the data under likelihood ratio tests; these are
asymptotically equivalent to 95% confidence lim-
its. Log L is the difference in natural log likelihood
from that of the model with two classes of equal
deleterious effects, which has the same likelihood
as the one-equal-effect model with U, variable. In
the two-equal-effects model, a positive value for s,
gave a higher likelihood than s = 0, but the dif-
ference in log likelihood was nonsignificant.

24. P.D. Keightley and A. Caballero, Proc. Natl. Acad. Sci.
U.S.A. 94, 3823 (1997).

REPORTS

25. L. Vassilieva and M. Lynch, Genetics 151, 119 (1999).

26. A. S. Kondrashov, J. Theor. Biol. 175, 583 (1995).

27. ). F. Crow, Proc. Natl. Acad. Sci. U.S.A. 94, 8380
(1997).

28. A. S. Kondrashov and D. Houle, Proc. R. Soc. London
258, 221 (1994); S. A. Shabalina, L. Y. Yampolsky,
A. S. Kondrashov, Proc. Natl. Acad. Sci. U.S.A. 94,
13034 (1997); P. D. Keightley, A. Caballero, A. Garcia-
Dorado, Curr. Biol. 8, R235 (1998).

29. P. D. Keightley and O. Ohnishi, Genetics 148, 753
(1998).

A Piston Model for
Transmembrane Signaling of
the Aspartate Receptor

Karen M. Ottemann,’*7 Wenzhong Xiao,?* Yeon-Kyun Shin,?}
Daniel E. Koshland Jr."

To characterize the mechanism by which receptors propagate conformational
changes across membranes, nitroxide spin labels were attached at strategic
positions in the bacterial aspartate receptor. By collecting the electron para-
magnetic resonance spectra of these labeled receptors in the presence and
absence of the ligand aspartate, ligand binding was shown to generate an ~1
angstrom intrasubunit piston-type movement of one transmembrane helix
downward relative to the other transmembrane helix. The receptor-associated
phosphorylation cascade proteins CheA and CheW did not alter the ligand-
induced movement. Because the piston movement is very small, the ability of
receptors to produce large outcomes in response to stimuli is caused by the
ability of the receptor-coupled enzymes to detect small changes in the con-

formation of the receptor.

Cells receive signals from the outside world
by way of receptors that span the membrane.
Although some receptors transmit informa-
tion across the membrane by means of an ion
channel that allows ions into the cell, most
receptors do not transmit material across the
membrane. Rather, these receptors undergo
conformational changes induced by the li-
gand or stimulus that interacts with the exte-
rior part of the receptor, and these conforma-
tional changes travel across the membrane to
the cytoplasmic portion of the receptor. The
types of conformational changes used by re-
ceptors to carry out transmembrane signaling
are not known.

To distinguish among alternative models
proposed for transmembrane signaling, we
developed a strategy in which the distances
between appropriately placed spin labels
would give different results for different
models (/) (Fig. 1). In this procedure, spin-
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labeling electron paramagnetic resonance
(EPR) spectroscopy (2) was combined with
the use of a spectroscopic ruler (3, 4). Spin
labeling has been used to describe qualitative
protein structures (5, 6) and has subsequently
been developed for quantitative assessment
of protein movements and applied to several
proteins (4, 7, 8), including the aspartate re-
ceptor (9). In a hypothetical example (Fig. 1),
a model of transmembrane signaling that de-
pended on an association-dissociation, as

Fig. 1. Postulated mod-

els for transmem-

brane signaling. Gen-

eral schemes for pos-

sible ligand-generated

movements in trans- “ithout b
ligand

membrane receptors (7). a

The thick lines repre- ¢

sent receptor trans-

membrane helices. The

view is from the side,

except in the rotation

diagram where the view  with b

is from the end of the !i8and a

helices. Any of these ¢

motions could occur > <

between two helices in

Association-
Dissociation

Piston
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well as one that required a scissors move-
ment, would move residue a closer to b and c.
A ligand-induced piston motion would move
residue a closer to b, but further from c. A
rotation mechanism would move a further
from b, but closer to c. A see-saw motion
would move b and ¢ both further from a.
Thus, judicious placement of spin labels al-
lows an analysis that can distinguish among
models.

This strategy was applied to the bacterial
aspartate receptor, a receptor with a structure
similar to that of many other receptors that
contain one-two transmembrane domains per
subunit and function as oligomers [such as
the insulin receptor, the epidermal growth
factor receptor (EGFR), and the cytokine re-
ceptors] (10—12). The aspartate receptor and
its homologs are used by bacteria to navigate
through spatial gradients of nutrients and tox-
ic substances, using detection of temporal
gradients to modulate swimming behavior
(13—17). Although the aspartate receptor has
been studied in detail, the mechanism of sig-
nal transduction has remained elusive. Disul-
fide cross-linking experiments have suggest-
ed that aspartate triggers global changes in
the receptor (/8). Several mechanistic mod-
els, postulated on the basis of fragments of
either the ligand-binding domain (/9-22) or
the cytoplasmic domain (23, 24), have been
proposed. Ligand binding does not affect the
dimerization state of the aspartate receptor
(25), and receptors that are disulfide cross-

Rotation Scissor See Saw

100 A\

-4
1

n

separate subunits, or between two helices within one subunit. The letters represent amino acid side
chains where labels could be attached. The rotation model could have results similar to those seen
in the piston model, but the labels could be placed such that they would distinguish between

models, as shown.
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linked across the dimer interface retain func-
tion (/8), suggesting that transmembrane sig-
naling occurs in the absence of any change in
oligomerization. Aspartate receptors with
only one functional cytoplasmic domain are
able to signal, supporting the idea that trans-
membrane-signaling movements occur with-
in one subunit (26-28). In corroboration, di-
sulfide bonds between transmembrane-span-
ning helices within one subunit of the recep-
tor can lock the receptor into a ligand-
independent “off” or “on” signaling state
(29). These cumulative results indicate that
transmembrane signaling in the aspartate re-
ceptor occurs by way of an intrasubunit con-
formational change. By using the x-ray struc-
ture of the periplasmic domain of the aspar-
tate receptor (19, 22) and deduced transmem-
brane regions (27, 30), it was possible to
calculate where spin labels should be placed to
allow the clearest discrimination among trans-
membrane signaling mechanisms (Fig. 2).

To incorporate the spin labels into the
aspartate receptor, the codons of the identi-
fied residues were mutated to cysteines, and
the resultant protein was solubilized with de-
tergent and purified (9, 37). The mutant pro-
tein was then reacted with the thiol-specific
methanethiosulfonate spin label and reconsti-
tuted into purified Escherichia coli mem-
branes; all EPR spectra were collected from
receptors in membranes. Because previous
work had suggested that transmembrane do-
main (TM) 2 moves relative to TM1 when
aspartate is added to the receptor (9, 20, 21),
we chose to monitor intrasubunit changes in
spin-spin distances by placing one spin label
in TM1 and the other in TM2 (Fig. 2). From
the combination of views (B) and (D) (Fig.
2), a downward piston-type movement of
TM2 would bring residue 207 closer to 10
and residue 210 and 215 further from 10,
whereas a counterclockwise rotation would
bring residues 207 and 210 closer to 10, and
residue 215 further from 10 (Table 1). An
association-dissociation, Scissors, or seesaw
motion would bring all the labels either closer
together or further apart (Table 1). The spin-
labeled aspartate receptors retained function
as assessed by in vitro phosphorylation as-
says (32).

Spectra were obtained of receptors labeled
at positions 10 and 207 (AR 10-207), 10 and
210 (AR 10-210), and 10 and 215 (AR 10-
215) in the presence and absence of aspartate
(33). Small but detectable spectral differenc-
es were seen when aspartate was added to AR
10-210 and AR 10-215, but none were seen in
AR 10-207 (34). Each receptor is composed
of two identical subunits and thus contains
four spin labels; therefore, spin-spin interac-
tions could result from several possible pair-
wise spin-spin dipolar couplings. To distin-
guish whether the observed spectral changes
were the result of movements within one
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subunit or between the two subunits, spin-
labeled aspartate receptor was mixed with an
equimolar amount of unlabeled wild-type as-
partate receptor, and the subunits were al-
lowed to interchange. This diluted the doubly
labeled aspartate receptor such that the final
concentration of aspartate receptor with four
spin labels was one-eighth the population of
the receptor with two spin labels (25, 35). In
the exchanged samples, aspartate caused
spectral changes in AR 10-207 as well as AR
10-210 and AR 10-215 (Fig. 3). In AR 10-
207, aspartate-induced changes were detected
only when the spin labels were on one sub-
unit. One explanation for this is that aspartate
binding generated both inter- and intrasubunit
movements (9), and at positions 10 and 207
these motions canceled each other so there
was no apparent aspartate-induced spectral
change unless the intrasubunit movements
were isolated.

To characterize the ligand-induced chang-
es in the aspartate receptor, we analyzed dis-
tance changes between the spin-label pairs in
the exchanged receptors. Although both in-
ter- and intrasubunit movements occur in the
aspartate receptor, intrasubunit movements
are sufficient for transmembrane signaling

(26-28), and so we characterized only these
aspartate-generated motions further. When
spin-labeled samples are frozen, spin-spin di-
polar coupling results in more broadening of
the EPR spectrum when the spin labels are
closer to each other; this can be used to
determine the distance between two spin la-
bels (36). Aspartate binding brought the spin
labels in AR 10-207 closer to each other. In
AR 10-210 and AR 10-215, in contrast, as-
partate binding increased the distance be-
tween labels. Similar types of spectral chang-
es were seen in both frozen and room tem-
perature samples, suggesting that these
changes are not artifacts of freezing. These
movements, as well as the previously charac-
terized change at positions 39 and 179 (9), are
most consistent with a downward piston mo-
tion of TM2 relative to TM1 (Fig. 2 and
Table 1). This type of motion was previously
postulated for the aspartate receptor (20, 21,
37), although different types of movements
have also been postulated (79, 38).

With a Fourier transform analysis (4), the
magnitudes of the aspartate-generated spin-
spin distance changes were calculated. In all
cases, aspartate binding caused movements
on the order of 1 A. This technique, however,

Table 1. Predicted and observed effect of different transmembrane-signaling models. Further, the spin
labels would move further apart after ligand binding; Closer, the spin labels would move closer after
ligand binding. The prediction for the piston and rotation models depends on the direction of the piston
(in this case described for TM2 moving downward) or rotation (in this case described as a counterclock-
wise movement of TM2). The data for aspartate receptor with spin labels at positions 39 and 179 are

from (9).
Predicted relative position of spin labels Observed
Location of relative
spin-labeled position
residues /;ssoc.- Scissor Seesaw Piston Rotation of spin
issoc. labels
10-207 Closer Closer Further Closer Closer Closer
10-210 Closer Closer Further Further Closer Further
10-215 Closer Closer Further Further Further Further
39-179 Closer Closer Further Further Further Further

Fig. 2. Locations of spin
labels in the aspartate
receptor. (A) Side view
of the backbone chain
trace of the crystal
structure of the aspar-
tate receptor peri-
plasmic domain, with
the transmembrane do-
mains modeled (79, 27).
Positions 214 and 215
in TM2 were modeled
as a helical extension of
the originally modeled
portion of TM2, by us-
ing Insight Il (Biosym/
MSI). The amino acids

to which spin labels were attached are shown as ball-and-stick residues, in one subunit. (B) View
of the transmembrane domain helices one and two, as cylinders, to depict the relative location of
the spin labels. (C) End view of the transmembrane domain helices, derived from the modeling of
the transmembrane domains onto the end of the known structure. (D) End view of the transmem-

brane domains, as helical wheels.
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measures the distance between nitroxide
groups at the end of a 5 A side chain (from
the a-carbon), and because these side chains
could be in multiple conformations, the actu-
al net movement of the a-helix backbone
could be up to 2.5 A (4, 39). The movement
of 1 A is similar to the distance change
measured previously in the aspartate receptor
periplasmic domain at positions 39 and 179
(9). This suggests that there is little or no
signal amplification by the mechanism of
conformational change as the signal travels
from the binding pocket through the trans-
membrane domain. Aspartate binding to the
receptor causes a large effect on the enzymes
that carry out both the downstream kinase
and methylation reactions (16, 17, 40). Thus,
the signal amplification probably occurs be-
cause these enzymes can differentiate the
small receptor conformational changes.

In order to characterize how the receptor-
associated proteins affect the signaling prop-
erties of the receptor, we mixed purified
CheW and CheA together with our spin-
labeled receptors and collected the spectra
again (41). In vivo, the aspartate receptor
exists in a stable complex with the CheW and
CheA proteins of the phosphorylation cas-

Absorbance

3400G 3480G 3560G

Fig. 3. Aspartate-induced changes in the absor-
bance EPR spectra of spin-labeled aspartate
receptor. The EPR spectra were taken at 140 K
in the presence (dotted line) or absence (solid
line) of aspartate. The x axis is H (Gauss); the y
axis is arbitrary absorbance units. Most aspar-
tate receptors are composed of one doubly
labeled and one unlabeled subunit. The spectral
contribution from the noninteracting species as
a result of incomplete labeling and unidentified
background labeling (9) is subtracted from the
EPR spectra. This noninteracting species amounts
to 50% of the total number of spins. The
Fourier deconvolution analysis (4) reveals that
aspartate binding decreases the interspin dis-
tance of AR 10-207 from 11 to 10 A; increases
the interspin distance from 11.5 to 12.5 A in AR
10-210; and increases the interspin distance in
AR 10-215 from 10.5 to 11.5 A.
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cade; aspartate binding does not change the
association constants of these proteins (42).
In spin-labeled AR 10-207, as well as AR
10-210 and AR 10-215, the extent of electron
spin-spin interaction decreased slightly in the
presence of CheW and CheA, suggesting that
these proteins drew the spin labels apart (Fig.
4). The receptors used in these experiments
had spin labels on both receptor subunits, so
the CheW-CheA effect could be caused by an
increase in either the inter- or intrasubunit
spin-spin distances. Exchange of the labeled
aspartate receptor with wild-type aspartate
receptor before adding CheW and CheA did
not appreciably enhance the outcome of add-
ing CheW and CheA, suggesting that both
exchange and CheW-CheA binding had sim-
ilar effects on spin-spin interaction in the
receptor (34, 43).

Even though CheW and CheA caused
changes in the receptor transmembrane do-
main structure, these proteins did not change
the quality of the aspartate-induced confor-
mational changes in AR 10-207, 10-210, or
10-215 (Fig. 4). This indicates that an aspar-
tate receptor in the ternary complex with
CheW and CheA has the same pistonlike
ligand-induced conformational change as the
aspartate receptor alone.

By using spin-labeling EPR on an intact
receptor in a membrane, we have been able to
map and define a ligand-induced conforma-
tional change as it travels through the lipid
bilayer. The measured changes are explained
best by a piston movement of one TM helix
downward relative to the other, within one
subunit. Although our present results pre-
clude an exclusive rotation model (23, 44), it
is possible that a pistonlike movement with
some small rotation, a screw-type motion,
could fit the data. The piston model has a
number of implications. o Helices are resis-
tant to compression or extension and there-
fore would faithfully deliver a small confor-
mational change over a long distance, as

Absorbance

3400G 3480G 3560G

Fig. 4. The effect of CheA and CheW on the
absorbance EPR spectra of spin-labeled AR 10-
207 at low temperature. Spectra in the pres-
ence (thick solid line) and absence (dashed line)
of aspartate when the aspartate receptor is
mixed with equimolar amounts of CheA and
CheW. These spectra are compared with the
spectrum of aspartate receptor without CheA
and CheW (thin solid line). The x axis is H
(Gauss); the y axis is arbitrary absorbance units.

10 SEPTEMBER 1999

would be required for the aspartate receptor
(~100 A from the site of aspartate binding to
the initial cytoplasmic portion of the recep-
tor). This pistonlike movement, in which li-
gand binding causes one helix to shear past
another, has been described in several soluble
proteins (45, 46). Receptors in general, and
the aspartate receptor in particular, must
greatly amplify the energy of binding to gen-
erate the energy of response (bacterial swim-
ming). The proposed piston mechanism
would transmit a 1 A conformational change
in the periplasmic domain as a 1 A change to
the cytoplasmic domain. If the 1 A change in
the cytoplasmic domain can be perceived by
the downstream methylation and phosphoryl-
ation enzymes, then amplification occurs. A
small conformational change can certainly be
detected by the discriminatory power of en-
zymes, as exemplified by isocitrate dehydro-
genase (47) and restriction enzyme substrate
recognition (48). Although it is possible that
the 1 A movement is structurally amplified
further within the receptor cytoplasmic do-
main, this does not seem to be necessary for
signal transduction.

Although it is difficult to predict how the
piston-type movement would affect the as-
partate receptor cytoplasmic domain because
the structure has not been determined, the
piston may push a portion of the cytoplasmic
domain away from the membrane, thus de-
creasing an allosteric interaction between the
receptor and the membrane. This allosteric
action in turn would trigger the kinase and
methylation cascades.

Mechanistic details of aspartate receptor
signaling may be common to a larger class of
receptors. The one-two transmembrane do-
mains per subunit family of receptors, to
which the aspartate receptor belongs, shares
signaling techniques. For example, chimeras
of the aspartate and insulin receptors (49) as
well as ones of the insulin and EGF receptors
(50) retain signaling ability. Although many
members of this family signal by way of an
association-dissociation mechanism (//), ad-
ditional mechanistic steps are probably re-
quired. The insulin receptor, for example, is a
disulfide-bonded dimer. Crystallographic ev-
idence suggests that the erythropoietin recep-
tor signals by way of a conformational rear-
rangement of a preexisting dimer (57). Anti-
bodies that dimerize the EGFR result in about
60% of ligand-induced signaling activity,
suggesting that there are further requirements
for full activation such as additional ligand-
caused conformational changes (52, 53). Giv-
en the signaling similarities between these
receptors, it is possible that the piston mech-
anism proposed may be used by this family of
receptors, as well by others. Binding of a
ligand to a seven—transmembrane domain
GTP-binding protein (G protein)—coupled re-
ceptor could induce a piston-type motion in
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one of the transmembrane helices, thus alter-
ing the G-protein binding site on the cyto-
plasmic side of the membrane. The spin-
labeling EPR strategy outlined here may well
be applicable to these other receptors.
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