(3.4 mg per kilogram of body weight, i.v.)
markedly attenuated the response produced
by SP, but did not reduce the salivary re-
sponse produced by acetylcholine (ACh)
(Fig. 4). Additionally, the inactive (2R,3R)-
enantiomer did not inhibit the salivary re-
sponse induced by SP.

The results of in vitro and in vivo studies
have demonstrated that CP-96,345 is a po-
tent, competitive, and highly selective antag-
onist of the SP (NK,) receptor. Ligand
binding studies demonstrated the NK,-re-
ceptor specificity and the enantiomeric selec-
tivity. All of the biological activity was con-
fined to the (2S,3S)-enantiomer. Functional
studies in vitro confirm this receptor speci-
ficity and show that CP-96,345 is a revers-
ible and competitive antagonist. Finally, in
vivo studies in the rat demonstrate selective
antagonism and a lack of agonist activity.
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Activity and Distribution of Binding Sites in Brain of a
Nonpeptide Substance P (NK;) Receptor Antagonist

STAFFORD MCLEAN,* ALAN H. GANONG, THOMAS F. SEEGER,
Di1aNNE K. BRYCE, KARA G. PrATT, LINDA S. REYNOLDS,
CHESTER J. S10K, JoHN A. Lowe III, JaAMEs HEYM

CP-96,345, a nonpeptide substance P antagonist, is selective for the tachykinin NK,
receptor. The compound binds to a single population of sites in guinea pig brain and
potently inhibits substance P—induced excitation of locus ceruleus neurons. CP-96,345
should be a useful tool for studying the action of substance P in the central nervous

system.

tide, is widely distributed in the central

and peripheral nervous systems and
may function as a neurotransmitter-neuro-
modulator in a variety of physiological pro-
cesses (1). SP is released from neurons in the
midbrain in response to stress (2), where it
facilitates dopaminergic neurotransmission
(3, 4), and from sensory neurons in the
spinal cord in response to noxious stimuli,
where it excites dorsal horn neurons (5). In
the periphery, release of SP from sensory
neurons causes vasodilation and plasma ex-
travasation, suggesting a role in neurogenic
inflammation (6). Because neurokinin A and
neurokinin B elicit effects similar to the
effects of SP when they are given in vivo (3,
7, 8), it has been difficult to determine
whether the various tachykinins are acting
through the same or different receptor sys-
tems. The discovery of CP-96,345
[(2S8,38)-cis-2-(diphenylmethyl)-N-[(2-
methoxyphenyl)-methyl]-1-azabicyclo-
[2.2.2]octan-3-amine], a selective nonpep-
tide antagonist at the NK, receptor (9), will
help to elucidate the role of the respective
tachykinin receptor subtypes (NK;, NK,,
NK;). We present evidence that CP-96,345
is a selective antagonist of NK, receptors in
mammalian brain.

To obtain a detailed characterization of
the  receptor-binding  properties  of
CP-96,345 in brain, we radiolabeled the
compound (10) and carried out binding
studies with guinea pig striatal membranes.
Incubations were carried out at 22°C for 10
min. The binding was stable over a wide
range of pH (6.0 to 8.0) and was fully
reversible with the addition of 1 pM unla-
beled CP-96,345. Incubation of guinea pig
striatal membranes with increasing concen-
trations of [*H]CP-96,345 (0.01 to 6 nM)
revealed high-affinity - binding to a single
class of receptors [dissociation constant (K )
+ SEM = 0.22 = 0.04 nM; maximum
binding capacity (Bq,.,) = SEM = 166 *

SUBSTANCE P (SP), AN UNDECAPEP-

Department of Neuroscience, Central Research Division,
Pfizer Inc., Groton, CT 06340.
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5.5 fmol per milligram of protein] with
specific binding accounting for 70 to 75% of
the total bound radioactivity (Fig. 1). In the
same membrane preparation, [*H]SP
bound with K4 = SEM = 1.89 + 0.31 nM
and B, = SEM = 152 = 11 fmol per
milligram of protein. In competition stud-
ies, SP, physalaemin, and the NK, receptor—
selective analog [methyl-Gly®, Met(O,)"!]
SP (7) competed with the binding of
[3H]CP-96,345 yielding inhibition constant
(K;) values less than 100 nM (Table 1). The
lower affinity of the NK, tachykinin ago-
nists obtained from the competition experi-
ments with [*H]CP-96,345 is consistent
with results obtained from other receptor
systems, demonstrating that estimates of
agonist affinity are lower when competing
against an antagonist rather than an agonist
radioligand (11). At micromolar concentra-
tions, neurokinin A, neurokinin B, senktide,
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Fig. 1. A saturation isotherm from a single exper-
iment of the binding of [*H]CP-96,345 to a
membrane preparation (P, fraction) from guinea
pig striata. (Inset) Scatchard analysis of the bind-
ing in Fig. 1. The K4 of 0.22 + 0.04 nM and a
B,.ox Of 166 = 5.5 fmol per milligram of protein
represent the mean + SEM of three experiments
run in triplicate. The striata were dissected from
male Hartley guinea pigs, and a lysed P, fraction
was prepared (16) and stored at —20°C. Binding
studies were initiated by the addition of 25 pl of
tissue (75 pg of protein) and 25 pl of buffer or
unlabeled CP-96,345 (1 pM final concentration)
as the blank to 200 pl of buffer containing ligand
(1.0 nM). After a 10-min incubation period, the
assay was terminated by rapid filtration over filter
paper soaked in 0.01% polyethylenimine and then
washed with 5 ml of ice-cold buffer. Radioactivity
was measured with liquid scintillation spec-
trophotometry.
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Table 1. The effect of CP-96,345, tachykinins,
and tachykinin analogs on the binding of
[®H]CP-96,345 (1.0 nM) to guinea pig striatal
membranes. Competition studies were carried
out with five to seven concentrations of
unlabeled drug. Values are from one to five
experiments performed in triplicate. Haloperidol,
carbachol, propanolol, desipramine, prazosin,
naloxone, clon: and m ine at 10
uM caused insignificant displacement of [*H]CP-
96,345. (Me, methyl.)

Competitor K; = SE
CP-96,345 0.20 = 0.02 nM
[D-Pro-p-Trp”?]SP 1,300 nM
[p-Arg'-p-Pro®-p-Trp”°]SP 1,600 nM
Spantide 751 nM
sp 75 + 20 nM
Physalaemin 83 £ 13 nM
[MeGly®-Met(O,)*']SP 94 + 30 nM
Neurokinin A >10,000 nM
Neurokinin B >1,000 nM
Senktide >10,000 nM
Eledoisin >10,000 nM

Fig. 2. Comparison

of [*H]CP-96,345 (top) and
[*H]SP (bottom) binding in the guinea pig at the

level of the striatum. Guinea pig brains were
frozen in isopentane (—20°C), sectioned at 20-
wM thickness, thaw-mounted onto gelatin-coated
slides, and stored at —65°C. Sections were incu-
bated for 15 min at room temperature in 50 mM
tris-HCl, 5 mM MnCl,, and 0.02% bovine serum
albumin, and adjusted to pH 7.3, then incubated
for 30 min at 4°C in buffer containing 2.0 nM
[®H]CP-96,345 or the same buffer but with the
addition of chymostatin (2 pg/ml), bacitracin (40
pg/ml), leupeptin (4 pg/ml), and 2.0 nM [*H]SP.

onspecific binding was defined by the addition
of 5 pM SP. The sections were washed twice in
ice-cold buffer for 5 min each time, dipped briefly
in distilled water, and dried under a stream of air.
All sections were placed in standard x-ray cas-
settes, apposed to tritium-sensitive Ultrofilm
(LKB) for 1 month, and developed by standard
photographic procedures. (Abbreviations are ac,
nucleus accumbens; bst, bed nucleus stria termi-
nalis; sh, septohippocampal nucleus; and st, stri-
atum.)
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and eledoisin displaced less than 50% of
[*H]CP-96,345 binding (Table 1). In addi-
tion, the binding of [*H]CP-96,345 was
stereoselective; the (2R,3R)-enantiomer was
at least three orders of magnitude less potent
at displacing [*H]CP-96,345 binding.
Thus, in guinea pig striatum, [*H]CP-
96,345 exhibits stereoselective, high-affinity
binding to a site that is pharmacologically
similar to the NK; receptor and labels a
population of receptors with a B, similar
to that obtained with [3H]SP.

The autoradiographic localization of
[®*H]CP-96,345 binding in sections of guin-
€a pig brain was consistent with its selective
binding to the NK, receptor. A heteroge-
neous pattern of specific binding was ob-
tained that closely matched the distribution
of [3H]SP binding observed in adjacent
sections. A moderate density of [*H]CP-
96,345 and [*H]SP binding sites was pres-
ent in the striatum and nucleus accumbens
with dense labeling located in the bed nu-
cleus of the stria terminalis and septohippo-
campal nucleus (Fig. 2). Dense binding was
also obtained in the amygdalohippocampal
area, central and cortical nuclei of the
amygdala, habenula, periventricular nucleus,
olfactory bulb, and in the ependymal cells
lining the cerebral ventricles. Moderate lev-
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els were seen in the olfactory tubercle, hy-
pothalamus, superficial layer of the superior
colliculus, medial geniculate, subiculum, lo-
cus ceruleus, several sensory trigeminal nu-
clei, and in the central gray. Little displace-
able binding could be demonstrated in
cortex, hippocampus, cerebellum, and most
thalamic nuclei. The overlapping distribu-
tion of [*H]CP-96,345 and [*H]SP labeling
in guinea pig brain is in accord with the
autoradiographic distribution of NK, recep-
tors described in (12).

Initial functional characterization of the
actions of CP-96,345 in the central nervous
system used extracellular recordings from
locus ceruleus neurons in slices of guinea pig
brainstem (13) and focused on the ability of
CP-96,345 to antagonize SP-induced re-
sponses in vitro. SP is a potent excitant of
locus ceruleus neurons both in vitro and in
vivo (14). When we applied SP (10 to 1000
nM) in the perfusate, it induced rapid and
reversible increases in the firing rate of spon-
taneously active locus ceruleus neurons (Fig.
3A). SP (1,000 to 10,000 nM) produced a
fivefold maximal increase in firing rate (from
0.37 £ 0.03 Hzto 1.9 + 0.14 Hz, n = 18).
A 5- to 10-min wash with control medium
returned the firing rate to baseline. Repeated
applications of SP did not result in signifi-
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Fig. 3. The effect of SP and CP-96,345 on the firing rate of locus ceruleus neurons in vitro. (A)

Dose-response relation of bath-applied SP on increases in firing of

taneously active locus ceruleus

neurons. The mean firing rate of the neurons included in these studies was 0.31 + 0.02 Hz (46 cells
total; mean *+ SEM from 3 to 20 cells for each point). (B) CP-96,345 (O) inhibited increases in firing
rates of locus ceruleus neurons induced by 100 nM SP with an ICs, of approximately 90 nM (mean *
SEM from 3 to 7 cells for each point). Mean inhibition of SP response by the (2R,3R)-enantiomer of
CP-96,345 (@). (C). The excitatory effects of SP on a locus ceruleus neuron and the antagonist action
of CP-96,345 on the SP-induced response. The bars indicate periods in which the medium flowing

through

the recording chamber was switched to drug-containing

medium. CP-96,345 (100 nM)

reduced the SP-induced excitation in this neuron by 59%. In this and other experiments, the antagonist
effects of CP-96,345 on SP-induced responses were slow to wash out.
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cant tachyphylaxis of the response. Antago-
nist experiments were performed on re-
sponses induced with 100 nM SP, a
concentration that produced a submaximal
response.

CP-96,345 (32, 100, or 1000 nM) antag-
onized SP-induced excitation of locus cer-
uleus neurons (Fig. 3, B and C), reducing
the firing rate increases produced by 100
nM SP in 14 of 14 neurons recorded from
13 slices. The median inhibition concentra-
tion (ICs,) for the antagonism of SP re-
sponses by CP-96,345 was 90 nM. CP-
96,345 (32 to 1000 nM) alone did not
significantly change baseline firing rates of
locus ceruleus neurons (control, 0.37 *
0.08 Hz; CP-96,345, 0.36 + 0.07 Hz, n =
14). The (2R,3R)-enantiomer  of
CP-96,345 did not have significant activity
at 1000 nM, reducing the excitatory re-
sponse to 100 nM SP by less than 10% in
the two neurons examined. An NK-specific
action of CP-96,345 was indicated by the
compound’s inability to antagonize the ex-
citations produced by the NK;-specific ago-
nist senktide (15). Excitations iriduced by 1
nM senktide, which elicited an excitatory
effect equivalent to 100 nM SP, were inhib-
ited 5% by 1000 nM CP-96,345 in three of
three neurons. Thus, the ability of CP-
96,345 to antagonize SP-elicited responses
but not the excitant effects of senktide indi-
cates that locus ceruleus neurons have mul-
tiple tachykinin receptors and that the exci-
tatory effects of SP are mediated primarily
by NK, receptors.

CP-96,345 is a nonpeptide compound
that acts as a potent and selective NK;
antagonist in brain. Its pharmacological
characteristics make it an important tool for
elucidating the physiological significance of
NK, receptors. In addition, CP-96,345 may
provide the means for determining the use-
fulness of an NK; receptor antagonist as
therapy for disorders of the nervous system.
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A Kinetic Partitioning Model of Selective Binding of
Nonnative Proteins by the Bacterial Chaperone SecB

SIMON J. S. HARDY* AND LINDA L. RANDALLT

An in vitro assay for the interaction of SecB, a molecular chaperone from Escherichia
coli, with polypeptide ligands was established based on the ability of SecB to block the
refolding of denatured maltose-binding protein. Competition experiments show that
SecB binds selectively to nonnative protcms with high affinity and without specificity
for a particular sequence of amino acids. It is proposed that selectivity in binding is due
to a kinetic partitioning of polypeptides between folding and association with SecB.

is to ensure the correct interac-
tions within and between other polypep-
tides (7). Chaperones are involved in the
assembly of oligomeric proteins (2, 3); in
ensuring that certain proteins fold correctly
(4), in facilitating protein localization (3, 5),
and in the prevention of formation of pro-
teinaceous aggregates during physiological
stress (6). Since a single chaperone com-
monly interacts with a number of different
polypeptides, how a chaperone specifically
recognizes and binds to a target is an impor-
tant and intriguing question.

SecB, an oligomeric molecular chaperone
in E. coli, is involved in export of a subset of
unrclatcd proteins (7-9). SecB not only en-
hances the efficiency of delivery of the pre-
cursors to the membrane (10), most likely
through specific interaction with SecA (11),
but also is responsible for maintaining the
proteins in a loosely folded state so that they
remain competent for translocation from the
cytoplasm across the cytoplasmic membrane

OLECULAR CHAPERONES ARE
proteins whose general function

Department of Biochemistry and Biophysics, Washing-
ton State University, Pullman, WA 99164—4660.

*On leave from Department of Biology, University of
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to their final destination in either the peri-
plasmic space or in the outer membrane
(9-11). The interaction of cytoplasmic SecB
with precursor maltose-binding protein
(MBP), orie of the proteins that depends on
SecB for efficient export, occurs early in the
export pathway in vivo (7) but does not
involve recognition of the amino-terminal
leader sequence [(12-14); see (15) for an
opposing view]. SecB binds the precursor
polypeptide at sites that are distinct from the
leader sequence (16). The studies described
here indicate that precursor MBP contains
no unique sequence of amino-acyl residues
that serves as a hallmark for binding of SecB.
SecB bound tightly to all nonnative poly-
peptides tested even though it did not inter-
act with any native protein. It seems that
SecB has little selectivity for the sequence of
amino-acyl residues.

If SecB recognizes all nonnative struc-
tures, how are proteins that are to be export-
ed distinguished from those that are to
remain in the cytoplasm? We propose that
selectivity results from a kinetic partitioning.
The pathway a polypeptide takes in vivo
depends on the rate of its folding relative to
the rate of its association with SecB. Pro-
teins that rapidly fold are precluded from
binding, whereas the presence of a leader,

REPORTS 439





