise ratios. The potential value of this
technique for quantifying ligand affinities for membrane recep-
tors has yet to be demonstrated, however.

In our studies here, variable contact time13C CP-MAS NMR
has been investigated as a novel method for determining the
binding affinities of membrane protein ligands. The method was
tested on two transport proteins fromEscherichia coli, GusB
and NupC, for which we had achieved 20-50-fold amplification
of their expression so they comprised approximately 30% of
total protein in inner membrane preparations.14 Some 5-12%
of all proteins are membrane transport proteins,15 and their roles
in antibiotic resistance, toxin secretion, and tumor growth make
them important drug targets.16 The glucuronide-H+ symport
protein GusB17,18transports alkyl or arylâ-D-glucuronides, the
conjugates by which xenobiotics or drugs are excreted from
the human body. Importantly, we had already devised synthetic
procedures to make13C-labeled glucuronide ligands for GusB.17

GusB is predicted to comprise 12 transmembraneR-helices,
typical of numerous membrane transport proteins in all organ-
isms, although it is itself probably unique to bacteria as searches
have not so far found homologues in other types of organisms

with sequenced genomes. By contrast, the nucleoside-H+

symport protein NupC is predicted to comprise 10 transmem-
braneR-helices19 and is a bacterial homologue of an important
mammalian transporter, CNT1, which provides the route for
entry of the hormone adenosine and of nucleoside drugs such
as AZT into cells.20

The binding affinities of two13C-labeled substrates were
examined: the GusB substrate methyl [1-13C]-â-D-glucuronide
([13C]MG) and the NupC substrate [1′-13C]uridine. Substrates
of transport proteins generally have low binding affinities (KD

∼ millimolar) but undergo slow dissociation from the binding
site(s) to allow for translocation across the membrane. These
overexpressed proteins and their substrates are therefore ideal
models of pharmacologically relevant systems on which to test
the CP-MAS NMR approach.

Experimental Section

Labeled Compounds.Methyl [1-13C]-â-D-glucuronide was synthe-
sized as follows: [1-13C]-D-Glucose (Cambridge Isotope Laboratories,
99% 13C) (0.5 g, 2.76 mmol) was converted into [1-13C]-1-bromo-
2,3,4,6-tetra-O-acetyl-R-D-glucose [(i) Ac2O/pyridine, room temperature
(rt) 20 h; (ii) 30% HBr-AcOH/Ac2O/DCM, rt 18 h; 100%].21,22Methyl
[1-13C]-2,3,4,6-tetra-O-acetyl-â-D-glucoside was prepared from this
material (MeOH/Ag2CO3-CaSO4, rt 20 h; 72%),23 and the product was
converted into methyl [1-13C]-â-D-glucoside (NaOMe/MeOH, rt 20 h;
100%), which was efficiently oxidized to methyl [1-13C]-â-D-glucu-
ronide (TEMPO, t-BuOCl, H2O, pH 10-10.5; 100%).18 δH (250 MHz;
D2O) 4.24 (1H, dd,J1,2 ) 7.9 Hz,J1,C-1 ) 161.6 Hz, H-1);δC (62.9
MHz; D2O) 176.2 (CdO), 103.5 (C-1,13C-enriched), 76.1 (C-5), 75.9
(C-3, d,J1,3 ) 13.0 Hz), 73.2 (C-2, d,J1,2 ) 46.8 Hz), 72.1 (C-4), 57.8
(OCH3, d, J1,CH3 ) 1.8 Hz);m/z (ES) 208 (100%, M- - H). [1′-13C]-
Uridine (99%13C) was purchased from Cambridge Isotope Laboratories.

Membrane Preparation. E. coli strain NO2947(pWJL24H) contain-
ing the plasmid overexpressing the GusB(His)6 protein and strain
BL21DE3(pGJL16) overexpressing the NupC protein were grown in
25 L of minimal medium in a fermentor.14 At the optimal stage of
growth established in pilot studies, 0.5 mm isopropylâ-D-thiogalac-
toside (IPTG) was added to induce expression. Inside-out vesicles were
prepared from the genetically engineered organisms by explosive
decompression in a French press, and the inner-membrane fraction was
isolated by sucrose-density gradient ultracentrifugation.14 Membrane
vesicles were washed three times by suspension in 20 mM Tris-HCl
buffer (pH 7.5) followed by ultracentrifugation before final suspension
in the same buffer for storage at-80 °C after rapid freezing. Total
protein concentration in the vesicle suspension was determined by the
method of Schaffner and Weissmann,24 of which GusB(His)6 or NupC
was estimated to comprise between 25% and 35% according to
densitometry measurements on the proteins resolved by SDS-PAGE
and stained with Coomassie blue. Membranes without GusB(His)6 or
NupC overexpression for use as controls were prepared in the same
way from cells that contained the plasmid pTTQ18 without the transport
gene insert.14

Sample Preparation for NMR. The NMR measurements on GusB
were performed with membranes that contained between 20 nmol of
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GusB (5 mg of total protein) and 80 nmol of GusB (20 mg of total
protein), depending on the size of the NMR sample rotor (4 or 6 mm
external diameter) that was available for the experiments. The
membranes were suspended to 2 mL in Tris-HCl buffer (20 mM, pH
7.5) to which the required concentration of [13C]MG was added, with
brief vortexing to mix the sample, followed by equilibration at 4°C
for 30 min. The membranes were collected by ultracentrifugation
(10000g) and then packed into the NMR sample rotor by a brief slow
spin in a benchtop centrifuge. Control measurements were performed
as above with control membranes that contained the same amount of
total protein as used in the GusB membranes. The titration of
competitive substrate into GusB membranes to displace [13C]MG
binding was performed by making a series of additions directly to the
sample in the NMR rotor. A Hamilton syringe was used to make 5-10
µL additions of a 200 mM solution of the competitive substrate in Tris-
HCl (20 mM, pH 7.5) to the membranes in the rotor; mixing was
achieved by gently stirring the membrane suspension with the needle
of the syringe. The sample was then packed to the bottom of the rotor
by a very brief, slow, spin in a benchtop centrifuge and then equilibrated
at 4 °C for 30 min.

The measurements on NupC were performed with membranes that
contained 70 nmol of NupC (15 mg of total protein) or 150 nmol of
NupC (32 mg of total protein). Control measurements were performed
with membranes that contained the same amount of total protein as
used in the NupC membranes but without overexpressed NupC (see
above). [1′-13C]Uridine (5 mM) was added to the membranes as
described above for the addition of [13C]MG to GusB membranes. The
addition of the competing substrate thymidine (50 mM) was performed
by resuspending the membranes in the retained supernatant from the
ultracentrifuge spin in which 50 mM thymidine had been dissolved.
Following equilibration at 4°C for 30 min, the membranes were
collected by ultracentrifugation and then returned back into the sample
rotor.

NMR Conditions. Early NMR measurements were performed on a
Bruker MSL300 MHz spectrometer. Later experiments were performed
on a Varian InfinityPlus 300 operating at a magnetic field of 7 T and
a Bruker Avance 400 spectrometer operating at a magnetic field of 9.3
T. The sample temperature was 4°C in all experiments. Standard13C
CP-MAS experiments were performed with double-tuned probe heads
at a sample spinning frequency of 2.4 kHz on the 300 MHz instrument
and 4 kHz on the 400 MHz instrument. The diameter of the NMR
sample rotor was 6 mm for experiments on the 300 MHz instrument
and 4 mm for experiments on the 400 MHz instrument. At 300 MHz,
40 kHz radio frequency was used for all pulses. At 400 MHz following
a1H 90° pulse length of 3.5-4.0µs, Hartmann-Hahn cross-polarization
from 1H to 13C was attained at contact times ranging from 100µs to
10 ms with matched1H and 13C fields of 65 kHz. Continuous-wave
proton decoupling at a field of 85 kHz was applied during signal
acquisition. Experiments to remove signals from nonspecific substrate
binding used the pulse sequence for cross-polarization with polarization
inversion (CPPI) of Wu and Zilm.25 Following a contact time of 750
µs, the Hartmann-Hahn condition was maintained but the phase of
the 1H transmitter was shifted by 180° and pulses were applied
simultaneously at the frequencies of1H and13C for a duration (tPI) of
1-60 µs. During this period, the equilibrium state is perturbed and
13C magnetization is transferred back to the proton spins. Finally,
continuous-wave proton decoupling at a field of 85 kHz was applied
during signal acquisition.

Theory

The 13C CP-MAS NMR experiment generates signals from low-
abundance13C spins by transferring magnetization from abundant1H
spins, which for rigid solids can produce gains in13C signal intensity
and reduce the experimental time. The experiment first excites1H

magnetization and then applies Hartmann-Hahn matched spin-locking
fields simultaneously at the resonance frequencies of13C and1H for a
durationtc known as the contact time. Magnetization is transferred from
1H to 13C at a rate 1/THC (whereTHC is the time constant for cross-
polarization) during the contact time, provided the1H-13C dipolar
coupling constantsdHC are nonzero, which is generally true for rigid
solids. Simultaneously the1H spins relax at a rate 1/T1FH, whereT1FH

is the spin-lattice relaxation time of1H in the rotating frame. After
the contact period the13C signal is detected while1H interactions are
removed by high-power decoupling. The signal intensitySafter tc can
be approximated as26

whereS0 is the theoretical maximum signal intensity attainable.
In our studies here,13C-labeled substrates were added to aqueous

suspensions of membranes containing the target protein and13C NMR
peak intensities were measured for different substrate concentrations
over a range of contact times. Curves were fitted to the peak intensity
profiles to extract binding constants (1/KD) for the substrates and the
rate constants (koff) for their dissociation from the binding site. To
understand how binding constants can be determined by CP-MAS, it
is necessary to evaluate how the substrate signal intensity is influenced
by the trajectories of the molecules as they move in to and out of the
binding site duringtc. Consider a substrate molecule that is not bound
at the start of the CP-MAS contact time. The1H-13C dipolar coupling
constant for that substrate is averaged to zero by rapid isotropic tumbling
of the molecule in solution and the13C spins remain at equilibrium. If
at some point duringtc the substrate binds to a receptor site,dHC becomes
nonzero so that the13C magnetization builds up at a rate 1/THC because
the magnetization is now able to transfer from the1H spins to the13C
spins. The transfer process is damped by1H and13C relaxation in the
rotating frame with rates 1/T1FH

bound and 1/T1FC
bound. The substrate

remains bound to the receptor for a residency timeton, after which it
reverts to the free state. The13C magnetization accrued up to this point
relaxes back toward equilibrium at rates 1/T1FH

free and 1/T1FC
free and

no further transfer occurs unless the substrate binds to the receptor
again. The magnetization remaining at the beginning of the acquisition
period is observed as the free induction decay.

Substrate exchange in and out of the receptor site can occur many
times during tc depending on its affinity for the protein and the
concentration of available binding sites. The evolution of13C magne-
tizationMC for an ensemble ofN ligands undergoing exchange between
free and bound environments can be expressed by

wheremC represents the magnetization from individual ligand molecules
at time t during the contact period. The indices 1 and 2 refer to the
free and bound states of the ligand, in either order, andti and ti+1 are
the times duringtc at which the ligand joins and leaves each of the two
states. The differential terms in eq 2 can be adapted from standard
equations27 to obtain expanded expressions for the bound ligand:

When the ligand is in the free state, the terms containingTHC become
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t1
dmC

1

dt
+ ∫t1

t2
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2

dt
+ ∫t2
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1
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bound
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) -k(mH - mC)/THC

bound- mH/T1FH
bound (3b)

A R T I C L E S Patching et al.

3074 J. AM. CHEM. SOC. 9 VOL. 126, NO. 10, 2004



zero and the equations simplify to

where k is a scaling factor. Hence, the13C signal intensity for the
substrate is modulated by its residency timeton in the binding site and
by the frequency of binding episodes during the contact time, which is
a function ofKD.

Here, the binding trajectories of individual substrate molecules over
contact periods of up to 10 ms were simulated by a general Monte
Carlo approach, in which the substrate binding episodes were deter-
mined by a probability factor. First, the initial state, free or bound, of
a single molecule whentc ) 0 was determined randomly, weighted by
the probability of a ligand occupying a vacant receptor site (Fb), defined
as

where [RL]eq is the equilibrium concentration of the complex and [L]T

and [R]T are the total concentrations of ligand and receptor. Hence, as
KD increases,Fb decreases and the probability of ligand binding is
reduced. The dissociation of the substrate from the receptor is a first-
order process and the residency time of a substrate in its binding site
was determined randomly, weighted by a probability factorFd defined
as

wheretb is the length of time spent in the binding site andkoff is the
dissociation rate constant. When the ligand has left the binding site,
further episodes of binding to a free receptor were again determined
randomly according toFb. By combination of the Monte Carlo approach
with eqs 2 and 3, it was possible to calculate the relationship between
KD and the CP-MAS signal intensity for an ensemble ofN substrate
molecules. The total signal aftertc could be calculated for any pair of
KD andkoff values by substituting the known or estimated values of the
T1F relaxation times for1H and13C, the rate of magnetization transfer
(1/THC), and the concentrations of ligand [L] and protein [P].

Simulated profiles of signal intensity as a function oftc for a
hypothetical ligand (6 mM) bound to a membrane receptor (1.6-2.4
mM) are shown in Figure 1. The simulations illustrate how the shape
of the intensity profile is modulated ifKD is kept constant andkoff is
increased (i.e., the residency time is shortened). Askoff increases, the
signal intensity profiles reach their maxima at progressively longer
contact times because the overall rate of magnetization transfer is
lowered as the ligand spends more time in the free state. Further, the
maximum attainable signal intensity increases because greater numbers
of molecules undergo magnetization transfer in the bound state over
short periods before relaxation processes become dominant. IfKD is
increased butkoff is kept constant, both the rate of magnetization transfer
and the maximum signal intensity are lowered because the probability
of binding Fb is reduced (Figure 1). The simulations show, therefore,
that the shape of the intensity profile is highly dependent onKD and
koff. The simulations also indicate that the peak intensity curves for
protein concentrations of 1.6 mM (dotted line), 2.0 mM (solid line),
and 2.4 mM (dashed line) are very similar to each other. The variance
is highest for low-affinity, weakly binding ligands (e.g.,KD ) 10 mM,
koff ) 1000 s-1) at long contact times. Hence, it is expected that a 20%

error in the measured protein concentration will have little effect on
the observed peak intensities and on the calculated value ofKD.

The simulations in Figure 1 show that, in propitious circumstances,
specific values ofKD and koff can be extracted directly from an
experimental peak intensity profile obtained for a single ligand
concentration. It will be shown, however, that when nonspecifically
bound substrate contributes to the NMR peak intensities,KD must be
determined in a titration experiment in which peak intensities are
measured for a range of substrate concentrations.

Results and Discussion

Binding of a 13C-Labeled Glucuronide to GusB.In Figure
2 are shown the13C CP-MAS spectra ofE. coli membrane
samples containing 80 nmol of GusB and the substrate [13C]-
MG. The spectrum of membranes containing [13C]MG at a
concentration of 6 mM exhibited a signature peak from the
substrate at 103 ppm (Figure 2A); the substrate must interact
with the membrane in order for1H-13C magnetization transfer
to occur and for the signal to be detected. The dominant
mechanism for magnetization transfer is the residual dipolar
interaction between1H and 13C (dHC < 10 000 Hz), which is
present only when the substrate is bound to the membranes.
Other mechanisms for transfer, such as scalar coupling, which
is not motionally averaged, were expected to be insignificant
under the conditions of the CP-MAS experiments described here.
This was confirmed by conducting CP-MAS NMR experiments
on 20 mM [13C]MG in aqueous solution. No signal from the
labeled substrate was obtained after 10 000 scans when contact
times of up to 10 ms were used (data not shown). An SDS-
polyacrylamide gel of the membranes (Figure 2, top right)
confirmed that GusB overexpression was induced and that the
level of expression was about 25% of total membrane protein.
The experiment required 3 h ofsignal acquisition to attain the
substrate peak intensity shown in Figure 2A. To test the limits
of detection of the CP-MAS application, a spectrum was
obtained from a fresh membrane sample containing 20 nmol of
GusB and 20 mM [13C]MG (Figure 2B). The peak intensity at

dmC
free

dt
) -mC/T1FC

free (3c)

dmH
free

dt
) -mH/T1FH

free (3d)

Fb )
[RL]eq

[L] T

)

1
2[L]T

{KD + [L] T + [R]T - x(KD + [L] T + [R]T)2 - 4[L]T[R]T}

(4)

Fd ) exp(- kofftb) (5)

Figure 1. Simulations of CP intensity profiles for a ligand interacting with
a membrane protein, calculated for different values of the dissociation rate
constant (koff) and the dissociation constant (KD) as shown (1-4). Simula-
tions were carried out according to the procedure described in the Theory
section, with constant values for the ligand concentration (6 mM),THC (1.5
ms),T1FH

free (100 ms), andT1FH
bound(2 ms). The simulations represent protein

concentrations of 2.4 mM (dashed line), 2.0 mM (solid line) and 1.6 mM
(dotted line). In all simulations it was assumed that the relaxation rates for
13C are long compared to the contact time.
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103 ppm was comparable to that attained at the higher GusB
concentration after less than 20 min of acquisition time. The
gain in sensitivity occurs because the substrate undergoes fast
rates of dissociation from the binding site (Figure 1) and the
high [13C]MG concentration (20 mM) enables more substrate
molecules to experience cross-polarization during the contact
time than at the lower substrate concentration. Such gains in
sensitivity would not be made in the case of slowly dissociating
substrates. A spectrum of 6 mM [13C]MG added to control
membranes fromE. coli in which GusB expression was not
induced (Figure 2C) exhibited only a minor peak at 103 ppm,
which probably represented nonspecifically bound substrate and
which was approximately 5% of the peak intensity in GusB
membranes. The control experiment confirmed that, in the GusB
spectrum, the contribution from nonspecific binding to the
substrate signal was very small and that the signal represented,
predominantly, substrate bound to the transport protein.

Peak intensities over contact times from 100µs to 10 ms
were measured from the spectra of membranes containing 80
nmol of GusB and two different concentrations of [13C]MG
(Figure 3A). Values ofkoff andKD were determined from a two-
parameter fit of simulated curves to the experimental data for
the two substrate concentrations (3 and 6 mM). Although in
favorable cases a unique combination ofKD andkoff values can
be obtained from a single intensity profile, here two profiles
for different substrate concentrations were collected to be
certain of removing any ambiguities in the calculated values.
Curve-fitting was carried out by computing peak intensity
profiles for the two substrate concentrations at varyingKD

andkoff values to minimize theø2 function:

for the combined sets of data, whereEi is the experimental data
point, Si is the simulated data point, andσi is the level of the
noise. In the simulations, input values ofT1F for the free
substrates were determined experimentally from relaxation
measurements on aqueous ligand solutions. Values ofT1F and
THC for the bound substrates could not be determined directly,
but valid approximations were obtained from the meanT1F and
THC values for protonated membrane lipid and protein carbons
that are expected to have similar motional characteristics to the
bound substrates. Measurements of CP-MAS intensity profiles
in the olefinic (125 ppm), aliphatic (25-35 ppm), and protein
CR (50-70 ppm) regions ofE. coli membrane spectra yielded
values ofT1FH ) 3.5 (( 1.0) ms andTHC ) 0.2 (( 0.05) ms.
Errors may be introduced into the simulations from inaccuracies
in the estimates ofT1F and THC for the bound substrate, but
such errors will be minimal because the range of realisticT1F

andTHC values is small.
A two-parameter fit to the experimental data for the different

substrate concentrations yieldedKD andkoff values of 4.17 mM
and 698 s-1 at theø2 minimum (Figure 3A). The simulations
yielded a range of simulated curves that fell within the error
limits of the experimental data, however. The curves cor-
responded to values ofKD from 2.53 to 5.68 mM and values of
koff from 512 to 817 s-1, which represent the confidence limits
of the measurements. The value ofKD is higher than theKm for
energized transport (25-250µM, depending on the glucuronide
used; methylâ-D-glucuronide is toward the top of this range)
but is consistent with expectations for unenergized binding of
ligand to transport proteins.12,28

Figure 2. Representative13C CP-MAS NMR spectra ofE. coli membrane
samples containing the labeled substrate [13C]MG. Spectra were acquired
by accumulating 10 240 transients (∼3 h acquisition time) from a membrane
sample containing 80 nmol of GusB (100µL sample volume) and 6 mM
substrate (A) or 1024 transients (∼18 min acquisition time) from 20 nmol
of GusB (25µL sample volume) and 20 mM substrate (B). The vertical
arrow denotes the peak at 103 ppm from the labeled substrate. An SDS-
polyacrylamide gel of GusB-enriched membranes (lane G) and marker
proteins (lane M) is shown to the right of the spectra, with the band for
GusB indicated by the horizontal arrow. The molecular masses of the
markers were 66, 45, 36, 29, 24, 20.1, and 14.2 kDa. A spectrum was also
acquired (10 240 scans) from controlE. coli membranes, i.e., without GusB,
containing 6 mM [13C]MG (C). An SDS-polyacrylamide gel of control
membranes (lane C) is shown to the right of the spectrum. Spectra were
recorded with a spinning rate of 4.028 kHz, a 10-ms contact time, a 1-s
recycle delay, and a temperature of 4°C. The chemical structure of the
substrate is shown at the top, and the position of the13C label is denoted
by an asterisk.

Figure 3. Experimental and simulated13C CP-MAS NMR intensity profiles
for [13C]MG in GusB-enriched membranes. Substrate peak intensities at
103 ppm were measured from spectra ofE. coli membranes containing
GusB (80 nmol; 100µL sample volume) and [13C]MG at a concentration
of 3 mM (9) or 6 mM (O) and are plotted against contact timetc (A). The
best-fitting simulations of intensity profiles (solid lines) correspond to the
values ofKD andkoff shown. Simulations were carried out forTHC ) 0.2
ms,T1FH

free ) 100 ms, andT1FH
bound) 3.5 ms. Other simulation parameters

were as described for Figures 2 and 3. Also shown are substrate peak
intensities measured from a different batch ofE. coli membranes containing
20 nmol of GusB and 20 mM [13C]MG spinning at MAS frequencies (νr)
of 4028 and 3000 Hz (B). The simulated intensity profile (solid line) was
calculated with the parameters described for panel A but substituting the
new concentrations of protein and substrate.

ø2 ) ∑
i

(Si - Ei

σi
)2

(6)
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To test the reproducibility and reliability of the CP-MAS
profiles for determiningKD andkoff, a further variable contact
time CP-MAS experiment was conducted on a separate batch
of E. coli membranes containing different concentrations of
GusB and [13C]MG. In Figure 3B are shown the peak intensities
for 20 mM [13C]MG in membranes containing 20 nmol of GusB
at different contact times. Also shown is a simulated intensity
curve calculated from the same parameters as described for
Figure 3A but with the new concentrations of protein and
substrate substituted into the calculation. The calculated curve
fits closely to the experimental data even without minimization
of the ø2 function, providing good evidence that the CP-MAS
is reproducible from sample to sample.

To eliminate the possibility that the sample rotation frequency
might influence the intensity build-up curves, the peak intensities
in Figure 3B were measured at the two MAS frequencies (νr)
of 4028 and 3000 Hz. The experiment confirmed that significant
differences in the peak intensities did not occur at the two
spinning frequencies. In routine applications, the practical range
of spinning frequencies is expected fall within the 3000-4000
Hz range, which is sufficiently high to remove the desired
interactions but not high enough for the centrifugal force to
physically disrupt the sample.

Binding Constants for Unlabeled Substrates.The experi-
ments on [13C]MG confirm that it is possible to determine the
binding affinities and dissociation rates of labeled substrates of
membrane proteins. The usefulness of this method for determin-
ing binding affinities of many different substrates would be
limited if isotope labeling were required for each substrate.
Therefore, we further investigated whether the observation of
[13C]MG binding could be exploited to determine indirectly the
KD value for a nonlabeled, competitive substrate of GusB. It is
expected that the peak from [13C]MG in the13C CP-MAS NMR
spectrum will diminish if a competitive substrate reduces the
equilibrium concentration of bound [13C]MG. In the Monte
Carlo simulations, the probabilityFb of labeled ligand binding
in the presence of a competing ligand can be estimated according
to

where [R]T is the total receptor concentration and [L*] and [L]
andK* andK are the equilibrium concentrations and dissociation
constants of labeled and unlabeled ligands, respectively.

A series of spectra was obtained forE. coli membranes
containing GusB (20 nmol) and 20 mM [13C]MG in the presence
of varying concentrations of the unlabeled competitive substrate
p-nitrophenyl-â-D-glucuronide (NPG).17,18 The spectra were
recorded at a single contact time of 10 ms, which was shown
to provide high signal intensity from the labeled ligand at the
concentration used (Figure 2). As expected, the peak intensity
from the labeled substrate diminished as the concentration of
NPG was raised from 0 to 80 mM (Figure 4). By using a low
GusB concentration and high [13C]MG concentration, the full
series of NMR experiments was completed in 1.5 h. Curve-

fitting to the experimental data was performed via the Monte
Carlo approach, by substituting into eq 6 the values ofKD and
koff determined for [13C]MG in the absence of a competitor
substrate (Figure 3) and varying the value ofKD for NPG until
the ø2 function was minimized. The simulation procedure was
simplified by replacing the total substrate concentrations (i.e.,
[L*] T and [L]T) in eq 6 with their equilibrium concentrations
([L*] and [L]). This approximation was valid because the molar
ratio of GusB to substrate was low (<1:40) and therefore ligand
depletion by binding to the transport protein was negligible.
When the best-fit value ofKD for [13C]MG (4.17 mM) was
substituted into eq 7, theø2 function was minimized at aKD

value of 220µM for NPG (Figure 4). However, when the fact
is taken into account that a range ofKD values was obtained
for [13C]MG (2.53-5.68 mM), the correspondingKD values for
NPG ranged from 0.13 to 0.39 mM. Hence, in this case the
competitive unlabeled substrate has an approximately 10-fold
higher affinity for GusB than has [13C]MG.

To assess the accuracy of the dissociation constant when
determined by displacement, the experiment was repeated with
unlabeled methyl glucuronide as the displacing ligand. If the
NMR method is valid, the value ofKD derived for unlabeled
MG in competition with [13C]MG should be identical toKD

determined for the labeled substrate by the direct method (Figure

(28) (a) Viitanen, P.; Newman, M. J.; Foster, D. L.; Wilson, T. H.; Kaback, H.
R. Methods Enzymol.1986, 125, 429-452. (b) Walmsley, A. R.; Petro, K.
R.; Henderson, P. J. F.Eur. J. Biochem. 1993, 215, 43-54. (c) Walmsley,
A. R.; Martin, G. E. M.; Henderson, P. J. F.J. Biol. Chem. 1994, 269,
17009-17019.

Figure 4. Experimental and simulated13C CP-MAS intensity curves
corresponding to the displacement of [13C]MG from GusB by the unlabeled
competitive substrate NPG (shown at the top) and by unlabeled methyl-
glucuronide (MG). The displacement of [13C]MG was monitored from the
[13C]MG peak intensities at a contact timetc of 10 ms in the presence of
NPG (9) or MG (O) in the concentration range 10-80 mM. Predicted [13C]-
MG peak intensities for a range of NPG concentrations were calculated by
the Monte Carlo method described in the Theory section, taking into account
the expected reduction in the equilibrium concentration ([RL*]eq) of bound
[13C]MG for a given competitorKD value according to eq 7. The simulated
curves were based on theKD value of 4.17 mM for MG determined in
Figure 3. The dotted line represents the curve predicted for self-displacement
of [13C]MG by unlabeled MG. For the data showing displacement of [13C]-
MG by NPG, the best-fitting simulated curve corresponds to aKD value
for NPG of 0.22 mM (solid line). The experiments were conducted on
membranes containing 20 nmol of GusB (25µL sample volume) and 20
mM [13C]MG under conditions as described for Figure 2. The number of
scans for each data point was 1024 for displacement by NPG and 512 for
displacement by MG.

[RL*] eq )
[R]T[L*] eq/K*

(1 + [L*] eq/K* + [L] eq/K)
(7)
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3). In Figure 4 are shown the intensities for [13C]MG in the
presence of different concentrations of unlabeled MG (O). The
predicted intensity curve for the displacement of [13C]MG, based
on theKD value for MG of 4.17 mM, is also shown in Figure
4 (dotted line). The predicted curve is in excellent agreement
with the experimental values. Hence the self-consistency of the
displacement experiment further supports the accuracy of the
NMR method. It should be noted here that the shape of the
NMR displacement curves differs from that of classical com-
petition curves obtained by standard methods such as radioligand
binding. This is because, in the situation of fast ligand exchange,
the linear relationship between measured peak intensities and
the concentration of bound ligand does not hold.

Binding of 13C-Labeled Uridine to NupC. The results for
GusB and [13C]MG show that CP-MAS experiments on ligand-
receptor interactions are the most time-efficient when the ligand
exchanges rapidly between the free and bound states and its
concentration is in large excess with respect to the receptor. In
many cases, high ligand concentrations may promote nonspecific
binding of the ligand to other protein sites or within the lipid
bilayer, which will contribute to the observed peak intensity
for the ligand. In the case of polar ligands such as [13C]MG,
the effect of nonspecific binding on the NMR spectrum is
minimal, as confirmed in experiments on GusB-free membranes,
which showed no signal from bound [13C]MG. However,
hydrophobic ligands have a higher propensity to penetrate into
the membrane and in such cases the observed peak intensity in
the CP-MAS NMR spectrum may represent both specifically
and nonspecifically bound molecules.

Uridine is a substrate for theE. coli nucleoside transporter
NupC and possesses both polar and hydrophobic characteristics.
The 13C spectra ofE. coli membranes in the presence of [1′-
13C]uridine are shown in Figure 5. The spectrum of membranes
containing NupC at a concentration of 150 nmol exhibited a

peak from the substrate at 92 ppm, well away from the natural-
abundance background signal from the membrane proteins and
lipids (Figure 5, top). The spectrum of control membranes
containing the same concentration of protein and [1′-13C]uridine,
but no NupC, also showed a peak at 92 ppm (Figure 5, bottom).
Comparison of the two spectra, which were obtained under
identical conditions, suggested that approximately 50% of the
[1′-13C]uridine peak intensity in the spectrum of NupC mem-
branes was attributable to binding of the substrate to undefined
sites other than within NupC. It is essential that this component
of the spectrum be removed before theKD for uridine can be
calculated.

Removal of the Undefined Component of the Uridine
Signal.Ostensibly, the simplest method for removing the effects
of substrate bound to undefined sites is by using difference
spectroscopy. An intensity profile for specific binding alone can,
in principle, be obtained by subtracting the spectra for control
membranes containing [1′-13C]uridine from the spectra of NupC
membranes corresponding to total substrate binding. A reliable
subtraction can only be achieved if the spectra are obtained from
identical concentrations of substrate in control and NupC
membranes. This is difficult to achieve in practice because
material can be lost when the membrane pellet is transferred to
the MAS sample rotor.

An alternative approach was investigated, which exploited
the cross-polarization with polarization inversion (CPPI) experi-
ment described by Wu and Zilm.25 In the CPPI experiment, the
phases of the radio frequency pulses are inverted for a short
durationtPI after the contact time so that13C magnetization is
transferred back to the1H spins. The observed13C signal
intensity decreases as the length oftPI is increased, and it passes
through zero and becomes negative until eventually thermal
equilibrium is reached. At the Hartmann-Hahn condition, the
rate of the signal decrease is dependent on the magnitude of
the1H dipolar field experienced by the13C spins. In its original
application, CPPI was used as a spectral editing technique to
distinguish between CH3, CH2, CH, and nonprotonated carbon
signals in13C spectra of solid materials. The rates of polarization
inversion for the different carbon sites are influenced by the
effective proton fields and generally follow the order CH2 >
CH > CH3 > nonprotonated carbon.25

Here, the CPPI method was used to observe the single labeled
CH site of [1′-13C]uridine, but aimed to distinguish between
the substrate molecules in the different binding sites, specific
and undefined. It is predicted that the rates and amplitudes of
the anisotropic motions experienced by the substrate in the NupC
binding site would be different from its motional properties in
undefined sites. Differences in motional characteristics will scale
to different extents the proton field experienced by the labeled
carbon site, which in turn will affect the rates of signal decay
in the CPPI experiment. Hence, the CPPI inversion pulse length
tPI at which the signal from substrate bound to undefined sites
becomes zero is predicted to be different from the pulse length
at which the signal from specifically bound signal is eliminated.
The advantage of this approach is that the signal from substrate
bound to undefined sites can be eliminated selectively according
to the motional characteristics of the substrate, and the method
is independent of sample concentration. The conditions required
for eliminating the signal for ligand bound to sites other than
at the specific receptor site may be established in a single

Figure 5. Spectra of the NupC substrate [1-13C]uridine in E. coli
membranes. Spectra were obtained from membranes containing 150 nmol
of NupC in a sample volume of 100µL (top) and from a control membrane
sample purified from bacteria in which the expression of NupC was not
induced (bottom). The [1-13C]uridine concentration was 5 mM in both
experiments. The vertical arrow denotes the position of the peak from the
labeled substrate at 93 ppm. SDS-polyacrylamide gels of NupC-enriched
membranes (lane N), control membranes (lane C), and marker proteins (lane
M) are shown to the right of the spectra, with the band for NupC indicated
by the horizontal arrow. The molecular weight markers are as described
for Figure 2. The chemical structure of uridine is shown at the top and the
position of the13C label is denoted by an asterisk. Spectra were recorded
at a sample temperature of 4°C with a spinning rate of 4.028 kHz, a 2-ms
contact time, a 1-s recycle delay, and 10 240 scans.
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calibration experiment and then applied at each substrate
concentration during the titration.

In the following, an experimental strategy for eliminating the
undefined bound substrate component from CP-MAS spectra
of NupC membranes will be described. The results of the
experiments are shown in Figure 6. First, a standard13C CP-
MAS NMR spectrum of 5 mM [1′-13C]uridine in control
membranes was obtained at a contact timetc of 750µs, and the
spectrum confirmed that substrate bound to undefined sites could
be observed at this contact time (Figure 6, top left). Next, a
series of CPPI spectra was obtained from the same sample with
a tc of 750µs and different values of inversion pulsetPI from 1
to 60 µs, until a pulse length was found (37µs) at which the
substrate peak intensity had decreased to zero (Figure 6, bottom
left). The optimized CPPI experiment was then repeated under
identical conditions (tc ) 750 µs, tPI ) 37 µs) on a sample of
NupC membranes containing the same concentration of [1′-13C]-
uridine (5 mM). The spectrum for NupC membranes exhibited
a peak at 92 ppm from bound substrate, which was absent from
the control membranes (Figure 6, top right). The peak could be
assumed to represent only specifically bound substrate provided
the component from undefined binding had been negated. To
confirm that no signal remained from substrate bound to
undefined sites, the CPPI experiment was repeated on the sample
after addition of the competitive, nonlabeled substrate thymidine
to a sufficient concentration (50 mM) to displace [1′-13C]uridine
from the NupC binding site, leaving only the nonspecifically
bound labeled substrate. The peak from [1′-13C]uridine was fully
abolished after addition of thymidine, confirming that the [13C]-
uridine signal in the CPPI spectrum was purely from specifically
bound substrate and that the component from undefined binding
had been successfully removed by polarization inversion (Figure
6, bottom right).

These experiments demonstrate that CPPI is a useful method
that exploits differences in motional properties to observe
selectively signals from substrates bound to transport proteins
and to eliminate signals from substrates bound to undefined sites.
Surprisingly, these experiments have revealed that the rate of

polarization inversion for nonspecifically bound [1′-13C]uridine
is faster than for the substrate bound to NupC. This observation
suggests that the rates and amplitudes of motion, which scale
the proton dipolar field around the13C labeled site, are greater
for the specifically bound substrate. It might be expected that
the binding site within NupC would constrain the substrate more
than would nonspecific interactions, but the higher mobility in
the NupC site perhaps indicates that nucleoside transport requires
only loose associations between substrate and protein.

Determination of the Binding Affinity for Uridine. A
titration experiment was performed to determineKD for uridine,
in which the CPPI conditions determined above (tc ) 750 µs,
tPI ) 37µs) were applied to eliminate the signal from undefined
binding at each substrate concentration. In Figure 7 is shown a
plot of peak intensityI for [1′-13C]uridine in NupC membranes
as a function of total substrate concentration. The peak intensity
reached a maximum value at 10 mM [1′-13C]uridine, indicating
that concentration of the substrate was sufficient to saturate the
available binding sites. TheKD for uridine was determined by
curve fitting to the binding data by use of

where Imax is the maximum signal intensity attainable at
saturating substrate concentrations. The experimental data points
lay within curves simulated forKD values of 1.0 and 5.0 mM,
and the best-fitting curve was obtained for aKD value of 2.6
mM (Figure 7).

Conclusions

NMR-based ligand screening techniques are valuable tools
in drug discovery but are underdeveloped for membrane protein
targets. Membrane transport proteins comprise 5-15% of
genomes in all organisms, from microbe to man.15 Some classes
such as GusB are restricted to bacteria, and so are important in
considering specific targets for the development of new
antibacterials, e.g., by inhibition of antibiotic efflux proteins.

Figure 6. Experimental strategy to eliminate the effects of nonspecific
binding of substrate from13C CP-MAS NMR spectra of [1-13C]uridine in
E. coli membranes. A13C CP-MAS spectrum of control membranes
containing 5 mM [13C]uridine shows a peak at 92 ppm from nonspecifically
bound substrate (top left). A CPPI spectrum with a contact time (tc) of 750
µs and an inversion pulse length (tPI) of 37 µs eliminates the peak at 92
ppm (bottom left). A CPPI spectrum obtained under identical conditions
for membranes (100µL sample volume) containing 150 nmol of NupC
and 5 mM [1-13C]uridine shows a peak from the substrate (top right) that
was abolished in the presence of 50 mM thymidine (bottom right). All other
conditions were as described for Figure 2.

Figure 7. Binding curve for [1-13C]uridine in NupC-enrichedE. coli
membranes obtained by the13C CPPI experiment. Peak intensities for [1-13C]-
uridine were measured after titration of the substrate into membranes (100
µL sample volume) containing 150 nmol of NupC. CPPI spectra were
recorded at a contact time (tc) of 750µs and an inversion pulse length (tPI)
of 37 µs. Simulated binding curves were generated by use of eq 8 forKD

values of 1.0 mM (dotted line), 5.0 mM (dashed line), and 2.6 mM (solid
line), which gave the best fit to the experimental data.

I([L] T) )

0.5{KD + [L] T + Imax - x(KD - [L] T - Imax)
2 - 4[L] Imax}

(8)
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Others, like NupC, are conserved throughout evolution and are
important routes for uptake of drugs into mammalian cells. Such
proteins are usually difficult to study because of the need to
isolate them in the presence of detergents and to maintain
integrity during purification procedures. This work has dem-
onstrated that CP-MAS NMR is an important addition to drug
discovery techniques because of its ability to measure binding
constants for membrane protein ligands at equilibrium without
restrictions on size, exchange rates, or affinity. This is particu-
larly important for membrane transport proteins, where ligand
binding affinities can be in the millimolar range, much higher
than apparentKm values. Solid-state NMR also has the important
advantage that it utilizes membrane preparations in which the
target protein is overexpressed without the need for purification.

A potential limitation of the CP-MAS method is the require-
ment for appropriately labeled ligands. Some13C ligands are
available commercially, such as [1′-13C]uridine, but others need
to be synthesized, as we have done for [13C]MG and uridine
labeled at other sites.30 Alternatively, many pharmacologically
active compounds contain19F, which is a sensitive NMR nucleus
with a 100% natural abundance. We are currently investigating
the use of19F CP-MAS for determining affinity constants.31

The work described here has shown that once one labeled ligand
has been obtained, it is possible to determine the binding
affinities of many unlabeled ligands indirectly by displacement
experiments. Moreover, complementary labeling of targeted
residues in the protein may enable the transfer of magnetization
between the protein and the bound ligand, leading to elucidation

of structural features of the ligand binding sites and the
relationship to its binding affinity.

The techniques developed here are particularly important
when the ligand is hydrophobic and partitions nonspecifically
into a biological membrane as well as binding specifically to a
protein target. Many useful drugs are hydrophobic and the ability
to discriminate between specific and nonspecific binding is of
potential value for numerous compounds and membrane pro-
teins. We already have some 28 bacterial membrane proteins
in quantities sufficient for NMR ligand binding studies,14,29and
there is a wealth of further membrane proteins of biomedical
interest to be studied following the sequencing of genomes of
organisms from microbes through fungi, parasitic protozoans,
plants, and mammals to man. The feasibility of the measure-
ments herein demonstrated for the first time, and their use in
determining dissociation constants, especially for weak-binding
ligands, augurs wide applicability in the future.
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