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The aspartate receptor is a transmembrane-signalling protein that mediates chemotaxis
behaviour in bacteria. Aspartate receptors in Salmonella typhimuriwm and Escherichia colt
exist as dimers of two subunits in the presence as well as in the absence of aspartate. We
have previously reported the three-dimensional structures of the external ligand-binding
domain of the 8. typhimurium aspartate receptor with and without bound aspartate. The
external or periplasmic region of the aspartate receptor is a dimer of four-a-helical bundie
subunits; a single aspartate molecule binds to one of two sites residing at the subunit
interface, increasing the aftinity of the subunits for one another.

Here we report the results of a detailed analysis of the aspartate receptor ligand-binding
domain structure {residues 25 to 188). The dimer interface between the twofold related
subunits consists primariiy of contacts mediated by the side-chains of the N-terminal helix
of each four-a-helical bundle subunit. The N-terminal helices pack approximately 20° from
parallel as an approximate coiled-coil super-secondary structure.

We have refined aspartate receptor ligand-binding domain structures in the presence and
in the absence of a bound aromatic compound, 1,10-phenanthroline, to 2-2 Aand 234
regolution, regpectively, as well as crystal structures in the presence of specifically bound
Au(T), Hg(TT) and Pt(IV) complex ions at 24 A, 30 A and 3-3 A resolution, respectively.
The possible hiological relevance of the aromatic ligand-binding site and the metal ion-
binding sites is discussed.

The dimer of four-gz-helical bundle subunits composing the periplasmic region of the
S. typhimurium aspartate receptor provides a basis for understanding the results of
mutational analyses performed on related chemotaxis transmembrane receptors. The crystal
structure analysis provides an explanation for the way in which mutations in the E. colt
aspartate receptor affect its binding to the periplasmic maltose-binding protein and how
mutations in the more distantly related E. coli Trg chemotaxis receptor affect its binding to
the periplastnic ribose and glucose-galactose binding proteins.
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1. Introduction

Signal transduction is most commonly initiated
by a Jigand molecule binding to its transmembrane
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receptor protein residing on the cell surface.
Ligand-binding results in the trangmission of
information from the outside to the inside of the
cell. Included among the various morphologies of
transmembrane receptors are two families that
share a common structural motif: an extracellular
ligand-binding domain coupled to an intracellular
signalling domain by one or two transmembrane
sequences. One family that has a single trans-
membrane domain per subunit includes the struc-
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turally homologous eukaryotic growth-factor
receptors (Ulirich & Schlessinger, 1990; Hanks et al.,
1988; Yarden & Ullrich, 1988) of insulin (Ullrich ¢t
al., 1985), insulin-like growth-factor {Ullrich et al.,
1986}, epidermal growth-factor (Ullrich et al., 1984),
nerve growth-factor (Parada, 1991), platelet-
derived growth factor {Claesson-Welsh, 1988) and
colony stimulating factor 1 (Coussens ef af., 1986);
all possess tyrosine kinase activity in the signalling
or effector domain. The other family includes the
receptors having two transmembrane sequences
that mediate bacterial chemotaxis in Escherichia
colt and Salmonella typhimurium, such as the aspar-
tate receptor (Russo & Koshland, 1983), the serine
receptor {Krikos et af., 1983) and the receptor for
ribose-galactose-binding proteins, Trg (Harayama et
al., 1982). Although much has been learned from
gene sequencing and hiochemiecal studies of these
and other receptor proteins, the fundamental
mechanism of transmembrane signalling remains
unknown.

The chemotaxis-mediating receptors of K. coli
and 8. typhimurium allow these bacteria to sense
and respond to gradients of chemical attractants or
repellents (Adler, 1966; Macnab, 1987). In the pre-
sence of attractant molecules such as aspartate,
bacteria alter their random motion and migrate
toward the source of the attractant. Thus, bacterial
chemotaxis receptors form an integral part of a
simple memory system that enables bacteria to
exhibit behavioural responses that optimize their
chances of survival (Macnab & Koshland, 1972;
Macnab, 1987: Koshland, 1988}, Two different
mechanisms constitute this memory: a fast excita-
tion process and a slower adaptation process
(Macnab & Koshland, 1972). The fast excitation
process involves a series of phosphorylation events
catalyzed by the soluble cyloplasmic kinase chemo-
taxis enzyme CheA (Bourret et al., 1989). The slower
adaptation process involves a series of methylations
and demethylations (Adler, 1966) of the effector
domain of the receptor catalyzed by the soluble
methyltransferaze CheR and the phosphorylated
methylase CheB, respectively {Weis & Koshland,
1988). These two processes function in concert to co-
ordinate a comparison of past and present condi-
tions outside of the cell (Macnab & Koshland, 1972;
Segall, et al., 1986} resulting in a fine-tuned chemo-
taxis response. The biochemistry of bacterial
chemotaxis has been the subject of several receni
and detailed reviews (Macnah, 1987; Koshland,
1988; Stock, et al., 1990, Bourret, ef al., 1991; Stock
et al., 1992).

The aspartate receptor is the best understood of
the chemotaxis receptors. The exterior periplasmic
domain contains the aspartate-binding site and the
interior cytoplasmic effector domain contains the
sites for methylation and activation of the phos-
phorylation events (Russo & Koshland, 1983;
Mowbray et al., 1985). Analysis of conserved
features within the eukaryotic growth-factor
receptor family (Hanks et al.. 1988} suggests that
these transmembrane receptors share a similar

architecture to that of the chemotaxis receptors and
thus may also share a common mechanism of signal
transduction, Construction of a functionally active
chimeric transmembrane receptor consisting of the
ligand-binding  domain and  transmembrane
sequences of the aspartate receptor coupled to the
eytoplasmic portion of the insulin receptor tyrosine
kinase domain strongly suggests that a common
mechanism is indeed responsible for transmembrane
signalling in both types of receptors (Moe et al.,
1984). The aspartate receptor (Milligan & Koshland,
1988) exists as a dimer both in the absence and in
the presence of its ligands, indicating that the
postulated common mechanism of transmembrane
signalling involves a conformational change within
the dimeric protein. Crosslinking studies have
provided evidence of such a conformational change
in the case of the aspartate receptor (Falke &
Koshland, 1987).

Sequence analyses and biochemical studies impli-
cate a threonine residue at position 154 (lee &
Imae, 1990} as well as three arginine residues, at
positions 64, 69 and 73, in the periplasmic domain
(Wolff & Parkinson, 1988; Mowbray & Koshland,
1990) as critical for aspartate binding. Two gluta-
mate and two glutamine residues at positions 302,
491. 295 and 309, respectively. are the methylation
sites in the eytoplasmic effector domain (Terwilliger
et al., 1986). Elucidation of transmemhrane signal-
ling would be greatly facilitated by determining the
three-dimensional crystal structure of the intact
aspartate transmembrane receptor in both the
tiganded and unliganded states. Unfortunately,
integral membrane proteins are notoriously difficult
to crystallize (Garavito & Picot, 1930) and the
aspartate receptor is no exception. Because
attempts to produce diffraction-quality crystals of
the intact receptor for X-ray crystallography have
so far been unsuccessful, we decided to approach
this problem by determining the structure of the
receptor piecewise. A similar approach has recently
vielded the structure of the human growth hormone
complexed to the extracellular domain of it
receptor {de Vos et af., 1992).

We have been able to obtain high-quality crystals
of a functional cysteine-crosslinked dimer of the
ligand-binding domain (residues 25 to 188) of the
aspartate receptor in both the absence and the
presence of bound aspartate (Jancarik et al., 1991).
Here, we report five refined structures of the ligand-
binding domain in the absence of aspartate. These
structures include a 2-2 A resolution structure of the
domain in the presence of the aromatic ligand 1,10-
phenanthroline, a 23 A resolution structure of the
same protein but in the absence of phenanthroline,
as well as 24 A, 30 A and 33 A resolution struc-
tures of the protein in the absence of phenanthroline
but in the presence of specifically bound Aun(T),
Hg(IT) and Pt(IV) metal complex ions.

Here, we present an analysis of these five refined
crystal structures of the ligand-binding domain of
the aspartate receptor and we discuss the possible
biological relevance of the aromatic ligand-binding
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site and of the metal ion-binding sites as well as
their implications for sgnal transduction, The
results of our crystal structure analyses on the
ligand-binding domain allow us to infer the corre-
sponding structures of the other members of the
chemotaxis transmembrane receptor family. To
illustrate the veracity of this inference, we show
how mutations in the E. eoli aspartate receptor that
affect its binding to the periplasmic maltose-binding
protein and how mutations in the more distantly
related E. coli Trg chemotaxis receptor that affect
its binding to the periplasmic ribose and glucose-
galactose binding proteins may be understood on
the basis of our S. typhimurium aspartate receptor
crystal structure.

2. Materials and Methods

(1) Preparation and crystallization

Preparation procedures and crystallization conditions
of the ligand-binding domain of the aspartate receptor are
reported elsewhere (Milligan, 1991, Jancarik ef al., 1991).
The sequence of the receptor fragment we crystallized
starts with methionine 25 (changed from serine 25 in the
wild-type receptor) and ends with arginine 188. Because
crystals of the wild-type periplasmic domain diffracted
poorly. we have employed a cysteine 36 mutant disulfide-
crosslinked dimerie form of the periplasmiec domain, corre-
sponding to a biologieally active (as assayed by the
enhanced methylation rate of the cytoplasmic domain
upon aspartate binding) intact asparagine 36 to cysteine
36 mutant receptor (Falke & Koshland, 1987) crosslinked
as a disulfide-bonded dimer, for our crystallographic
analyses.

We obtained high-quality single erystals of the cysteine
36 mutant erosslinked aspartate receptor periplasmic
domain in the absence of aspartate in 0-1 M Hepes
(pH 74), 15 M Li, 80, sitting drops as previously
described (Jancarik et al., 1991). We initially added
O3 mM  Cu(IT){1,10-phenanthroline] as an oxidizing
agent to maintain the disulfide crosslink because a eon-
taminant (most likely traces of Fe(ll) in commercially
prepared Li,50,) inhibited crystallization by reducing
the disulfide crosslink, Subsequently we found 05 mM
EDTA served equally well to protect the disulfide bond
from reduction {presumably by sequestering Fe(1I) ions).
In both cases hexagonal crystals having the space group
P6,22 with cell dimensions a = b = 8003 A, ¢ = 1556 A
formed within days. One subunit of the cysteine 36
crosslinked dimer of the periplasmic demain resides in an
asymmetrie unit of the crystal.

{b) Acguisition of diffraction data

Diffraction data to 22 A resolution for the native pro-
tein erystal (which would later prove to be a complex with
the aromatic ligand phenanthroline) as well as anomalous
scattering data to 2:3 A resolution for the KAu((N),
isomorphous derivative were collected on Fuji type TI
phosphor imaging plates using 1-0 A X.rays at the
Photon Factory in Tsukuba, Japan, and were processed
as described (Milburn ef al., 1991), A 223 A data set for a
second native protein crystal (formed in the absence of
phenanthroline) was subsequently collected on phosphor
imaging plates on an R-Axis 1] rotation camera using a
conventional rotating anode X-ray source at 154 A. The

data were similarly processed with R-axis IT software
{Molecular Structure Corporation, 199); Rossmann,
1979). Additional heavy-atom derivative data sets,
including K, He(SCN), and K,Pt(S8CN),, were collected
on film at a wavelength of 154 A using an Enraf-Nenius
rotation camera at the Stanford Synchrotron Radiation
Laboratory. The filmg were digitized using a drum
scanner (Optronix Corp) and the data were processed
using computer programs originally written by Rossmann
(1979). Reflection data were merged and scaled using
the ecrystallographic program package PROTEIN
(Steigemann, 1982). Data collection results and reduction
statistics for the native crystals and the heavy-atom
derivatives are summarized in Table 1.

(¢) Structural determination

Difference Patterson maps were caleulated for all
derivatives using diffraction data ranging between 10 A
and 3 A resolution and were interpreted for heavy-atom
positions with the use of the program HASSP (Terwilliger
ef al., 1987). An anomalous difference Patterson map was
calculated for the Au derivative and similarly interpreted.
The Au and Hg isomorphic difference Pattersons each
revealed 2 sites (Table 2) as 2 single-site solutions in the
difference Patterson maps. The Au anomalous difference
Patterson confirmed the 2 Au sites and revealed a strong
cross-peak, thereby confirming that a strong anomalous
signal was present in the Au derivative data. The Pt
derivative did not yield a readily interpretable Patterson
map and therefore was not used to caleulate phases.
Muiltiple isomorphous replacement (MIRT) with anoma-
lous scattering phase refinement was carried out using
PROTEIY as described {Milburn et al., 1991). The deriva-
tive phase refinement statistics are shown in Table 2. The
heavy-atom refinement parameters, including co-ordi-
nates, temperature factors, relative occupancies and
scaling R-factors, are reported in Table 3.

A total of 154 amino acid residues was initially assigned
to the electron density within 1 asymmetric unit of the
erystal, starting with methionine 25 and ending at
phenylalanine 180, as described in Results, section (a).
{Fig. 1). The last 8 amino acid residues were disordered.
Immediately apparent from observation of the crystal
packing contacts is the fact that the periplasmic domain
of the receptor is a dimer in which the crystallographic
twofold axis is coincident with that of the dimer of
receptor subunits (Fig. 2). Further results of the struec-
tural determination are reported by Milburn ef al. (1991),
and in Results.

{d)y The crystal structure refinerments

The initial aspartate receptor periplasmic domain strue-
ture {residues 25 to 180), constructed using the graphies
display program FROD(} (Jones, 1978), was subsequently
refined using the simulated annealing program in XPLOR
2.1 {Briinger, 1990} incorporating a slow-cooling protocol.
Initially using 80 to 24 A resolution data and a starting
temperature of 4000 K. 50 cycles of refinement at 05 f
steps/100 K decrease in temperature were performed
followed by 120 cycles of conjugate gradient energy
minimization, vielding an R-factor of 279 with the
overall temperature factor set at 200 A2, Individual
temperature factors were then refined before caleulation

T Abbreviation used: MIR, multiple isomorphous
replacement; r.m.s., root-mean-square,
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Table 1
Data collection and processing statistics
Derivative Number of Number of Completeness Roerge Resolution

Crystal conditions measurements reflectionst (%% (9%) (&)
Native with

phenanthroline 83,066 12,087 769 699 22
Native without

phenanthroline 78,456 11,273 792 680 23
KAu(CN), 20 mM 72,346 8941 834 862 9-4

derivative 12 h (14,615)F 521§
K, Hg(SCN), 10 mM 28,270 5434 834 850 30

derivative 2h
K,Pt{8CN)e 2:0 mM 24,876 4358 891 165 33

derivative|| 6h

1 These figures are for the data actually used in the structurai refinements, i.e. with a 6:0 A low-resolution cutoff (or 80 A cutoff in the

case of Hb and Pt) and a F > 20 cutoff.

1 Anomalous scattering data were collected on the Au derivative. The number in parentheses includes al] measured Bijvoet pairs.
§ Overall average Bijvoet pair differences due to anomalous scattering effects.

}} This derivative was not used to calculate phases.

Bomerse = 100X 2 2 =ty

of electron density maps. The refined structure was
inspected against Sim-weighted (Sim, 1960) 2F . —F .
and MIR electron-density maps and was adjusted
manually using the graphics display program FRODO.
After several cyeles of simulated annealing, conjugate
gradient minimization, and temperature factor refine-
ment followed by manual adjustment of the protein
model to the electron density, an R-factor of 20079 to
24 A tesolution data using a total of 8745 reflections
greater than 20 was obtained (Milburn ef al., 1991).

(i} The 2-2 A structure in the presence of an aromatic ligand

Refinement. of the original aspartate receptor peri-
plasmic domain erystal structure in the absence of aspar-
tate was then continued using all 11,254 reflections with F
values greater than 26 and between 60 and 2:2 A resolu-
tion. The first cycle of simulated annealing, conjugate
gradient minimization, and temperature factor refine-
ment produced an R-factor of 24-19,. At this point elec-
tron density situated between the N terminus and the
disulfide erosslink corresponding most closely to a 3-ring
planar aromatic molecule of mm2 symmetry was quite
pronounced in a difference Fourier (F ,,— F_..) electron
density map contoured at 3¢ as shown in TFig. 3. 1,10-
Phenanthroline was judged to be the most likely candi-
date for the molecule corresponding to this electron
density, as it possessed the required geometry and was
present in the crystallization mixture (see above).

<2 (hkD)Y — 1)

Phenanthroline was thus built into the model such that
its twofold symmetry axis was coincident with that of the
crystal (Fig. 2(b)). Two more cycles of simulated
annealing, conjugate gradient minimization, and
temperature factor refinement, combined with manual
adjustment of the phenanthroline and surrounding
residues, produced an R-factor of 227, Water molecules
were: identified using difference Fouriers contoured at 3¢
as peaks located close to possible hydrogen-bond donors .
or acceptors belonging to the protein molecule and the
phenanthroline ligand. Sim-weighted (Sim, 1960)
2F s —F oo and 3F ,—2F ). maps as well as a difference
Fourier map calculated from the structure omitting
residues 77 through 87 (the disordered loop 1) in the
refinement and map calculation revealed no improvement
in the density of this region. Therefore, residues 77
through 87 of this disordered loop were omitted from our
mode} of the final strueture. However, density corre-
sponding to residues 181 to 184 (absent in the initial
model) of the disordered C terminus of the receptor frag-
ment emerged at the final stages of refinement, and these
residues were thus included in the final model. The results
of the refinement are described in Results.

(ii) The 2-3 4 structure in the absence of phenanthroline

Once it became apparent that phenanthroline was
bound to the original native crystal, a seeond native data-
set was collected on a crystal grown in the absence of the
copper-phenanthroline complex but in the presence of

Table 2
MIE phase calculation and refinement statistics
Resolution (A) 10077 7763 6353 5346 4640 40-36 36-33 3I3-30 Total
{m> 0-59 0-58 065 0-67 0-66 0-63 0-60 052 060
KAu(CN), FR{E 217 2:28 257 2-04 1-44 1-56 174 1-67 193
Reullis 0-52 0-53 050 0-56 069 061 060 060 0-59
Rfactor 53 0-57 0-50 045 035 048 0563 068 053
anomalous
K,Hg(SCN), Fhig 113 1-22 1-18 1-03 084 087 083 081 095

Rcullis 0-68 063 065 065 0-66 0-64 066 0-65 0-65
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Table 3
Heavy-atom parameters from the 30 4 MIR phasing
Orthogonal co-ordinates (A) (A)?
Derivative Site X ¥ Z Occupancy Temp. factor B, %
Au 1 13-73¢ 40-843 161-896 1:00 5077 24-3
2 25-675 40-120 161-848 0-49 24-96
Hg 1 —3-206 56-177 176-205 0-69 56-51 186
2 18942 36-301 165506 039 4016

E}leiv:(kk” - Fderivuivc(hm)l

Rsca]: = 100 x hu

EDTA. Using the 24 A refined structure described in
section (c), above (but omitting residues 77 to 87 of loop
1), 2 cycles of simulated annealing, conjugate gradient
minimization, and temperature factor refinement,
combined with manual adjustment of several side-chains
(most notably Phe40 and Phel80) near the phenanthro-
line-binding site, produced a refined structure using all
10,411 reflections with F values greater than 2¢ and
between 6:0 and 23 A resolution. The results of this
refinement are reported in Results. The absence of bound
phenanthroline was confirmed by caleulating a difference
Fourier. No electron density was present in the phenan-
throline binding site in a difference Fourier contoured at
1-0 &; thus, no other molecule appeared to bind at this site
in the absence of phenanthroline.

{iii) Refinement of Au, Hg and Pt derivative structures

Using the 24 A refined structure described in section
(c), above {(but omitting residues 77 to 87 of loop 1), once
again, 2 cycles of simuiated annealing, conjugate gradient
minimization and temperature factor refinement were
performed upon each of the heavy-metal derivative struc-
tures in parallel. Heavy-metal binding sites were verified
using difference Fouriers contoured at 5¢. The metal jons
were then included in a subsequent round of refinement,
The results of these refinements are summarized in
Results. Due to the intermediate resolution of the Hg and
Pt data, water molecules were not included in the refine-
ment of these structures.

3. Results

(a) Structural determination by multiple
1somorphous replacement

The solvent-flattened and phase-extended MIR
electron density map caleulated at 27 A resolution
was readily interpretabie. For example, Figure 4
depicts electron density in an aromatic side-chain-
rich region of the protein that was later found to
bind 1,10-phenanthroline. The electron density map
clearly revealed a cluster of four a-helices, which are
depicted schematically in Figure 1. The handedness
of these helices confirms the space group to be
P6522 rather than P6,22. Two of the helices were
clearly parallel to one another and antiparallel to
the twa others, thus restricting the possible connec-

ZIanlv:(hkl}l
hil

tions between secondary structural elements of the
protein. The electron density also revealed the loca-
tion of many of the side-chains wunambiguously, thas
confirming that our polypeptide chain tracing was
correct,

(b} Refinement of the ligand-binding domain
isostructures
The final model structure consists of residues 25
to 76 and 88 to 184 of the aspartate receptor sub-
unit (i.e. loop 1 was omitted), 127 water molecules
and one-half of the phenanthroline ligand bound to
each receptor ligand domain subunit and has an

-
1 1
Gly 144 o 'Me)%

Figure 1. Ribbon diagram {Kraulis, 1991) of the aspar-
tate receptor ligand-binding domain illustrating the con-
nectivity of the 4-x-helix bundle. The beginning and
ending residues of each helix are labelied, as is the
cysteine residue at position 36 {(whose side-chain is repre-
sented as a ball-and-stick model). Loop 1, which connects
the N-terminal helix 1 to helix 2. is found to be disordered
in the crystal structure and is thus represented as a
broken line.
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Figure 2. (a) Ribbon diagram (Kraulis, 1991} illustrating the dimer of 4-z-helix bundles that constitutes the
functionally active form of the aspartate receptor ligand-binding fragment. Loop 1 (residues 77 to 86), which connects
helix 1 to helix 2, is quite disordered and is thus represented by broken lines. The primary side-chain interactions
responsible for mediating the contacts between helices within the subunit are listed in Table 5, and those that mediate
contacts between the monomers are listed in Table 6. The cysteine 36—ocysteine 36 disulfide crosslink and the bound
aromatic ligand 1,10-phenanthroline are represented as ball-and-stick figures. (b) Ribbon diagram (90° rotation of (a})
illugtrating more clearly the cysteine 36 disulfide crosslink and the bound phenanthroline.

Table 4
Refinement statistics
Native with Native without

Data set phenanthroline phenanthroline Au derivative Hb derivative Pt derivative
Resolution

range (4} 6-0-2-2 6-0-2-3 60-2-4 8:0-3-0 8-0-3-3
Number of

reflections used 11,254 10,403 13,3401 5120 5436
F>2g

R-factor (%) 18-8 20-9 20-2 20-9 225
r.m.s. bond

length deviation (&) 0014 0-M7 0019 0-018 0018
r.m.s, angular

deviation (deg.) 28 33 35 34 38
r.m.s. dihedral ’

deviation (deg.) 202 214 20-4 21-3 22-9
r.m.s, planar

angle deviation (deg.) 15 1-6 1-5 1-8 20
Average temperature

factor {all atoms) (A?%) 2001 244 251 34-5§ 2708
Amino acid residues 25-76 and 25-76 and 2576 and 25-T6 and 25-76 and

included in the final 88-184 88-180 88-180 88-180 88-180

structure
Total number of protein

non-hydrogen atoms 1166 1138 1138 1138 1138
Total number of water

molecules 127 74 46 0 0
Total other atoms 7 phenan|| 4] 2 Au 2 Hb 0.5 Pt

T Au reflections include Bijvoet pairs; anomalous scattering effects from the 2 Au atoms were included in the refinement.
I Includes 127 water molecules and phenanthroline.
§ Refined temperature factors as groups rather than as individual atoms.
It One molecule of 1,10-phenanthroline iz shared equally between 2 receptor subunits and lies on the 2-fold retating these subunits.
There are 14 non-hydrogen atoms in 1 molecule of 1,10-phenanthroline.
9 One Pt atom is shared equally between 2 receptor subunits and lies on the 2-fuld relating these subunits.
hkdy— F (hkl)|

| Fol
Ricor = IOOX Al
fae Z [Fo(RkD
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Figure 3, Stereo view of a difference Fourier contoured at 3¢ illustrating the electron density corresponding to 1,10-
phenanthroline buried at the interface of the 2 asparate receptor periplasmic domain subunits. Aromatic residues that
form the phenanthroline binding pocket are labelled. The twofold axis of phenanthroline (a molecule with 2/m
symmetry) is coincident with the erystallographic twofold axis relating one receptor subunit te the other.

Figure 4. The solvent-flattened Au and Hg multiple isomorphous replacement with Au anomalous scattering electron
density map illustrating the electron density associated with several aromatic side-chains in the putative aromatic ligand
binding pocket. 1,10-Phenanthroline is indicated by light grev bonds.

R-factor of 1889% for all 11,254 F > 2¢ reflections
between 6:0 and 22 A resolution. The r.m.s. devia-
tion from ideality for bond lengths is 0-014 A and
the r.m s. deviation from ideality for bond angles is
2-:8°. (These and other refinement statistics are
summarized in Table 4.} A plot for the distribution
of R factor values versus resolution (Luzzati, 1952)
indicates that the expected error in the atomic
co-ordinates for the currently refined structure is
between 0-2 and 0-3 A. The accuracy of the co-
ordinates of the disordered regions such as the N
and € termini and loop 1 is, of course, quite a bit
lower. The integrity of the backbone geometry may
be  assessed with a Ramachandran plot
(Ramachandran & Sassiekharan, 1968, Fig. 5); all
residues except a glycine adopt standard backbone
geometry.

The variation of the average main-chain tempera-
ture factor values over the amino acid sequence of
the protein is shown in Figore 6. Disorder appears
to be confined rather strictly to the N and C termini
of the receptor fragment (as well as to the omitted
loop 1}); these regions have an average main-chain
temperature  factor  greater  than 30 A2,
Tnterestingly, loops 2 and 3 appear to be rather rigid
compared to loop 1. The electron density for the
omitted loop 1 is extremely weak and ambiguous;
therefore, the exact location and conformation of

these residues are ill defined and thus are not
included in the atomic model. Collecting diffraction
data from a different crystal form or at lower
temperatures may help to locate these residues more

S

3
°
2

/
-
-

40 -6l
110 =120
.
—— -
.
™ I 180
-180 -120 40 0 w0 150 180

¢

Figure 5. Ramachandran plot of the ¢/ angles for the
subunit of the periplasmic domain after refinement. The
crosses are glyeine residues and the pentagons are proline
residues.
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Figure 6. Plot of r.m.s. main-chain temperature factor
versus amino acid residue number. Thermal disorder is
confined primarily to loop 1 (residues 77 to 87; omitted
from the refinement) as well as the N and C termini of the
protein (residues 25 to 30 and 181 to 184),

accurately. However, it is quite possible that loop 1
is inherently flexible, and that such flexibility serves
a biological function for the receptor.

The atomic model of the periplasmic domain sub-
unit of the aspartate receptor crystallized in the
absence of phenanthroline {residues 25 to 76 and 88
to 180} has an R-factor of 20:99;,. {Additional refine-
ment statistics for this and the metal ion structures
are reported in Table 4.) The most significant differ-
ences between the two crystal structures were local-
ized to the aromatic binding pocket region.

4, Discussion

(a) Backbone structure of subunits: a four-a-helical
bundle

An overall view of the three-dimensional back-
bone structure of the ligand-binding domain of the
aspartate receptor monomeric subunit is shown in
Figure 1. Immediately apparent is the four-a-helical
bundle motif first described by Argos et al. (1977).
The first or N-terminal helix (helix 1) in our crystal
structure of the ligand binding domain begins at
serine 32. Helix 1 spans the length of the peri-
plasmic domain to methionine 76, yielding a con-
tinuous 12-turn helix with 44 amino acid residues. A
disordered loop (loop 1) of ten amino acid residues
eonnects helix 1 to helix 2, which begins at lysine 86
and extends to asparagine 109, packing 18° from
antiparallel upon helix 1. A second loop of seven
residues (loop 2) then links helix 2 to helix 3. Helix 3
begins at methionine 116 and rung 18° from anti-
parallel to helix 2. Helix 3 finally gives rise to loop 3
at glycine 144. This third loop spans ten residues to
threonine 154, but not before making a brief helical
excursion between methionine 146 and glutamine
152, Finally, helix 4 begins at threonine 154 and
runs 18° from antiparallel to helix 1, terminating
at phenylalanine [80, thus completing the four-

%-helical bundle motif of the aspartate receptor peri-
plasmic domain. The overall structure of the aspar-
tate-binding domain thus conforms to that
predicted on the basis of biochemical data and
sequence analysis {Moe & Koshland), but differs in
detail.

The geometric properties of packed o-helices have
been studied extensively by Chothia and others
{Chothia ef al., 1977, 1981} who predicted, by fitting
the ridges of side-chains from one helix into the
grooves between side-chaing of the other helix, that
two antiparallel a-helices will pack most efficiently
in two distinct ways. In one helix packing scheme,
e.g. in four-helix bundle proteins, the erossing angle
of adjacent helices is about 18° from antiparallel to
minimize steric interference from the helix side-
chains, and in the other helix packing scheme (as in
hemoglobin) the crossing angle is about 50° from
antiparallel. OQur structure indeed conforms to the
four-helix bundle packing prediction. Each residue
at the interface between antiparallel helices can
make contact with two residues contributed by the
neighboring helix. The most proncunced of these
side-chain interactions between the helices within
the four-helix bundle are listed in Table 5. The
geometry and common topology of four-u-helical
bundle proteins subsequently have been analyzed
(Cohen & Parry, 1990) and the sequentially
connected left-twisted bundles of haemerythrin,
apoferritin, tobacco mosaic virus coat protein, cyto-
chrome 6562 and cytochrome ¢' as well as a geneti-
cally engineered four-g-helical bundle all display
similar gross geometry and identical connectivity
(Weber & Salemme, 1980},

{b) Aspartate binding sifes: “half-pocket’ per subunit

A series of site-directed cysteine crosslinking
experiments recently has established unam-
biguously that the intact aspartate receptor exists
as a dimer both in the absence and the presence of
bound aspartate {Milligan & Koshland, 1988), These
experiments also clearly demonstrate that ligand
binding inhibits the rapid exchange of subunits
between dimeric receptors. Examination of a ribbon
modlel generated from the ecrystal structure of the
intimately entwined crosslinked dimer of the aspar-
tate-binding domain (Figs 2 and 4} as well as the
corresponding C* plot of the dimer (Fig. 7) helps to
explain the latter observation. Threonine at posi-
tion 154 (Lee & Imae, 1990) as well as three arginine
residues, at positions 64, 69 and 73 (Wolff &
Parkinson, 1988; Mowbray & Koshland, 1990}, have
been implicated previously in aspartate binding.
Arginine 64 and threonine 154 of one subunit
conspire with arginine residues 69 and 73 of the
other subunit to form a charged pocket that binds a
single molecule of aspartate, as shown schematically
in Figure 8 (Milburn et @l., 1991). Both receptor
halves are involved in binding each aspartate
ligand, serving to lock the two monomers together
and thereby inhibiting subunit exchange.

Only one aspartate binds to the receptor subunit
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Table 5

Atomie contacts within the 4 g-helix bundle subunit

Helix 1 Helix 2 Distance (A)
Glndd O Phel07 C%! 360
Clus2 02 Hisl03 ¢ 2:95
Ghis2 02 Asnls N*? 296
Glu32 ¥ Phelo7? ¢ 382
Leus3 (%2 Phel{y7 (2 357
Ser5s O Hisl03 N°2 365
Thraé * Alal®0 O 336
Thro6 (F Hislo3 ¢f 398
Thrst (" Tyrlod C* 391
Teu3y O Thrds O 304
Leusy (92 Gln9y ¢ 3-89
Leus9 CF Alaloo 7 378
leusd (2% His103 N% 354
Met6(G 7 Atalop C* 371
Gln62 O Thedt O 439
Thr63 (72 Ala93 O 376
Thré3 O Thr96 0! 2:94
Thré3 €72 Leu97 ¢ 3-89
Asn6g O Leus9 O 368
Asnge Q8! Asnd2 N%? 394
Asn66 N9 Thr96 O 416
Leus? ¥ Leud0 (92 377
Leu67 2! Ala93 f 337
Arg6® N Leug9 C*! 297
Arggy N Asn02 Q¥ 466
Ser70 O LeuR9 CF 306
Ser70  O7 Leud0 N 3566
Arg73 (* leuB9 % 359
Helix 1 Helix 4 Distance {4)
His35 N Thrl79 O 369
Gly3g Thr179 C# 364
Ile42 (7 Leul75 (9 388
Tled2 % Thr179 7? 412
Ser43 ¥ Tyrl76 C* 2:04
Leud6 C*2 Leul75 ¥ 381
Glngd N*? Tyrl68 O 272
Glns0 N2 Serl72 O 398
Gluso 04! Tyrl6g (¥ 410
Lens3 C*2 lLeul6s C% 422
Leu53 (% Tyrl68 €% 359
Trp57 (" GIn158 ¢’ 370
Trp57 C3 Leul6l 2 378
Trps7 7 Glyl62 C° 365
Trpa7 €% Leul6s %t 359
Metg0 §° Leul6l (%2 407
Leugl % Glnib8 ¢ 381
Argéd XN© Thr154 (%! 381
Argd N2 Glniss 0% 260
Argbs N™ Gln158 O 291

Helix 2 Helix 3 Distance (A)
Lys86 NF Aspld2 0% 33
Leu$0 (*2 Tlel38 (* 450
Leu9o (% Leul42 C* 403
Leuo Aspld42 N 360
Ala93 Cf Tlel38 % 415
Lys94 (* Tlel38 (72 370
Lys94 N* Aspi42 0% 2:97
Leu97 (% Ginl3l O 369
Leuy? ¥ Leul34 CFf 409
Leus7 (% Alal35s C* 379
Alalol C* Tyr127 O7 311
Tyrlo4 O Aspl24 0% 292
Tyrl4 C7 Tyrl27 C* 370
Phelo7 ¢ Serl2o O 496
Lys108 N¢ Aspl24 %2 2-80
Lysl08 Nt Glni2g Ol 364

Table 5 {continued)

Helix 2 Helix 4 Distance (A)
Phelo7 € Tyrlod 381

Helix 1 Helix 3 Distance (A)
Leusg (4 Metll6 C” 429
Leusd 42 Val12y 1! 393
Thrs6 O Tyrl27 357
Thr56 ! Tyr127 O 497
Trya7 %3 Tyri30 CH 4-31
Met60 & Tyrl27 377
Met60 € Tyrl30 ¢ 343
MetB0 (- Glnl3l Ct 359
Met60 (7 Leul34 %2 391
Thré3 C* Leul34 C* 420
Arghd N Tyrl30 O7 316
Argha (22 Leul37 C*f 408
Leu67 % Tle138 (%2 383
Met74 C* Leulal CF 399

Helix 3 Helix 4 Distance (4)
Metl16 & Tyrl6s 4-34
Metlls C° Vall7l 7 353
Met116 &° Rerl72 O 373
Metll6 C Leul75 €% 366
Alalle ¢ Asnlé7 0% 411
Alallg ¢* Tyrl6g C*' 309
Ser120 O7 Tyrl68 317
Asni22 N2 Asnle7 O°! 420
Vall23 ¢ Leui6s C* 403
Vall23 (72 Tyrl6g CF 395
Lys126 (7 Alalf0 C 370
Lys126 ¢f Leulgl C* 365
Tyrl27 N Leulgl €% 399
Argl29 O Met157 8 400
Tyr130 C** Thrls4 €72 403
Tyrl30 (% Met157 C 350
Tyrl30 O" Glnl58 O™ 280
Tyeld0 Leulfl C#2 369
Lenl37 ¢4 Thriss 72 386

dimer in the crystal structure reported previously
(Milburn et ai., 1991), suggesting an asymmetry in
the two potential aspartate binding sites. Negative
cooperativity in aspartate binding in both the peri-
plasmic domain and in the intact aspartate receptor
subsequently has been observed (H.-P. Biemann &
D. E. Koshland, unpublished results). Side-chain
torsion angle conformational changes of arginine 64
in the unoccupied binding site relative to that in the
refined ecrystal structures of the ligand-binding
domain in the absence of aspartate may also be
observed (Scott, 1992), indicating that binding of
one aspartate molecule to the veceptor inhibits
binding of a second by altering the unoccupied
binding site. No difference between the two unocecu-
pied aspartate sites in the structures considered here
is observed, because the two sites are related by
exact twofold erystal symmetry.

{¢) The subunit dimer interface

The dimer interface is comprised almost exclu-
sively of interactions between helix 1 of one subunit
and the crystallographic twofold related helix 1" of
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Figure 7. The C* backbone structure (Kraulis, 1991) of the functionally active dimer of periplasmic domains of the
agpartate receptor. Arginine residues 64, 69" and 73, and threonine 154 form one aspartate binding pocket and are shown
as large black and gray circles, respectively. Arginine residues 64', 6% and 73, and threonine 154, shown likewise as small
black and grey circles, form the other (unoccupied) aspartate binding pocket (after Milburn et al., 1991).

the other subunit; virtually all of the surface area of
the recepior subunit that is rendered sclvent-inac-
cessible by dimerization of the periplasmic domains
is comprised of helix 1 side-chains, as illustrated in
Figure 9. Helix 1 and helix 1’ pack approximately
20° askew from parallel (see Fig. 10) in a manner
similar to that first predicted by Crick (1953) in his
analysis of the knobs-into-holes packing scheme of
parallel g-helical coiled-coils. O’Shea et al. (1991)
have observed parallel coiled-coil packing at the
dimer interface of a-helical peptide fragments corre-
sponding to the yeast transcriptional activator
GCN4 “leucine zipper.” The dimerization of GCN4
a-helices is mediated by continuous hydrophobic

273 ARG

269 ARG

contacts between leucine residues and results in a
left-handed superhelical coiling of the parallel
o-helices of approximately 90° over the length of
the 31-residue helices, as well as a helix crossing
angle of approximately 18°. Although helix 1 and
helix 1’ form an analogous (albeit imperfect) parallel
coiled-coil at the aspartate receptor subunit inter-
face, there are several important differences
between the two structures. In the aspartate
receptor periplasmic domain, the helical contacts
are not contiguous, and electrostatic and hydrogen-
bonding interactions as well ag hydrophobic inter-
actions mediate the helix 1-helix 1’ contacts. The
most important of these contacts are listed in

269 ARG

Figure 8. A stereo diagram of the aspartate binding site. Arginine 64, threonine 154 and tyrosine 149 of one subunit
and arginine 269 and 273 of the other subunit compose the aspartate binding site.
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Figure 9. Histogram depicting the results of

subtracting the solvent-accessible surface area (caleulated
using the method of Lee & Richards (1971) as imple-
mented in XPLOR 2.1 (Briinger, 1990) using a probe of
radius 1'6 A of the dimer (illustrated in Fig. 2) from the
aspartate receptor ligand-binding domian subunit (illus-
trated in Fig. 1), revealing that virtually the entire dimer
interface is composed of interactions between the
N-terminal helices of each subunit, i.e. helix 1 and helix
1. A few contacts between helix 1 and helix 4" also oceur;
however, helix 4 and helix 4’ do not contact one another.
These interactions are summarized in Table 6.

Table 6. Local distortions in the helices also result
in imperfect packing, notably near serine 68 where
the two Cf carbon atoms approach closely, and in
the region between serine 43 and threonine 54,
where the helices bow out and few contacts between
the side-chains occur. The helix crossing angle is
approximately 20° from parallel, similar to the
optimal packing angle of two parallel o-helices
predicted by Crick (1953). Helix 1 and helix 1" also
bend toward one another near the N terminus as
may be seen most clearly in Figure 2; presumably
this is a distortion caused by the presence of the
cysteine 36 cross-link.

{d) The aromaiic binding pocket and its possible
biological significance

The density assigned to the aromatic ligand
phenanthroline is located on the crystallographie
twofold axis and is thus shared equally by both
subunits of the dimer {Figs 3 and 4). The plane
containing the phenanthroline molecule is perpen-
dicular to the plane tangent to the interface of the
two subunits of the dimer that contains the crystal-
lographic twofold axis. The aromatic pocket in
which phenanthroline binds is located near the
transmembrane region of the receptor and is
composed of Phe3(, Phed4() Phel80 and Tyrl76, as
well as their four symmetry pairs. These eight aro-
matic side-chains line the binding pocket and form a
tightly packed network of hydrophobic interactions
with the aromatic phenanthroline ligand, as shown

Table 6
Atomic contacts at the subunit dimer interface

Helix 1 Helix I Distance (A)
Ser3z O Leu3d (7 368
Leuds (2 Sers2  (° 417
Leu33 (¥ Leu3d (* 409
Leu33 (92 Cys3e’  CF 390
Cys36 & Cys36 &° 2-29
Cysds  &° (ns7 N 378
Serd3 (% Argd7 X7 312
Thrsd4 Thrs4' Y 344
Trps7 N Aspsg 0% 306
Trps7 N Aspsg 0% 371
Trps7 N GIn62" N2 306
Aspol 0% Leusl’ C# 3-86
Leu6l (% LenBl’ (%2 431
Lengl (%2 G2 C? 4-40
Leut! (7 Tie65’ ot 368
Argbd (7 Iles” (% 3-88
ArgBs N7 Arghy (2 334
Argbd N Arghy N 4-51
LieGs (! ile6s’ (e 375
Rerty () Ser6g’ or 356
Ala72 O Met75 8¢ 465
Met7s & Met7s  &f 543
Met75 (* Met76 (7 364

Helix 1 Helix 4' Distance (&)
Phed4t (2 Tyrl76 O 375
Phed) (2 Phelg0 (! 340
Serdd O Tyrl76" OF 486
Asndd  N92 Tyrl76° O 286
Asndd N2 Phelsyy (2! 454
Argd7 N™ (173 OF 317
Arg47 N" Tyrl76 343
lle6s (% GInlss O 351
Asnég (%! Glnisy N2 4-58
Argh9 N72 Gln 155" 0! 51

There iz no contact between helix 4 and helix ¢,
The monomers are related by crystallographic 2-fold symmetry.
Svmmetry-related contacts are therefore not listed.

in Figure 11. In the absence of phenanthroline,
these aromatic side-chains, notably Phe40 and
Tyri76, rearrange to a different conformation such
that they are able to interact with one another and
partially seal the aromatic binding pocket.
Phenanthroline, of course, is not a naturally
ocenrring aromatic ligand in the environment of
S. typhimurium and E. coli. Although the specific
binding of phenanthroline to the aspartate receptor
may be merely an artifact of the erystallization
cxperiment, several lines of reasoning suggest that
the aromatie binding site may nonetheless be impor-
tant biologically for sensing small aromatic
compounds. Phenol is known to induce chemotaxis
in §. typhimurium and E. coli (Lederberg, 1956; Tso
& Adler, 1974), and recently has been demonstrated
to bind to the aspartate receptor, eliciting an attrac-
tant response {Imae et al., 1987). We do not have
direct evidence to suggest that phenol (or a related
aromatic metabolite) is the natural ligand for this
aromatic binding pocket, but the phenanthroline
binding site is an obvious candidate for such a site.
{This hypothesis can be tested using phenanthroline
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{a)

(b)
Figure 10. (a) Helix 1 and helix 1" are shown to cross at an angle of approx. 20° in thig stereo view. The accompanying

Table 6 lists the primary side-chain interactions responsible for mediating the dimer interface contacts in these helices,
(b} A 90° rotation of (a).

in a standard chemotaxis swarm-assay experiment {e) Possible biological significance of metal binding
and by crystallizing the receptor domain in the sites
presence of phenol.) Similar to the aspartate binding In addition to aspartate and phenol, the aspar-

site, this putative aromatic chemoeffector binding  tate receptor has the ability to detect and respond
site is located at the subunit interface. to metal ions encountered by bacteria. Unchelated
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Figure 11. Stereo diagram, viewed along the plane of 1,10-phenanthroline, illustrating the extensive aromatic
interactions taking place with 1,10-phenanthroline in the putative aromatic ligand pocket. Aromatic side-chains which
rearrange conformation in the absence of phenanthroline are indicated with broken bonds.

Co®* and Ni’* have been shown to act as chemo-
taxis repellents in E. eoli (mediated by the aspar-
tate receptor: Tso & Adler, 1974), but not in
S. typhimurium  (Ingolia & Koshland, 1979;
Macnab, 1987), However, in 8. typhimurium, both
ions act as weak chemoattractants when complexed
with citrate (Ingolia & Koshland, 1979; Macnab,
1987). There is no clear evidence for attraction to
other inorganic compounds in either species
(Macnab, 1987), and inorganic repellent effects have
been established oniy for Co?*, Ni**, 8%~ and
mercaptans in E. coli (Tso & Adler, 1974; Macnab,
1987). Tt is, however, worth examining the binding
sites for the heavy-metal complex ion derivative
crystals that were prepared for isomorphous
replacement phase calcuiations to see if any of these
might reveal potential biologically relevant metal-
binding sites.

The binding sites for Au(l), Hg(1I} and Pt(IV) on
the aspartate receptor periplasmic domain are iilus-
trated together in the context of a ribbon diagram
(Fig. 12). The major Au(l) site lies close to the
subunit interface of the receptor dimer, where an
Au(T) atom appears to be bound to the O*! and N*2
of glutamine 50 in a tetrahedral configuration. A
second Au(I) site is located at asparagine 159, where
Au(l) is bound linearly to the carbonyl oxygen
atom, Aside from a slight movement of the gluta-
mine 50 side-chain, Au(I) binding to the aspartate
receptor appears to cause little structural perturba-
tion. The two Hg(II) sites are at the N terminus and
tryptophan 57. In both cases, Hg(IT) binds with a
tetrahedral geometry. Again the structural pertur-
bations appear minimal.

A more interesting situation may exist in the case
of the Pt-bound receptor structure, which was not
used for MIR phase calculaton. Six methionine
residues (74, 75, 76 and their symmetry mates)
reside in close spatial proximity at the C-terminal
ends of helix 1 and helix 1. These six methionine
residues are conserved in the E. coli aspartate
receptor and four methionine residues (75, 76 and
their symmetry mates) are conserved in the more
distantly related E. coli Tsr or serine chemotaxis
receptor. This wunusual conserved structural
arrangement suggests that the receptor may employ

this methionine-rich pocket in some sensory-related
function. Indeed, the sole Pt(IV} site lies directly on
the ecrystallographic twofold axis, where the Pt
atom is shared symmetrically between methionine
75 of one subunit and methionine 75 of the
symmetry-related subunit (Fig. 12). Pt(IV) main-
tains the octahedral geometry of the K,Pt(SCN)4
complex, but the carbonyl oxygen atoms of methio-
nine 75 and methionine 75' replace one pair of two-
tfold symmetry-related thiocyanate groups, and the
S? side-chain atoms of methionine 75 and methio-
nine 75 replace a second such pair; the final pair
appear to remain in place.

Pt(IV) binding appears to have a more
pronounced effect upon the conformation of the
receptor ligand-binding domain, especially in the
neighborhood of residues 72 to 75 of helix 1 and

Figure 12. Heavy-atom derivative binding sites.
Ribbon diagram (Kraulis, 1991) illustrating the locations
of the 2 Au(I) binding sites, the 2 Hg(II) binding sites and
the Pt(IV) binding site.
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H 149 Tyr

0G 68 Ser

H1 64

g 64 NEH2 64

OEL 155 Gln

OH 130 Tyr

H 149 Tyr

OG 68 Ser

NHI 64

Arg 64 NHZ 64

OFEl 155 Gln

OH 130 Tyr

Figure 13. Stereo view of the torsion angle conformational changes in arginine 64 as they take place in the 2 crystal
structures. The native structure is represented with dark lines, and the Pt bound structure is represented with lighter
lines. In the native structure, the amino hydrogen atoms of arginine 64 form hydrogen bonds with the tyrosine 130
hydroxyl oxygen atom (3-1 A) and glutamine 155 carbonyl oxygen atom (2-6 A). Tn the Pt-bound structure, arginine 64
rearranges conformation to form hydrogen bonds to the tyrosine 149 hydroxyl oxygen atom (2756 A) and serine 68

hydroxyl oxygen atom (295 A).

regidues 152 to 154 of helix 4. The side-chain of
arginine 64 in particular (which is involved in aspar-
tate binding and is found to change conformation in
the unoccupied ligand-binding pocket as described
in section (c), above), rearranges its amine-hydro-
gen-bonding pattern from interactions with gluta-
mine 155 O¢' and tyrosine 130 O" in the two native
structures to interactions with serine 68 O and
tyrosine 149 O" in the Pt derivative structure
(Fig. 13).

Interestingly, an investigation of the extent of
amino acid binding-site conservation between the
otherwise dissimilar tryptophan repressor and the
aspartate receptor suggests that a similar rearrange-
ment of the hydrogen-bonding network within the
amino acid binding site of both proteins may play a
crucial role in mediating the transmembrane signal-
ling event (Lynch & Koshland, 1992).

The Pt{TV) complex ion binds to the receptor
subunit interface in such a way that this ligand is
shared between the two subunits of the receptor in a
manner analogous to that of the ligands aspartate
and phenanthroline. Moreover, maltose-binding
protein (an attractant) has been suggested to
interact with loop 1 and adjacent residues on helix 1
of the E. coli aspartate receptor, including methio-
nine 75 (Kossmann et al., 1988; Gardina ef al.,
1992.). A simulated “docking” of the maltose-
binding protein to this methionine-rich region of the
E. coli receptor (Stoddard & Koshland, 1992)
provides support for the hypothesis that this meth-
ionine-rich pocket region is relevant to the mechan-
ism of transmembrane signalling.

These observations considered together strongly
suggest that Pt(IV) may be binding to a biologically
relevant site on the protein. Pt{IV) binding to the
methionine-rich pocket of the aspartate recepior
may thus mimic the effect of known metal chemo-
repellants {or perhaps other chemoattractants) by
inducing side-chain torsion-angle conformational
changes in the aspartate-binding site, which are in

turn responsible for initiating the transmembrane-
signalling event (in a manner similar to that
described for conformational changes In insulin as

suggested by Chothia ef al., 1983).

(1) Undersianding chemotazis receptor struciure-
Sfunction relationships based wpon the aspartate-
binding domain crystal structure

The erystal structure of the ligand-binding
domain of the aspartate receptor enables us to make
some fairly conservative structural predictions.
Lynch & Koshland {1991) have shown that cross-
linking residues 18 and 18 produces an active
signalling protein. Since it was already known that
the 36-36' crosslinking also produces an active
signalling protein, this fits an uninterrupted a-helix
extending from residue 36 to residue 18 and presum-
ably at least to the cytoplasmic side of the
membrane. Such a structure was indeed postulated
as an extension of the crystal structure (Milburn et
al., 1991). The second prediction is that other
members of the bacterial chemotaxis trans-
membrane receptor family have periplasmic domain
three-dimensional structures similar to that of the
8. typhimurium aspartate receptor. These predic-
tions not only are supported by mutagenisis experi-
ments but also help to explain the results of the
experiments, as will be described below.

(i} The Salmonella typhimurium aspartate receptor.
modelling the membrane spanning regions

To understand aspartate receptor-mediated
transmembrane signalling, it will be helpful to
model the structure of the intact transmembrane
receptor protein as it might appear in the membrane
based upon the crystal structure of the aspartate-
binding domain. The membrane-spanning regions of
the protein have been modelled in such a way that
they are consistent with the known structures as
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Figure 14, Diagram of the aspartate receptor dimer
with the modelled transmembrane regions consisting of
uninterrupted continuations of helices 1 and 4 from each

4-g-helix bundle subunit. The primary interactions
between the helices in the membrane are believed to be
restricted to those between helix 1 and helix 1,

well as with the constraints imposed by the
membrane {Milburn et al., 1991). The putative
membrane-spanning regions of the protein sequence
(residues 7 to 30 and 189 to 212) are quite hydro-
phobic in character (Russo & Koshland, 1983) and
these regions are predicted to form two o-helices
(Falke et af., 1988; Lynch & Koshland, 1991), which
continue uninterrupted from the N and C-terminal
helices of the aspartate-binding domain crystal
structure. The placement and orientation of the
extended helices were restricted to coincide with
those of the crystal structure, and the energy
optimization incorporated protein dimer inter-
actions. The resulting model of the aspartate-
binding domain dimer with attached membrane-
spanning helices is depicted in Figure 14.

The two z-helical membrane-spanning regions of
the receptor match up exactly to the starting and
ending amino acid residues based on hydrophobicity
predictions, thus allowing favorable interaction
between the two transmembrane segments. There
are several side-chain interactions between the
N-terminal membrane-spanning regions of the two
monomers and these are essentially the only inter-
actions between the two receptor halves in this
region. The C-terminal helix membrane-spanning
region forms a very loose contact with the
N-terminal helix within the subupit. These inter-
actions and the relative placement of the
membrane-spanning regions are consistent with the
results of recent cysteine cross-linking studies
(Lynch & Koshland, 1991; Pakula & Simon, 1992)
and may well be important in dimer formation and
sighal transduction in the intact aspartate receptor.

Figure 15. Schematic representation of amino acid
mutations that impair E. ¢oli aspartate receptor signal-
ling as displaved on a C* backbone structure (Kraulis,
1991) of one subunit. The Asp™ phenotype mutations (64,
68. 69. 70, 152 and 154) correspond to the gray circles and
are proximal to the aspartate binding site. The Mal™
phenotype mutations (75, 76, 77, 83, 141, 143, 144 and
147) correspond to the black cirleces and are located on or
near loops 1 and 3. The Asp™ Mal™ double phenotype
mutations {73, 149 and 150) are represented as white
circles.

(iiy The E. coli aspariate receptor

The K. coli aspartate receptor (unlike its
8. typhimuriym cousin) binds to maltose-binding
protein when this latter soluble periplasmic protein
is complexed with maltose or a maltodextrin
{Koiwai & Hayashi, 197%: Richarme, 1982; Manson
et al., 1985). The response of the E. coli aspartate
receptor to maltose and aspartate has been shown
to be independent and additive (Mowbray &
Koshland, 1987). A number of mutations that inter-
fere with aspartate chemotaxis (Asp~) or maltose
chemotaxis (Mal™) have been identified. Mutations
affecting residues 64 to 73 or 14% to 154 have an
{Asp”) phenotype, and mutations affecting residues
73 to 83 or 141 to 150 have a (Mal”) phenotype
{Fig. 15). Mutations in residues 73, 149 and 150 may
also have an (Asp Mal ™) phenotype (Gardina ef al.,
1992).

Assuming the three-dimensional structurve of the
E. coli aspartate receplor is essentially the same as
that of 8. typhimurium, the basis of these mutant
phenotypes  immediately  becomes apparent.
Residues 64 to 73 and 149 to 154 are involved in
forming the aspartate-binding pocket, s0 mutations
involving these sites will have the Asp™ phenotype.
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Residues 73 to 83 constitute the last two amino acid
residues of helix 1 and most of the flexible loop 1
that connects helix 1 to helix 2. Residues 141 to 150
reside in loop 3, which connects helix 3 to helix 4
(Fig. 15). Therefore, it appears quite likely that
loops 1 and 3 (along with residues 73 to 75 of helix
1} form the binding site for maltose-binding protein.
These results are consistent with the simulated
docking of maltose-binding protein to the E. cols
aspartate receptor peripiasmic domain, which was
based upon the assumption that the E. coli and
S. typhimurium  aspartate receptor periplasmic
domain three-dimensional structures were essen-

tially the same (Stoddard & Koshland, 1992).

(iii) The E. coli ribose and galactose-binding proteins
receptor (Trg recepior)

The Trg receptor binds to either of two peri-
plasmic binding proteins in a manner presumably
similar to the way in which the E. coli agpartate
receptor binds to the maltose-binding protein (Adler
et al., 1973; Strange & Koshland, 1976, Harayama et
af., 1983; Bollinger et of, 1984). Therefore, by
modelling the Trg receptor periplasmic domain
based upon the aspartate receptor crystal structure,
we should be able to understand how the peri-
plasmic ribose-binding protein complexed to ribose
and to galactose-binding protein complexed to
galactose will bind Trg receptor.

Yaghmai & Hazelbauer (1992) have constructed
mutations within residues 69 to 88 in the Trg
receptor segquence (which correspond to residues 59
to 78 in the aspartate receptor structure due to a
different sequence numbering scheme). They dis-
covered two distinct mutant phenotypes, both of
which affect receptor signalling. The first phenotype
causes the receptor to signal constitutively in the
absence of a bound ligand; these mutations essen-
tially turn the receptor signal on, {These mutations
appear in residues 71 to 79 in the Trg receptor and
correspond to residues 61 to 69 in the aspartate
receptor structure.) The second phenotype consists
of mutations that reduce or eliminate responses to
stimulation by sugar attractants; they essentially
turn the receptor signal off. (These mutations are in
residues 79 to 86 in the Trg receptor, which corre-
spond to residues 69 to 76 in the aspartate receptor
strocture.) Mutations at residue 79 result in both
phenotypes.

A model of the dimeric periplasmic domain of the
Trg receptor based on that of the aspartate receptor
(which takes into account the different sequence
numbering schemes) places the region corresponding
to the first or on phenotype {residues 71 to 79)
deeply within the helix 1 —helix 1’ subunit interface
of the receptor dimer. Amino acid side-chains in this
region are intimately involved in hydrophobic
contacts at the dimer interface. The region corre-
sponding to the second or off phenotype (residues 79
to 86) are located at the more sclvent-accessible
C-terminal end of helix I (Fig. 16}, We calculated
the sclvent accessibility of residues 71 to 86 using
the method of Lee & Richards {1971) to estimate

ap————— [nsengitive mants

n \
Constitutive mutants

Helix 1’ Helix 1

Figure 16. Schematic representation of the E. coli Trg
receptor periplasmic domain subunit interface composed
of helix 1 and helix 1’ based upon the aspartate receptor
structure, depicting amino acid mutations that impair
Trg signalling. Both sets of mutations reside on helix 1
{(and helix 1') that terminate at residue 86 (in the Trg
numbering scheme) based upon comparison to the aspar-
tate receptor crystal structure. The first set of mutations
{residues 71 through 79) corresponds to the constitutively
signalling or on phenotype, and are illustrated as the
cross-hatched region. The second set of mutations
{residues 79 through 86) corresponds to the inhibited
signalling or off phenotype, and are illustrated as a black-
ened region.

the degree of exposure of these amino acid residues,
The transition between buried residues and exposed
residues occurs sharply at residue 79, which is at the
interface between the two regions of mutations.

We propose that residues 71 to 79, whose
mutation leads to “constitutive signalling”, are
important constituents of the dimer intertace of the
periplasmic domain subunits of the Trg receptor.
Perturbation of this interface may disturb the deli-
cate interactions responsible for locking the receptor
dimer into the off conformational state. Residues 79
to 86 are more exposed than those of the previous
group, and are thug excellent candidates for being
involved directly in binding galactose and ribose-
binding proteins (Fig. 16). Mutations in this region
interfere with ligand binding and give rise to the
“insensitive’’ phenotype by disrupting the integrity
of the protein binding site, consistent with this
prediction. Additicnal evidence for the accuracy of
this prediction is provided in the recent structural
comparison of the galactose and ribose-binding pro-
teins (Mowbray, 1992},
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