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ABSTRACT: The challenging nature of studies of membrane proteins has made it difficult to determine the
molecular mechanism of transmembrane signaling. For the bacterial chemoreceptor family, there are crystal
structures of the internal and external domains, structural models of the transmembrane domain, and
evidence for subtle ligand-induced conformational changes, but the signaling mechanism remains
controversial. We have used a novel site-directed solid-state NMR distance measurement approach, using
13C19F REDOR, to measure a ligand-induced change of 1.0( 0.3 Å in the distance between helicesR1
andR4 of the ligand-binding domain in theintact, membrane-boundserine receptor. This distance change
is shown not to be due to motion of the side chain and thus is due to motion of either theR1 or theR4
helix. Additional distance measurements can be used to determine the type of backbone motion and to
follow it to the cytoplasm, to test and refine current proposals for the mechanism of transmembrane
signaling. This is a promising general method forhigh-resolutionmeasurements of local structure in
intact, membrane-bound proteins.

The mechanisms of transmembrane signaling are poorly
understood, in part because of the lack of structural informa-
tion due to difficulties inherent in applying X-ray crystal-
lography or solution-state NMR1 for complete structure
determination of membrane-bound receptors. The bacterial
chemoreceptors ofE. coli andSalmonellaand the chemotaxis
pathway they regulate have been extensively studied (1),
providing an excellent system for probing the mechanism
of signal transmission across the lipid bilayer. Furthermore,
evidence suggests that the mechanism is likely to be
general: it has been shown that aspartate binding regulates
the intrinsic tyrosine kinase activity of a chimeric receptor
consisting of the bacterial aspartate receptor ligand-binding
and transmembrane domains fused with the insulin receptor
intracellular domain (2). The 60 kDa chemotaxis receptors
provide sensory input for a phosphorylation cascade control-
ling the swimming direction of the bacterium (3). A number
of studies indicate that ligand binding induces conformational
changes in the dimeric receptor, which are thought to transmit
the signal (4-15). There is also evidence that the clustering
of dimers may be involved in the signaling mechanism (15-
22).

Structure determination of the periplasmic fragment of the
aspartate receptor fromSalmonella(Tars) reveals a dimer,
where each subunit consists of a four-helix bundle labeled
R1-R4 (Figure 1A,C), with a pseudo-intersubunit four-helix
bundle consisting of theR1 andR4 helices of each subunit
(5-8). Analysis of the aspartate receptor fragment crystal
structures has yielded two different proposed mechanisms
for ligand-induced change: an∼4° pivot motion between
monomer subunits (8), or a 1.6 Å piston motion of the
C-terminal helix (R4) relative to the other helices within one
subunit (10). These ligand-induced changes are thought to
be propagated by the transmembrane helices across the
membrane to control the phosphorylation of the associated
histidine-kinase, CheA, in the cytoplasm. Discrimination
between these and other possible mechanisms requires direct
structural measurements on the intact receptor.

Solid-state NMR distance measurements provide a power-
ful high-resolution tool for mapping local structure and
structural changes in proteins. Magic-angle spinning (MAS)
is used in solid-state NMR to average orientation-dependent
interactions and thus narrow broad lines to increase resolution
and sensitivity in the spectrum. Dipolar couplings are also
removed, but can be reintroduced with techniques such as
REDOR and rotational resonance (23). We [and others (24)]
are extending the power of these methods by combining them
with site-directed mutagenesis to target the measurements
to site(s) of interest. Here we report the application of this
approach to measure selected distances in the ligand-bound
and ligand-free signaling states of the serine chemoreceptor
of E. coli (Tsrec). We have measured a ligand-induced
conformational change in the tertiary structure of theintact,
membrane-boundreceptor using13C-observed,19F-dephased
REDOR NMR (13C19F REDOR).
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MATERIALS AND METHODS

Mutagenesis.The gene encoding wild-type serine receptor
(Tsrec) was expressed from pHSe5 (25), with the tsr insert
flanked by uniqueBamHI and HindIII sites. The point
mutation S56C was incorporated into the wild-type gene in
pHSe5 using the Inverse Polymerase Chain Reaction (IPCR)
method (26). The point mutant E164C was incorporated into
the wild-type gene in pHSe5 using the QuikChange method
(Stratagene). The resultant vectors were identified as pOM56C
and pOM164C.

Swarm Assays.Chemotaxis swarm assays were performed
usingE. coli strain HCB429 (27) [relevant genotype:∆(tsr)-
7021,∆(tar-tap)5201,∆(tar)100, zbd::Tn5] transformed with
either pHSe5.tsr, pOM56C, pOM164C, or pUC9. Soft agar
swarm plates were prepared as described in (28), with or
without 0.1 mML-serine. Two milliliter LB starter cultures

were inoculated and grown to OD600 ) 0.4 at 37°C. Two
microliters of culture was then spotted onto soft agar swarm
plates by gently puncturing the surface and injecting cells
below the surface. Plates were allowed to sit for 16 h at room
temperature. Swarm diameters were then measured at∼1 h
intervals with initial measurement equal to time zero. Each
time point was the mean of six equivalent swarm ring
diameter measurements. Linear regression analysis of plots
of the swarm diameters (( standard deviation) vs time
determined the best-fit value of the swarm rate (slope of the
line) and its standard deviation.

Protein Expression and Labeling. E. colistrain DL39C
[relevant genotype: cysE::Tn5, aspC13, fnr-25, ilV12,
tyrB507], a multiauxotrophic strain [Cys-, Phe-, Tyr-, Asp-,
Leu-, Ile-, Val- (leaky)], provides the background for the
biosynthetic labeling of engineered receptors with 99%L-[1-

FIGURE 1: Structural model of the periplasmic domain of Tsrec depicting the label sites for the distances measured by REDOR NMR. (A)
Side view backbone ribbon trace of the symmetric periplasmic fragment dimer of the aspartate receptor ofSalmonella(2VLT in PDB) (8)
adjoined as in (49) to helical transmembrane and cytoplasmic domains, pictorially represented with cylinders. The two bound ligands are
shown in pink. The four-helix bundle arrangement of one subunit of the dimer is set apart by color, with the N-terminal longR1 helix in
red, theR2 helix in yellow, theR3 helix in green, and the C-terminal longR4 helix in blue. To model the sites of interest in Tsrec, residue
Leu161 (corresponding to residue Phe163 in Tsrec) is changed to a Phe, with itsø1 rotamer position set at 180°. (B) Enlargement of the
boxed area in (A) showing the location of the nuclei used to monitor the interhelical and intrahelical distances in the ligand-bound and
ligand-free states of Tsrec. The interhelical (R1 to R4) REDOR experiment monitors the distance between theR1 backbone carbonyl carbon
of residue 56 (green ball) and the side-chain ringp-fluoro (aqua-green ball) of residue 163 (Tars residue 161). The intrahelical REDOR
experiment monitors the distance between theR4 backbone carbonyl carbon of residue 164 (Tars residue 162) and the side-chain ring
p-fluoro of residue 163. (C) View down the dimer axis of the periplasmic domain (view from the end distal to the membrane; the prime
after the helix designation denotes the other subunit).
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13C]cysteine (Cambridge Isotopes, Cambridge, MA) and
L-[ring-4-19F]phenylalanine (Sigma Chemical, St. Louis,
MO). DL39C was constructed from DL39CM, a gift from
David LeMaster, Wadsworth Center, Albany, NY. Due to
the toxicity associated withp-19F-Phe (29) as the sole source
of phenylalanine, a media shift technique was used for double
labeling of Tsrec receptors. DL39C cells transformed with
pOM56C or pOM164C were grown at 30°C, with constant
aeration (250 rpm rotator shaking) in defined media (25)
containing 0.8 mML-phenylalanine and 20 mg/LL-[1-13C]-
cysteine to mid-log phase (OD600 ) 0.9-1.0). Cells were
spun down and washed 2 times in 0.25 volume of 0.9%
NaCl, and then resuspended in defined media containing 20
mg/L labeled cysteine and 1.0 mML-[ring-4-19F]phenylala-
nine. After resuspension, IPTG was added to 0.5 mM final
concentration to induce expression, and growth proceeded
at 30°C with constant aeration for 3 h.

Isolation of Whole-Membrane Vesicles Containing OVer-
expressed Receptor.Whole-membrane vesicles of mixed
inner- and outer-membranes containing overexpressed Tsrec

receptor were prepared as described (30) with minor
modifications, from the null chemoreceptorE. coli strain
HCB429. Whole-membrane vesicles were used for in vitro
methylation assays because in our experience these prepara-
tions are leaky to ligand. Thus, the predominantly inside-
out vesicles, with the cytoplasmic domain accessible for
CheR binding and methylation, will be leaky enough to allow
ligand to bind to its site inside the vesicles and increase the
methylation rate. Expression at 30°C from mid-log 1 L
cultures was induced by the addition of IPTG. Cells were
then harvested and resuspended in a 25 mL/L culture of low-
salt buffer: 0.1 M Na2HPO4/NaH2PO4, pH 7.2, 10% glycerol,
5 mM 1,10-phenanthroline, 2 mM phenylmethylsulfonyl
fluoride (PMSF), 5 mM EDTA, and 5 mM DTT. Cells were
lysed by passage through a French Press 2 times at 1000-
1500 psi, and unbroken cells were removed by a low-speed
spin, 10000g, for 20 min at 4°C. Purification proceeded as
described in (30), absent final high-salt washes. From 1 L
of starting culture,∼40 mg of Tsr protein in whole-
membranes is made.

Isolation of Inner-Membrane Vesicles Containing OVer-
expressed Receptor.Inner-membrane vesicles were prepared
by a gentle osmotic lysis protocol (31), for ligand-binding
assays and NMR samples. Each inner-membrane preparation
was purified from 4× 1 L cultures. Three of the 1 L cultures
were grown with both13C and19F labeling, harvested, and
then divided in half for two parallel purifications, one of
which was purified in the presence of 2 mM serine. Thus, a
matched pair of ligand-free and ligand-bound receptor
samples was prepared from 3 of the starting 4 L of culture.
The final 1 L of cells was grown withp-19F-Phe and
unlabeled Cys. The purified inner-membrane suspensions
were dialyzed against 20 mM sodium phosphate buffer, pH
7.0. For the two S56C-Tsrec samples and the two E164C-
Tsrec samples, 45-60 mg/1.5 L of Tsr is prepared by this
method. Total protein concentration is determined by BCA
assay and a 40% receptor purity estimate based on densito-
meter scan of Coomassie-stained SDS-PAGE gels of
membrane samples. Duplicate inner-membrane preparations
containing labeled receptors showed 90%p-19F-Phe incor-
poration by amino acid analysis (MCB core facility, Uni-
versity of Massachusetts, Amherst, MA). We expect exclu-

sive incorporation of the 99%L-[1-13C]cysteine at position
56 or 164 in Tsr due to the cysteine auxotrophy of DL39C.

Ligand-Binding Assays.Ligand-binding assays were per-
formed on detergent-solubilized membranes, thereby ensuring
full access of all binding sites to serine ligand. A [3H]serine
displacement assay similar to the procedure described in (32)
was used to measure ligand-binding affinities; 200µL
reactions contained∼100 µL of receptor-containing mem-
branes, 1 mM EDTA, 2 mM 1,10-phenanthroline, 25 mM
Tris-HCl, pH 7.5, 1%n-octyl-â-D-glucoside, and varying
amounts of [3H]serine (1, 4, 10, 20, or 40µM at a specific
activity of 1 Ci/mmol). Reactions were incubated for 15 min
and split into 2× 95 µL volumes; to one was added excess
cold serine (2 mM), to the other distilled water. After a 15
min incubation, soluble [3H]serine was separated from
receptors using Amicon MWCO-10 filter units by centrifug-
ing the aliquots at 10000g for 10 min. Triplicate volumes of
each flow-through were added to 5 mL of scintillation
cocktail and counted to determine [Ser]total (aliquot chased
with cold Ser) and [Ser]free (aliquot chased with water).
[Ser]bound ) [Ser]total - [Ser]free was plotted vs [Ser]total and
fit to the 1:1 binding equation:

where [R]total is the concentration of receptor dimer, to obtain
the equilibrium dissociation constant for Ser (KD) for the
stronger first binding event (the weaker binding of the second
ligand to the receptor dimer was not measured).

Methylation Response Assays.In vitro methylation reac-
tions of wild-type and point mutant chemoreceptors were
performed as described (19), with slight modifications. The
methyltransferase cheR (30µM stock) was provided by
Robert M. Weis, University of Massachusetts at Amherst.
Individual reactions consisting of 20µM receptor (in whole-
membrane vesicles), 3µM cheR,( 2 mM L-serine, in 50
µL total volume of 50 mM Na2HPO4/NaH2PO4, pH 7.5, 3
mM DTT, 1 mM PMSF, were preincubated for 1 h at 4°C.
Reactions were started by the addition of 200µM 3H-SAM
(0.1 Ci/mmol specific activity) at room temperature. Me-
thylation incorporation was stopped by spotting a 10µL
aliquot onto 1 cm2 Whatman filter paper and immediately
immersing it in a 5% TCA bath for 2× 10 min. Filter papers
containing precipitated receptors were rinsed 2× 5 min in
100% methanol and air-dried. Filter papers were placed in
5 mL of scintillation cocktail and counted. Each rate was
computed from a single point, the methylation level at 5 min.
Eight such measurements were made for each sample to
obtain the mean and standard deviation. Under these condi-
tions, the wild-type receptor rate (no Ser) was 0.046( 0.006
methyl group (Tsr subunit)-1 min-1.

NMR Sample Preparation.Inner-membrane vesicle sus-
pensions containing overexpressed labeled mutant serine
receptor were pelleted for 1 h at100000g (45 000 rpm in a
Beckman Ti70 rotor). The hydrated pellet is estimated to
have a volume of 1 mL and have a Tsrec concentration of
0.8-1.0 mM. The pelleted membranes were kept at 4°C
and packed into a 5 mmsilicon nitride rotor (Doty Scientific),
or the pellet was quick-frozen in liquid N2 and placed under
vacuum and lyophilized for 12 h, after which the lyophilized

[Ser]bound) 1
2 {KD + [S]total + [R]total -

x(KD + [S]total + [R]total)
2 - 4[S]total[R]total}
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sample was packed into a 5 mmsilicon nitride rotor. The
packed 5 mm rotors contained approximately 400 nmol of
lyophilized Tsrec or 200 nmol of frozen Tsrec. All lyophilized
sample REDOR experiments were performed at 280 K, and
the frozen sample experiments were performed at 241 K.

NMR.Cross-polarization with magic-angle spinning (CP-
MAS) 13C solid-state NMR spectra were acquired on an
ASX300 spectrometer (Bruker Instruments) equipped with
controllers to maintain constant temperature and MAS
speeds. The tuning frequencies for the triple channel REDOR
NMR experiment are 75.47 MHz (13C), 300.13 MHz (1H),
and 282.4 MHz (19F). Experiments were performed with
MAS speeds of 5 kHz( 3 Hz using a 5 mmsupersonic
triple resonance (HFX) probe (Doty Scientific).13C19F
REDOR measures dipolar couplings by collecting a pair of
13C spectra: the full signal,So, and the dipolar-dephased
signal,S. Dipolar effects are reintroduced in the dephased
spectrum (S) by 19F π pulses every half and full rotor period,
which change the sign of the13C-19F dipolar coupling and
thus prevent the MAS from averaging the dipolar coupling
(33, 34). The 13C19F REDOR pulse sequence (35) begins
with sensitivity enhancement of the13C signal via ramped
cross-polarization (36), followed by a dipolar evolution
period of rotor-synchronized19F π pulses, followed by the
acquisition of the13C spectrum. A single refocusingπ pulse
is applied to the13C spins at the midpoint of the dipolar
evolution period. Cross-polarization was performed with a
2.5 ms contact time, a proton field strength ofγB1/2π ) 50
kHz, and a 14% ramp on the carbon power. The proton
decoupling field was increased to 78 kHz during the REDOR
dipolar evolution mixing period and to 60 kHz during signal
acquisition. On the19F channel,γB1/2π ) 67 kHz for the
180° pulses. Spectra were collected using the XWIN-NMR
1.3 software package (Bruker Instruments) on a Silicon
Graphics Indy computer and analyzed using Kaleidagraph
software package 3.0.2 (Abelbeck Software) on an Apple
Power Macintosh 7600/120 computer.

13C19F REDOR experiments were calibrated using a self-
diluted polycrystalline [19F]polycarbonate standard, poly-
(oxycarbonyloxy-1,4-phenylene-isopropylidine-1,4-phenylene-
oxycarbonyloxy-1,4-phenylene-isopropylidine-(3-fluoro)-1,4-
phenylene (kindly provided by L. McDowell and J. Schaefer,
Washington University). The polymer provides a self-diluted
13C19F spin-pair (the 3-fluoro, which occurs on every fourth
ring, and the neighboring resolved C4 ring carbon resonance
at 136 ppm) with a strong dipolar coupling of 2100 Hz (2.4
Å) (L. McDowell and J. Schaefer, personal communication).
For this strong dipolar coupling, full REDOR dephasing of
the signal occurs before 8 rotor cycles. Thus, a “shifted”
REDOR pulse sequence (37), with the dephasingπ pulse
moved from the center of the rotor period to 0.1 times the
rotor period, was used to reduce the effective dipolar
coupling.∆S/So data for 8 and 16 rotor cycles of dephasing
were analyzed with the REDOR expression for a mirror-
symmetric pulse sequence (37) to yield a slightly longrCF

) 2.55 Å. Since REDOR measurements often slightly
overestimate the distance, this result demonstrates our
protocol gives accurate measurement of13C to 19F distances.

13C19F REDOR NMR Data Analysis. So andSvalues were
obtained by integration of the carbonyl resonance (168-
182 ppm). These data were corrected for the13C natural-
abundance contribution toSo empirically, via comparisons

of CPMAS spectra of the13C-labeled and unlabeled
samples: the unlabeled sample prepared under the same
conditions and at the same time as its labeled counterparts
indicates the natural-abundance contribution in the labeled
samples. The CPMAS spectrum of the unlabeled sample was
adjusted to match the intensities in the aromatic and CH2/
CH3 regions of the labeled spectra, to correct for differences
associated with the total amount of sample packed per rotor.
Integrals of the scaled carbonyl peak regions were used to
derive the fractional contribution of the label:F ) (IL -
IU)/IL, whereIL ) integral of the labeled carbonyl andIU )
integral of the unlabeled carbonyl.So data were corrected
by multiplication by this factor,F. A further correction
multiplied So by 0.9 to account for the fact that 90% of the
13C sites had a neighboringp-19F-Phe: (∆S/So)corrected) ∆S/
(So × F × 0.9). An additional natural-abundance correction
to the∆Svalue was needed in order to correct for thep-19F-
Phe dephasing of the natural-abundance carbonyl resonance,
which must be subtracted (∆Slabeled- ∆Sunlabeled) ∆SuniqueCys,
after appropriate scaling). This was measured in REDOR
experiments on the E164C unlabeled sample (which lacks
the 13C label but is labeled withp-19F-Phe). This correction
was significant for the intrahelical distance measurement,
[1-13C]Cys164 to [ring-4-19F]Phe163: the correction in-
creased the distance from 8.9 to 10.1 Å. For the shorter 5.8-
6.8 Å interhelical distances, the E164C unlabeled sample
spectra indicated that the correction would change the
distances by an insignificant amount (0.1-0.2 Å), but would
increase the error slightly from(0.1 to (0.2 Å.

The error due to spectral noise (which is likely to be the
dominant error in such dilute spin samples) was estimated
as follows. The error for a peak height measurement is the
standard deviation of a noise region of the spectrum; for an
integral measurement, this standard deviation is multiplied
by the increment per point (set to 1 for all integrations) and
the square root of the number of points integrated (because
as signal adds in proportion ton, noise adds in proportion
to the square root ofn).

REDOR data, (∆S/So)corrected, were fit to the following
equation (37) to obtain the dipolar coupling,DCF (Hz), and
its standard deviation:

where the dipolar evolution period) NcTr (number of rotor
cycles× rotor period) andR and â are the azimuthal and
polar angles, respectively, describing the orientation of the
internuclear vector with respect to the sample rotation axis.
The curve fitting was performed with pro Fit 5.1 (Quan-
tumSoft) using the Levenberg-Marquardt nonlinear least-
squares method. The distancer (meters) between the two
spins is related to the dipolar coupling by:

where the magnetic constant (µo/4π) ) permeability of a
vacuum,γCγF ) the gyromagnetic ratios of13C and19F, and
h ) Planck’s constant.

A REDOR curve describing two isolated spin-pairs equals
the additive contribution of each spin-pair’s REDOR curve

∆S
So

) 1 - 1
4π∫â)0

π ∫R)0

2π

cos[(DCFNcTr)2x2 sin 2â sin R]∂R sin â ∂â

DCF (Hz) ) (µo/4π)γCγFh/4π2(r3)
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as described in (38). For the asymmetric ligand-bound model,
such an average curve was used to fit the (∆S/So)correcteddata,
with one spin-pair fixed at 5.8 Å, to obtain the best-fit
distance for the other spin-pair.

RESULTS AND DISCUSSION

Mutagenesis for SelectiVe Distance Measurements. Pro-
posed mechanisms involving ligand-induced motions of the
receptor helices can be tested by measuring distances
between helices in the intact receptor. We chose13C19F
REDOR (33, 34, 39) for its ability to measure relatively long
distances (up to 12 Å) between13C and19F nuclei in isolated
spin-pairs. Fluorinated aromatic amino acids have been
incorporated into a number of proteins without perturbing
their function (40), andp-F-Phe labeling of the Asp receptor
periplasmic domain has previously been shown not to perturb
ligand binding (9). Site-directed mutagenesis was used to
introduce unique cysteine residues (Tsrec contains no native
cysteines) at target sites close to an isolated phenylalanine
residue at position 163 on theR4 helix in the periplasmic
domain of the intact receptor. The chosen sites were on helix
R1 (Ser56 replaced by Cys) for measurement of an interhe-
lical distance to probe for ligand-induced motions ofR1 or
R4, and on helixR4 (Glu164 replaced by Cys) for measure-
ment of an intrahelical distance to define the Phe side-chain
conformation (see Figure 1). The 2 engineered serine
receptors, S56C-Tsrec and E164C-Tsrec, were labeled bio-
synthetically by incorporation ofL-[1-13C]cysteine at the
unique Cys position andL-[ring-4-19F]phenylalanine at the
13 Phe positions. For13C19F REDOR experiments, only19F-
spins within∼12 Å cause dipolar dephasing of a13C nucleus.
Although the details of the structure of this domain may
differ between Tsrec and Tars, the 39% sequence identity (in
the helical regions) in this domain (41) suggests that the
overall four-helix bundle architecture should be retained.
Thus, the Tars crystal structure can be used to estimate the
distances from the engineered Cys residues to the four
phenylalanines in the periplasmic domain of Tsrec. The Phe
at position 163 is predicted to occur within 12 Å of the
[1-13C]- at positions 56 or 164; the next nearest Phe residue
is estimated to be≈20 Å away from these sites. Thus, the
engineered, labeled receptors contain isolated13C, 19F spin-
pairs for distance measurements that monitor local confor-
mational change upon ligand binding to the receptor.

Three assays were used to evaluate the functionality of
the engineered receptors (Table 1). In vivo swarm rates
comparable to those of wild-type receptors indicate that the

engineered receptors retain the ability to mediate chemotaxis
on serine-containing soft agar plates. Inner- and whole-
membrane vesicles containing overexpressed receptors were
isolated for in vitro assays. Ligand-binding assays demon-
strate that the engineered receptors have binding affinities
within the reported 5-27 µM range for wild-type receptors
(42, 43). Finally, the expected ligand-induced increase in
methylation rate was observed (19), indicating that the
engineered receptors retain transmembrane signaling.

13C19F REDOR NMR Distance Measurements.13C19F
REDOR was used to measure the interhelical distance from
[1-13C]Cys56 (R1) to [ring-4-19F]Phe163 (R4). Figure 2
presents one set ofSo (full intensity), S (dipolar-dephased),
and ∆S ) So - S spectra of 1-13C-Cys,p-19F-Phe-labeled
intact S56C receptors bound to inner-membrane vesicles.
Integration of the carbonyl resonance (182-168 ppm)
provided∆S/So values that were corrected empirically for
the 1%13C natural-abundance contribution to theSo peak
area (see Materials and Methods). (∆S/So)correcteddata were
plotted versus dipolar evolution time and fit to a REDOR
curve to obtain the distance. The REDOR experiment probing
the R1/R4 interface (Figure 3) indicates that the best-fit
[1-13C]Cys56 to [ring-4-19F]Phe163 distance is 5.8( 0.2 Å
in the ligand-free receptor state (open circles are best-fit by
the solid line) and 6.8( 0.2 Å in the ligand-bound state
(filled circles are best-fit by the dashed line). This analysis
assumes ligand binding changes the interhelical distance
equally in both subunits of the dimeric receptor. An alternate
analysis (dotted line, see below), which assumes an asym-
metric change restricted to one subunit, results in a larger
(2.2 Å) change in the distance to 8 Å. Data obtained on
lyophilized (Figure 3A) and frozen (Figure 3B) samples are
compatible with the same distances. Thus, ligand binding
induces a change of at least 1.0( 0.3 Å in the R1/R4
interhelical distance within a subunit.

A similar REDOR experiment (Figure 4) was used to
determine the side-chain conformation of Phe163. For this
long-distance measurement, a correction was needed for the
REDOR dephasing of the natural-abundance carbonyls by
the p-F-Phe residues. This was performed on a matched
receptor sample labeled withp-F-Phe and no13C-Cys, as
described under Materials and Methods. In the apo-state
(open diamonds) and ligand-bound state (filled diamonds)

Table 1: Functional Assays on Engineered Receptorsa

chemotactic swarm
rate (mm/h)

receptors
methylation rate
response ratio

binding affinity
[KD (µM)] (+)Ser (-)Ser

wild-type Tsrec 1.5( 0.4 10( 4 1.9( 0.2 0.8( 0.3
S56C-Tsrec 1.6( 0.4 16( 6 1.9( 0.3 0.8( 0.3
E164C-Tsrec 1.7( 0.7 15( 6 1.8( 0.2 0.8( 0.1

a In vitro methylation rates are based on measured methylation levels
of the receptor 5 min after addition of3H-SAM. The response ratio
represents the methylation rate in the presence of 2 mM serine divided
by the rate in the absence of serine. An in vitro radioactive displacement
assay was used to measure the ligand affinity for each receptor.
Chemotaxis swarm rates on (+)Ser- and (-)Ser-containing soft agar
plates are reported.

FIGURE 2: One set of REDOR spectra of the lyophilized S56C-
Tsrec sample. A total of 37 000 transients were acquired for both
theSo andSspectra with a recycle delay of 1 s, spinning speed of
5 kHz, and 48 rotor cycles of dipolar evolution (9.6 ms). The dipolar
dephasing of the carbonyl resonance (174 ppm) is the difference
between the full-echo spectrum (So) in black and the dipolar
dephased spectrum (S) in red. Spectral subtraction ofS from So
gives the difference spectrum (∆S).
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of E164C-Tsrec, the [1-13C]Cys164 to [ring-4-19F]Phe163
distances are indistinguishable (best-fit distances of 10.2(
0.6 and 10.0( 0.5 Å, respectively). Thus, side-chain motion
does not contribute to the ligand-induced 1 Å change in the
interhelicalR1/R4 distance. Using REDOR NMR, we have
measured a ligand-induced conformational change of the
helix backbone within the periplasmic domain of the intact
membrane-bound serine chemoreceptor.

The dimeric nature of the receptor raises the question of
whether the ligand-induced change in theR1/R4 interhelical
distance occurs in one or both subunits. In the symmetric
ligand-free receptor, the distance is 5.8 Å in both subunits.
The preceding REDOR analysis, which assumes a single
distance in the ligand-bound receptor as well, would mean
both distances increase to 6.8 Å. The other simple extreme
is that the ligand-induced change occurs in only one subunit

and the other distance remains at 5.8 Å. For this asymmetric
ligand-bound model, the REDOR data are fit to an average
of REDOR curves for two different distances (Figure 3A,
dotted line). This analysis yields an 8.0( 0.5 Å distance in
the other subunit. Thus, the ligand-induced interhelical
distance change is between 1.0( 0.3 Å (if both subunits
change equally) and 2.2( 0.5 Å (if change is confined to a
single subunit).

There are a number of caveats for REDOR measurements
of absolute distances that do not compromise measurements
of relatiVedistances. Other protein impurities present in these
heterogeneous membrane preparations could contain Cys
(most likely without nearbyp-F-Phe), which would reduce
the fraction of the13C-Cys signal dephased in the experiment.
Also, cumulative pulse imperfections and intrinsic high-
frequency motions have been noted to compromise REDOR
measurements of long distances (44). Receptor dynamics in
the NMR samples could average the dipolar couplings. All
of these effects would cause the REDOR-measured distances
to be longer than the actual distances.

Comparison of the measuredR1 to R4 distances of 5.8
and 6.8 Å in Tsrec to the corresponding distances in the Tars

crystal structures is hampered by the fact that the Phe163
residue is not conserved. Thus, the first step in making this
comparison is to determine the side-chain conformation of
Phe163. The distance measurements presented in Figure 4
indicateø1 is near a trans conformation in the Tsrec structure.
We also determined that such a side-chain conformation is
compatible with the Tars periplasmic fragment crystal
structure, by replacing Leu161 (the corresponding residue
in Tars) with Phe and finding the region of low energy
conformations for this side chain using the Discover module
in the Biosym InsightII software package. While fixing all
other Tars coordinate positions, the Phe ring was allowed to
sample 360° of chi1 (ø1) and chi2 (ø2) space by 2°
increments with the resulting overall energy calculated for
each 180× 180 matrix position. The contour plot of
minimum energy (Figure 5) indicates that a conformation

FIGURE 3: Interhelical distance measurements: S56C-Tsrec (∆S/
So)correctedREDOR data and best-fit REDOR curves. (A) Lyophilized
[1-13C]Cys56 (R1) to p-19F-Phe163 (R4) distance measurements.
Ligand-free S56C-Tsrec data (open circles) for 16, 24, 32, and 48
rotor cycles of dephasing are best-fit (solid line) by a dipolar
coupling of 147( 9 Hz, corresponding to a distance of 5.8( 0.1
Å. Ligand-bound S56C-Tsrec data (filled circles) for 16, 32, 48,
and 64 rotor cycles of dephasing are best-fit (dashed line) by a
dipolar coupling of 90( 4 Hz, corresponding to 6.8( 0.1 Å. A
natural-abundance correction would not change this distance
significantly (see Materials and Methods), but would increase the
error to(0.2 Å. This analysis assumes that ligand binding causes
both halves of the receptor dimer to move equally. An alternative
asymmetric ligand-bound receptor model assumes half of the dimer
does not move. For this case, the ligand-bound S56C-Tsrec data
are fit to an average REDOR dephasing curve describing two
isolated spin-pairs (38), with one spin-pair held at a distance of
5.8 Å. The best-fit (dotted line) distance for the other spin-pair is
8.0( 0.5 Å (dipolar coupling of 56( 10 Hz). (B) Frozen [1-13C]-
Cys56 (R1) to p-19F-Phe163 (R4) distance measurements. 32 rotor
cycle experiments performed at 241 K on ligand-free (open square)
and ligand-bound (filled square) frozen S56C-Tsrec samples are
consistent with the same distances as the lyophilized data. All
experiments were performed at a MAS speed of 5000 Hz and a
recycle delay of 1 s. TheSo andS spectra used to calculate (∆S/
So)correctedare derived from 30 000-60 000 transients per spectrum
for the lyophilized samples at 280 K, and from 120 000-172 000
transients for the frozen samples at 241 K.

FIGURE 4: Intrahelical distance measurements: E164C-Tsrec (∆S/
So)correctedREDOR data and predicted REDOR curves for Phe163
rotamers near trans. Lyophilized [1-13C]Cys164 (R4) to p-19F-
Phe163 (R4) distance measurements. Ligand-free E164C-Tsrec data
(open diamonds) for 48 and 64 rotor cycles of dephasing are best-
fit by a dipolar coupling corresponding to 10.2( 0.6 Å. Ligand-
bound E164C-Tsrecdata (filled diamonds) for 48 and 64 rotor cycles
are best-fit (dashed black line) by a dipolar coupling corresponding
to 10.0( 0.5 Å. Both data sets were corrected for19F dephasing
of natural-abundance13CO (see Materials and Methods). Predicted
distances and curves for twoø1 rotamers of the Phe ring which
span the range of low-energy conformations (see Figure 5) in the
crystal structure of the Tars fragment.
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near trans (ø1 ∼ 180°) would be likely if the structure is
similar to the Tars structure. Therefore, for the Phe substituted
into the Tars structure, we assignø1 in this low energy range
(≈165-210°) to check whether our interhelical distance
measurement of 5.8 Å in Tsrec is consistent with that
predicted in the Tars structure. With ø1 ) 196°, the
corresponding interhelical distance in the Tars fragment
structure is 5.8 Å (ligand-free structure 1LIH). This provides
further evidence for a conserved tertiary structure within the
chemotaxis receptor family, previously suggested by primary
sequence comparison (41, 45-47) and by15N13C REDOR
measurements in the ligand-binding pocket of Tsrec (35).

Despite the consistency between the distance measured
in the ligand-free receptor and that predicted by the corre-
sponding crystal structure, the measured 1 Å ligand-induced
changein the interhelical distance is larger than that predicted
by the Tars crystal structures. Again withø1 ) 196°, the
corresponding interhelical distance in the Tars fragment
structure is 6.0 Å in the ligand-bound structure 2LIG, a
change of only 0.2 Å. This difference is likely to be due to
differences between the samples studied by NMR and
crystallography. This NMR study was performed on lyoph-
ilized membranes containingintact Tsrec; the X-ray studies
were performed on crystallinefragmentsof Tars.

The validity of using lyophilized samples in this case is
established by REDOR NMR experiments conducted on
frozen membranes: the frozen and lyophilized data fall on
the same REDOR curve fit for the lyophilized data, indicating
the lyophilized protein has the same absolute distances.
Furthermore, the same ligand-induced change in interhelical
distance was measured on two separate lyophilized sample
pairs. The consistency of the REDOR results for lyophilized
and frozen samples also suggests that dynamics, which would
likely differ in the two sample types, are not affecting the

distance measurement. Thus, the differences between the
ligand-induced changes observed by NMR and crystal-
lography are likely to be due to differences between the two
receptor types or between the intact receptor and receptor
fragments.

Site-Directed Solid-State NMR ProVides High-Resolution
Distances on Intact Receptors.The importance of measuring
the ligand-induced structural change in theintact receptor
is demonstrated by the fact that different ligand-induced
changes are observed in crystal structures of different Tars

fragments. Thus, the ligand-induced changes observed in the
periplasmicfragmentsmay not fully reflect changes in the
native receptor. Different ligand-induced structural changes
are observed in two different crystal structure pairs (1LIH,
2LIG and 1VLS, 2VLT in the protein database). In the
disulfide-cross-linked (Cys36-Cys36′) fragment pair (1LIH,
2LIG), an intrasubunit 1.6 Å piston motion is observed (10).
By following the same protocol for superimposing the
structures, we observe the piston in the cross-linked structure
pair, but we do not observe the piston in the wild-type, un-
cross-linked structure pair [1VLS, 2VLT, which was un-
available at the time of the analysis leading to the piston
model (10)]. The intersubunit 3-4° pivot motion has been
observed in both crystal structure pairs (8), but the pivot axis
is shifted by over 15 Å (from the ligand binding site area in
the wild-type proteins to the cross-link area in the cross-
linked proteins). Clearly, these subtle conformational changes
are easily perturbed in the fragment crystals. It is likely that
neither fragment structure pair fully mimics the native
receptor. The disulfide cross-link helps to retain the native
association of the truncated helices (R1 andR4, which extend
through the transmembrane region as TM1 and TM2 in the
native receptor) but may also reduce intersubunit motions.
Therefore, the real mechanism could be some combination
of both pivot and piston motions with the possibility of larger
distance changes than those seen by analysis of either crystal
structure pair. Thus, it is important to augment the high-
resolution picture of the receptor domains provided by
crystallography (5-8, 48, 49) with selected high-resolution
measurements of ligand-induced distance changes in the
intact receptor system, to map the actual conformational
change.

Our REDOR results also complement a recently published
EPR study of the intact aspartate receptor which found
evidence for ligand-induced changes of∼1 Å in four
interhelical distances across theR1-TM1/R4-TM2 interface
(4). These results were interpreted to support a∼1 Å piston
motion of theR4-TM2 helix. The NMR approach presented
here provides the means for obtaining thehigh-resolution
distance constraints needed to more precisely map the pattern
of changes characteristic of such a piston motion. The high
sensitivity of the EPR method has enabled the measurement
of a number of distances in both receptors and receptor
complexes with CheA and CheW, which is critical since
some aspects of receptor structure and behavior may differ
when uncomplexed. The EPR study yielded the important
result that the distance changes appear to be similar with
and without CheA and CheW (4).

It is important to note that the geometry of the interhelical
distance measurement is critical to the interpretation of any
observed distance changes. This is illustrated in the simple
cartoon model presented in Figure 6, in which interhelical

FIGURE 5: Contour plot of energy to determine what side-chain
conformations of Phe are likely at the site of interest in the Tars
structure. Atomic coordinates of the Tars fragment apo-structure
(1LIH) (7) were used, with substitution of Phe for Leu at position
161 (virtually the same contours result when using the wild-type
fragment apo-structure, 1VLS). All Tars coordinates are fixed except
for the Phe side chain, which is allowed to rotate at 2° increments
through 360° of ø1 andø2 space as described in the text. Contour
plot of the total receptor fragment energy (kcal) for each 2°
increment ofø1 andø2. The three low-energy contours plotted span
a ø1 range of≈165-210°. An 8.5 Å cutoff for the Phe side chain
was defined for the energy calculations, and repulsive van der Waals
interactions dominated the changing energy terrain. The low-energy
range includes theø1 value (≈180°) of the native residue Leu161
in the Tars (1LIH) fragment structure.
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distances are represented byd and distances along the long
axis of the receptor axis (roughly parallel to the helix axes)
are represented byz. The significance of the measured ligand-
induced∆d ) 1 Å depends critically on the angle between
the interhelical distance vector and thez axis, which is
unknown. We can make an initial estimate of this geometry
using the Tars crystal structure with a Phe side chain
substituted at the position corresponding to Phe163 andø1
) 196°, which is most compatible with our distance
measurements. These assumptions result inz ) 1.6 Å in the
structure (black triangle in Figure 6 for the ligand-free state),
and the ligand-induced∆d ) 1 Å from 5.8 to 6.8 Å
corresponds to a∆z ) 2.3 Å. Thus, one simple conforma-
tional change consistent with our measurements is a 2.3 Å
pure piston motion of theR4 helix. However, the magnitude
of the piston motion depends on the assumed geometry: with
the above assumptions which place the 5.8 Å distance vector
74° from the z axis, a ∆d ) 1 Å (measured) would
correspond to a∆z ) 2.3 Å. With a different geometry,
placing the 5.8 Å distance vector 45° from thez axis, a∆d
) 1 Å (measured) would correspond to a∆z) 1.3 Å piston.
This demonstrates that interhelical vectors perpendicular to
the axis of motion are relatively insensitive to small piston
motions, and that using interhelical distance change measure-
ments to measure piston motions of helices requires knowl-
edge of the geometry. Thus, additional high-resolution
distance measurements are critical in order to determine the
geometry and to distinguish different types of motions of
the helices at this site.

In summary, we report the first high-resolution measure-
ment of a ligand-induced distance change in an intact,
membrane-bound receptor. The measured 1 Å change in the
distance between theR1 andR4 helices proves that the native
serine receptor undergoes a ligand-induced intrasubunit

conformational change, and is potentially consistent with the
proposal that ligand binding induces a 1.6 Å piston motion
of theR4 helix (10). Additional site-directed solid-state NMR
measurements in progress should provide a detailed picture
of the local structure in both signaling states of the intact,
membrane-bound serine receptor. Measurements at other sites
can be used to test for intersubunit pivot motions (with
intersubunit distance measurements) and for propagation of
any observed motions to the other receptor domains. These
experiments will yield insight into the ligand-induced con-
formational change and the mechanism of transmembrane
signaling in bacterial chemoreceptors.

The use of mutagenesis to direct solid-state NMR distance
measurements provides a powerful general method for
making high-resolution distance measurements at sites of
interest for probing structure and mechanism. This will be a
valuable approach for advancing our understanding of other
important membrane protein systems.
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