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thermal dependence of the helical residue is within the range
of values obtained from the native baseline dependence of
helical proteins such as cytochrome ¢ and apomyoglobin
(Privalov et al., 1989). Very similar values are obtained by
analysis of the melting transition of peptide WERS. These
analyses are consistent with the view that peptides WER4 and
WERS are very nearly completely helical in aqueous solution
at neutral pH and 0 °C.

Registry No. AcetylW(EAAAR)Aamide, 132776-13-7; acetylW-
(EAAAR),Aamide, 132776-14-8; acetylW(EAAAR);Aamide,
131684-39-4; acetylW(EAAAR),Aamide, 132776-15-9; acetylW-
(EAAAR)s;Aamide, 132776-16-0; acetylA(EAAAK);Aamide,
113852-19-0.
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Yields a Global Structural Change'
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ABSTRACT: The Escherichia coli D-galactose and D-glucose receptor is an aqueous sugar-binding protein
and the first component in the distinct chemosensory and transport pathways for these sugars. Activation
of the receptor occurs when the sugar binds and induces a conformational change, which in turn enables
docking to specific membrane proteins. Only the structure of the activated receptor containing bound
D-glucose is known. To investigate the sugar-induced structural change, we have used °’F NMR to probe
12 sites widely distributed in the receptor molecule. Five sites are tryptophan positions probed by incorporation
of 5-fluorotryptophan; the resulting '°F NMR resonances were assigned by site-directed mutagenesis. The
other seven sites are phenylalanine positions probed by incorporation of 3-fluorophenylalanine. Sugar binding
to the substrate binding cleft was observed to trigger a global structural change detected via °F NMR
frequency shifts at 10 of the 12 labeled sites. Two of the altered sites lie in the substrate binding cleft in
van der Waals contact with the bound sugar molecule. The other eight altered sites, specifically two
tryptophans and six phenylalanines distributed equally between the two receptor domains, are distant from
the cleft and therefore experience allosteric structural changes upon sugar binding. The results are consistent
with a model in which multiple secondary structural elements, known to extend between the substrate cleft
and the protein surface, undergo shifts in their average positions upon sugar binding to the cleft. Such
structural coupling provides a mechanism by which sugar binding to the substrate cleft can cause structural
changes at one or more docking sites on the receptor surface.

; ;hile important structural features of sensory and signaling
proteins have now been elucidated in a number of systems,
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much less is known about the structural changes these proteins
undergo when they are activated. Such structural changes play
a key functional role, since they in turn trigger changes in the
interaction between an activated protein and its target proteins
or nucleic acids. The present study illustrates a 'SF NMR
approach that can be used to probe structural changes within
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FIGURE |: Structure of the E. coli D-galactose and D-glucose receptor.
Shown is the a-carbon backbone structure of the receptor (Vyas et
al., 1987). The structure contains a p-glucose molecule bound in the
substrate cleft between the two domains and Ca(II) ion in the metal
binding site. Also shown are the five Trp and seven Phe residues that
served as fluorine labeling sites in the present study.

macromolecules in solution, especially those too large (>30
kDa) for structure determination by multidimensional NMR.
This approach is designed to identify the structural regions
within a macromolecule that are altered by a conformational
change.

The focus of this study is the Escherichia coli aqueous
receptor for D-galactose and D-glucose, a component of the
bacterial chemosensory pathway for these sugars (Hazelbauer
& Adler, 1971; Scholle et al., 1987). This pathway has been
shown to illustrate many of the fundamental questions in
biological signaling. In addition, due to the ease of molecular
cloning and mutagenesis in E. coli, much has been learned
about the structures of the protein components of the pathway,
including primary structures, domain structures, transmem-
brane structures, and in certain cases crystal structures [re-
viewed by Stock et al. (1990), Bourret et al. (1989), Meister
et al. (1989), Parkinson (1988), Koshland (1988), Eisenbach
and Matsumura (1988), Taylor et al. (1988), Stewart and
Dahlquist (1987), Macnab (1987), Quiocho et al. (1987), and
Ames (1986)]. As a result the system is ideally suited for
molecular studies of biological signaling mechanisms.

The E. coli aqueous receptor for D-galactose and D-glucose
illustrates a common situation in which the activating struc-
tural change is not understood because structural information
is available for only one conformer. Quiocho and co-workers
have determined the crystal structure of the receptor containing
bound p-glucose to 1.9-A resolution (Vyas et al., 1987, 1988)
and have previously solved the crystal structures of several
structurally similar bacterial receptors (Quiocho et al., 1987).
In no case, however, have the active (substrate site occupied)
and inactive (substrate site empty) structures of the same
receptor been solved; thus important elements of the structural
change triggered by substrate binding remain uncharacterized.
Also needed are solution studies of these structural changes.
The D-galactose and D-glucose receptor is localized in the
aqueous periplasmic compartment between the inner and outer
bacterial membranes, where it is activated by the binding of
a sugar molecule and then docks to one of two integral proteins
of the inner membrane. Docking to the chemotaxis transducer
Trg initiates the chemosensory pathway controlling the cellular
swimming response to these sugars (Macnab, 1987); alter-
natively, docking to the Mgl transport complex initiates
transport of the bound sugar into the cycloplasm (Ames, 1986).
The two-domain structure of the receptor, illustrated in Figure
1 as the a-carbon backbone trace, is typical of the periplasmic
aqueous receptors (or binding proteins) (Quiocho et al., 1987).
The sugar binding cleft lies between the domains, which are
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connected by three strands of polypeptide. The domains are
structurally homologous, each being constructed in a three-
layered pattern consisting of two layers of a-helices separated
by a layer of 3-sheet. In general the helices and 8-strands are
oriented nearly perpendicular to the sugar binding cleft, which
is composed largely of side chains from turns. The receptor
also contains a Ca(II)-binding site similar in structure to the
EF-hand class of eukaryotic Ca(II) sites (Vyas et al., 1987).
The present paper focuses on the structural changes triggered
by sugar binding to the cleft.

A simple model has been presented for the structural change
triggered by substrate binding to the periplasmic aqueous
receptors (Mao et al., 1982; Miller et al., 1983). This model
is similar to that described for a broad class of two-domain
proteins that bind substrate in a cleft between domains
(Bennett & Huber, 1984). The model proposes that the hinge
connecting the two domains is flexible while the domains
themselves are essentially rigid. The empty cleft is proposed
to exist in a stable open conformation; then when substrate
binds, the cleft closes and traps the substrate inside. Such a
model requires that the structural changes triggered by sub-
strate binding will be localized to the substrate cleft and the
hinge region. Here we also consider an alternative model in
which the domains are not assumed to be rigid, such that
structural changes are transmitted from the hinge and cleft
to other regions of the protein. For example, the a-helices and
B-strands that terminate near the cleft could be shifted to new
relative positions upon sugar binding, thereby generating
structural changes that span the entire length of these sec-
ondary structure units. Similar structural changes have been
observed in other cleft proteins (Lesk & Chothia, 1984). The
distinction between these models is an important one for an
understanding of the docking of the receptor to the membrane
proteins it activates, since if the rigid-domain model is correct,
then the surface structure changes that regulate docking must
involve the hinge and cleft regions only. To distinguish these
models, we have applied '’F NMR to the D-galactose and
D-glucose receptor in order to ascertain the regions of the
receptor structure altered by sugar binding.

5F NMR holds great promise as a probe of the structure
and mechanism of large biomolecules, as illustrated by recent
studies of large proteins by Ho and co-workers (Rule et al.,
1987, Peersen et al., 1990). Fluorine is small and chemically
inert, can replace hydrogen, can be introduced by biosynthetic
incorporation of fluorinated amino acids, and its NMR fre-
quency is highly sensitive to the local environment. F-Phe-,
F-Trp-, and F-Tyr-labeled proteins have been successfully used
in pioneering 'F NMR studies by several groups (Sykes et
al.,, 1974; Pratt & Ho, 1975; Lu et al., 1976; Post et al., 1984;
Wilson & Dahlquist, 1985; Wacks & Schachman, 1985;
Peersen, et al., 1990). However, the potential of this approach
to characterize functionally significant conformational changes
in proteins has yet to be fully explored. The isomer of fluo-
rotryptophan possessing a fluorine at position five of the indole
ring yields a greater chemical shift dispersion than the other
fluorinated amino acids we have tested in the p-galactose and
D-glucose receptor (4F-Trp, SF-Trp, 6F-Trp, and 3F-Phe); thus
the present study employs primarily SE-Trp. Each of the five
Trp residues in the receptor are found in interesting regions
of the structure (Figure 1A): one in the sugar binding cleft
interacting directly with bound sugar, one near the hinge
connecting the two domains, two within 10 A of bound Ca(II),
and one on an a-helix extending from the sugar binding cleft.
Also utilized is the 3F-Phe probe, which enables investigation
of the seven Phe positions located at positions generally com-
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plementary to the Trp locations (Figure 1B). By combining
the information from the SF-Trp and 3F-Phe probes, it is
possible to examine nearly all regions of the receptor structure
(Figure 1C).

The results of this approach indicate that sugar binding in
the substrate cleft triggers widespread structural changes,
altering even regions of the receptor distant from the substrate
cleft and hinge. These structural changes are slow on the
NMR time scale, indicating the presence of a substantial
barrier between the sugar-occupied and sugar-empty con-
formers. Quite different results are observed for the binding
of metals to the Ca(II) site, which, as described in the following
paper, generates a highly localized structural change. Together
these studies illustrate the unique advantages of '°F NMR as
a qualitative probe of both allosteric and nonallosteric struc-
tural changes in macromolecules.

EXPERIMENTAL PROCEDURES

Cloning. The wild-type protein was expressed from plasmid
pVB2, generously provided by Dr. W. Boos, Universitit
Konstanz (Scholle et al., 1987). For the construction and
expression of mutant proteins, plasmid pSF5 was generated
by standard techniques (Maniatis et al., 1982). This plasmid
contained the E. coli natural promoter and the gene for the
D-galactose and D-galactose receptor in the phagemid plasmid
pTZ18U (Bio-Rad Laboratories). Briefly, a fragment con-
taining the promotor and the gene was constructed as previ-
ously described (Snyder et al., 1990) and then cloned into the
Pstl/Sacl sites of the pTZ18U polylinker. The resulting pSF5
plasmid was used to generate single-stranded template DNA
for oligonucleotide-directed mutagenesis.

Mutagenesis. The 'F NMR resonances of the SF-Trp-
labeled receptor were assigned to specific Trp residues in the
primary structure by site-directed mutagenesis. Mutagenic
oligonucleotides 19 bases in length, designed to change each
Trp codon to Tyr or Phe, were synthesized on an Applied
Biosystems DNA synthesizer. These oligo’s were used to
construct six mutant genes by using a single-stranded pSFS5
template DNA and the uracil selection method of Kunkel
(1988). The mutagenesis reagents and protocol were from
Bio-Rad Laboratories. Mutant plasmids were identified by
dideoxy DNA sequencing of the plasmid DNA with a primer
oligo end labeled with 32P (Sanger et al., 1977). Sequenase
sequencing reagents and protocol were from the United States
Biochemical Corp. The mutant genes obtained were W127Y,
W133Y, WI83Y, WI195Y, and W284Y; WI127F was also
generated when it was discovered that the W127Y gene did
not express a sufficient amount of protein for NMR, perhaps
due to altered folding.

Isolation of the Fluorine-Labeled Receptor. Large quan-
tities of SF-Trp-labeled wild-type receptor were obtained by
expression of plasmid pVB2 in the strain E. coli W3110 trp
A33, a tryptophan auxotroph [Drapeau et al. (1968), provided
by Dr. C. Yanofsky, Stanford University]. Media for the
growth of the SF-Trp-labeled wild-type receptor contained 65
ug/mL SF-tryptophan (Sigma), 16 ug/mL tryptophan (Sig-
ma), M9 salts (Miller, 1972) with twice the standard phos-
phate salts, 2% (w/v) casamino acids (Difco Laboratories),
1% (v/v) glycerol as a carbon source, 20 ug/mL methionine,
10 ug/mL thiamine, 0.5 mM p-(+)-fucose [an inducer of the
receptor promoter (Scholle et al., 1987)], and 50 ug/mL am-
picillin. (In one case the media contained 32 ug/mL SF-Trp
instead of 65 ug/mL in order to vary the extent of fluorine
incorporation; see Figure 2C). Six 400-mL cultures were
grown with vigorous aeration at 37 °C for 24 h. After har-
vesting the cells, standard procedures were used to lyse the
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E. coli outer membrane to release the contents of the peri-
plasm, including the receptor (Kellerman & Ferenci, 1982).
PMSF was added to 0.5 mM, and the resulting supernatant
was concentrated to S mL by ultrafiltration (Amicon apparatus
and YM10 membranes) and then dialyzed against a series of
buffers, each for 6-12 h at 4 °C in a volume at least 50-fold
that of the sample. Unfolding buffer (two changes) denatured
the protein and released bound substrate and contained (Miller
et al.,, 1980) 3.0 M guanidine HCI, 100 mM KCI, 20 mM
EDTA, 10 mM Tris, pH 7.1 with HCI, 0.5 mM phenyl-
methanesulfonylfluoride. Refolding buffer (four changes)
renatured the protein in the presence of Ca(II) and contained
100 mM KCl, 10 mM Tris, pH 7.1 with HCI, and 0.5 mM
CaCl,. Dialyzed samples were further concentrated to yield
a receptor concentration of 200-500 uM for NMR.

SF-Trp-labeled mutant receptors were expressed from the
appropriate pSF5-derived plasmid in the same strain. Pro-
duction of large quantities of fluorine-labeled mutant receptors
required a richer media than that used for the wild-type and
contained 200 pg/mL 5F-Trp, 1.5% casamino acids, 0.25%
bactotryptone (Difco Laboratories; provides ~87 ug/mL
tryptophan), 140 mM NaCl, 75 ug/mL sodium ampicillin,
and 5 mM each of MgCl,, CaCl,, and SrCl,. The latter three
metals were included to maximize occupancy of the Ca(1l)
site, which was found to be required for the correct folding
of certain mutant receptors. Cells were grown and mutant
receptors were isolated, dialyzed, and concentrated as described
above. Interestingly, the media used for SF-Trp labeling of
the wild-type receptor (preceding paragraph) and the mutant
receptors (this paragraph) yielded different populations for
the two structural states observed for the SF-Trp 127 and
SF-Trpl33 residues (compare Figures 2 and 5 obtained with
the former media and Figures 3 and 4 obtained with the latter
media). The difference is not related to different extents of
SF-Trp incorporation, because varying the SF-Trp to Trp ratio
in either media has no effect on the relative populations (Figure
2B,C; also data not shown). We have identified the bacto-
tryptone in the mutant media as the source of this difference
but do not yet know the molecular basis of this effect.

3F-Phe-labeled wild-type receptors were expressed from
plasmid pVB2 in the strain E. coli KA197, a phenylalanine
auxotroph [Yale E. coli Genetic Stock Center, strain no. 5243;
Hoekstra et al. (1974)]. The expression media contained 190
ug/mL 3F-Phe (Sigma), 1.2% (v/v) glycerol, 0.1% bacto-
tryptone (provides ~35 ug/mL phenylalanine), 0.05% yeast
extract (provides an undetermined amount of phenylalanine),
86 mM NaCl, 10 mM CaCl,, 3 ug/mL methionine, 1.5
pg/mL thiamine, and 100 ug/mL ampicillin. Growth of cells,
as well as isolation, dialysis, and concentration of the receptor
were performed as described above.

The purity of each isolated receptor preparation was
quantitated by SDS-polyacrylamide gel electrophoresis on 12%
Laemmli gels (Laemmli, 1980) stained with Coomassie Blue
R-250 (Bio-Rad Laboratories). Typical purities were >90%,
as verified by the lack of contaminating resonances in '°F
NMR spectra.

Measurement of Sugar Binding, Metal Dissociation, and
Structural Stability. p-Galactose binding to the sugar site
was monitored by the resulting increase in intrinsic tryptophan
fluorescence according to a published procedure (Boos et al.,
1972). Sugar was titrated into each sample, and the resulting
fluorescence changes were normalized to an identical reference
sample titrated with sugar-free buffer. Fluorescence mea-
surements used excitation at 285 nm and emission at 338 nm
with 5-nm bandwidths and a 3-s response time on a Perkin-
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Elmer MPF 43A fluorometer. Sample components are given
in Table I.

The Tb(III) off rate from the metal site was measured by
monitoring the decrease in bound Tb(III) fluorescence fol-
lowing the addition of excess (1 mM) EDTA. When an ex-
citation wavelength of 295 nm was used, bound Tb(III) was
selectively excited by fluorescence energy transfer from the
nearby trpl27 and -133 residues as previously described
(Snyder et al., 1990); bound Tb(III) emission was measured
at 543 nm with a 0.3-s response time and 5-nm bandwidths.
Sample components are given in Table 1.

The denaturation free energy of the receptor was measured
by preparing a series of identical receptor samples containing
0-8 M urea; the samles were incubated at 25 °C for 48 h,
when equilibrium was reached. Subsequently, the decrease
in intrinsic tryptophan fluorescence due to unfolding was
measured with an excitation wavelength of 278 nm and an
emission wavelength of 335 nm with 5-nm bandwidths and a
0.3-s response time. The resulting fluorescence data were
corrected for an increase in the fluorescence quantum yield
caused by addition of urea; the maximum correction at § M
urea was 30%. Free energies of unfolding were calculated by
using a two-state folding model for unfolding at urea con-
centrations near the midpoint of the titration, and they were
used to extrapolate the free energy of unfolding at zero urea
concentration as previously described (Pace, 1986). Samples
were prepared in medium containing 2 uM receptor in 100
mM KCl, 10 mM Tris pH 7.1, 0.5 mM CaCl,, and | mM
D-glucose, at 25 °C.

Each of the described substrate-binding and stability assays
utilized tryptophan fluorescence; thus it was important to
consider potential differences between Trp and SF-Trp. The
excitation and emission parameters of these chromophores were
found to be nearly identical (see Results). Heterogeneity due
to energy transfer from Tyr to Trp or SF-Trp was judged to
be negligible by the following analysis. The known structure
of the receptor indicates that five of the seven Tyr residues
lie =15 A from the nearest Trp and are thus expected to have
transfer efficiencies of <5% (assuming a typical R, of ~9 A).
Furthermore, Tyr excitation is 4.2-fold weaker than Trp or
SF-Trp excitation (Cantor & Schimmel, 1980). It follows that
290% of the Trp or 5F-Trp fluorescence stems from direct
excitation.

NMR Measurements. ’F NMR spectra were obtained at
470 MHz on a Varian VXR 500 spectrometer with a 5-mm
'H/'F probe or at 282 MHz on a Varian VXR 300 spec-
trometer with a 10-mm 'H/'°F dual-coil probe (Z-Spec
Probes, Inc.). Samples containing 100-500 uM receptor were
prepared by adding 10% D,O (v/v) as the lock solvent to the
receptor in the final dialysis buffer. Also added was an internal
frequency and integration standard (75 uM 3F-Phe for 5F-
Trp-labeled receptor or 75 uM SF-Trp for 3F-Phe-labeled
receptor), which was referenced to its known chemical shift
relative to TFA at O ppm (-38 ppm or —-49.5 ppm, respec-
tively), thereby enabling direct comparison of chemical shifts
in different spectra. Standard undecoupled spectral parameters
were as follows: 12000-Hz spectral width, 16K data points,
60° pulse width, 0.68-s acquisition time, 1.0-s relaxation delay,
25-Hz line broadening, and temperature control at 25 °C.
Receptor '°F NMR resonances were observed to have longi-
tudinal relaxation times T, of ~0.7 s, while the line widths
at half-height, corrected for line broadening due to the FID
weighting, were 35-65 Hz (Luck and Falke, unpublished re-
sults). No significant saturation of resonances was detected
by the following test. Spectra were obtained with the pulse
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width decreased to 45° and the relaxation delay increased to
5.0 s. The resulting resonance intensities did not differ sig-
nificantly from those of standard-parameter spectra within the
error of integration (discussed below).

Determination of the Extent of Fluorine Incorporation. To
quantitate the extent of fluorine incorporation, the ’F NMR
spectrum of a given sample was obtained and then the con-
centration of incorporated '°F nuclei was quantitated by
comparing the integral of a well-resolved '°F protein resonance
(or the entire 3F-Phe protein spectrum) to the integral of an
internal standard of known concentration. The concentration
of the receptor was determined by routine assays including
[*H]p-galactose binding measurements, A5, and total protein
analysis (Falke group, unpublished results). Together, the °F
and receptor concentrations enabled the calculation of the
extent of incorporation as the mole ratio of incorporated !°F
per labeling site.

Protein Graphics and Distance Measurements. Receptor
coordinates graciously supplied by Quiocho and co-workers
(Vyas et al., 1987) were displayed by Biosym Technologies
Insight graphics software on an Evans and Sutherland PS-300
color graphics system driven by a DEC VAXstation 3500.

Error Estimates. Integrations of individual ’F NMR
resonances exhibited a relative error of £20%, determined by
measuring the ratio of two typical integrals from the same
spectrum and then comparing this ratio to analogous ones from
other spectra (n = 4). The standard deviation inherent in
measurements of '°F frequency shifts is 0.1 ppm, determined
by comparing identical measurements from multiple spectra
(n = 3). Parameters determined by curve fits are given as %1
standard error, determined by nonlinear least-squares error
analysis (n 2 6).

RESULTS

Features of ’F NMR. The usefulness of °F NMR as a
probe of structural changes stems from the unique properties
of the 'F nucleus. This spin 1/2 nucleus exhibits high NMR
sensitivity due to its large natural abundance (~100%) and
large magnetic dipole (94% that of 'H). Furthermore '°F
resonances are generally easily resolved and assigned because
this nucleus possesses a chemical shift range up to two orders
of magnitude larger than that of 'H and is generally absent
in biomolecules unless introduced by design. The ! NMR
frequency exhibits a strong environmental dependence con-
trolled largely by the fluorine lone-pair electrons, which provide
a large paramagnetic term in the shielding formula (Car-
rington & McLachlan, 1979). These lone pairs directly sense
their nonbonded environment via hydroen bonding, electro-
statics, and van der Waals interactions. Aromatic fluorines
are further sensitive to changes in the electron density of the
adjacent 7 system (Brownlee & Taft, 1970). In short, multiple
factors make the fluorine resonance frequency highly sensitive
to the environment, so that it can be used as a correspondingly
sensitive detector of local structural changes.

Also utilized in the present study were general relationships
that provide information about the time scales of structural
changes detected in NMR spectra (Wagner & Wiithrich,
1986). If two structures exhibit resonance frequencies v, and
v, and are allowed to interconvert at the rate vy, the resulting
lineshapes will reveal which of the following limits applies:

Slow Interconversion Ve << v, - vl (13)
Intermediate Ve ~ l\). bl ‘Dbl (lb)
Rapid Ve >> v, = vl (10)

In the slow interconversion limit, distinct resonances are ob-
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Table I Effects of Fluorine Labeling on Sugar and Metal Binding Sites?

Model I Model 11

no. Toft no. Toff

perturbing Tb(III) perturbing Tb(III)

label incorp. fluorines fract. pop. Kp p-Gal (uM) (min) fluorines fract. pop. Kp D-Gal (uM) (min)
SF-Trp L =0.65 1 0.65 1.2+ 04 241 1-5 0.995 09 £0.2 3+
0 0.35 04 0.1 51 0 0.005 04 0.1 S5+1

3F-Phe L =020 1 0.20 1.6 £ 0.2 Tx1 1-7 0.79 0.6 £0.1 6+ 1
0 0.80 04 £0.1 S5+1 0 0.21 04 +0.1 S5+ 1

%In order to estimate the perturbation due to fluorine in a heterogeneously fluorinated population, the following two models were best fit to
D-galactose binding data and Tb(IIl) dissociation kinetics by nonlinear least-squares analysis. Each model assumes two subpopulations of binding
sites: one perturbed by fluorine labeling and the other unperturbed, equivalent to the native site. The characteristics of the unperturbed site were
determined by direct measurement with the unlabeled receptor. Model I. The perturbation is localized to a single labeling position in the molecule;
the other labeling positions yield a negligible perturbation. In this case the perturbed fractional population is F/ = L or simply the extent of fluorine
incorporation at the key labeling position, while the unperturbed fractional population is F = 1 ~ L. This model gives the maximum perturbation due
to labeling at a single position. Model II. All molecules containing one or more fluorines are perturbed to the same extent. In this case the perturbed
fractional population is F’ = 1 — (1 ~ L) where n is number of labeling sites, while the unperturbed fractional population is F = (1 - L)*. D-
Galactose binding. The equation y = F/x(x + Kp)™'] + F[x(x + 0.4)"'] was best fit to the binding data, where x is the free sugar concentration,
Ky is the dissociation constant of the perturbed site, and the dissociation constant of the unperturbed (native) site is 0.4 uM. The sample contained
150 nM receptor, 150 mM NaCl, 10 mM Tris, pH 7.1, and 100 uM CaCl,, at 25 °C. Tb(III) dissociation kinetics. The equation y = FTexp(—
t/1om)] + Flexp(-t/5.0)] was best fit to the dissociation time course, where ¢ is the time after initiating dissociation, 7 is the residence time of
Tb(I1I) in the perturbed site, and the residence time of the unperturbed site is 5.0 min. The sample contained 10 uM receptor, 100 mM KCl, 10 mM

PIPES, pH 6.0, and 1 mM p-glucose, at 25 °C. At ¢ = 0 EDTA was added to obtain a 1.0 mM concentration.

served at v, and vy, in the intermediate interconversion limit,
the resonances are significantly broadened and may disappear;
in the rapid interconversion limit, a single resonance is observed
at a frequency that is a weighted average of v, and v,. The
NMR time scale relevant to all three limits is simply 7 = [v,
- Ubl_l.

Incorporation of SF-Trp and 3F-Phe and Their Effects on
Receptor Structure. Fluorinated amino acids were biosyn-
thetically incorporated into the receptor by expression of the
cloned receptor gene in a tryptophan or phenylalanine auxo-
troph strain of E. coli. The extent of incorporation was less
than 100% because the unlabeled amino acid was required
during biosynthesis for efficient protein production. Except
where noted otherwise, a 4:1 ratio of SF-Trp to Trp was used
for biosynthesis, yielding 65 £ 10% incorporation of SF-Trp
per labeling site (see Experimental Procedures). A ~5:1 ratio
of 3F-Phe to Phe yielded 20 = 10% incorporation of 3F-Phe,
less than that of SF-Trp due to the ability of the biosynthetic
machinery to selectively incorporate natural Phe in preference
to the fluorinated analogue. To determine whether fluorine
labeling caused important structural perturbations, we com-
pared the binding of sugar and metal substrates to the native
and fluorine-labeled proteins. In addition, the effects of
fluorine labeling on overall receptor stability were determined.

Substrate binding is perhaps the most sensitive assay of
perturbation. Incorporation of SF-Trp or 3F-Phe is expected
to have a relatively large effect on sugar binding, since the
bound sugar backbone is sandwiched directly between Trp183
and Phel6, in van der Waals contact with both aromatic rings.
An intrinsic Trp fluorescence increase that occurs upon binding
of D-galactose (Boos et al., 1972) can be used to monitor sugar
binding to both the unlabeled and the fluorine-labeled receptor
because the fluorescence excitation and emission spectra of
Trp and 5F-Trp are nearly identical [the SF-Trp excitation
and emission maxima are red-shifted 3 nm and 5 nm, re-
spectively, and the quantum-yield change is <10%; (Luck and
Falke, unpublished results)]. It was anticipated that the
substrate affinities of the binding site population would be
heterogeneous due to substoichiometric fluorine incorporation:
given that the extent of labeling is L and the number of la-
beling sites is n, the n + 1 terms in the binomial distribution
[(1 = L) + L])" yield the fraction of receptors containing re-
spectively 0, 1, 2, ..., n fluorines. Additional heterogeneity is
provided by the multiple ways that fluorines can be distributed

among n distinguishable sites. It is not possible to fully account
for this heterogeneity when analyzing sugar binding data;
however, two extreme models enable estimation of the range
of perturbations caused by fluorine labeling.

Each model assumes two subpopulations of binding sites:
one perturbed by fluorine labeling and the other unperturbed,
equivalent to the native site. In model I the perturbation is
assumed to stem from a single labeling position; all other
labeling positions yield no perturbation. In this case the
fractional populations of the perturbed and unperturbed sites
are L and 1 - L, respectively. This model lumps all the
perturbation into a single site and thus places an upper limit
on the perturbation due to a single fluorine. Model II assumes
that all molecules containing one or more fluorines are per-
turbed to the same extent. In this case the fractional popu-
lation of the fluorinated perturbed sites is 1 — (1 — L)" while
the fractional population lacking fluorine is (1 = L)". This
model distributes the perturbation equally across the entire
labeled population and thus yields the minimum perturbation
capable of fitting the heterogeneous binding data. When
models I and II are used for a best fit of the D-galactose
binding data by nonlinear least-squares analysis, the following
ranges of fluorine perturbation are obtained (details in Table
I): (a) the SF-Trp-labeled receptor has a 2.2- to 3.0-fold lower
affinity for the sugar than does the unlabeled receptor and (b)
the 3F-Phe-labeled receptor has a 1.5- to 4-fold lower affinity
than does the unlabeled receptor. These results suggest that
the majority of fluorine-labeled receptors are similar to the
unlabeled receptor in sugar binding affinity. Not ruled out
is the possibility of a minor labeled population that is sig-
nificantly more perturbed than the indicated range, but '°F
NMR confirms that the entire fluorine-labeled receptor pop-
ulation binds D-glucose and D-galactose (below, Figures 5 and
6).

The Ca(II) site contains no Trp or Phe ligands, but the
Trpl133, Trp127, and Phel43 residues each lie near the base
of the Ca(II)-binding loop within 10 A of the bound metal,
thus metal binding was also examined for perturbations due
to fluorine labeling. The off rate of Tb(III) bound in the site,
which provides information regarding the kinetic stability of
the substrate-occupied structure, was measured as the decay
of the bound Tb(III) fluorescence after addition of EDTA.
The resulting dissociation time courses were best fit by using
the same two models described for sugar binding. The fol-
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FIGURE 2: '°F NMR spectra of 3F-Phe- and SF-Trp-labeled receptors.
Indicated for each spectrum are the extent of incorporation of the
fluorinated amino acid and all the known assignments (from Figures
3 and 4). No additional resonances were observed when the spectral
window was shifted 10 ppm upfield or downfield. All samples con-
tained 100 mM KCl, 10 mM Tris, pH 7.1, 10% D,0, 0.5 mM CaCl,,
and 1.0 mM p-glucose; spectra were recorded at 470 MHz and 25
°C. (A) The receptor was labeled with 20 £ 10% 3F-Phe at the
phenylalanine positions. Included was 75 uM free SF-Trp as an
internal standard. A total of 5500 scans were acquired. (B) The
receptor was labeled with 65 £ 10% SF-Trp at the tryptophan positions.
The internal standard was 75 uM free 3F-Phe. A total of 4000 scans
were acquired. {C) Same as (B) except the receptor was labeled with
40 £ 10% S5F-Trp. A total of 12000 scans were acquired.

lowing ranges of fluorine perturbation were obtained: (a)
Tb(1I) dissociation from the SF-Trp-labeled receptor was 1.6-
to 2.5-fold faster than that from the native site, while (b) the
3F-Phe label had no significant effect on Tbh(III) dissociation.
These results suggest that fluorine labeling does not greatly
perturb the Ca(II) site. Additional evidence is provided by
9F NMR experiments in which all detected fluorine-labeled
receptors bind Ca(lI) (accompanying article, Figures 1 and
3).

The effect of fluorine labeling on the overall structural
stability of the receptor was investigated by using intrinsic
tryptophan fluorescence to monitor urea denaturation. As-
suming a simple equilibrium between one folded and one
unfolded state, the free energy of unfolding was determined
for different urea concentrations and then extrapolated to zero
urea (Pace, 1986). The resulting free energy of unfolding of
the native receptor is AG°yy,0 = 5.9 % 0.4 kcal/mol. Fluorine
incorporation is observed to reduce the macroscopic stability
of the receptor population by 1.2 £ 0.8 kcal/mol for the 5F-
Trp label and by 0.8 £ 1.0 kcal/mol for the 3F-Phe label. At
least part of this destabilization is likely to stem from stabi-
lization of the unfolded state, due to the increased solubility
of the fluorinated side chains in water: the free amino acids
SF-Trp and 3F-Phe are ~1.5-fold more soluble than Trp and
Phe, respectively, in 25 mM NaP;, pH 7.0 (Luck and Falke,
unpublished results). In addition, destabilization contains
contributions from multiple fluorines; simply dividing the total
destabilization by the number of SF-Trp-labeling positions,
for example, yields a 0.24 kcal/mol destabilization per fluorine.
This approximation suggests that the hydrogen-to-fluorine
substitution has a significantly smaller impact on protein
stability than more drastic side-chain alterations including
mutagenesis and covalent modification (Bowie et al., 1990;
Sandberg & Terwilliger, 1989). Together the substrate
binding, substrate dissociation and denaturation results indicate
that fluorine incorporation does not greatly disrupt the
structure or the dynamics of the receptor.

9F NMR Spectra of the 5F-Trp- and 3F-Phe-Labeled
Receptors. Figure 2 presents the °F NMR spectrum of SF-
Trp- and 3F-Phe-labeled receptors containing bound D-glucose
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FIGURE 3: Assignment of SF-Trp ’F NMR resonances by site-directed
mutagenesis: the empty sugar cleft conformer. Shown are spectra
for the wild-type and indicated mutant receptors, each labeled with
SF-Trp. The positions of resonances deleted by mutation are indicated
by arrows. All samples contained 100 mM KCl, 10 mM Tris, pH
7.1, 10% D,0, 0.5 mM CaCl,, and 75 uM 3F-Phe as an internal
frequency reference; spectra were recorded at 470 MHz and 25 °C.

and Ca(II). All five of the SF-Trp residues exhibit well-re-
solved resonances. Integration of the individual resonances
indicates that SF-Trp is incorporated equally well at the five
different Trp positions (within the relative error of £20% for
integration). Comparison of receptors containing 65 + 10%
and 40 £ 10% SF-Trp shows that different levels of incorpo-
ration produce indistinguishable spectra (Figure 2), suggesting
that the structure of the folded receptor is not a sensitive
function of fluorine incorporation.

The 'F NMR spectrum of the 3F-Phe-labeled receptor also
shows distinct resonances (Figure 2), although they are not
as well resolved as those of the SF-Trp receptor. In part, the
greater complexity of this spectrum may arise from the
tendency of some Phe positions to undergo slow 180° ring-flip
motions (Wagner & Wiithrich, 1986), which would expose
the fluorine at the 3 position to two environments, yielding a
twin resonance or an exchange-broadened single resonance (eq
1).

Assignment of the ’F NMR Resonances to Specific SF-Trp
Residues. The SF-Trp-labeled receptor was chosen for reso-
nance assignments due to its superior '*’F NMR resolution and
fluorine incorporation (Figure 2). Oligonucleotide-directed
mutagenesis was used to replace each Trp residue with a Phe
or Tyr residue, and the resulting mutants were labeled with
SF-Trp. All of the labeled mutant receptors retain functional
sugar- and metal-binding sites (Figures 3 and 4 and data not
shown), and their °F NMR spectra are generally similar to
that of the native SF-Trp receptor, except that a single reso-
nance or pair of resonances associated with the missing Trp
position is deleted. The resulting resonance assignments are
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FIGURE 4: Assignment of SF-Trp *F NMR resonances by site-directed

mutagenesis: the bound p-glucose conformer. Conditions are as in
Figure 3, with the addition of 1.0 mM D-glucose to each receptor.

shown in Figure 3 for the sugar-empty, Ca(II)-bound con-
former and in Figure 4 for the D-glucose-bound, Ca(1I)-bound
conformer.

All of the major resonances have been assigned by Trp
substitution; four minor resonances with integrated intensities
<20% of the assigned resonances were also detected. Two of
these minor resonances were reproducible: one is seen 0.5 ppm
upfield from the SF-Trp183 resonance in the sugar-occupied
cleft (Figures 2B,C and 5B,C), suggesting that this resonance
stems from a minor conformer of Trpl83, while the other
occurs at —49.6 ppm, which is the same frequency observed
for solvent-exposed SF-Trp (Figures 2 and 5A,D), suggesting
that this resonance is associated with unfolded or degraded
protein [see the companion paper, Luck and Falke (1991)].
Two less reproducible resonances observed at —46.8 and —50.8
ppm (Figure 2 C and B, respectively) represent minor con-
taminating proteins. The subsequent discussion will focus only
on the major resonances.

Structural Effects of Tryptophan Substitution. In addition
to deleting major resonances, Trp substitution in some cases
yielded (a) changes in the relative populations of multiple
conformers, and (b) structural perturbations at distant SF-Trp
positions. Both effects provide evidence for direct or allosteric
coupling between two structural locations. The former effect
is illustrated by the region of the Ca(II) site, which yields
double resonances for the SF-Trp127 and 5F-Trp133 residues
at the base of the Ca(ll)-binding loop. These double reso-
nances indicate the existence of two conformers in this region
of the receptor that interconvert slowly on the NMR time scale
of 7 ms (eq 1); the population ratio for the two conformers
is ~60:40 (Figures 3 and 4). The distant W183Y substitution
in the sugar binding cleft shifts this ratio to ~90:10. Even
more dramatic are the effects caused by substitution of either

Luck and Falke
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FIGURE 5: Effect of sugar binding on the °F NMR resonances of
the SF-Trp-labeled receptor. Shown are spectra for the SF-Trp-labeled
receptor in the presence of different sugar substrates. Indicated by
lines between spectra are the frequency shifts caused by sugar binding.
All samples contained 100 mM KCl, 10 mM Tris, pH 7.1, 10% D,0,
0.5 mM CaCl,, and 75 uM 3F-Phe as an internal frequency reference;
spectra were recorded at 470 MHz and 25 °C. The samples also
contained (A) no sugar, (B) 1.0 mM p-galactose, (C) 1.0 mM p-
glucose, and (D) a substoichiometric mixture of p-galactose and
D-glucose, each 0.25 mole equivalents per receptor.

5F-Trp127 or 5F-Trp133, which collapses the two conformers
to a unique or rapidly averaged structure giving rise to a single
resonance. These observations suggest that the Trp127 and
Trp133 residues interact strongly; in fact they are in van der
Waals contact in the crystal structure (Vyas et al., 1987). A
plausible explanation for the two conformers is proline cis—
trans isomerization, since Pro231 is in van der Waals contact
with Trp133.

An example of a frequency shift generated by substitution
of a distant SF-Trp residue is provided by the W183Y mutant.
This substitution in the sugar binding cleft significantly shifts
the frequency of the SF-Trp195 resonance by 0.3 + 0.1 ppm,
providing evidence that the relative position of the a-helix
containing SF-Trp195 is sensitive to structural changes in the
cleft. Additional examples of frequency shifts are observed
in Figures 3 and 4 for the W183Y, W133Y, and W127Y
substitutions.

Structural Effects of Sugar Binding. The above assign-
ments enable the five SF-Trp resonances to be used as probes
of structural changes at five known locations in the native
receptor molecule. In order to ascertain the locations perturbed
by sugar binding, Figure 5 compares the °F NMR spectra
of SF-Trp-labeled receptor containing Ca(II) in the metal site
and the indicated sugar (or no sugar) in the sugar cleft.
Widespread structural effects are observed at the SF-Trp
positions upon sugar binding. The resonance of 5F-Trp183
in the sugar binding cleft shows the largest frequency change
upon sugar binding (+3.8 + 0.1 ppm for D-galactose; +2.8
+ 0.1 ppm for D-glucose) and possesses a different local en-
vironment when D-galactose is replaced by D-glucose. The
structural] difference between these two sugars is simply a
switch of the -H and -OH substituents above and below the
ring plane at the C4 position of the sugar backbone, and the
frequency difference observed between the sugars indicates
both the sensitivity of the technique to subtle structural changes
and the direct structural interaction between the SF-Trp183
residue and the bound sugar. In contrast SF-Trp284 near the
hinge exhibits the same large resonance frequency shift upon
the binding of either sugar (—1.2 £ 0.1 ppm), suggesting that
the conformational change in the hinge region is the same for
different sugars. The resonance of SF-Trp195 from an a-helix
abutting the sugar cleft also undergoes a reproducible fre-
quency shift that is essentially the same for D-galactose and
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FIGURE 6: Effect of sugar binding on the )F NMR resonances of
the 3F-Phe-labeled receptor. Shown are spectra for the 3F-Phe-labeled
receptor in the presence of different sugar substrates. The resonances
have not been assigned, but the simplest model for the frequency shifts
caused by sugar binding is indicated by the lines connecting resonances.
All samples contained 100 mM KCl, 10 mM Tris, pH 7.1, 10% D,0,
0.5 mM CaCl, and 75 uM 5F-Trp as an internal frequency reference;
spectra were recorded at 470 MHz and 25 °C. The samples also
contained (A) no sugar, (B) 1.0 mM p-galactose, and (C) 1.0 mM
D-glucose.

D-glucose (-0.3 = 0.1 ppm) as does SF-Trp133 at the base of
the Ca(IT) site, which yields the smallest detectable shift (-0.1
+ 0.1 ppm). Together these observations indicate that
structural changes occur not only in the sugar binding cleft
and the hinge but in distant regions of the protein as well,
where the structural changes triggered by the binding of
different sugars are similar or identical.

The structural effects observed upon sugar binding to the
3F-Phe-labeled receptor yield an analogous picture. F NMR
frequency changes and in some cases lineshape changes are
observed for the 3F-Phe resonances when D-galactose binds
to the receptor, as shown in Figure 6. Also indicated in Figure
6 is the simplest pattern of frequency shifts consistent with
the observed spectra. This pattern suggests that all seven
3F-Phe residues detect structural changes upon D-galactose
or D-glucose binding.

Kinetics of the Structural Changes Induced by Sugar
Binding. Information regarding the kinetics of interconversion
of the observed receptor conformers is revealed by the addition
of a substoichiometric mixture of D-galactose and D-glucose
to the SF-Trp-labeled receptor. The resulting spectrum yields
distinct SF-Trp183 resonances for the D-galactose-occupied,
the D-glucose-occupied, and the empty-site conformers, all
coexisting in the same sample (Figure 5D). It follows that
the rate of interconversion of the three conformers is slow
relative to the differences in their SF-Trp183 NMR frequencies
(eq 1). The application of eq 1a to the D-galactose/empty site
exchange process yields an interconversion time of 7. = v;.™!
> 0.6 ms and to the D-glucose/empty site exchange process
yields a time of . >> 0.8 ms. These results are consistent with
a simple interpretation of earlier rapid kinetics data that
suggested bound sugar lifetimes of 220 ms for p-galactose and
710 ms for D-glucose (Miller et al., 1980).

DiSscussION

The results illustrate the usefulness of *’F NMR as a probe
of ligand-induced structural changes at multiple sites in a
36-kDa receptor protein. The environmental dependence of
the '9F spin system is observed to make the °F NMR fre-
quency a sensitive detector of changes in local structure
triggered by substrate binding. The substitution of fluorine
for hydrogen is observed to yield relatively small effects on
substrate binding equilibria, substrate dissociation, and the
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free energy of receptor unfolding, particularly when compared
to mutagenesis and extrinsic labeling. It has previously been
observed in other well-characterized fluorine-labeled proteins
that perturbations due to fluorine are minor (Lu et al., 1976;
Wacks & Schachman, 1985; Rule et al., 1987), suggesting that
small and localized effects on structure are a general feature
of fluorine incorporation.

The F NMR resonances of the fluorine-labeled D-galactose
and D-glucose receptor reveal that the binding of D-galactose
or D-glucose triggers a dramatic global change in the average
solution structure of the receptor. This structural change
extends from the SF-Trp183 residue in van der Waals contact
with the bound sugar to distant residues: the 5F-Trp284
residue is 13 A from the bound sugar but lies in a surface loop
nearby the interdomain hinge, while the SF-Trp195 residue
is located 15 A away from the bound sugar, near the opposite
end of a helix also containing SF-Trp183. Similarly all seven
3F-Phe residues experience structural perturbations despite
the fact that these residues are located at diverse sites, ranging
from one in contact with the bound sugar to several at distant
sites: 0, 6, 10, 12, 13, 15, and 18 A from bound p-glucose,
respectively. Together the three SF-Trp and seven 3F-Phe
positions that are perturbed by sugar binding represent a large
fraction of the receptor structure and are equally distributed
between the two domains (Figure 1). The smallest pertur-
bations are observed for SF-Trp127 and -133 at the base of
the Ca(II) site. This region of the protein thus appears to be
locked in a relatively rigid structure by Ca(II) binding.

The widespread allosteric effects of sugar binding to the
substrate cleft provide strong suport for the involvement of
secondary structural elements. Most of these elements ori-
ginate or terminate in turns at the substrate cleft and extend
outward to the receptor surface. Other elements involved in
the interdomain hinge effectively provide a wall at the back
of the cleft (Figure 1). In total, a group of 11 B-strands and
9 a-helices are intimately associated with the cleft. This
architecture guarantees the transmission of structural changes
from the substrate cleft to distant regions through spatial shifts
of the secondary structure elements. Such structural coupling
is capable of generating changes in surface structure on any
region of the receptor surface, so that in principle sugar binding
could regulate one or more surface docking sites. Consistent
with this idea is the proposal that different docking surfaces
are used in receptor docking to the transmembrane transducer
and transport proteins (Kossman et al., 1988). Allosteric shifts
of secondary structures have also been proposed in other
protein systems containing substrate clefts (Lesk & Chothia,
1984) and may be a generally important feature in biological
signaling systems.

The long residence time of bound sugar in the substrate cleft
(0.2-0.7 s) (Mailler et al., 1983), confirmed by the observation
that the sugar-occupied and sugar-empty conformers are in
slow exchange on the NMR time scale, is likely to play two
important functional roles. First, the long lifetime of bound
sugar enables the receptor to diffuse long distances in the
activated conformation during its search for the appropriate
membrane docking site. An interesting question is whether
other types of docking proteins regulated by substrate binding
will generally exhibit long bound-substrate lifetimes. Second,
the long lifetime of the bound sugar together with the sig-
nificant in vivo receptor concentration in the periplasmic
compartment will maintain a high equilibrium sugar concen-
tration in the periplasm and will slow the kinetics of diffusional
sugar loss in the event that the cell encounters a decrease in
the surrounding sugar concentration.
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In contrast to the global structural change triggered by sugar
binding to the substrate cleft, the *F NMR study in the
following article indicates that metal binding to the Ca(ll)
site triggers a highly localized structural change in the region
containing the Ca(1I) site. Thus the '*F NMR approach can
be used to classify structural changes as global or local, as well
as to characterize each class. A future goal is the use of 1°F
NMR to measure distances, thereby enabling quantitation of
structural changes in sensory and signaling proteins. These
techniques will be applied to other proteins in the bacterial
chemosensory pathway, as well as cloned eukaryotic signaling
proteins that can be expressed in bacteria or yeast, in order
to further investigate the molecular mechanisms underlying
biological signaling.
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