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ABSTRACT The weak binding of sugar substrates fails to induce any quantifiable physical changes in the L-fucose-H�

symport protein, FucP, from Escherichia coli, and this protein lacks any strongly binding ligands for competitive binding
assays. Access to substrate binding behavior is however possible using NMR methods which rely on substrate immobiliza-
tion for detection. Cross-polarization from proton to carbon spins could detect the portion of 13C-labeled substrate
associated with 0.2 �mol of the functional transport system overexpressed in the native membranes. The detected substrate
was shown to be in the FucP binding site because its signal was diminished by the unlabeled substrates L-fucose and
L-galactose but was unaffected by a three- to fivefold molar excess of the non-transportable stereoisomer D-fucose. FucP
appeared to bind both anomers of its substrates equally well. An NMR method, designed to measure the rate of substrate
exchange, could show that substrate exchanged slowly with the carrier center (�10�1 s), although its dynamics are not
necessarily coupled strongly to this site within the protein. Relaxation measurements support this view that fluctuations in the
interaction with substrate would be confined to the binding site in this transport system.

INTRODUCTION

Many membrane transport proteins exhibit low affinities for
their substrates (Kd values in the millimolar range). This
presents a particular challenge to describing substrate bind-
ing characteristics and to the use of ligand binding for
exploring the functional and structural characteristics of this
family of proteins. A good case in point is FucP, the
L-fucose-H� symport protein from Escherichia coli (Brad-
ley et al., 1987; Muiry et al., 1993). This protein has been
cloned to achieve high levels of overexpression in the native
organism (nominally �20% of total inner membrane pro-
tein), and its sequence of 438 amino acids (Mr � 47,773) is
predicted to fold into 12 transmembrane helices (Gunn et
al., 1994, 1995). Fusions of �-lactamase with segments of
the FucP sequence support this 12-helix topology (Gunn et
al., 1995), a common prediction for membrane transport
proteins (Henderson, 1993). FucP therefore represents one
of the few model systems for 12-helix membrane transport
proteins currently available in the quantities required to
allow a wide range of structural and physical studies.

The scope of biophysical studies on FucP has been very
limited. The sole source of information on substrate speci-
ficity for FucP has been from monitoring its transport ac-
tivity, which identified D-arabinose, L-galactose, and L-fu-
cose as transportable substrates, but not their respective
optical stereoisomers (Bradley et al., 1987; Muiry et al.,
1993). It is not, however, susceptible to recognized inhibi-
tors of sugar transport activity, such as the fungal antibiotics

cytochalasin B and forskolin. This absence of any strongly
associated ligands has precluded any evaluation of substrate
binding from competitive binding assays. Substrate binding
to FucP also fails to induce any fluorescence changes (A. R.
Walmsley and P. J. F. Henderson, unpublished data) which
have been previously used to quantify binding with other
symporters (Walmsley et al., 1994). This weak yet rather
conservative ligand binding behavior makes FucP a partic-
ularly interesting transport protein, which requires novel
methods for analysis.

Previously, we began to explore the scope of solid state
NMR for elucidating structural and functional characteris-
tics of membrane transport proteins by combining magic-
angle spinning (MAS) NMR with site-specific labeling to
observe features of substrate binding to the galactose-H�

symport protein GalP (Spooner et al., 1994). The low bind-
ing affinities of ligands to this family of transporters means
that a significant portion of substrate remains unbound even
in compact pellets of the membranes vesicles containing
these proteins. NMR methods are therefore required to be
selective for that fraction restricted by its binding with the
protein and this can be achieved by exploiting magnetiza-
tion transfer from proton to heteronuclear spins by the
cross-polarization (CP) method. Detection of only bound
ligand by this means requires that the membranes are main-
tained in their native (non-frozen) state. This application of
conventional solid state NMR methodology to the relatively
fluid and dynamically complex membrane systems might, at
first sight, appear unpromising. However, this approach was
effective in the detection of substrate selectively bound to
GalP protein in native membranes (Spooner et al., 1994)
and is applied here to examine the hitherto intractable
characteristics of substrate binding to FucP in its native
membranes. The “fluid” membranes allow for observation
of the functional state of proteins and so can provide access
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to dynamic features of substrate translocation and ensures
that the observations have physiological relevance.

Here we show that the NMR methods can discriminate
selective binding of both D-arabinose and L-galactose to the
FucP protein in native membranes with very good sensitiv-
ity. The methods yield information on the dynamic behavior
of bound substrate as well as for the overall translocation
process and describes an extremely weak association of
substrate in the binding center.

MATERIALS AND METHODS

Membrane preparation and substrates

E. coli strain AR120(pFG7) (Gunn et al., 1994), containing the fucP gene
was grown in an MBR Bioreactor with 25 l of medium containing yeast
extract and bacto-tryptone (both 10 g/l) with 5 g/l NaCl, 20 mM glycerol,
and 50 mg/l carbenicillin. When the growth medium reached an OD (at 680
nm) of 1.0, expression of FucP was induced by the addition of nalidixic
acid (40 mg/l) and the induced cells were harvested some hours after by
centrifugation (Gunn et al., 1994). For maximizing levels of FucP expres-
sion, post-induction growth was optimized for the highest activity of
L-fucose uptake by the cells. Harvested cells were disrupted by explosive
decompression in a French press and the inner membrane vesicles were
isolated by sucrose density gradient ultracentrifugation as previously used
for membranes derived from other genetically engineered organisms
(Spooner et al., 1994). Inner membrane vesicles were washed and resus-
pended in 20 mM Tris-HCl buffer at pH 7.5 and stored at �80°C after
rapid freezing.

Total protein in the inner membrane preparations was determined spec-
trophotometrically (Schaffner and Weissmann, 1973) and the proportion of
FucP was estimated from densitometry measurements on the protein re-
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized from staining with Coomassie Brilliant Blue
R250 (Henderson and Macpherson, 1985). As indicated in Fig. 1, the
overexpressed FucP protein is located in the gels at a position correspond-

ing to an apparent molecular size of 32 kDa. This band was previously
ascribed to FucP, based on the knowledge that other sugar-H� transport
proteins migrate in SDS-PAGE at 65–75% of their true molecular weights
(Gunn et al., 1994). By optimizing the growth for the highest specific
transport activity, expression of FucP was increased to �40% of total
protein in these preparations. Thawed inner membranes with overexpressed
FucP were sedimented for the NMR analysis by ultracentrifugation at
105 � g for 1 h. The sedimented membrane vesicles still typically con-
tained greater than 80% by weight of water, although this was reduced
during the early stages of the analysis (see below). Once thawed, mem-
branes were maintained at between 0 and 4°C throughout all subsequent
sample preparation and analysis.

D-[1-13C]Arabinose was purchased from Cambridge Isotope Laborato-
ries (Andover, MA) and L-galactose, uniformly labeled with 13C, (L-[13C6]
galactose), was a gift from the Martek Corp. (Columbia MD). All non-
labeled sugars were obtained from Sigma (St. Louis, MO). Solutions of
sugars were prepared in 20 mM Tris-HCl buffer at pH 7.5 for adding to
inner membrane pellets in 10-�l aliquots (for transported isomers) or 5-�l
aliquots (for non-transported isomers). Sugars were equilibrated with mem-
brane pellets for at least 30 min before measurement (see below).

NMR methods
13C NMR spectra were recorded at 100.63 MHz (400.13 MHz for protons)
using a Bruker MSL spectrometer with double-bearing MAS probeheads
for 7 mm sample rotors. MAS rates were 3.0 kHz, during which sample
temperature was controlled with the bearing gas maintained at a tempera-
ture of 2°C. The CP experiments used a proton field strength of 50 kHz for
contact, but this was attenuated by 50% for decoupling in membrane
samples during acquisition from both CP and single-pulse experiments.
The field strength applied to the 13C spins was adjusted to satisfy the
Hartmann-Hahn condition for CP and then used in all pulsed experiments.
All membrane pellets were first examined without substrate to record
control spectra from natural abundance nuclei. Before adding the sugars,
excess aqueous phase which had separated from the membrane mass was
drained off to improve sample homogeneity and to promote binding with
sugar substrates. However, these membrane vesicle preparations always
remained expanded and well hydrated during their analysis and at no stage
resembled collapsed or dried membranes. Solutions of the sugars were
mixed directly into the membrane mass within the MAS sample rotors and
allowed to equilibrate at 4°C. Subsequent analysis of substrate binding by
NMR indicated that substrate can equilibrate rapidly (minutes) with the
membranes containing active protein and gentle stirring was used only to
ensure sample homogeneity before spinning. Proton spin-lattice relaxation
in the laboratory and rotating frames used CP for indirect detection on
resolved 13C spins as described (Schaefer et al., 1977; Sullivan and Maciel,
1982).

A pulse sequence designed to measure the rate of substrate exchange
with the carrier center in the transporter proteins is represented schemati-
cally in Fig. 2 and referred to here as dephasing-delayed cross-polarization
(DDCP). Proton magnetization is prepared by a non-selective �/2 pulse
and then allowed to dephase over a single rotation period (1/�r; �r �
rotation speed in Hz), before storing residual magnetization back along the
longitudinal axis in the laboratory frame (�z). The � pulse centered at �r/2
refocuses isotropic chemical shifts over the dephasing delay and incorpo-
rates a 180° phase shift to compensate for errors in setting the pulse width.
At normal speeds, the single rotation period is sufficient to dephase all
magnetization for the protons associated with the membranes but is too
short to degrade the magnetization of substrate that remains free in solu-
tion, which is stored. The mixing time, �m, allows any exchange with free
substrate, retaining full magnetization, which can then be detected by the
conventional CP sequence. Since magnetization is also recovered by lon-
gitudinal relaxation processes, the method will selectively detect exchange
that occurs faster than the rate of spin-lattice relaxation in the laboratory
frame (1/T1Z).

FIGURE 1 SDS-PAGE of membrane samples from the E. coli strain
expressing FucP (nalidixic acid induced strain of AR120(pFG7); see under
Materials and Methods). Each membrane fraction (30 �g) was solubilized
in sample buffer at 37°C, 30 min before electrophoresis on a 15% SDS-
PAGE. Proteins were visualized by staining the gel with Coomassie Bril-
liant Blue R-250. The FucP protein is indicated by an arrow. Lane A, inner
membrane fraction; lane B, outer membrane fraction; lane C, molecular
weight markers (SDS-7 Dalton Mark V11-L, Sigma), bovine albumin
(Mr � 66,000), egg albumin (45,000), bovine carbonic anhydrase (29,000),
bovine pancreas trypsinogen (24,000), soybean trypsin inhibitor (20,000),
and bovine milk �-lactalbumin (14,200).
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RESULTS

NMR observation of FucP membranes and
bound substrates

Fig. 3 A shows a CP MAS spectrum recorded from the
membranes with overexpressed FucP. Although the mem-
branes are maintained in their “fluid” state, the spectrum
shows strong contributions from the protein component,
appearing as broad envelopes of intensity from groups with
wide chemical shift dispersion. This is especially apparent
in the spectral region 50–70 ppm, which mainly contains
spectral intensity from the �-carbons of the proteins. The
innate complexity of the natural abundance 13C spectra from
membranes makes it difficult to identify resonances in Fig.
3 A that arise exclusively from the induced FucP protein.

However, some partly resolved resonances in the alkyl
region between 25 and 30 ppm are not observable in CP
MAS spectra from non-induced (“wild-type”) membranes
and can be attributed to alkyl side chain carbons of the FucP
protein.

On adding L-[13C6]galactose, signals arising from a mo-
tion-restricted portion of this substrate are clearly identifi-
able in the spectral region, 90–100 ppm (Fig. 3 B). This
corresponds to signal from 13C in the C-1 position of the
sugar which falls in a spectral region essentially free of
natural-abundance 13C contribution from the membranes
(Fig. 3 A). Expanding this region (Fig. 3 C) clearly displays
signals from both anomers at this position and, in spite of a
large artificial line broadening (30 Hz) used in signal pro-
cessing, it is even possible to resolve the doublet multiplic-
ity in each, due to the J-coupling in this uniformly labeled
substrate (�50 Hz coupling with C-2). D-[1-13C]Arabinose
is also detected with good sensitivity for both anomers
(expanded spectrum, Fig. 3 D) and these resonances appear
narrower with the absence of J-coupling effects in this
single-labeled material. The dominant signal from C-1 in
bound substrates appears at the higher frequency which
corresponds to the anomer having the C-1 hydroxyl in trans
configuration with respect to the C-2 hydroxyl in both cases.
This assignment is trivial, as the C-1 anomers show no
significant change in their chemical shift compared with
their NMR observation in free solution, which have typical
anomeric shifts (Levy et al., 1980). The spectral intensities
detected from these anomers with the FucP membranes also
agrees closely with the ratio of �2:1 observed in equili-
brated aqueous solutions of both substrates by direct 13C
observation. The similarity in spectral characteristics for

FIGURE 2 DDCP pulse sequence designed to monitor the rate of sub-
strate exchange with the protein. The creation and then dephasing of proton
magnetization in the membranes occurs over a single rotor period, 1/�r,
where �r is the sample rotation speed and is followed by a variable mixing
time �m to allow substrate to exchange.

FIGURE 3 CP MAS 13C spectra from FucP
membranes (with �0.2 �mol of FucP). Spectra
recorded before (A) or after (B) incorporation
of 1 �mol of L-[13C6]galactose (with 5 �mol of
D-fucose). (C) Expanded region showing spec-
tral intensity (�6 expansion) appearing from
C-1 in bound L-[13C6]galactose or (D) D-[1-
13C]arabinose bound from adding 1 �mol of
this labeled substrate with 3 �mol D-fucose to
untreated membranes. All spectra were ac-
quired at 2°C from 8000 accumulations, using a
recycle time of 1 s and then processed using 30
Hz of line-broadening for exponential filtering.
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free and bound substrate makes it especially important to
show that the substrate detected with FucP membranes is
selective only for the transport system and that its observa-
tion by NMR is not affected by exchange processes.

Specificity of substrate binding for FucP

All substrate binding was measured in the presence of three-
to fivefold concentrations of unlabeled D-fucose, which is
not a substrate for FucP. This non-transportable sugar was
initially introduced to discourage any nonspecific binding of
labeled substrate which might have been indistinguishable
from the substrate binding selectively to FucP. However,
D-fucose appeared to have little or no effect on the mea-
surements and so its presence serves only to emphasize the
selectivity for the FucP protein in the binding measured by
NMR. This selectivity is further demonstrated by competi-
tive binding with unlabeled transportable sugars as de-
scribed below.

As shown from the expanded regions of 13C CP MAS
spectra in Fig. 4, the strong signal from D-[1-13C]arabinose
bound in the presence of excess D-fucose is depleted by
sequential additions of the unlabeled substrate L-fucose
(spectra A–C). L-Fucose, the native substrate, does not
appear to be an especially potent competitor for binding to
the protein and may bind at lower affinity than D-arabinose.
Unlabeled L-galactose also inhibits the D-arabinose binding,
as shown by the series of spectra in Fig. 4, D–F, but appears
to be an even less effective competitive substrate than
L-fucose. Further evidence that L-galactose is the weakest

binding substrate of those studied is given in the spectra G
and H, which show that L-[13C6]galactose binding in the
presence of D-fucose appears completely blocked, with no
detectable NMR signal, after adding an equimolar amount
of L-fucose.

Substrate exchange and the dynamics of
substrate bound to FucP

The membranes in their “fluid” state display a complex
array of motional processes and spin-lattice relaxation is
used to examine the prevalence of motions occurring within
two quite separate time regimes. Relaxation in the labora-
tory frame is sensitive to motions with rates in the vicinity
of the NMR observation (Larmor) frequency (�0 � 0.4 GHz
for protons), where we expect a minimum in the time
constant, T1Z, for this process. Relaxation in the rotating
frame, with time constant T1�, is mediated by fluctuations
with rates comparable to the applied proton field strength
(104-105 Hz). Following CP, relaxation is observed for
protons in the vicinity of the detected 13C nuclei, which
takes advantage of the greater spectral resolution of this
heteronucleus. Nonetheless, only for the enriched substrate
is there the opportunity for measurements on individual
sites or environments within these systems, due to the low
sensitivity and complexity of other signals arising from the
natural abundance 13C contribution. Instead, relaxation in-
formation are gathered for the identifiable types of chemical
groups in the membranes which, despite differing in their
environments, do offer a general description of relaxation

FIGURE 4 Effects of competitive binding on the
CP MAS spectrum of labeled substrates bound to
FucP membranes. (A) Expanded spectra from C-1 in
bound substrate after adding 1 �mol of D-[1-13C]
arabinose with 3 �mol of unlabeled D-fucose to 0.2
�mol FucP and then (B) after additions of 1 �mol
and (C) 2 �mol of L-fucose. (D) Spectra from bound
substrate as for A but in the presence of 5 �mol of
unlabeled D-fucose and then (E) after adding 1 �mol
or (F) 2 �mol of L-galactose. (G) Expanded spectra
from C-1 in L-[13C6]galactose bound from adding 1
�mol of this substrate to FucP membranes in the
presence of 5 fold D-fucose and then (H) after add-
ing 1 �mol of L-fucose. Chemical shift values in G
correspond to midpoint of splittings. All spectra
acquired and processed as for full spectra in Fig. 3,
except for series A–C which were each recorded
from 16,000 accumulations.
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processes occurring within the membranes and provides a
useful reference against which the motion behavior of sub-
strate can be compared. The rapid relaxation rates for bound
arabinose, recorded in Table 1, show that it experiences a
high density of motions in both regimes, in common with
other groups associated with the membranes (Table 1). All
relaxation monitored in the fluid membranes appeared to
follow simple kinetics and is not thought to be significantly
driven by nonspecific exchange processes (i.e., spin-diffu-
sion). The extent to which the motions promote efficient
spin-lattice relaxation in bound substrate is clear by com-
paring these data with the very slow relaxation for substrate
in its rigid crystalline lattice (Table 1). The relaxation rates
for bound arabinose fall at the lower end of the both ranges
recorded for groups within the membranes but are much
faster than for arabinose in solution (Table 1), whose mo-
tions are mostly more rapid than �0 (i.e., in the region of
extreme narrowing). According to these relaxation data, the
substrate detected by CP clearly reflects quite well the
dynamic environment of the membranes and is quite distinct
from that for substrate in free solution.

Following the destructive dephasing of the magnetization
from membranes with D-[1-13C]arabinose in a DDCP ex-
periment, the recovery of spectral intensity by exchange or
relaxation processes (see under Materials and Methods) was
measured as a function of the mixing time and these data are
displayed in Fig. 5. The recovery of NMR intensity from
bound D-arabinose is shown in Fig. 5 to overlay all those for
the non-exchangeable groups within the membranes. Oth-
erwise, the overall profile appears to follow quite closely
those for the membrane groups over the entire time course
of this experiment and so the recovery of substrate magne-
tization is also expected to be dominated by the longitudinal
spin-lattice relaxation processes that are shown in Table 1 to
be quite similar. These data provide no indication that the
overall recovery profile for bound substrate is accelerated
by exchange between substrate bound to the transport sys-
tem and substrate in free solution and this process is con-
sequently assumed to be slow on this experimental time
scale (�10�1 s). Any attempt to account for the nominal
differences in exchange and relaxation behavior of bound
substrate, compared with other membrane groups, will re-
quire a discussion of dynamic processes more subtle than
complete dissociation from the binding center in the protein,
as included below.

DISCUSSION

The NMR methods used here were capable of directly
observing the weak binding of sugar substrate to FucP
protein in its native membranes with good sensitivity. Ac-
cording to the competitive binding experiments using la-
beled and non-labeled substrates and non-transportable ste-
reoisomers, the methods detected sugar bound to FucP
alone. L-Fucose and D-arabinose did not display any ano-
meric selectivity in their binding with FucP. This sensitivity

TABLE 1 Proton spin-lattice relaxation times in the
laboratory (T1Z) and rotating (T1�) frames

Membranes

Crystalline
arabinose

Solution
arabinoseCH2 C� CAC CAO

Bound
arabinose

T1Z (s) 0.7 0.7 0.4 0.8 0.9 213 2.1
T1� (ms) 4 5 6 5 8 378 104

Detected at the labeled 1-carbon in D-[1-13C]arabinose and mean values
measured at the major resolvable classes of natural abundance 13C species
in the FucP membranes as follows: CH2, methylenes; C�, �-carbons in the
polypeptide backbones; CAC, lipid chain unsaturation; CAO, carbonyls.
Solution measurements from 100 mM arabinose in D2O.

FIGURE 5 NMR spectral intensities as a func-
tion of mixing time in the DDCP experiment for
(closed circle) bound D-[1-13C]arabinose and the
following major classes of membrane groups: al-
kyl CH2 (open square); (open triangle) chain un-
saturation and (open circle) amino acid �-car-
bons, C�. Measured intensities are expressed as a
ratio of that recorded under normal CP conditions
without dephasing.
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was due in large part to the narrow line shapes obtainable
from these membranes in their “fluid” state. Line widths
were close to the static field homogeneity (�15 Hz) rou-
tinely achieved for the instrumental magnet-probe combi-
nation used in this work. Such narrow line shapes are
uncommon in solid state NMR measurements on solid ma-
terials, due to inhomogeneous broadening from structural
heterogeneity in the solid samples, susceptibility effects and
due to the difficulty in eliminating completely the strong
homogeneous (Maricq and Waugh, 1979) type of dipolar
interactions present in rigid systems (i.e., achieving com-
plete decoupling of protons). These effects appear to be
largely circumvented by studying these membranes in their
native “fluid” (non-frozen) state. The most distinct proper-
ties of the fluid membranes, capable of affecting the NMR
response in this way, was their much higher density of local
motions compared with rigid systems, as evident in the
efficient spin-lattice relaxation recorded for the membranes.
These motions presumably help create a more homogeneous
local magnetic environment, render homogeneous dipolar
interactions more susceptible to conventional decoupling
methods and provide for rapid relaxation recovery during
the NMR measurement. Given our current appreciation of
the molecular dynamics over short time trajectories in bio-
logical macromolecules (McCammon and Harvey, 1991),
fast local motions can be assumed to offer an efficient
source of relaxation recovery for nuclear spins, even with-
out any contribution from overall molecular reorientation.
Motions experienced by substrate in the binding site do not,
however, seriously compromise its detection by CP which
relies on strong dipolar interactions still being available
between the protons and heteronuclear spins. Those modes
of motion that would seriously interfere with the detection
of substrate, such as overall molecular reorientation, there-
fore appear to be largely excluded.

Apart from severely attenuating the heteronuclear dipolar
interactions, large amplitude reorientational motion is not
well tolerated in MAS NMR experiments. A wide range of
motion rates within the intermediate time scale (10�9-10�4

s) can defeat the line narrowing effects of MAS (Haeberlen
and Waugh, 1969), compromise the efficiency of proton
decoupling (Frydman and Frydman, 1990) or at worse,
induce complete dephasing of signal during sample rotation
(Maricq and Waugh, 1979). These difficulties were not
encountered with the “fluid” membrane systems studied
here. Recent observations from electron spin-labels attached
to membrane transport proteins, show no significant reori-
entational motion over this intermediate time scale, in the
bacterial membrane expression systems at temperatures be-
tween 2 and 5°C (P. J. R. Spooner, W. J. O’Reilly, S. W.
Homans, N. G. Rutherford, P. J. F. Henderson, and A.
Watts, unpublished observations).

The substrate selectivity demonstrated here, first from
binding observed in the presence of excess non-transport-
able stereoisomer and then from the competitive binding of
other transportable substrates, shows that FucP is the target
protein of the ligands. Despite this binding selectivity, the

bound substrate detected always appeared to be a small
fraction of the total substrate recorded by direct 13C obser-
vation on these systems (not shown), confirming that the
substrates bind only weakly to the transport system. A very
weak binding of substrate should not be regarded as unfa-
vorable to its translocation in the overall symport process.
On the contrary, a weak binding best describes the process
of solvent substitution required to precede translocation via
the “moving-barrier” mechanism, as proposed for these
“secondary translocators” (Mitchell, 1990). This mecha-
nism requires that secondary hydration bonds with solution
substrate can be substituted by a network of hydrogen bonds
within the binding center at little or no energy expense, a
condition more likely to be satisfied by substrate that ap-
pears to associate only weakly with the protein. FucP is
concluded to bind all its transportable substrates very
weakly, as required for efficient translocation under a “mo-
bile-barrier” mechanism.

Consistent with specificity in the binding, but not implicit
for a weak binding process, is the finding that substrate
exchanges slowly with the transport system (�10�1 s) and
that its relaxation characteristics resemble those within the
membrane environment. This is interpreted as showing that
substrate is restrained within a slow translocation process
and, importantly, this allows exclusive observation of sub-
strate within the binding site on the “slow” NMR time scale.
The manner in which bound substrate was shown to mimic
the membrane environment in these experiments was suffi-
cient to exclude interference from complete substrate ex-
change or nonspecific binding processes. It is possible,
however, that the data reveal that substrate can partake in
more subtle dynamic processes occurring within the binding
site. For instance, a high local mobility for bound substrate
compared with its environment within the protein would
resist dephasing of its NMR signal in the DDCP experiment
and result in its recovery profile being displaced above
those for other membrane groups, as shown in Fig. 5. As
little as 10–15% of the signal from associated substrate
remaining after the dephasing period, would be enough to
account for the differences in its recovery profile shown in
Fig. 5, compared with the other groups detected within the
membrane. Such a low initial intensity would not, however,
be distinguishable from the instrumental noise at these
measuring sensitivities.

A degree of motion uncoupling of substrate within the
binding site would also be consistent with the moderate
differences observed in its relaxation behavior compared
with other membrane groups, especially in the rotating-
frame relaxation which provides a sensitive measure for
association with membranes in their fluid state (Cornell et
al., 1983; Spooner et al., 1993). Recent observations on the
brush border Na�-glucose cotransporter provide evidence
that the transport of water across membranes is coupled to
the movement of solutes by symport proteins and that this
plays an important role in the absorption of water by epi-
thelial membranes (Loo et al., 1996). None of the observa-
tions reported here are inconsistent with sugars being trans-
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ported in a well hydrated binding center in the transport
system. The lack of chemical shift perturbation on binding
could reveal opportunities for the weakly binding substrate
to cycle between solvent substitution and rehydration while
remaining within the binding site. These fluctuations in
substrate interactions can be of the order anticipated in the
above discussion concerning the nominal differences in
exchange and relaxation behavior and does not implicate
any overall molecular reorientation which appears to be
largely excluded.

An important goal for this work would be to exploit the
NMR capability demonstrated here for probing the chemical
and structural environment of the binding center in several
sugar-H� symport proteins as well as other membrane
transport proteins. With the resolution available here, it may
already be possible to estimate torsional angles from J-
couplings between multiple labels within ligands that are
restrained within the protein. This would facilitate a struc-
tural analysis of those ligands that can conform to the
binding site geometry. The use of spectral editing via the
substrate nuclei has also been used to good effect in some of
the most complex proteins observed by high-resolution,
solution state NMR (Derrick et al., 1992; Lian et al., 1994).
The anisotropic features of membrane systems and their
amenability to some solid-state NMR methods as demon-
strated here, can open up many more diverse opportunities
for detecting and quantifying these interactions by various
structural methods (Watts et al., 1995), of which rotational
resonance (Levitt et al., 1990) and rotational-echo double
resonance (Gullian and Schaefer, 1989) are the best known.
The advantages of studying functional systems in their
native “fluid” (non-frozen) state are clear for the current
observations, although it should be recognized that many of
the established solid state NMR methods referred to above
are not adapted for such dynamically complex systems,
especially if substrate or its interactions can exercise a high
degree of motional freedom within the binding site of the
membrane transport systems.

This work was supported by Biotechnology and Biological Science Re-
search Council Grant GR/H5512, the Wellcome Trust, The Royal Society,
and European Communities Grant BI04 CT96 0129).
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