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ABSTRACT: The isolated ligand binding domain of the chemotaxis aspartate receptor is the focus of the 
present study, which both (a) identifies structural regions involved in the attractant-induced conformational 
change and (b) investigates the kinetic parameters of attractant binding. To analyze the attractant-induced 
conformational change within the homodimeric domain, 19F N M R  is used to monitor six para- 
fluorophenylalanine (4-F-Phe) positions within each identical subunit of the homodimer. The binding of 
one molecule of aspartate to the homodimer perturbs three of the 4-F-Phe resonances significantly: 4-F- 
Phel5O in the attractant binding site, 4-F-Phe107 located 26 A from the site, and 4-F-Phe180 a t  a distance 
of 40 from the site. Comparison of the frequency shifts triggered by aspartate and glutamate reveals 
that these attractants generate different conformations in the vicinity of the attractant site but trigger 
indistinguishable long-range conformational effects a t  distant positions. This long-range conformational 
change is specific for attractant binding, since formation of the Cys36-Cys36' disulfide bond or the 
nonphysiological binding of 1,lO-phenanthroline to an aromatic pocket distal to the attractant site each 
yield conformational changes which are  significantly more localized. The attractant-triggered perturbations 
detected a t  4-F-PhelO7 and 4-F-Phel80 indicate that the structural change includes an intrasubunit component 
communicated through the domain to its C-terminal region, which, in the full-length receptor, continues 
through the membrane as the second membrane-spanning helix. It would thus appear that the transmembrane 
signal is transmitted through this helix. The I9F N M R  results also reveal the association rate constant for 
aspartate binding to the isolated periplasmic domain (kon - 1 O9 M-' s-l), enabling deduction of the dissociation 
rate constant (koff - lo3 s-l). Aspartate binding thus approaches the diffusion-controlled limit. The 
observed binding equilibrium and resulting conformational changes are rapid on the time scale of the 
chemotactic response. 

The ability to alter internal functions in response to external 
factors such as environmental conditions and hormonal signals 
is essential to all cells. The primary step in a signal 
transduction pathway mediating the cellular response to an 
external cue is generally a transmembrane signal generated 
by a cell-surface receptor. The aspartate receptor of Es- 
cherichia coli and Salmonella typhimurium provides an 
unusually accessible model system in which to probe the nature 
of transmembrane signaling. This receptor belongs to a widely 
distributed group of prokaryotic transmembrane receptors, 
each of which enables a physiological response to a chemical 
or physical stimulus (Adler, 1969; Russo & Koshland, 1983; 
Boydetal., 1983;Nowlinet al., 1985;Dahletal., 1989; Utsumi 
et al., 1989; Hazelbauer et al., 1990; Shaw, 1991; Collins et 
al., 1992; McBride et al., 1992). Like the other prokaryotic 
receptors, the aspartate receptor is characterized by a topology 
possessing an external (periplasmic) ligand binding domain, 
a cytoplasmic signaling domain, and a pair of transmembrane 
a-helices connecting the two domains. Such topology is similar 
to that predicted for a large class of eukaryotic receptors 
including the tyrosine-kinase-linked growth hormone receptors 
[e.g., epidermal growth factor, insulin, nerve growth factor 
(Ullrich et al., 1984, 1985; Johnson et al., 1986)], suggesting 
that these prokaryotic and eukaryotic receptors may share 
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important structural (Russo & Koshland, 1983) and mechan- 
istic (Moe et al., 1989) features. 

In its physiological role, the aspartate receptor is regulated 
by the binding of such attractants as aspartate, aspartate 
analogues (Clark & Koshland, 1979), and phenol (Imae et 
al., 1987) to the periplasmic ligand binding domain. The 
resulting transmembrane signal to the cytoplasmic domain in 
turn regulates a cytoplasmic phosphorylation pathway which 
controls the swimming behavior of the cell [for reviews, see 
Bourret et al. (1991), Stock et al. (1992), Armitage (1992), 
Parkinson and Kofoid (1992), and Hazelbauer et al. (1993)l. 
Signaling proteins homologous to components of the phos- 
phorylation pathway appear to be ubiquitous in prokaryotic 
cells and have recently been detected in eukaryotic cells as 
well (Chang et al., 1993; Ota & Varshavsky, 1993). 

The structure of the aspartate receptor has been extensively 
characterized, particularly that of the periplasmic and trans- 
membrane domains. The 120-kDa receptor is a homodimer 
of identical subunits in both the presence and absence of ligand 
(Falke & Koshland, 1987; Milligan & Koshland, 1988). The 
three-dimensional structure of the soluble periplasmic domain 
has been determined to 2.0-A resolution by X-ray crystal- 
lography (Milburn et al., 1991; Yeh et al., 1993; Scott et al., 
1993). The architecture (Figure 1) consists of a dimer of 
four-helix bundles, with two symmetric attractant binding 
sites at the dimer interface. At the opposite end of the 
molecule, near the predicted location of the bilayer in the 
native receptor, an engineered Cys36-Cys36' disulfide bond 
covalently links the two subunits. In this same region, 3 A 
from the disulfide, a single molecule of the nonphysiological 
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FIGURE 1 : Structure of the apo periplasmic ligand binding domain 
of the S. fyphimurium aspartate receptor (Milburn et al., 1991). 
Shown is a backbone ribbon diagram, where black and gray ribbons 
indicate the two different subunits. The gray CPK atoms are the Phe 
residues of subunit 1. Also shown are the atoms which coordinate 
aspartate in one of the two symmetry-related attractant binding sites 
(black from subunit 1, black with stipples from subunit 1'). Finally, 
the 1 , 10-phenanthroline binding pocket and the Cys36-Cys36' 
disulfide, both located near the end of the domain distal from the 
attractant binding site, are indicated. 

ligand 1,lO-phenanthroline lies bound in an aromatic pocket. 
In the intact receptor, the structure of the transmembrane 
domain has been characterized by targeted disulfide mapping, 
yielding a model for the packing of the membrane-spanning 
a-helices through which the transmembrane signal is com- 
municated (Falke & Koshland, 1987; Falke et al., 1988; Lynch 
& Koshland, 1991; Pakula & Simon, 1992). 

The targeted disulfide approach has revealed the presence 
of a transmembrane conformational change triggered by 
attractant binding (Falke & Koshland, 1987), but the size of 
the aspartate receptor and the fact that it is an integral 
membrane protein have hindered further structural and kinetic 
studies of the transmembrane signal. Even the water-soluble 
periplasmic domain, which is 36 kDa as a dimer, is too large 
for solution structure determination by existing NMR 
methodology. One method useful in such an application is 
I9F NMR of the protein labeled with fluorine at specific 
aromatic residues [reviewed in Luck arid Falke (1991ax)  
and Drake et al. (1993)l. The utility of this technique stems 
from the inherent qualities of the 19F nucleus, including high 
sensitivity (0.833 that of IH) and natural abundance (loo%), 
lack of background resonances, ease of biosynthetic incor- 
poration, and the nonperturbing nature of the fluorine 
substitution at aromatic hydrogen positions (Gammon et al., 
1972; Sykes et al., 1974; Pratt & Ho, 1975; Lu et al., 1976; 
Post et al., 1984; Wilson & Dahlquist, 1985; Rule et al., 1987; 
Gerig, 1989,1994; Peersen et al., 1990; Luck & Falke, 199 1 a,b; 
Gregory & Gerig, 1991; Drake et al., 1993). The shielding 
of the I9F nucleus depends strongly on the symmetry of the 
lone pair electrons in the atom; this symmetry is easily 
perturbed by packing forces within the local van der Waals 
environment and local electrostatic forces. Thus, the 19F NMR 
chemical shift is among the most sensitive detectors of 

Table 1. Positional Parameters of Phenylalanine Residues in the 
Ligand Binding Domainu 

distance (A) from distance (A) from distance (A) from 
position bound aspartateb position 33c Cys36 disulfide" 

30 45 
40 40 

107 26 
140 10 
150 7 
180 40 

9 
13 
29 
55 
57 
16 

4 
5 

25 
52 
53 
7 

Calculated from the crystallographic coordinates of Milburn et al. 
(1991). Distance from the a-carbon of bound aspartate to the para- 
carbon position of the indicated phenylalanine ring in subunit 1. Distance 
from the a-carbon of Leu33, near the predicted membrane interface, to 
thepara-carbon position of the indicated phenylalanine in the samesubunit 
1. Distance from the thiol-sulfur of Cys36 to the para-carbon position 
of the nearest indicated phenylalanine in the dimer. 

structural changes at  specific labeling positions in a macro- 
molecule (Gerig, 1989,1994; Augspurger et al., 1992; deDios 
et al., 1993; Chambers et al., 1994). Moreover, NMR methods 
provide unique kinetic information regarding the rate at which 
structural changes occur (Wagner & Wutrich, 1986). Finally, 
the power of NMR is extended through the use of protein 
engineering, which allows the assignment of resonances and 
the resolution of ambiguities in interpretation (Rule et al., 
1987; Drake et al., 1993; Bourret et al., 1993). 

In a previous study, 5-fluorotryptophan (5-F-Trp) was 
successfully incorporated into the intact, membrane-bound 
receptor, and the I9F NMR resonance of a lone mobile 5-F- 
Trp residue was detected (Falke et al., 1992). A transmem- 
brane conformational change was observed in that study, but 
resonances from multiple probe sites are needed to map out 
the regions of the protein participating in transmembrane 
signaling. In the current work, para-fluorophenylalanine (4- 
F-Phe) has been incorporated into the phenylalanine positions 
of the soluble ligand binding domain fragment (residues 25- 
188), and I9F NMR spectra have been obtained. Each subunit 
possesses six phenylalanines which are fortuitously located, 
as illustrated in Figure 1 and Table 1, thereby providing probes 
in several important regions of the domain structure. Phel50 
is in the immediate vicinity of the attractant binding site. 
Phel40 is a solvent-exposed residue near the attractant binding 
site. PhelO7 lies in the core of a subunit 26 A from the 
attractant binding site, where it provides sensitive detection 
of intrasubunit conformational changes. The remaining three 
Phe residues, Phe30, Phe40, and Phel80, are members of an 
aromatic cluster which surround the phenanthroline binding 
pocket at  the dimer interface, proximal to the Cys36-Cys36' 
disulfide bond. To complement the NMR data, attractant 
binding studies using intrinsic tryptophan fluorescence have 
also been carried out. Together, the results both (a) place 
strong constraints on the cooperativity and kinetics of aspartate 
binding and (b) reveal regions of the ligand binding domain 
involved in the resulting conformational change. Finally, the 
study addresses the effect of the intersubunit Cys36-Cys36' 
disulfide bond on the conformation and dynamics of the ligand 
binding domain. 

MATERIALS AND METHODS 

Materials. The expression strain used was E.  coli RP3808 
[A(cheA-cheZ) DE2209 tsr-1 leuB6 his-4 eda-50 rpsLl36 

Abbreviations: 4-F-Phe7 para-fluorophenylalanine; EDTA, (ethyl- 
enedinitri1o)tetraacetic acid; Tris, tris(hydroxymethy1)aminomethane; 
DTT, dithiothreitol; PMSF, phenylmethanesulfonylfluoride; BCA, bicin- 
chonic acid; SDS, sodium dodecyl sulfate. 
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[thi-I A(ga1-attL) DE99 ara-14 lacy1 mtl-I xyl-5 tonA3l 
tsx- 781 /mks/l, kindly provided by Sandy Parkinson (Uni- 
versity of Utah). 4-Fluorophenylalanine (the para-fluoro 
isomer, 4-F-Phe) was purchased as a racemic mixture from 
Sigma. Glyphosate was purchased as solid tablets of Roundup 
Herbacide (60% glyphosate, Monsanto Laboratories). L- 
Aspartate and L-glutamate of >99.9% purity were purchased 
from Sigma. 

Cloning and Mutagenesis. The gene encoding the S. 
typhimurium aspartate receptor under control of the trc 
promotor, with the first transmembrane segment replaced by 
the cleavable signal sequence of E. coli alkaline phosphatase 
and a stop codon inserted after residue 188, was cloned into 
the vector pBLUESCRIPT KS+, giving the plasmid pMKl55 
as previously described (Milligan & Koshland, 1993). A 
cysteine codon a t  position 36 was incorporated into the plasmid 
by oligonucleotide directed mutagenesis (Kunkel, 1987) to 
give the gene for the N36C codon in plasmid pMKl55.N36C. 
Plasmids which express the N36C mutant bearing an ad- 
ditional Phe to Tyr substitution were constructed in a similar 
fashion. 

Isolation of the Fluorine- Labeled Ligand Binding Domain. 
Wild-type and mutant periplasmic-domain proteins were 
expressed in the E. coli strain RP3808 bearing the appropriate 
version of pMK155. No induction was necessary as the trc 
promoter is constitutively expressed in this strain. The labeling 
medium contained 2.5 g /L  bactotryptone, 1.25 g/L yeast 
extract, 5 g/L NaC1, and 0.75 g/L 4-fluoro-~,~-Phe. Im- 
mediately prior to innoculation, filter-sterilized stock solutions 
were used to yield the following final concentrations of 
additional components: 1 g/L glyphosate, 0.04% glucose, and 
0.1 g/L ampicillin. Theglyphosateserved to inhibit aromatic 
amino acid biosynthysis (Kim et al., 1990). Cultures (500 
mL per 2-L flask) were grown with vigorous aeration at 37 
OC for 10 h. A 10-L prep typically yielded 9 g of cells. 

The ligand binding domain was purified using a variation 
of a gentle osmotic shock procedure previously described 
(Milligan & Koshland, 1993). Cells were harvested from 
media by centrifugation [Beckman JA-10 rotor, 6000 rpm 
(6400g), 5 min] and washed twice in a buffer containing 10 
mM Tris, pH 7.4 with HC1,30 mM NaCl, and 0.5 mM EDTA 
with pelleting by centrifugation after each wash. The cells 
were then resuspended in ice-cold spheroplast buffer containing 
100 mM Tris, pH 8.0 with HCl, 500 mM sucrose, 0.5 mM 
EDTA, and 0.2 mM PMSF followed by incubation at room 
temperature for 10 min. Finally, the cells were harvested by 
centrifugation [Beckman JA-14 rotor, 10 000 rpm (15000g), 
10 min] and gently resuspended in ice-cold 1 mM MgCl2 to 
lyse the outer membrane, where the divalent cation serves to 
maintain integrity of the cytoplasmic membrane. The sus- 
pension was incubated on ice for 15 min. The spheroplasted 
cells were removed by centrifugation [Beckman JA- 14 rotor, 
12 000 rpm (22000g), 10 min]. To the supernatant were added 
the following final concentrations of constituents: 50 mM 
Tris, pH 7.4 with HC1, 2 mM EDTA, 2 mM 1,lO- 
phenanthroline, and 0.2 mM PMSF. The protein was 
recovered by ammonium sulfate precipitation. In this step, 
0.26 g of solid ammonium sulfate was added per mL of starting 
solution. After stirring at 4 OC for 1 h, the precipitated protein 
wascollected bycentrifugation [Beckman JA-l4rotor, 12 000 
rpm (22000g), 30 min] and resuspended in 10 mL of 10 mM 
Tris, pH 8.0 with HC1. The protein was dialyzed overnight 
against 1 L of 10 mM Tris, pH 8.0 with HC1, including at 
least two exchanges with fresh buffer. 

Danielson et al. 

The dialyzed sample was loaded onto a 75-mL Q-Sepharose 
column (2.5-cm diameter) equilibrated with 10 mM Tris, pH 
8.0 with HC1. A gradient was applied of 0-300 mM NaCl 
across a total of 600 mL of 10 mM Tris, pH 8.0 with HCl: 
the ligand binding domain eluted between 100 and 150 mM 
NaCl. Fractions collected during the gradient were analyzed 
by monitoring the absorbance a t  280 nm. The peak fractions 
were pooled and concentrated by ultrafiltration (Amicon, 
YMlO membrane) to a volume of -10 mL. The pool was 
then dialyzed for 2-3 days against 1 L of 10 mM Tris, pH 
8.0 with HC1,50 mM NaC1,50 mM KC1, and 1 mM MgC12, 
including at least three changes of buffer. A typical 10-L 
prep yielded between 10 and 30 mg of protein of 285% purity. 
This procedure yielded the oxidized homodimer cross-linked 
by the Cys36-Cys36' disulfide bond; for reduced N36C domain 
the sample was incubated overnight under a nitrogen atmo- 
sphere, with 50 mM DTT and 0.5 mM EDTA at 4 "C. 

Measurement of the Concentrationof the Purified Ligand- 
Binding Domain. The total protein concentration was 
determined using a bicinchonic acid (BCA) colorimetric assay 
(Stoscheck, 1990). To improve accuracy and precision, sodium 
dodecyl sulfate (SDS) was added to the reaction mixture to 
a final concentration of 0.1% (w/v). The resulting concen- 
tration was corrected for the purity of the ligand binding 
domain, as determined by SDS-PAGE (1 5% acrylamide gel). 

In some cases the concentration of the ligand binding domain 
was determined by measuring the absorbance of the sample 
at 280 nm. An extinction coefficient for the ligand binding 
domain was determined by the method of Gill and von Hippel 
(1 989), yielding €280 = 29 200 M-' cm-' for the wild-type 
dimer, e280 = 29 400 M-' cm-l for the disulfide-linked dimer, 
and 6280 = 32 000 M-' cm-l for the tyrosine replacement 
mutants of the disulfide-linked dimer. This method gave a 
calculated ligand binding domain concentration which agreed, 
to within an error of 10% with the value determined using 
the BCA assay. 

Measurement of Ligand Binding. The binding of aspartate 
or glutamate to the ligand binding domain was monitored at 
25 "C by the resulting increase in intrinsic tryptophan steady- 
state fluorescence using an SLM 48000s spectrofluorimeter 
(Aex = 283 nm, 4-nm bandwidth; A,, = 350 nm, 8-nm 
bandwidth). Samples contained 2.5 pM dimeric ligand 
binding domain for determination of theglutamate dissociation 
constant ( K D )  and 0.1 pM dimeric ligand binding domain for 
determination of the aspartate KD. The low-affinity ligand 
glutamate was routinely used to measure the binding constants 
of the replacement mutants because its larger KD eliminated 
the need to correct the total ligand concentration for bound 
ligand, as was required for aspartate binding. To eliminate 
the possibility of effects due to a shifting monomerdimer 
equilibrium, the disulfide-cross-linked N36C domain was used 
in all cases. Though the emission maximum is at 336 nm, the 
greatest change upon the binding of aspartate or glutamate 
was observed at an emission wavelength of 350 nm. Nonlinear 
least-squares analysis was used to determine KD from the 
untransformed binding titration: 

(1) 

where F is the observed fluorescence intensity, FO is the 
fluorescence intensity before addition of ligand, AF,,, is the 
fluorescence change induced by saturating ligand, and [L] is 
the free ligand concentration. 
I9F NMR Measurements. I9F N M R  spectra were obtained 

at 470 MHz on a Varian VXR 500 spectrometer equipped 
with a 5-mm lH/19F probe. Samples contained 0.3-1.5 mM 

= FO + AFmax[Ll/([Ll + K D )  
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dimeric ligand binding domain in 10 mM Tris, pH 8.0 with 
HC1,50 mM NaC1,SO mM KC1, and 1 mM MgC12. Samples 
were prepared by concentrating, using ultrafiltration (Amicon, 
YM 10 membrane), the final dialysate from the purification 
to a volume of 600 rL and then adding D2O and 5-fluoro- 
tryptophan, the latter as an internal frequency standard 
(referenced to -49.5 ppm, its known chemical shift relative 
to TFA at 0 ppm), thereby enabling direct comparison of 
chemical shifts in different spectra. Standard undecoupled 
spectral parameters were as follows: 12 000-Hz spectral width, 
16K data points, 80° pulse width, 0.68-s aquisition time, 1.2-s 
relaxation delay, 20-Hz line broadening, and temperature 
control at 25 OC. For quantitative integrations, spectra were 
obtained with the pulse width decreased to 60° and the 
relaxation delay increased to 5.0 s. TI relaxation measure- 
ments, utilizing a 18Oo-~-9O0 pulse sequence and a 4.0-s 
relaxation delay, yielded TI  values ranging from 0.7 to 1.4 s, 
within the typical range observed for 4-F-Phe resonances 
(Drake et al., 1993). 

Determination of the Extent of Fluorine Incorporation. 
The 19F NMR spectrum of the apo-domain was integrated, 
yielding four peaks of equal intensity and one of double 
intensity (the result of two overlapping resonances). The 
average intensity of the individual 4-F-Phe resonances was 
then compared to that of the internal standard of known 
concentration and this information, together with the known 
protein concentration, provided the extent of fluorine incor- 
poration. 

Molecular Graphics. Crystallographic coordinates of the 
apo- and aspartate-occupied conformations of the ligand 
binding domain were graciously supplied by Kim and co- 
workers (Milburn et al., 1991) and were visualized using 
Biosym Technologies Insight I1 graphics software running on 
a Silicon Graphics Personal Iris workstation. Surface ac- 
cessibility calculations were carried out using the program 
Accessibility developed by Handschumacher and Richards 
(Richards, 1977; version 1983). 

Error Estimates. Integrations of individual 19F N M R  
resonances exhibited a relative error of *lo%, determined by 
comparing the relative integrals from four independent spectra. 
The standard deviation inherent in measurements of l9F 
frequency shifts is fO.l ppm, ascertained by comparing the 
chemical shifts of identical resonances in four independent 
spectra. Errors for parameters obtained in binding curve fits 
were determined by nonlinear least-squares error analysis. 

RESULTS 

Affinity of the Ligand Binding Domain for  Aspartate. In 
order toinvestigate thestructural integrity of theligand binding 
domain, the affinity of the oxidized N36C domain for the 
attractant aspartate was compared to that of the intact 
receptor. The affinity of the soluble domain for aspartate 
was measured via titration of intrinsic tryptophan fluorescence, 
yielding KD = 1.4 f 0.5 pM, a value within the range previously 
determined for the intact wild-type receptor in the membrane 
(KD = 0.1-6 pM; Clark & Koshland, 1979; Biemann & 
Koshland, 1994) as well as for the isolated domain (KD = 1-2 
pM; Milligan & Koshland, 1993). This result indicates that 
aspartate binds to the isolated domain and triggers a 
conformational change which is essentially native in its 
thermodynamics, suggesting that the engineered Cys36-Cys36' 
intersubunit disulfide bond is relatively nonperturbing. Ad- 
ditional evidence that the engineered disulfide is nonperturbing 
is provided by its minimal effect on transmembrane signaling 
in the intact receptor as assayed by (a) methylation rates 
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FIGURE 2: Glutamate binding curves at 25 OC for theoxidizedN36C 
(closed circles) and N36C/F107Y (open circles) ligand binding 
domains, obtained by monitoring intrinsic tryptophan fluorescence. 
A nonlinear least squares best-fit curve generated for a homogeneous 
population of sites is shown for each domain (N36C = bold line; 
N36C/F107Y = narrow line; best fit &values summarized in Table 
2). The buffer was 10 mM Tris, pH 8.0 with HCI, 50 mM NaCI, 
50 mM KCl, and 1 mM MgC12. The concentration of the dimeric 
domain was 2.5 pM (or 5.0 pM monomer). 

(Falke et al., 1988; Milligan & Koshland, 1991) and (b) 
transmembrane regulation of kinase activity (Chervitz and 
Falke, unpublished data). In contrast, many point mutations 
generate large perturbations in transmembrane signaling 
assays (Ames et al., 1988; Yaghmai & Hazelbauer, 1992; 
Chervitz and Falke, unpublished). 

Incorporation of 4-F- Phe. The ligand binding domain was 
fluorine-labeled for 19F N M R  studies by overexpression of 
the cloned gene in the presence of glyphosate, which supresses 
the synthesis of aromatic amino acids (Kim et al., 1990). A 
4: 1 ratio ofpara-fluoro-L-phenyalanine (CF-Phe) to unlabeled 
L-phenylalanine was added to the growth medium to optimize 
production of fluorine-labeled protein. Since E.  coli possesses 
the ability to discriminate against substitution at the para 
position of the Phe ring, the resulting efficiency of 4-F-Phe 
labeling was 7%. Thus, at any given Phe position within the 
fluorine-labeled ligand binding domain, there was a 7% 
probability of finding a 4-F-Phe residue. 

Due to the low efficiency of fluorine labeling it was not 
possible to test directly the effect of the fluorine incorporation 
on receptor activity; however, the effect of a more extreme 
perturbation was accessible to quantitation. In protein 
structures, hydroxyl substitution for aromatic hydrogen is 
expected to be more perturbing than fluorine substitution: 
this stems from the -50% greater volume of the hydroxyl 
group relative to fluorine and the propensity of hydroxyl to 
form hydrogen bonds, while aromatic fluorine is a poor 
hydrogen bond acceptor and is incapable of donating a 
hydrogen bond (Pauling, 1960; Gerig, 1989). To implement 
the test, a set of six mutant proteins was generated, each 
possessing a single tyrosine substitution at a different phe- 
nylalanine position. The resulting mutants, which provide 
100% substituted hydroxyl a t  the para position of a single 
phenylalanine residue, enabled estimation of the maximum 
perturbation due to fluorine incorporation at that position. 
The attractant affinities of the resulting mutants were 
compared using a fluorescence assay to monitor glutamate 
binding (see Materials and Methods). 

Figure 2 compares the glutamate binding curves, monitored 
by intrinsic tryptophan fluorescence, of the disulfide-linked 
ligand binding domain (N36C) and a representative Phe to 
Tyr replacement mutant (N36C/F107Y). The curves are 
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30 140 40,150 107 180 Table 2. Tyrosine Substitutions at Phenylalanine Positions: Effect 
on Ligand Binding 

mutant glutamate (mM) 
N36C 
N36C/F30Y 
N36C/F40Y 
N36C/F107Y 
N36C/F140Y 
N36C/F150Y 
N36C/F180Y 

2.0 f 0.2 
3.2 f 0.3 
2.2 f 0.4 
1.4 f 0.1 
2.2 f 0.6 
0.5 f 0.3 
1.3 f 0.8 

Measured by monitoring intrinsic tryptophan fluorescence during 
glutamate titration at 25 'C in 10 mM Tris, pH 8.0 with HCI, 50 mM 
NaCI, 50 mM KCI, and 1 mM MgC12. The concentration of the dimeric 
domain was 2.5 1 M .  

indistinguishable. Table 2 shows the calculated KDS of each 
replacement mutant for glutamate. The affinities of the 
mutant proteins for glutamate range from 4-fold tighter to 
1.6-fold weaker binding. These effects are quite small on a 
free energy scale (50.8 kcal mol-'), suggesting that hydroxyl 
substitutions a t  the para position of each phenylalanine residue 
cause at most minor perturbation of the domain. Therefore 
the even smaller perturbations due to 4-F-Phe incorporation 
are likely to be negligible. 

Assignment of the I9F N M R  Resonances to Specific 4 - F -  
Phe Residues. Figure 3A presents the 19F N M R  spectrum 
of 4-F-Phe-labeled N36C ligand binding domain in the apo 
conformation. Six resonances are discernible, two of which 
overlap to a large degree. The observation of only six 
resonances from the homodimer indicates that the structures 
of the two subunits are the same on average, such that the six 
4-F-Phe residues in subunit 1 are equivalent to the cor- 
responding residues in subunit 1'. Thus the two subunits rapidly 
sample the same range of conformations, yielding fully 
overlapping spectra (see below). Integration reveals that the 
4-F-Phe resonances each possess the same intensity, verifying 
that the fluorine labeling efficiency is the same at all six 
phenylalanine positions of each subunit. 

The six resonances were assigned to specific 4-F-Phe residues 
by two methods. Where possible, direct replacement of 
individual Phe residues was used. In this method, a mutant 
bearing a Tyr substitution a t  a single Phe position is labeled 
with 4-F-Phe a t  the remaining Phe positions and used to 
generate a 19F N M R  spectrum, in which the 19F N M R  
resonance from the targeted position disappears. As an 
example, Figure 3B illustrates the 19F N M R  spectrum of a 
mutant bearing a Tyr substitution a t  the Phel8O position 
(N36C/F180Y); here five resonances are unchanged while 
the sixth is obliterated. The missing resonance is directly 
assigned to the 4-F-Phe180 residue. This procedure was 
systematically repeated for the other phenylalanine positions 
to complete the majority of the assignments in the spectra of 
different ligation and oxidation states. 

In several cases, an additional method was needed to achieve 
unambiguous assignment. This method utilized a nudge 
mutation, wherein a residue in van der Waals contact with a 
single Phe residue is identified in the crystal structure and 
then substituted with a residue of different size (Drake et al., 
1993). When the chemical shift of a specific resonance was 
altered, this resonance was directly assigned to the nudged 
4-F-Phe residue. 

Together these two assignment methods allowed the 
unambiguous assignment of 33 19F N M R  resonances associ- 
ated with different ligation and oxidation states of the 4-F- 
Phe labeled N36C domains. Of these resonance assignments, 
28 were obtained by direct replacement, while five required 

1 ~ ~ ~ ~ l ~ ~ ~ ~ I ~ ~ J ~ I J ~ ~ J l ~ J ~ J I I l J I J I J J ~ J  
-37 -38 -39 -40 -41 -42 -43 PPM 

FIGURE 3: Assignment of 4-F-Phe I9F N M R  resonances by site- 
directed mutagenesis. Shown are the I9F NMR spectra of two 4-F- 
Phe-labeled domains: N36C (A)  and N36C/FI 80Y (B) .  The arrow 
indicates the resonance deleted by the mutation. The final assignments 
provided by replacement and nudge mutational analysis are indicated 
(see text). Spectra were obtained a t  470 MHz and 25 OC in the same 
buffer as in Figure 2, with the addition of 10% D20 and 50 pM 
5-F-Trp. The concentration of dimeric domain was 0.6 mM. 

nudge mutational analysis. The assignment of one resonance, 
4-F-Phel40, was independently confirmed by paramagnetic 
broadening studies. The 4-F-Phe140 residue is the only one 
of the six phenylalanine positions in the crystal structure which 
is accessible to a solvent probe the size of Gd(II1)-EDTA 
(4.8-A radius; Luck & Falke, 1 9 9 1 ~ ) .  As expected, the 
resonance assigned to 4-F-Phel40 yielded the largest resonance 
broadening upon additionof the aqueous probe Gd(II1)-EDTA 
to either the apo- or aspartate-occupied conformations (data 
not shown). 

Conformational Effects of Attractant Binding. The ad- 
dition of aspartate or glutamate, both of which act as 
attractants through the aspartate transducer (Clarke & 
Koshland, 1979), induces a structural change in the oxidized 
N36C domain which was detected by I9F NMR, as shown in 
Figure 4A-C. Significant attractant-induced chemical shift 
changes are observed in these spectra for the 4-F-Phel SO, 
4-F-Phel07, and 4-F-Phe180 resonances. The 4-F-Phe150 
resonance exhibits different chemical shifts in the apo, 
aspartate-bound, and glutamate-bound states (-40.3, -39.0, 
and -39.5 ppm, respectively) consistent with this residue being 
adjacent to the attractant binding site. Most importantly, 
aspartate and glutamate each cause the same chemical shift 
change at the 4-F-Phe107 position (-0.3 ppm), as well as a 
small but significant change a t  the 4-F-Phel80 position (+O. 1 
to +0.2 ppm), suggesting that these attractants generate a 
similar long-range conformational change. Similarly, when 
attractant is added to the reduced N36C domain, the 4-F- 
Phel50 resonances of the aspartate- and glutamate-bound 
states differ by 0.5 ppm, but the 4-F-Phe107 and 4-F-Phe180 
resonances are shifted by either attractant the same degree 
from the apo-state (Figure 4D-F). Together, these results 
suggest that aspartate and glutamate generate different local 
conformations at the attractant binding site but yield the same 
long-range conformational changedetected a t  the 4-F-PhelO7 
and 4-F-Phe180 positions. Despiteits long-range nature, this 
attractant-induced conformational change remains localized 
within specific regions of the molecule, since conformational 
changes are not detected at the 4-F-Phe30, 4-F-Phe40, and 
4-F-Phe140 positions (Figure 4A-C). 

Additional evidence for a long-range attractant-induced 
conformational change was provided by paramagnetic broad- 
ening studies. The 4-F-Phel80 residue, which lies 45 A away 
from the attractant binding site, yielded significant resonance 
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FIGURE 4: Effect of attractant ligands on the I9F NMR spectrum of the 4-F-Phe labeled ligand binding domain. Shown are the spectra of 
the apo (A, D), aspartate bound (B, E), and glutamate-bound (C, F) states of the oxidized and reduced N36C ligand binding domain. The 
bold arrows indicate which of the assigned resonances are shifted by attractant binding; the new positions of these resonances are indicated 
by the light diagonal lines. Sample conditions were as in Figure 3; where indicated, 5 mM aspartate or 25 mM glutamate was also present. 
The concentration of dimeric domain was 0.7-2 mM. 
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FIGURE 5:  Effect of 1 ,lo-phenanthroline on the I9F NMR spectrum 
of the 4-F-Phe-labeled ligand binding domain. Shown are the spectra 
of the apo (A), phenanthroline-bound (B), aspartate-bound (C), and 
aspartate and phenanthroline-bound (D) states of the oxidized N36C 
ligand binding domain. The bold arrows indicate the assigned 
resonances which are shifted by ligand binding; where known, the 
new positions of these resonances are indicated by the light diagonal 
lines. Sample parameters were as in Figure 3; also present were 3 
mM 1,lO-phenanthroline and 5 mM aspartate where indicated. The 
concentration of dimeric domain was 0.4 mM. 

broadening by aqueous Gd(II1)-EDTA only in the attractant- 
occupied conformation of the oxidized N36C domain (data 
not shown). Thus attractant binding significantly increases 
the solvent exposure of this residue. 

The binding of 1,lO-phenanthroline to the oxidized N36C 
domain was also studied as a control, since this ligand is thought 
to be neither an attractant nor a repellent in chemotaxis. In 
contrast to the long-range effects of aspartate or glutamate 
binding, 1 ,lo-phenanthroline binding was observed to cause 
a more localized structural change. The effect of 1,lO- 
phenanthroline on the 19F N M R  spectrum of the apo domain 
is summarized in Figure 5A,B. As anticipated, the 4-F-Phe30, 
4-F-Phe40, and 4-F-Phel80 resonances, which originate from 

the 1,lO-phenanthroline binding site observed in the crystal 
structure (Milburn et al., 1991), are significantly shifted by 
1 ,IO-phenanthroline binding. A minimal shift is also observed 
for the next closest label, namely, 4-F-Phe107 (-0.1 ppm, 
equal to the error level of the measurement). In contrast, the 
more distant 4-F-Phe140 and 4-F-Phel50 resonances show 
no detectable change. Similarly, when 1 ,lo-phenanthroline 
is added to the aspartate-bound domain, the only resonances 
affected are 4-F-Phe30 and 4-F-Phe40 in the 1,lO-phenan- 
throline binding site (Figure 5C,D). Thus the observed effects 
of 1,lO-phenanthroline binding are confined to the vicinity of 
its aromatic binding pocket near the subunit interface. 

Stoichiometry of the Attractant- Induced Conformational 
Change. The two empty attractant-binding sites of the apo 
domain are virtually identical due to the C2 symmetry axis of 
the homodimeric structure, but crystallographic evidence 
suggests that only one site is occupied by aspartate a t  saturation 
(Milburn et al., 1991; Yeh et al., 1993). Titration of the 19F 
N M R  spectrum of 4-F-Phe labeled domain (oxidized N36C) 
with aspartate yields information concerning the stoichiometry 
of aspartate required to trigger the maximal conformational 
change (Figure 6). No further change in the 19F N M R  
spectrum is observed after the first aspartate binding site in 
the dimer becomes occupied. In particular, the 4-F-Phe150 
resonance has shifted to a new frequency and attains its full 
magnitude when the mole ratio of [aspartate] / [receptor dimer] 
reaches 1 .O (Figure 6). It should be noted that although these 
results are consistent with half-of-sites binding, they do not 
rule out the subsequent binding of an aspartate a t  the second 
site without further conformational change. 

Kinetics of Aspartate Binding. The kinetics of aspartate 
binding can be probed using the 19F N M R  titration data of 
Figure 6 and eqs 2a-q which describe the general relationship 
between the rate of interconversion of two conformations and 
the character of the N M R  spectrum (Wagner & Wiitrich, 
1986): 

slow interconversion 'ic >' l'a - (2a) 

intermediate uic IUa - (2b) 

>> Iva - (2c) rapid 

If two conformations which exhibit resonance frequencies 
va and Ub are allowed to interconvert at the rate Vie, the resulting 
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6 reveals that this intermediate limit is reached when the 
[aspartate]/ [receptor dimer] ratio nears 0.3, where the 4-F- 
Phel50 resonance is observed to disappear. Further addition 
of aspartate continues to increase the interconversion rate vic 
until it enters the rapid limit, where the 4-F-Phel50 resonance 
reappears a t  its new chemical shift of -38.9 ppm. The overall 
frequency shift of the 4-F-Phel50 resonance between the apo 
and aspartate-saturated conformations is 1.3 ppm - 610 Hz, 
corresponding to an N M R  time scale of - 2 ms. 

Using this aspartate-induced frequency shift and the 
parameters of the intermediate interconversion limit (eq 2b), 
the rate constants for aspartate binding and dissociation are 
estimated as follows. In the intermediate limit the intercon- 
version rate, or the aspartate on-rate, equals the net frequency 
shift of the 4-F-Phe150 resonance (or, uic = kon [aspartate] - 610 Hz). This on-rate, together with the estimated 
concentration of free aspartate ([aspartate] - 0.4 pM) in the 
intermediate exchange limit, yield the pseudo-first-order rate 
constant for aspartate binding k,, -lo9 M-l s-l. Subse- 
quently, this on-rate constant, together with the known 
dissociation constant ( K D  = koff / k,, - 1 pM), can be used 
to deduce the off-rate for aspartate dissociation, yielding k,ff - lo3 s-l. (Note that no corrections are needed for population 
differences between the apo and aspartate-occupied confor- 
mations, since their populations are approximately equal in 
the intermediate limit, where the aspartate association and 
dissociation rates, as well as the N M R  frequency difference, 
are all - lo3 s-l.) 

Kinetics of Subunit Resonance-Averaging. The 19F N M R  
results indicate that the structures of the two subunits rapidly 
sample the same range of conformations, (eq 2c), so that their 
time-averaged spectra are similar or identical. Thus, only six 
resonances are observed for the 12 4-F-Phe residues of the 
oxidized N36C apo-dimer (Figure 4A), and again for the 
aspartate-saturated dimer only six resonances are detected 
(Figure 4B). It follows that in both of these ligation states 
the two subunits are equivalent on average. In contrast, if the 
two subunits had different conformations which interchanged 
slowly or were different on average, then up to 12 4-F-Phe 
resonances would be observed for a given ligation state. For 
the apo-dimer, the Cz symmetry axis proposed from the crystal 
structure may account for the observed equivalence of the 
two subunits (Milburn et al., 1991). However, for the dimer 
containing one molecule of bound aspartate, the observed 
equivalence implies that the aspartate occupancy of the two 
binding sites must alternate rapidly. Since the frequency 
differences between the instantaneous resonances of the two 
subunits in the dimer cannot be measured, the time scale of 
the observed resonance-averaging cannot be calculated di- 
rectly. Instead these dynamics can be inferred from the 
deduced aspartate dissociation rate k,ff - lo3 s-l, which 
guarantees that the aspartate occupancy of the two sites will 
randomly alternate on the millisecond time scale. 

Effects of the Cys36-Cys36'Intersubunit Disulfide Bond. 
Shown in Figure 7 are the spectra of the wild-type domain 
lacking the Cys36-Cys36' disulfide, as well as the reduced 
and oxidized N36C domains, each in the presence and absence 
of aspartate. The Cys36-Cys36'disulfide was observed to be 
formed upon isolation and was reduced by overnight incubation 
in the presence of 50 mM DTT. As indicated in Figure 7, 
DTT had no effect on the structure of the wild-type ligand 
binding domain, indicating that spectral changes caused by 
DTT in the N36C domain stemmed specifically from reduction 
of the disulfide. 

1 1 1  
Mole Ratio 
AspiDimer 

0 0  / 
-.a+-,---- 

A 
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FIGURE 6: Aspartate titration of the I9F N M R  spectrum of the 4-F- 
Phe-labeled ligand binding domain. The mole ratio [total aspartate] / 
[total oxidized N36C dimer] is indicated for each spectrum. Bold 
arrows highlight the resonances shifted by aspartate binding; the 
final position of these resonances in the aspartate-saturated state are 
indicated by the revised assignments. Sample parameters were as in 
Figure 3. The free aspartate concentration in the final sample (mole 
ratio = 2.6) was >1 mM, since the total aspartate concentration (4 
mM) significantly exceeded the concentration of attractant binding 
sites (3 mM, assuming two binding sites per dimeric domain). 

line shapes will reveal which of the indicated limits applies. 
In the slow interconversion limit, vIC is slow relative to the 
frequency difference between the two conformations, thus 
distinct resonances are observed a t  u, and Vb. In the 
intermediate interconversion limit, vIc approximates the 
frequency difference and the resonances are significantly 
broadened such that they disappear. In the rapid intercon- 
version limit, vlc is rapid relative to the frequency difference, 
and a single average resonance is observed a t  a frequency that 
is the population-weighted mean of ua and VI,. 

The rate constant for aspartate binding was determined by 
titrating the domain with this ligand, while noting the ligand 
concentration that yielded the intermediate interconversion 
limit. At that point the rate of conformational interconversion 
caused by aspartate binding approaches the frequency shift 
generated by the aspartate-induced conformational change. 
The analysis focused on the 4-F-Phe150 resonance of the 
oxidized N36C domain, which exhibits a frequency of -40.2 
ppm in the absence of aspartate, as illustrated in Figure 6. 
When aspartate is added, the structure begins to interconvert 
between the apo and aspartate-occupied conformations. As 
the aspartate concentration increases, the rate of aspartate 
binding increases accordingly, and the interconversion rate u,, 
passes from the slow limit into the intermediate limit. Figure 
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FIGURE 7: Effect of the Cys36-Cys36'disulfide on the I9F NMR spectrum of the 4-F-Phe-labeled ligand binding domain. Shown are the spectra 
of domains under oxidizing (A-D) or reducing (E-H, 50 mM DTT) conditions for both the wild-type and N36C mutant domains. The known 
assignments are indicated. Sample parameters were as in Figure 3; also present was 5 mM aspartate, where indicated. The concentration of 
dimeric domain was 0.4-1.0 mM. 

When the Cys36-Cys36' disulfide is absent, either in the 
wild-type domain or the reducedN36C domain, the 19F NMR 
spectrum exhibited poorly resolved or missing resonances 
(Figure 7A,E,G), indicating a heterogeneous or dynamic 
structure. Addition of aspartate or formation of the Cys36- 
Cys36' disulfide serves to stabilize the structure, as demon- 
strated by the dramatic increase in the resolution of the six 
resonances (Figure 7B-D,F,H). 

In order to further probe the structural effect of the disulfide, 
the resonances of the aspartate-occupied N36C domain were 
assigned in the reduced and oxidized conformations, as 
illustrated in Figure 7D,H. Three resonances, 4-F-Phe30, 
4-F-Phe40, and 4-F-Phel80, are significantly shifted (-1.3, 
-0.4 and +0.3 ppm, respectively) by formation of the Cys36- 
Cys36'disulfide. In the crystal structure, each of these three 
residues lie within 7 8, of the Cys36 position (Figure 1 and 
Table 1). A small shift (-0.1 to -0.2 ppm) is also observed 
for the 4-F-Phe107 resonance at  a distance of 25 A from Cys 
36. The remaining 4-F-Phe140 and 4-F-Phel50 resonances, 
originating from residues >50 A from Cys 36, are unaffected 
by disulfide formation. Thus the structural changes associated 
with Cys36 disulfide formation do not extend to the aspartate 
binding region of the molecule. 

DISCUSSION 

The current 19F N M R  titration data reveal that the binding 
of one aspartate molecule per homodimer triggers the 
maximum conformational change in the isolated ligand binding 
domain. This is consistent with the existence of negative 
cooperativity between the two attractant binding sites (Mil- 
ligan & Koshland, 1993; Biemann & Koshland, 1994). 
Positive cooperativity and noncooperative binding are ruled 
out, since each would require a higher aspartate binding 
stoichiometry to generate the maximal conformational change. 
The observed negative cooperativity requires that the binding 
of aspartate destroys the CZ symmetry of the ligand binding 
domain. Such an observation leads to a model in which the 
binding of an attractant molecule to the first site generates 
an allosteric conformational change which repositions residues 
in the second site such that the ligand affinity of that site is 

reduced or abolished. I t  should be noted that aspartate binds 
to either site in the apo-domain, since the 19FNMR resonances 
of the two subunits in the dimer are identical, indicating that 
aspartate binding alternates rapidly between the two sites on 
the NMR time scale to yield resonance averaging. In contrast, 
if one of the two sites in the apo-domain was permanently 
incapable of binding aspartate, the 19F NMR resonances from 
different subunits would be twinned a t  saturating aspartate, 
since the two subunits would be permanently inequivalent. 

The 19F N M R  results demonstrate that the conformational 
activation of the ligand binding domain is extremely rapid on 
the time scale of the chemotaxis response, which for attractant 
is -0.2 s (Segall et al., 1982; Khan et al., 1992). For the 
isolated ligand binding domain, the estimated on-rate constant 
for aspartate is k,, - lo9 s-l M-l. This on-rate constant is 
1-2 orders of magnitude slower than diffusion-controlled 
binding (Fersht, 1985); thus binding is somewhat slowed by 
steric factors or the accompanying conformational change. 
Yet by the standards of protein binding sites the attractant 
site is highly accessible, since the observed on-rate constant 
is comparable to that observed for enzymes such as malate 
dehydrogenase, lactate dehydrogenase, and chymotrypsin 
(Czerlinski & Schreck, 1964a,b; Quast et al., 1974). Using 
the on-rate constant for aspartate binding and the known 
aspartate dissociation constant, the off-rate constant is 
estimated to be koff - lo3 s-l. In principle, the conformational 
changes associated with attractant binding and release could 
be slower in the intact transmembrane receptor where motions 
in the transmembrane and cytoplasmic domains are coupled 
to attractant binding. However, the aspartate KD of the ligand 
binding domain does not dramatically change when it is severed 
from the rest of the protein, indicating that ko, and koff are 
unaltered in the related domain or that they change by the 
same factor. I t  seems likely that even in the intact receptor, 
attractant binding, dissociation, and the coupled conforma- 
tional changes will also be rapid and will not contribute 
significantly to the chemotactic response time. Further 
evidence supporting the proposal that the intact receptor is a 
highly dynamic molecule is provided by its extensive flexibility, 
as observed in disulfide-trapping studies of thermal backbone 
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FIGURE 8: Schematic model of the structural and kinetic aspects of aspartate binding. In the absence of bound aspartate, the ligand binding 
domain has, on average, a symmetrical structure possessing a Cz axis lying between the two identical subunits (center). The binding of the 
first aspartate molecule can occur at either of the two equivalent attractant binding sites, with the indicated association and dissociation rate 
constants. This binding event causes a conformational change within at least one subunit and destroys the symmetry of the dimer. The 
conformational change is communicated to the empty site, where the structure is altered such that the affinity for aspartate is significantly 
reduced (negative cooperativity). The binding of a second aspartate to this empty site was neither detected nor excluded by the present study; 
however, if i t  occurs it generates no detectable conformational change within the protein at the positions monitored by I9F NMR. 

motions (Falke & Koshland, 1987). A kinetic model for 
aspartate binding is presented in Figure 8. 

Complementing this kinetic scheme, the 19F N M R  data 
reveal important spatial features of attractant-induced activa- 
tion. Attractant binding generates significant changes in the 
chemical shifts of the resonances 4-F-Phel50, 4-F-Phe107, 
and 4-F-Phel80; in addition, the solvent exposure of the latter 
resonance changes. These long-range conformational effects 
are observed at distances 7, 26, and 40 8, from the bound 
attractant, respectively, and are specific for attractants; for 
example, the binding of the control molecule 1 ,lO-phenan- 
throline or the formation of the Cys36-Cys36’ disulfide yield 
more localized conformational changes. Moreover, since 4-F- 
PhelO7 lies buried within the core of a single subunit a t  least 
10 8, from the subunit interface, there must be an intrasubunit 
component of the attractant-triggered conformational change. 
This intrasubunit component is observed both in the presence 
and absence of the Cys36-Cys36’ disulfide bond: Figure 7 
panels C,D and G,H show that the 4-F-Phe107 resonance is 
shifted by aspartate both in the oxidized and reduced forms 
of the N36C domain. Independent evidence for an intra- 
subunit conformational change has been provided by studies 
of the membrane-bound receptor: when the transmembrane 
and cytoplasmic domains of one subunit in the dimer are 
removed, the remaining intact subunit can still generate a 
transmembrane signal, albeit reduced in magnitude (Milligan 
& Koshland, 199 1). Crystallographic evidence has produced 
a model in which the subunits are rigid and simply rotate 
relative to one another upon attractant binding (Milburn et 
al., 1991). However, such results do not rule out a confor- 
mational change within the individual subunits, since the 
intrasubunit rearrangements could be too subtle to detect a t  
the currently available crystallographic resolution or could be 
suppressed by crystal packing forces. 

The attractant-induced conformational change detected by 
I9F N M R  appears to targetted toward the C-terminus, rather 
than the N-terminus, of the ligand binding domain. The 
environmental changes detected by the 4-F-Phel80 probe 
originate eight residues from the C-terminus. In contrast, no 
detectable environmental perturbations are revealed by the 
4-F-Phe30 and 4-F-Phe40 probes residing five and 15 residues 
from the N-terminus, respectively. In the intact receptor, the 
C-terminal region of the ligand binding domain extends into 
the bilayer as the second transmembrane helix (TM2, residues 
189-212) and ultimately joins the signaling domain in the 
cytoplasm. Thus the N M R  results are consistent with a 
transmembrane signaling model in which attractant binding 
triggers a change in the position or orientation of TM2, thereby 
communicating directly with the signaling domain on the distal 
side of the bilayer (Lynch & Koshland, 1991). 

Finally, the available evidence suggests that the Cys36- 
Cys36’disulfide bond stabilizes a structural interaction which 
anchors together helices a 1  and a l ’  in the native receptor 
structure. In this picture a 1  and al’, which continue through 
the bilayer as the transmembrane helices TM1 and TMl’, 
remain fixed during the transmembrane signal while TM2 
and TM2’ move relative to them. Such a model explains the 
ability of the receptor containing a disulfide bond between a 1  
and a l ’  to generate a transmembrane signal (Falke et al., 
1988; Lynch & Koshland, 1991; Chervitz and Falke, unpub- 
lished results). When the isolated ligand binding domain is 
generated by removal of the transmembrane helices, the model 
proposes that unless the disulfide is present, the interactions 
stabilizing the dimer will be weakened due to the shortening 
o f a l  andal‘ .  Consistentwith thispicturearetheobservations 
that (a) the isolated domain possesses an increased propensity 
to dissociate into subunits (Milligan & Koshland, 1993) and 
(b) incorporation of the Cys36-Cys36’ disulfide into the 
isolated domain improves the contact between helices a 1  and 
a l ’  in the crystal structure (Yeh et al., 1993). It follows that 
the enhanced structural stabilization observed in I9F N M R  
spectra when the disulfide is formed may well stem from 
restoration of native interactions between helices a 1  and al’ .  
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