at the P3 stereotaxic level was similarly
carried out in order to separate the lateral
lemniscus complex from the superior oli-
vary complex (6). In some cases, the coch-
lear nucleus was exposed by aspirating the
overlying cerebellum and was then surgi-
cally isolated from the adjacent brainstem
under visual control. The acoustic nerve
was similarly isolated from the cochlear
nucleus by carefully sectioning the nerve at
the internal acoustic meatus. Each of these
lesions was made with subsequent success-
ful recordings in at least two animals. The
animals were killed and were immediately
perfused with 10 percent formalin. Frozen
sections were cut at 80 um and stained
with thionine. Lesion reconstructions were
made by projecting the relevant brain sec-
tions onto appropriate brain atlas dia-
grams (6).

In Fig. 1, the first trace indicates the typ-
ical sequence of far-field evoked response
components elicited in the intact cat by
binaural click stimuli. The average latency
of each potential and its range were deter-
mined from recordings in seven cats, with
the following values obtained: peak |1,
1.4 + 0.2 msec; peak 2, 2.6 + 0.3 msec;
peak 3, 3.5 + 0.4 msec; peak 4, 48 +0.5
msec; and peak 5, 6.7 + 0.7 msec. Follow-
ing decerebration, all potentials continued
to be elicited at approximately the same
amplitude and latency, which indicated
that the primary loci of generation were
caudal to the level of midbrain transection.
Subsequent. aspiration of the inferior colli-
culi or, in other experiments, isolation of
the colliculi from the brainstem by bilat-
eral undercutting eliminated potential 5
(Fig. 1). After stable recordings had been
obtained from the acollicular preparation,
the cochlear nucleus was surgically iso-
lated from the adjacent brainstem. Follow-
ing this procedure, potentials 3 and 4 dis-
appeared, while potentials [ and 2 contin-
ued to be elicited by the click stimuli at ap-
proximately control amplitude and
latency. When the acoustic nerve was sub-
sequently isolated from the cochlear nu-
cleus, potential 2 disappeared while poten-
tial 1 continued to be elicited. This poten-
tial disappeared following a lethal dose of
pentobarbital. These data indicated that
potential 5 required the integrity of the in-
ferior colliculus, while potentials 2 and |
required the integrity of the cochlear nu-
cleus and the acoustic nerve, respectively.

To assess the contribution of crossed
projections, particularly to potentials 3
and 4, the split brainstem preparation was
next studied. With binaural click stimu-
lation, the typical sequence of evoked po-
tential components was induced in the de-
cerebrate cat with intact brainstem (Fig.
2). After sagittal midline section of the
brainstem, there was little change in ampli-
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tude or latency of potentials | and 2. In
contrast, potential 3 was largely abolished
in the split brainstem preparation illus-
trated, even though a ventral fragment of
the trapezoid body remained intact; in
other preparations, with complete inter-
ruption of the trapezoid body, potential 3
was completely abolished. Potential 4 was
reduced approximately 50 percent after the
sagittal brainstem section and potential 5
largely disappeared. Hence, far-field po-
tentials 1 and 2 were independent of fibers
crossing the midline, whereas potentials 3
and 5 were largely dependent upon such
crossed projections and potential 4 was ap-
proximately equally dependent upon
crossed and uncrossed projections.

In order to analyze further the origins of
potentials 3 and 4, sections were made be-
tween the lateral lemniscus and superior
olivary complex before or after sagittal
midline section. As noted above, far-field
potentials 1, 2, and 4 remained following
the sagittal brainstem section when click
stimuli were delivered to the left or right
ear. Subsequent transverse section of the
left hemibrainstem, which destroyed the
dorsal nucleus and interrupted the tract of
the lateral lemniscus, produced no change
in the potentials (Fig. 3, left clicks, A and
B). In contrast, a section through the right
hemibrainstem, which destroyed the ven-
tral nucleus of the lateral lemnicus and the
adjacent preolivary complex, resulted in
the loss of potential 4 (Fig. 3, right clicks,
A and B). When transverse sections were
made bilaterally through the ventral nu-
clear region of the lateral lemniscus prior
to the sagittal midline section, potential 4
was almost completely abolished, whereas

potential 3 showed only a slight reduction
in amplitude. Thus, potential 4 required
the integrity of the ventral nucleus of the
lateral lemniscus and the adjacent pre-
olivary complex and was dependent to al-
most an equal extent upon the crossed and
uncrossed projections to this area. Poten-
tial 3, in contrast, was dependent upon a
more caudally situated structure which re-
ceived primarily crossed inputs, which sug-
gests the medial superior olivary nucleus as
the primary generator of this potential.
These data indicate the primary origin
of each of the far-field acoustic response
components in the cat. Such identification
may enhance the usefulness of this mea-
sure in both basic and clinical neurophysio-
logical studies.
JENNIFER S. BUCHWALD
CHI-MING HuANG
Department of Physiology, Mental
Retardation Center, and Brain Research
Institute, University of California
Medical Center, Los Angeles 90024.
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Tetrahedral Intermediate in a Specific «-Chymotrypsin

Inhibitor Complex Detected by Laser Raman Spectroscopy

Abstract. Laser Raman spectroscopy indicates that inhibition of a-chymotrypsin by 2-
phenylethaneboronic acid occurs in two steps: (i) the formation of a loosely bound com-
plex, in which the boron remains in a trigonal configuration; and (ii) reaction of the boron
with a functional group in the catalytic site of the enzyme, resulting in a reversible, stable

tetrahedral adduct.

The design of a number of specific en-
zyme inhibitors has been based on the hy-
pothesis that reactive intermediates, or
transition states, of compounds whose re-
actions are being catalyzed bind consid-
erably better to enzymes than do the com-
pounds themselves (/-3). Among these
compounds is 2-phenylethaneboronic acid,
a powerful inhibitor of a-chymotrypsin,
prepared by Koehler and Lienhard (4).
These authors suggest that a tetrahedral
adduct between the y-oxygen of a serine
residue in the catalytic site of the enzyme

and the inhibitor is responsible for the
strong binding, and they consider this in-
termediate analogous to the transition
states of chymotrypsin-catalyzed reac-
tions. However, a number of different
boronic acid derivatives have been used as
enzyme inhibitors (5-6a), and several
mechanisms have been considered (4, 6,
6a) to account for their properties.

In view of the importance of boronic
acids as specific enzyme inhibitors and
their possible use in studies of mechanisms,
we have investigated by means of laser Ra-
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man spectroscopy the structure of a com-
plex of crystalline a-chymotrypsin with 2-
phenylethaneboronic acid.

The apparent dissociation constant of
the crystalline complex formed with a-chy-
motrypsin and 2-phenylethaneboronic
acid at pH 5.0 was determined by the in-
dole displacement method (7). The value of
1.2 mM thus determined is comparable to
a value of 1 mM obtained in solution stud-
ies at pH 5.0 (4).

The crystalline enzyme was specifically
phosphorylated with diisopropyl phospho-
fluoridate under conditions known to lead
to specific phosphorylation of the y-oxy-
gen of the serine residue in the active site of
the enzyme (8). The laser Raman spectrum
characteristic of the crystalline chymo-
trypsin-2-phenylethaneboronic acid com-
plex (as described below) (Fig. lc) at pH
7.0 was not seen when crystalline diisopro-
pylphosphoryl a-chymotrypsin was used in
the experiments.

The spectrum of 2-phenylethaneboronic
acid in solution at pH 5.0 in the region be-
tween 547 cm™ and 897 cm™!' is shown in
Fig. 1a. A band is seen at 775 cm™'. Also in
Fig. 1a we see the solution spectrum of 2-
phenylethaneboronic acid at high pH.
There is a major band at 685 cm™'. Spectra
of solutions of methylboronic acid (9) un-
der the same conditions are similar. The
results were not affected by the presence of
60 percent (by volume) ammonium sulfate.
Spectra of the trigonal boron compounds
in solution and in a crystalline state ap-
peared essentially the same in the spectral
region examined.

The spectrum of chymotrypsin in the re-
gion between 650 cm™' and 800 cm™!, with
a major band at 767 cm™', is seen in Fig.
1b. It is similar to the spectra of Lord and
Yu (/0) and Koenig (/7). The spectra of a
crystalline complex of a-chymotrypsin and
2-phenylethaneboronic acid at pH 5.5 and
pH 7 are seen in Fig. 1c. At pH 7, a band at
684 cm™! is observed, whereas this band is
not observed at pH 5.5.

The specific and exclusive interaction of
both diisopropyl phosphofluoridate and in-
dole with the active site of chymotrypsin
has been established by x-ray diffraction
experiments (8, 12). We have used the two
compounds to show that the laser Raman
spectra discussed below refer to a specific
chymotrypsin-inhibitor complex and to the
interactions at the catalytic site.

A primary task in interpreting the laser
Raman spectra was to identify the band at
685 cm™' at high pH, and at 775 cm™' at
low pH, in the solution spectra of 2-phe-
nylethaneboronic acid. Both bands ap-
peared in the spectra of methylboronic
acid with a similar structure and intensity.
This confirms that the bands arise not
from the methyl or phenylethyl groups but
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from the boronic acid. In addition, it is
known that at pH 5.0 2-phenylethanebo-
ronic acid is in the trigonal form, while at
pH 11.0 it exists as a tetrahedral, nega-
tively charged adduct with hydroxide ion
(13). The exact nature of this vibration
cannot be specified without a detailed
spectroscopic and normal coordinate study
of 2-phenylethaneboronic acid and its
analogs. However, the frequency and po-
larization properties of the bands suggest
that a boron-oxygen deformation may be
responsible. In any event, the data indicate
that the two bands do indeed arise from the
boronic acid group and are sensitive to the
pH-induced structural transition in 2-
phenylethaneboronic acid (13).

The spectra obtained from the crystal-
line enzyme (Fig. 1b) were the best we have
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Fig. 1. Laser Raman spectra of (@) 30 mM 2-
phenylethaneboronic acid, (b) crystalline a-chy-
motrypsin, and (c) crystalline a-chymotrypsin 2-
phenylethaneboronic acid complex. Thrice-crys-
tallized a-chymotrypsin (Worthington) was
recrystallized (20) with the use of enzyme grade
(NH,),SO, (Schwarz/Mann). Before the experi-
ments, the crystals were washed three times with
a 60 percent (by volume) (NH,),SO, solution. 2-
Phenylethaneboronic acid was allowed to dif-
fuse into a-chymotrypsin crystals in solutions
consisting of 77 percent (by volume) (NH,),SO,,
8.6 mM in inhibitor, pH 5.0, for at least 4 hours.
The suspension of crystals was adjusted to pH
5.5 or to pH 7.0 by addition of potassium phos-
phate buffer to give solutions with a final
concentration of 60 percent (by volume)
(NH,),SO,, 6.7mM 2-phenylethaneboronic
acid, 0.55M potassium phosphate. After 20 min-
utes, the crystals were washed twice with 1-ml
portions of solutions of the same composition as
the mother liquor, except that 2-phenylethane-
boronic acid was omitted. The crystals were
then mounted for laser Raman spectroscopy.
The 2-phenylethaneboronic acid solutions were
identical to those used with the enzyme. One of
the solutions was adjusted to pH 11 by addition
of concentrated KOH. The pH of the solution
was operational, as measured on a Corning
model 12 meter with a glass electrode (A. H.
Thomas, 4858-L25). Laser Raman spectra were

observed from a protein. The crystalliza-
tion process appeared to have removed all
fluorescent impurities. This reduced the
background to a level which we believe is
an inherent part of the Raman spectrum of
the protein. At this level of purity, the am-
ide I peak was three-and-a-half times the
background. In essence, such sample pu-
rity allowed us to detect the relatively
weak scattering of the 2-phenylethanebo-
ronic acid in the active site of the enzyme.

With the spectral data shown in Fig. 1, a
to ¢, as a basis, we tried to detect the vibra-
tion from the boronic acid group in a com-
plex of a-chymotrypsin and 2-phenyleth-
aneboronic acid at low and high pH.

At pH 5.5, where 2-phenylethanebor-
onic acid is known to bind less well by an
order of magnitude than at pH 7.0, the
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obtained with a coherent radiation 52 B argon ion laser, a double monochromator (Spex 1401) with
a home-built stepping motor, and a multichannel analyzer (Nuclear Data model 1100). The photon
counts recorded at each wavelength setting of the monochromator were plotted and averaged, with
the aid of a PDP/11 minicomputer. With a counting time of 60 seconds, the background was a little

more than 250 counts.
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685 cm™' band, characteristic of tetra-
hedral boron, is not seen in spectra of the
crystalline enzyme-inhibitor complex (Fig.
1c). The indole displacement experiments,
however, have shown that 2-phenylethane-
boronic acid saturates the active site of the
crystalline enzyme at pH 5.0. We con-
clude, therefore, that the intense a-chy-
motrypsin band at 767 cm™! obscured the
less intense band at 775 cm™' because of
trigonal boron in the chymotrypsin-inhibi-
tor complex at pH 5.5 (Fig. ic).

At pH 7.0, as is seen in Fig. Ic, the band
at 684 cm™' is present in the spectra of the
crystalline enzyme-inhibitor complex. The
position of the band at 684 cm™!' indicates
that at this pH chymotrypsin binds 2-
phenylethaneboronic acid in the tetrahe-
dral configuration. X-ray studies indicate
that in an analogous system, the crystalline
complex of subtilisin BPN’ with 2-
phenylethaneboronic acid, the inhibitor is
bound to the active site of the enzyme in
tetrahedral configuration (/4).

These data and other results (4-6, 15)
lead to the following interpretation of the
inhibition mechanism. First an enzyme-in-
hibitor complex is formed in which the bo-
ron remains in trigonal form (/5). The pH
dependence of the inhibition, which has
been reported to be similar to that ob-
served in the catalytic reaction (4, 6, /6),
occurs in a subsequent step which leads to
a tetrahedral adduct between enzyme and
inhibitor.

The tendency of boron to form weak
complexes with a variety of functional
groups is well known (17-19). Our data in-
dicate that strong complex formation with
a boronic acid derivative that can interact
with the specific binding site of the enzyme
and a functional group in the active site in-
volves a tetrahedral adduct as suggested by
Koehler and Lienhard (4).

GEORGE P. HEss
DAVID SEYBERT
Section of Biochemistry and Molecular
Biology, Clark Hall, Cornell University,
Ithaca, New York 14853
AARON LEWIS, JOHN SPOONHOWER
ROBERT COOKINGHAM
School of Applied and Engineering
Physics, Clark Hall, Cornell University
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Anthopleurine: A Sea Anemone Alarm Pheromone

Abstract. The sea anemone Anthopleura elegantissima responds with characteristic
contraction to a pheromone released by wounded conspecifics. The alarm pheromone was
isolated by ion-exchange chromatography and identified by chemical and spectroscopic
methods as the quaternary ammonium ion (3-carboxy-2,3-dihydroxy-N,N,N-trimethyl )-
1-propanaminium. Median effective concentration of the crystalline pheromone is 3.5 x

10- mole per liter of seawater.

Evidence has been reported for the exis-
tence of pheromones in several marine in-
vertebrates (/). With one exception the
marine pheromones examined to date are
large molecules not readily amenable to
detailed chemical characterization (2). Un-
like airborne pheromones that must be rel-
atively small molecules to be volatile, wa-
terborne pheromones need not be small to
be soluble in water (2). The only marine
pheromone whose structure is known is
crustecdysone, a polar steroid that appears
to be a sex pheromone in certain crabs (3).

e T RPN b

We now report the discovery, isolation,
and chemical structure of an alarm phero-
mone in the sea anemone Anthopleura ele-
gantissima (Cnidaria, Anthozoa).

The aggregating form of A. elegantis-
sima was collected from exposed intertidal
rocks in Monterey, California. Animals
from the single clone (4) used for bioassays
were transferred in groups of six animals
to 24 glass bowls (250 ml) and maintained
in the laboratory with running seawater
for 2 months before being used for experi-
ments. An average illumination of 2300 lux

Fig. 1. Alarm response to a strong stimulus: (A) immediately before first overt response; (B) 0.3 sec-
ond later, after the first of three rapid tentacle flexures: (C) 1 second after B, contraction of the
mesenterial retractors; (D) 1.5 seconds after C, constriction of the marginal sphincter.
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