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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 of1®.3 A in the distance between helice$

ando4 of the ligand-binding domain in thatact, membrane-bounserine receptor. This distance change

is shown not to be due to motion of the side chain and thus is due to motion of eithet thiethea4

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 fagh-resolutionmeasurements of local structure in
intact, membrane-bound proteins.

The mechanisms of transmembrane signaling are poorly Structure determination of the periplasmic fragment of the
understood, in part because of the lack of structural informa- aspartate receptor froil@almonella(Tar) reveals a dimer,
tion due to difficulties inherent in applying X-ray crystal- where each subunit consists of a four-helix bundle labeled
lography or solution-state NMRfor complete structure  al—o4 (Figure 1A,C), with a pseudo-intersubunit four-helix
determination of membrane-bound receptors. The bacterialbundle consisting of thel anda4 helices of each subunit
chemoreceptors d&. coliandSalmonelleand the chemotaxis  (5—8). Analysis of the aspartate receptor fragment crystal
pathway they regulate have been extensively studi¢d (  structures has yielded two different proposed mechanisms
providing an excellent system for probing the mechanism for ligand-induced change: an4° pivot motion between
of signal transmission across the lipid bilayer. Furthermore, monomer subunitsgj, or a 1.6 A piston motion of the
evidence suggests that the mechanism is likely to be C-terminal helix (4) relative to the other helices within one
general: it has been shown that aspartate binding regulatesubunit (0). These ligand-induced changes are thought to
the intrinsic tyrosine kinase activity of a chimeric receptor be propagated by the transmembrane helices across the
consisting of the bacterial aspartate receptor ligand-binding membrane to control the phosphorylation of the associated
and transmembrane domains fused with the insulin receptorhistidine-kinase, CheA, in the cytoplasm. Discrimination
intracellular domainZ). The 60 kDa chemotaxis receptors between these and other possible mechanisms requires direct
provide sensory input for a phosphorylation cascade control- structural measurements on the intact receptor.
ling the swimming direction of the bacteriur8)( A number

o ; T ) Solid-state NMR distance measurements provide a power-
of studies indicate that ligand binding induces conformational ¢ high-resolution tool for mapping local structure and

changes in the dimeric receptor, which are thought to transmit g4, ctural changes in proteins. Magic-angle spinning (MAS)

the signal §—15). There is also evidence that the clustering s seq in solid-state NMR to average orientation-dependent
of dimers may be involved in the signaling mechanidis-{ interactions and thus narrow broad lines to increase resolution
22). and sensitivity in the spectrum. Dipolar couplings are also

removed, but can be reintroduced with techniques such as
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Ficure 1: Structural model of the periplasmic domain of cEstepicting 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 rec8ptoroofella2VLT in PDB) (8)

adjoined as in49) 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-terminel foelix in

red, thea2 helix in yellow, thea3 helix in green, and the C-terminal longt helix in blue. To model the sites of interest in dsresidue

Leul61 (corresponding to residue Phel63 ingd $s changed to a Phe, with ijgl 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 Tgr The interhelical @1 to o4) REDOR experiment monitors the distance betweemdthbackbone carbonyl carbon

of residue 56 (green ball) and the side-chain nnfijuoro (aqua-green ball) of residue 163 (Jagsidue 161). The intrahelical REDOR
experiment monitors the distance between didebackbone carbonyl carbon of residue 164 {Tasidue 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).

MATERIALS AND METHODS were inoculated and grown to Q§ = 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

MutagenesisThe gene encoding wild-type serine receptor
(Tsro was expressed from pHSe35), with the tsr insert
flanked by uniqueBanH! and Hindlll sites. The point )
mutation S56C was incorporated into the wild-type gene in Femperatur'e. Svygrm diameters were then measuredat
pHSe5 using the Inverse Polymerase Chain Reaction (IPCR)l_ntervals_ with initial measurement equa_l to time zero. Egch
method 26). The point mutant E164C was incorporated into “T“e point was the mean_of Six equw_alent swarm rng
the wild-type gene in pHSe5 using the QuikChange method diameter measurements. Linear regression analy5|s pf plots
(Stratagene). The resultant vectors were identified as pomsecOf the swarm diameters#( standard deviation) vs time

and pOM164C. determined the best-fit value of the swarm rate (slope of the
Swarm Assay€£hemotaxis swarm assays were performed In€) and its standard deviation.
usingE. colistrain HCB429 27) [relevant genotypeA(tsr)- Protein Expression and Labeling. E. calirain DL39C

7021,A(tar-tap)5201 A(tar)100, zbct Tn5] transformed with [relevant genotype: cysE::Tn5, aspC13, fnr-25, w12,
either pHSe5.tsr, pPOM56C, pOM164C, or pUC9. Soft agar tyrB507, a multiauxotrophic strain [Cys-, Phe-, Tyr-, Asp-,
swarm plates were prepared as describedB), (with or Leu-, lle-, Val- (leaky)], provides the background for the
without 0.1 mML-serine. Two milliliter LB starter cultures  biosynthetic labeling of engineered receptors with 99-
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13C]cysteine (Cambridge Isotopes, Cambridge, MA) and sive incorporation of the 99%-[1-13C]cysteine at position
L-[ring-4-'°F]phenylalanine (Sigma Chemical, St. Louis, 56 or 164 in Tsr due to the cysteine auxotrophy of DL39C.
MO). DL39C was constructed from DL39CM, a gift from Ligand-Binding Assayd.igand-binding assays were per-
David LeMaster, Wadsworth Center, Albany, NY. Due to formed on detergent-solubilized membranes, thereby ensuring
the toxicity associated with-'°F-Phe R9) as the sole source  full access of all binding sites to serine ligand. 3[serine
of phenylalanine, a media shift technique was used for double displacement assay similar to the procedure describe&?)n (
labeling of Tsg. receptors. DL39C cells transformed with was used to measure ligand-binding affinities; 200
pOM56C or pOM164C were grown at 3C, with constant reactions contained-100 L of receptor-containing mem-
aeration (250 rpm rotator shaking) in defined mecdi&) ( branes, 1 mM EDTA, 2 mM 1,10-phenanthroline, 25 mM
containing 0.8 mM.-phenylalanine and 20 mgiL-[1-13C]- Tris-HCI, pH 7.5, 1%n-octyl-5-p-glucoside, and varying
cysteine to mid-log phase (QE = 0.9-1.0). Cells were amounts of H]serine (1, 4, 10, 20, or 40M at a specific
spun down and washed 2 times in 0.25 volume of 0.9% activity of 1 Ci/mmol). Reactions were incubated for 15 min
NacCl, and then resuspended in defined media containing 20and split into 2x 95 uL volumes; to one was added excess
mg/L labeled cysteine and 1.0 mM[ring-4-°F]phenylala- cold serine (2 mM), to the other distilled water. After a 15
nine. After resuspension, IPTG was added to 0.5 mM final min incubation, soluble 3H]serine was separated from
concentration to induce expression, and growth proceededreceptors using Amicon MWCO-10 filter units by centrifug-
at 30°C with constant aeration for 3 h. ing the aliquots at 100@for 10 min. Triplicate volumes of
Isolation of Whole-Membrane Vesicles Containinge® each flow-through were added to 5 mL of scintillation
expressed ReceptowWhole-membrane vesicles of mixed cocktail and counted to determine [Sgg] (aliquot chased
inner- and outer-membranes containing overexpressegd Tsr with cold Ser) and [Segle (aliquot chased with water).
receptor were prepared as describe’D) (with minor [Serbound = [Serlotal — [Serkee Was plotted vs [Seg}a and
modifications, from the null chemorecept&r: coli strain fit to the 1:1 binding equation:
HCB429. Whole-membrane vesicles were used for in vitro 1
methylatlon assays'because in our experience these' prepargSer}, .= > { Ko + [Slotws + [Rliow —
tions are leaky to ligand. Thus, the predominantly inside-
out vesicles, with the cytoplasmic domain accessible for 2 _ }
CheR binding and methylation, will be leaky enough to allow «/(KD T Blow * Rlow)” = 4lSkoalRlo
ligand to bind to its site inside the vesicles and increase the where [R]ya iS the concentration of receptor dimer, to obtain
methylation rate. Expression at 3C from mid-log 1 L the equilibrium dissociation constant for Sé¢p§ for the
cultures was induced by the addition of IPTG. Cells were stronger first binding event (the weaker binding of the second
then harvested and resuspended in a 25 mL/L culture of low- ligand to the receptor dimer was not measured).
salt buffer: 0.1 M NgHPQy/NaH,PQ,, pH 7.2, 10% glycerol, Methylation Response Assays.vitro methylation reac-
5 mM 1,10-phenanthroline, 2 mM phenylmethylsulfonyl tions of wild-type and point mutant chemoreceptors were
fluoride (PMSF), 5 mM EDTA, and 5 mM DTT. Cells were  performed as described9), with slight modifications. The
lysed by passage through a French Press 2 times at1000 methyltransferase cheR (3@M stock) was provided by
1500 psi, and unbroken cells were removed by a low-speedRobert M. Weis, University of Massachusetts at Amherst.
spin, 10000g, for 20 min at 4C. Purification proceeded as Individual reactions consisting of 2(M receptor (in whole-
described in 0), absent final high-salt washes. From 1 L membrane vesicles), @M cheR,+ 2 mM L-serine, in 50
of starting culture,~40 mg of Tsr protein in whole- L total volume of 50 mM NgHPQ/NaH,PQ,, pH 7.5, 3
membranes is made. mM DTT, 1 mM PMSF, were preincubatedrfa h at 4°C.
Isolation of Inner-Membrane Vesicles Containinged Reactions were started by the addition of 200 3H-SAM
expressed Receptdnner-membrane vesicles were prepared (0.1 Ci/mmol specific activity) at room temperature. Me-
by a gentle osmotic lysis protocaBl), for ligand-binding thylation incorporation was stopped by spotting a0
assays and NMR samples. Each inner-membrane preparatioaliquot onto 1 cri Whatman filter paper and immediately
was purified from 4x 1 L cultures. Three of h1 L cultures immersing it in a 5% TCA bath for Z 10 min. Filter papers
were grown with both3C and®°F labeling, harvested, and containing precipitated receptors were rinseg % min in
then divided in half for two parallel purifications, one of 100% methanol and air-dried. Filter papers were placed in
which was purified in the presence of 2 mM serine. Thus, a 5 mL of scintillation cocktail and counted. Each rate was
matched pair of ligand-free and ligand-bound receptor computed from a single point, the methylation level at 5 min.
samples was prepared from 3 of the staytthL of culture. Eight such measurements were made for each sample to
The find 1 L of cells was grown withp-°F-Phe and obtain the mean and standard deviation. Under these condi-
unlabeled Cys. The purified inner-membrane suspensionstions, the wild-type receptor rate (no Ser) was 0.846.006
were dialyzed against 20 mM sodium phosphate buffer, pH methyl group (Tsr subunit} min.
7.0. For the two S56C-Tgrsamples and the two E164C- NMR Sample Preparatioinner-membrane vesicle sus-
Tsrec Samples, 4560 mg/1.5 L of Tsr is prepared by this pensions containing overexpressed labeled mutant serine
method. Total protein concentration is determined by BCA receptor were pelleted fd h at10000@ (45 000 rpm in a
assay and a 40% receptor purity estimate based on densitoBeckman Ti70 rotor). The hydrated pellet is estimated to
meter scan of Coomassie-stained SIPAGE gels of have a volume of 1 mL and have a Jstoncentration of
membrane samples. Duplicate inner-membrane preparation®.8—1.0 mM. The pelleted membranes were kept &C4
containing labeled receptors showed 9p%’F-Phe incor- and packed it a 5 mmsilicon nitride rotor (Doty Scientific),
poration by amino acid analysis (MCB core facility, Uni- or the pellet was quick-frozen in liquidJNind placed under
versity of Massachusetts, Amherst, MA). We expect exclu- vacuum and lyophilized for 12 h, after which the lyophilized
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sample was packed mta 5 mmsilicon nitride rotor. The of CPMAS spectra of the'*C-labeled and unlabeled
packed 5 mm rotors contained approximately 400 nmol of samples: the unlabeled sample prepared under the same
lyophilized Tsg.or 200 nmol of frozen Tk All lyophilized conditions and at the same time as its labeled counterparts
sample REDOR experiments were performed at 280 K, andindicates the natural-abundance contribution in the labeled
the frozen sample experiments were performed at 241 K. samples. The CPMAS spectrum of the unlabeled sample was
NMR. Cross-polarization with magic-angle spinning (CP- adjusted to match the intensities in the aromatic and/CH
MAS) 13C solid-state NMR spectra were acquired on an CHsregions of the labeled spectra, to correct for differences
ASX300 spectrometer (Bruker Instruments) equipped with associated with the total amount of sample packed per rotor.
controllers to maintain constant temperature and MAS Integrals of the scaled carbonyl peak regions were used to

speeds. The tuning frequencies for the triple channel REDORderive the fractional contribution of the labek = (I, —

NMR experiment are 75.47 MHZC), 300.13 MHz {H),
and 282.4 MHz ¥F). Experiments were performed with
MAS speeds of 5 kHz: 3 Hz usirg a 5 mmsupersonic
triple resonance (HFX) probe (Doty Scientific}3C'°F
REDOR measures dipolar couplings by collecting a pair of
13C spectra: the full signal%, and the dipolar-dephased
signal, S Dipolar effects are reintroduced in the dephased
spectrum $) by 1°F 7 pulses every half and full rotor period,
which change the sign of tHéC—1°F dipolar coupling and
thus prevent the MAS from averaging the dipolar coupling
(33, 34. The 13C'F REDOR pulse sequenc8&5) begins
with sensitivity enhancement of tHéC signal via ramped
cross-polarization 36), followed by a dipolar evolution
period of rotor-synchronizetF & pulses, followed by the
acquisition of thé3C spectrum. A single refocusingpulse

is applied to the’*C spins at the midpoint of the dipolar
evolution period. Cross-polarization was performed with a
2.5 ms contact time, a proton field strengthyd,/2z = 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 thé®F channel,;yB,/2r = 67 kHz for the
18C° pulses. Spectra were collected using the XWIN-NMR
1.3 software package (Bruker Instruments) on a Silicon

lu)/IL, wherel,_ = integral of the labeled carbonyl ahg =
integral of the unlabeled carbony®, data were corrected
by multiplication by this factor,F. A further correction
multiplied S by 0.9 to account for the fact that 90% of the
13C sites had a neighborin@'°F-Phe: ASS)correctes= AY

(S x F x 0.9). An additional natural-abundance correction
to theASvalue was needed in order to correct for R&F-

Phe dephasing of the natural-abundance carbonyl resonance,
which must be subtractedGapeled— ASiniabeled™ ASiniquecys
after appropriate scaling). This was measured in REDOR
experiments on the E164C unlabeled sample (which lacks
the 13C label but is labeled witp-1°F-Phe). This correction
was significant for the intrahelical distance measurement,
[1-13C]Cys164 to [ring-4'F]Phel63: the correction in-
creased the distance from 8.9 to 10.1 A. For the shorter 5.8
6.8 A interhelical distances, the E164C unlabeled sample
spectra indicated that the correction would change the
distances by an insignificant amount (8.2 A), but would
increase the error slightly from0.1 to+0.2 A.

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

Graphics Indy computer and analyzed using Kaleidagraph by the increment per point (set to 1 for all integrations) and

software package 3.0.2 (Abelbeck Software) on an Apple
Power Macintosh 7600/120 computer.

13CI1°F REDOR experiments were calibrated using a self-
diluted polycrystalline T°F]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
13CI9F 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
A) (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 sequenc&7), with the dephasingr pulse

moved from the center of the rotor period to 0.1 times the
rotor period, was used to reduce the effective dipolar
coupling.ASS, data for 8 and 16 rotor cycles of dephasing
were analyzed with the REDOR expression for a mirror-
symmetric pulse sequenc87j to yield a slightly longrce

= 2.55 A. Since REDOR measurements often slightly

the square root of the number of points integrated (because
as signal adds in proportion t@ noise adds in proportion
to the square root af).

REDOR data, ASS)correctes Were fit to the following
equation 87) to obtain the dipolar couplind)cr (Hz), and
its standard deviation:

g =1- Ej/]ﬁoj;:o
cos[DN.T,)2v'2 sin 2 sina]da sin B 3

where the dipolar evolution period N.T; (humber of rotor
cycles x rotor period) andx and 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 LevenbergVarquardt nonlinear least-
squares method. The distanc€meters) between the two
spins is related to the dipolar coupling by:

Dcr (Hz) = (/‘o/M)VCVFh/4ﬂ2(r3)

overestimate the distance, this result demonstrates our

protocol gives accurate measurement3@fto °F distances.
BC1%F REDOR NMR Data Analysis, 8ndSvalues were
obtained by integration of the carbonyl resonance {168
182 ppm). These data were corrected for t#@ natural-
abundance contribution t& empirically, via comparisons

where the magnetic constant{4) = permeability of a
vacuum,ycye = the gyromagnetic ratios 6fC and*°F, and
h = Planck’s constant.

A REDOR curve describing two isolated spin-pairs equals
the additive contribution of each spin-pair's REDOR curve
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Table 1: Functional Assays on Engineered Receptors

chemotactic swarm

methylation rate binding affinity rate (mm/h)

receptors response ratio  [Kp (uM)] (+)Ser  ()Ser
wild-type TSkc 15+04 10+ 4 1.9+0.2 0.8+0.3
S56C-Tskc 16+04 16+ 6 1.94+0.3 0.8£0.3
E164C-Tskc 1.7+£0.7 15+ 6 1.8+40.2 0.8+0.1 : . b X

a|n vitro methylation rates are based on measured methylation levels JWMW Spand S
of the receptor 5 min after addition 8H-SAM. The response ratio 48
represents the methylation rate in the presence of 2 mM serine divided 550 205 200 175 150 125 100 ppm

by the rate in the absence of serine. An in vitro radioactive displacement 13 i .
assay was used to measure the ligand affinity for each receptor. C chemical shift

Chemotaxis swarm rates of-)Ser- and {)Ser-containing soft agar ~ FIGURE 2: One set of REDOR spectra of the lyophilized S56C-
plates are reported. Tsrec sample. A total of 37 000 transients were acquired for both
the § andSspectra with a recycle delay of 1 s, spinning speed of

. . Lo 5 kHz, and 48 rotor cycles of dipolar evolution (9.6 ms). The dipolar
as described ir3g). For the asymmetric ligand-bound model, dephasing of the carbonyl resonance (174 ppm) is the difference
such an average curve was used to fit IN&/'&)correcteadata, between the full-echo spectrun®) in black and the dipolar
with one spin-pair fixed at 5.8 A, to obtain the best-fit dephased spectrun§)(in red. Spectral subtraction & from S,

distance for the other spin-pair. gives the difference spectrum.g).

RESULTS AND DISCUSSION engineered receptors retain the ability to mediate chemotaxis
on serine-containing soft agar plates. Inner- and whole-
Mutagenesis for Select Distance MeasurementBro- membrane vesicles containing overexpressed receptors were

posed mechanisms involving ligand-induced motions of the isolated for in vitro assays. Ligand-binding assays demon-
receptor helices can be tested by measuring distancesstrate that the engineered receptors have binding affinities
between helices in the intact receptor. We ch&%&F within the reported 527 uM range for wild-type receptors
REDOR @3, 34, 39 for its ability to measure relatively long (42, 43. Finally, the expected ligand-induced increase in
distances (up to 12 A) betweéiC and'*F nuclei inisolated ~ methylation rate was observed9j, indicating that the
spin-pairs. Fluorinated aromatic amino acids have beenengineered receptors retain transmembrane signaling.
incorporated into a number of proteins without perturbing  13C19 REDOR NMR Distance MeasurementdCoF
their function @0), andp-F-Phe labeling of the Asp receptor REDOR was used to measure the interhelical distance from
periplasmic domain has previously been shown not to perturb[1-13C]Cys56 @1) to [ring-44°F]Phel63 ¢4). Figure 2
ligand binding ). Site-directed mutagenesis was used to presents one set & (full intensity), S (dipolar-dephased),
introduce unique cysteine residues Efsontains no native  and AS= S, — S spectra of 13C-Cys, p-1°F-Phe-labeled
cysteines) at target sites close to an isolated phenylalanineintact S56C receptors bound to inner-membrane vesicles.
residue at position 163 on the4 helix in the periplasmic  Integration of the carbonyl resonance (3858 ppm)
domain of the intact receptor. The chosen sites were on helixprovided ASS, values that were corrected empirically for
ol (Ser56 replaced by Cys) for measurement of an interhe-the 1% 23C natural-abundance contribution to tBgpeak
lical distance to probe for ligand-induced motionsodf or area (see Materials and MethodshYS)correcteddata were

o4, and on helix4 (Glu164 replaced by Cys) for measure- plotted versus dipolar evolution time and fit to a REDOR
ment of an intrahelical distance to define the Phe side-chain curve to obtain the distance. The REDOR experiment probing
conformation (see Figure 1). The 2 engineered serinethe al/a4 interface (Figure 3) indicates that the best-fit
receptors, S56C-Tgrand E164C-Tsk, were labeled bio-  [1-13C]Cys56 to [ring-41°F]Phe163 distance is 58 0.2 A
synthetically by incorporation of-[1-*C]cysteine at the in the ligand-free receptor state (open circles are best-fit by
unique Cys position and-[ring-4-*°F]phenylalanine at the  the solid line) and 6.8 0.2 A in the ligand-bound state
13 Phe positions. FGC*°F REDOR experiments, onfiF- (filled circles are best-fit by the dashed line). This analysis
spins within~12 A cause dipolar dephasing of*€ nucleus.  assumes ligand binding changes the interhelical distance
Although the details of the structure of this domain may equally in both subunits of the dimeric receptor. An alternate
differ between Tsg and Tag, the 39% sequence identity (in  analysis (dotted line, see below), which assumes an asym-
the helical regions) in this domaim) suggests that the  metric change restricted to one subunit, results in a larger
overall four-helix bundle architecture should be retained. (2.2 A) change in the distance to 8 A. Data obtained on
Thus, the Taycrystal structure can be used to estimate the lyophilized (Figure 3A) and frozen (Figure 3B) samples are
distances from the engineered Cys residues to the fourcompatible with the same distances. Thus, ligand binding
phenylalanines in the periplasmic domain of Esfhe Phe induces a change of at least 140 0.3 A in the al/a4

at position 163 is predicted to occur within 12 A of the interhelical distance within a subunit.

[1-1*C]- at positions 56 or 164; the next nearest Phe residue A similar REDOR experiment (Figure 4) was used to
is estimated to be-20 A away from these sites. Thus, the determine the side-chain conformation of Phe163. For this

engineered, labeled receptors contain isolat€d!F spin- long-distance measurement, a correction was needed for the
pairs for distance measurements that monitor local confor- REDOR dephasing of the natural-abundance carbonyls by
mational change upon ligand binding to the receptor. the p-F-Phe residues. This was performed on a matched

Three assays were used to evaluate the functionality ofreceptor sample labeled witrF-Phe and nd®C-Cys, as
the engineered receptors (Table 1). In vivo swarm rates described under Materials and Methods. In the apo-state
comparable to those of wild-type receptors indicate that the (open diamonds) and ligand-bound state (filled diamonds)



Site-Directed REDOR NMR and Transmembrane Signaling

A Lyophilized

1.0

........

0.5

—(O Ligand-free, 5.8 £ 0.2 A
-@- Ligand-bound, 6.8 £ 0.2A

3 0.0
ﬁ N Asymmetric ligand-bound curve
‘O- I 1 1
3
@
B Frozen
@ 1o T T
<>
05} , —— 58Acurve

---- 6.8 Acurve
O Ligand-free
M Ligand-bound

0.0

10.0 15.0 20.0

dipolar evolution period (msec)

Ficure 3: Interhelical distance measurements: S56Ce &Y
S)correctedREDOR data and best-fit REDOR curves. (A) Lyophilized
[1-13C]Cys56 (1) to p-19F-Phel63 ¢4) distance measurements.
Ligand-free S56C-Tgg data (open circles) for 16, 24, 32, and 48
rotor cycles of dephasing are best-fit (solid line) by a dipolar
coupling of 1474+ 9 Hz, corresponding to a distance of 5:80.1

A. Ligand-bound S56C-Tgy data (filled circles) for 16, 32, 48,
and 64 rotor cycles of dephasing are best-fit (dashed line) by
dipolar coupling of 90+ 4 Hz, corresponding to 6.8 0.1 A. A
natural-abundance correction would not change this distance
significantly (see Materials and Methods), but would increase the
error to+0.2 A. 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 S56¢.-tata

are fit to an average REDOR dephasing curve describing two
isolated spin-pairs3g), with one spin-pair held at a distance of
5.8 A. The best-fit (dotted line) distance for the other spin-pair is
8.0+ 0.5 A (dipolar coupling of 56t 10 Hz). (B) Frozen [1%C]-
Cys56 (11) to p-1°F-Phel163 ¢4) distance measurements. 32 rotor
cycle experiments performed at 241 K on ligand-free (open square)
and ligand-bound (filled square) frozen S56Czfsamples 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. Th&, and S spectra used to calculatA®
S)correctedare derived from 30 00660 000 transients per spectrum
for the lyophilized samples at 280 K, and from 120 6ad2 000
transients for the frozen samples at 241 K.

1
0.0 5.0

a

of E164C-Tsg, the [1+C]Cys164 to [ring-4*F]Phel63
distances are indistinguishable (best-fit distances of 0.2
0.6 and 10.6t 0.5 A, respectively). Thus, side-chain motion
does not contribute to the ligand-indacg A change in the
interhelicalol/o4 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 thiia4 interhelical
distance occurs in one or both subunits. In the symmetric
ligand-free receptor, the distance is 5.8 A 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 A. The other simple extreme
is that the ligand-induced change occurs in only one subunit
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FIGURE 4: Intrahelical distance measurements: E164Ge{&Y
S)corrected REDOR data and predicted REDOR curves for Phel63
rotamers near trans. Lyophilized [3€]Cys164 @4) to p-1°F-
Phel63 ¢4) distance measurements. Ligand-free E164C;diata
(open diamonds) for 48 and 64 rotor cycles of dephasing are best-
fit by a dipolar coupling corresponding to 10£20.6 A. Ligand-
bound E164C-Tgrdata (filled diamonds) for 48 and 64 rotor cycles
are best-fit (dashed black line) by a dipolar coupling corresponding
to 10.0+ 0.5 A. Both data sets were corrected ¥ dephasing

of natural-abundanc8CO (see Materials and Methods). Predicted
distances and curves for twd rotamers of the Phe ring which
span the range of low-energy conformations (see Figure 5) in the
crystal structure of the Tafragment.

and the other distance remains at 5.8 A. 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 8400.5 A distance in

the other subunit. Thus, the ligand-induced interhelical
distance change is between #00.3 A (if both subunits
change equally) and 22 0.5 A (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 relative distances. Other protein impurities present in these
heterogeneous membrane preparations could contain Cys
(most likely without nearby-F-Phe), which would reduce
the fraction of thé*C-Cys signal dephased in the experiment.
Also, cumulative pulse imperfections and intrinsic high-
frequency motions have been noted to compromise REDOR
measurements of long distancdg)( 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 measuredL to o4 distances of 5.8
and 6.8 A in Tsg to the corresponding distances in theTar
crystal structures is hampered by the fact that the Phel63
residue is not conserved. Thus, the first step in making this
comparison is to determine the side-chain conformation of
Phel63. The distance measurements presented in Figure 4
indicateyl is near a trans conformation in the d.structure.

We also determined that such a side-chain conformation is
compatible with the Tar periplasmic fragment crystal
structure, by replacing Leul6l (the corresponding residue
in Tar) with Phe and finding the region of low energy
conformations for this side chain using the Discover module
in the Biosym Insightll software package. While fixing all
other Tag coordinate positions, the Phe ring was allowed to
sample 360 of chil (y1) and chi2 2) space by 2
increments with the resulting overall energy calculated for
each 180x 180 matrix position. The contour plot of
minimum energy (Figure 5) indicates that a conformation
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Phe163 x1-, x2- sidechain energy contour distance measurement. Thus, the differences between the
\ﬂ | i 30 ligand-induced changes observed by NMR and crystal-
1.6e+04 keal — o) . .
| Des04 keal M o4 300 lography are likely to be due to differences between the two
7.06+03 keal — \\ﬂ\ receptor types or between the intact receptor and receptor
NG 1 250 fragments.
4 200 Site-Directed Solid-State NMR Rrides High-Resolution
2 Distances on Intact ReceptorBhe importance of measuring
-4 150 the ligand-induced structural change in tinéact receptor
0 | 100 is demonstrated by the fact that different ligand-induced
changes are observed in crystal structures of different Tar
1 50 fragments. Thus, the ligand-induced changes observed in the
, , , . Jd o periplasmicfragmentsmay not fully reflect changes in the
0 50 100 150 200 250 300 350 native receptor. Different ligand-induced structural changes
P4l are observed in two different crystal structure pairs (1LIH,

FiGURe 5. Contour plot of energy to determine what side-chain 2LIG and 1VLS, 2VLT in the protein database). In the
conformations of Phe are likely at the site of interest in the; Tar disulfide-cross-linked (Cys36Cys36) fragment pair (1LIH,
structure. Atomic coordinates of the Tdragment apo-structure  2LIG), an intrasubunit 1.6 A piston motion is observag)(
(1LIH) (7) were used, with substitution of Phe for Leu at position By following the same protocol for superimposing the

161 (virtually the same contours result when using the wild-type - - .
fragment apo-structure, 1VLS). All Tazoordinates are fixed except ~ SUUCIUres, we observe the piston in the cross-linked structure

for the Phe side chain, which is allowed to rotate airzrements ~ Pair, but we do not observe the piston in the wild-type, un-
through 360 of 1 andy2 space as described in the text. Contour cross-linked structure pair [1VLS, 2VLT, which was un-

plot of the total receptor fragment energy (kcal) for each 2 available at the time of the analysis leading to the piston
increment ofy1 andy2. The three low-energy contours plotted span 1,5 qel (L0)]. The intersubunit 3-4° pivot motion has been

ayl range of~165-21C°. An 8.5 A cutoff for the Phe side chain ; . . .
was defined for the energy calculations, and repulsive van der Waals®PServed in both crystal structure paigp, pout the pivot axis

interactions dominated the changing energy terrain. The low-energyis shifted by over 15 A (from the ligand binding site area in
range includes thgl value &180°) of the native residue Leul61  the wild-type proteins to the cross-link area in the cross-

in the Tag (1LIH) fragment structure. linked proteins). Clearly, these subtle conformational changes
) ] ) are easily perturbed in the fragment crystals. It is likely that
near trans 1 ~ 180°) would be likely if the structure is  nejther fragment structure pair fully mimics the native
Similar to the TaJStrUCtUre. Therefore, fOI’ the Phe SubStituted receptor_ The d|su|f|de Cross_”nk he|ps to retain the native
into the Tag structure, we assigyll in this low energy range  association of the truncated heliced (anda4, which extend
(~165-210) to check whether our interhelical distance through the transmembrane region as TM1 and TM2 in the
measurement of 5.8 A in Tsris consistent with that  native receptor) but may also reduce intersubunit motions.
predicted in the Tarstructure. Withyl = 196", the  Therefore, the real mechanism could be some combination
corresponding interhelical distance in the STéragment  of hoth pivot and piston motions with the possibility of larger
structure is 5.8 A (ligand-free structure 1LIH). This provides gjistance changes than those seen by analysis of either crystal
further evidence for a conserved tertiary structure within the strycture pair. Thus, it is important to augment the high-
chemotaxis receptor family, previously suggested by primary resolution picture of the receptor domains provided by
sequence comparisoA, 45-47) and by*N**C REDOR  ¢rystallography %8, 48, 49 with selected high-resolution
measurements in the ligand-binding pocket of.J35). measurements of ligand-induced distance changes in the
Despite the consistency between the distance measuredntact receptor system, to map the actual conformational
in the ligand-free receptor and that predicted by the corre- change.
sponding crystal structure, the measbiteA ligand-induced Our REDOR results also complement a recently published
changein the interhelical distance is larger than that predicted EPR study of the intact aspartate receptor which found
by the Tag crystal structures. Again withl = 196, the evidence for ligand-induced changes oft A in four
corresponding interhelical distance in the J&agment interhelical distances across thé-TM1/a4-TM2 interface
structure is 6.0 A in the ligand-bound structure 2LIG, a (4). These results were interpreted to supportlaA piston
change of only 0.2 A. This difference is likely to be due to motion of thead-TM2 helix. The NMR approach presented
differences between the samples studied by NMR and here provides the means for obtaining thigh-resolution
crystallography. This NMR study was performed on lyoph- distance constraints needed to more precisely map the pattern
ilized membranes containirigtact Tsre; the X-ray studies  of changes characteristic of such a piston motion. The high
were performed on crystallinagmentsof Tars. sensitivity of the EPR method has enabled the measurement
The validity of using lyophilized samples in this case is of a number of distances in both receptors and receptor
established by REDOR NMR experiments conducted on complexes with CheA and CheW, which is critical since
frozen membranes: the frozen and lyophilized data fall on some aspects of receptor structure and behavior may differ
the same REDOR curve fit for the lyophilized data, indicating when uncomplexed. The EPR study yielded the important
the lyophilized protein has the same absolute distances.result that the distance changes appear to be similar with
Furthermore, the same ligand-induced change in interhelicaland without CheA and Che\W.
distance was measured on two separate lyophilized sample It is important to note that the geometry of the interhelical
pairs. The consistency of the REDOR results for lyophilized distance measurement is critical to the interpretation of any
and frozen samples also suggests that dynamics, which wouldbbserved distance changes. This is illustrated in the simple
likely differ in the two sample types, are not affecting the cartoon model presented in Figure 6, in which interhelical
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Ficure 6: Cartoon model of a pure piston motion of i helix—

one of many possible motions compatible with the measured
distance change. Tacoordinates for portions of thel ando4
helices were used to make the drawing. Thaxis is defined as
the long axis of the protein (roughly parallel to the helix axes),
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conformational change, and is potentially consistent with the
proposal that ligand binding induces a 1.6 A piston motion
of thea4 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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