We tested the effect of tris solutions at
pH values ranging from 7.0 to 9.0. In all
experiments tris was increasingly ef-
fective as the pH was increased.

The results of these experiments sug-
gest that tris is more effective in the un-
charged form, but they do not indicate
whether it is working at an intracellular
or an extracellular site, or, in fact,
whether the tris is charged or uncharged
at that site.

Tris could be entering the cell and in-
terfering with the processes that occur
after transmitter-receptor interaction.
On the other hand, the chemical similar-
ity of tris to acetylcholine (see Fig. 2)
suggests that tris could be an antagonist
of acetylcholine binding to its receptor.

Tris may be a specific antagonist of
cholinergic responses. We have per-
formed preliminary experiments with
iontophoresed dopamine which show
that excitatory responses are minimally
altered, if at all, by 10 mM tris. In the
case of 5-hydroxytryptamine (5-HT),
Gerschenfeld and Paupardin-Tritsch (5)
used tris to substitute for sodium in a
study of S-HT-mediated hyperpolari-
zations and did not report any diffi-
culty. In contrast, Blankenship et al. (6)
used tris (and occasionally choline chlo-
ride and sucrose) as a substitute for so-
dium in the study of cholinergic excita-
tion in Aplysia. Only in a few experi-
ments were they able to demonstrate the
expected shift in reversal potential. In
the remainder, the response was nearly
abolished and estimates of reversal po-
tential could not be made. It is not clear
from (6) which sodium substitute was
used in the various experiments. The
abolition of the response may have been
caused by direct action of tris on the ace-
tylcholine-mediated excitation.

The results reported here and the con-
firming results of Parmentier and Zbicz
(3) were obtained with molluscan sys-
tems; further studies should be carried
out with cholinergic responses in other
systems. Since a number of laboratories
have utilized tris-buffered solutions in
both biochemical (7, 8) and physiological
(9) studies of cholinergic systems, specif-
ic experiments to explore the effect of
tris on acetylcholine binding and the as-
sociated conductance changes would be
most helpful. Until the full extent of the
synaptic actions of tris is known, it should
be used only after proper control experi-
ments have been performed.

WILKIE A. WILSON
MARGARET T. CLARK
TeErrY C. PELLMAR
Epilepsy Center,
Veterans Administration Hospital,
Durham, North Carolina 27705
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Design of Specific Inhibitors of Angiotensin-Converting

Enzyme: New Class of Orally Active Antihypertensive Agents

Abstract. A hypothetical model of the active site of angiotensin-converting en-
zyme, based on known chemical and kinetic properties of the enzyme, has enabled us
to design a new class of potent and specific inhibitors. These compounds, carboxyal-
kanoyl and mercaptoalkanoyl derivatives of proline, inhibit the contractile response
of guinea pig ileal strip to angiotensin I and augment its response to bradykinin.
When administered orally to rats, these agents inhibit the pressor effect of angioten-
sin I, augment the vasodepressor effect of bradykinin, and lower blood pressure in a

model of renovascular hypertension.

The nonapeptide SQ 20,881, <Glu-
Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro ),
has been shown to be a specific and po-
tent inhibitor of angiotensin-converting
enzyme in vitro (2) and in vivo (3). Pre-
liminary clinical studies ¢) have demon-
strated the great potential of SQ 20,381
as a novel antihypertensive drug, limited
only by its lack of oral activity. This
therapeutic potential led us to test other
structural types in our search for new,
specific, and orally active inhibitors.

Specific inhibitors of angiotensin-con-

verting enzyme would be expected to

show the profile of activities exemplified
by SQ 20,881 (Table 1) with respect to
inhibition of the isolated enzyme (5), in-
hibition of the contractile response of
smooth muscle to angiotensin I (2), aug-
mentation of the contractile response to

"CARBOXYPEPTIDASE A"

N

bradykinin (2, 6), and no effect on re-
sponses to other agonists. Only a small
fraction of the nonpeptidic compounds
that we have tested were potent inhib-
itors of angiotensin-converting enzyme,
and very few of these showed the de-
sired specificity. However, accumulated
knowledge of the chemical and enzymat-
ic properties of angiotensin-converting
enzyme suggested the possibility of a
new approach, the rational design of spe-
cific inhibitors of angiotensin-converting
enzyme.

Previous studies with substrates and
inhibitors of angiotensin-converting en-
zyme (7) suggested that this peptidase
was a carboxypeptidase similar to pan-
creatic carboxypeptidase A, even though
it releases dipeptides rather than single
amino acids from the carboxylic acid end
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Fig. 1. Schematic representation of the binding of substrates and inhibitors at the active site of
pancreatic carboxypeptidase A, and at the hypothetical active site of angiotensin-converting

enzyme.
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of peptide substrates. These investiga-
tions had also indicated that angiotensin-
converting enzyme, like carboxypepti-
dase A, was a zinc-containing metal-

O.Img/kg

loprotein, a conclusion that has been
verified recently by other investigators
8). It thus seemed reasonable to assume
that the mechanism of action and, there-
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Fig. 2. Mean percent inhibition (+ standard error) of pressor responses to angiotensin I after
single oral doses of SQ 14,225 in fasted, unanesthetized rats (four animals per dose). The rats

were challenged at the indicated times with intravenous injections of angiotensin I at 310 ng/kg.

fore, the active site of angiotensin-con-
verting enzyme would be similar to that
of carboxypeptidase A.

The important  substrate-binding
groups at the active site of carboxypepti-
dase A (9), and at the active site of our
hypothetical model of angiotensin-con-
verting enzyme are shown in Fig. 1. Pos-
itively charged groups at both active
sites (Arg!*®, in the case of carboxypepti-
dase A) form ionic bonds with the nega-
tively charged terminal carboxyl groups
of the substrates. An adjacent ‘‘hydro-
phobic pocket’ is responsible for the
specificity of carboxypeptidase A toward
substrates containing COOH-terminal
aromatic amino acids. Angiotensin-con-
verting enzyme, having no such specific-
ity, would not be expected to have a sim-
ilar hydrophobic pocket. However, the
active site of this enzyme might have a
group capable of interacting with the
COOH-terminal amide bond of the sub-
strate, probably through hydrogen bond-
ing (Fig. 1). The zinc ions must be suit-
ably located at the active site of both en-
zymes to polarize the carbonyl groups of
the scissile amide bonds making them
more susceptible to hydrolytic cleavage.

Table 1. Activities in vitro of inhibitors of angiotensin-converting enzyme. Procedures for testing compounds for inhibition of the rabbit lung
enzyme and for effects on the smooth-muscle contracting activity of various agonists have been described in (3, 5). Abbreviations: IC,, concen-
tration of compound producing 50 percent inhibition of enzyme activity or agonist effect; ACs,, concentration of compound producing 50 percent
augmentation of agonist effect; Al, angiotensin I; AIl, angiotensin II; BK, bradykinin; Ach, acetylcholine.

Activity (ug/ml)
. Angiotensin- Excised gui ioil
. . guinea pig ileum
Structure r?;ft?cl)gn converting
enzyme of
rabbit lung Al AIl Ach BK
(IC5) (ICs) (IC50) 1Cs (ACx)
1 <Glu-Trp~Pro-Arg—Pro-GIn -Ile-Pro-Pro (5020,88I) 1.0 0.068 > 32 > 32 0.0017
2 Hogc—CHZ—CHz—CO-N(>< COoH 135 94 >100 >100 8.0
i O
3 HO,C~CHy~CH—CO-N—/ < CO,H (5Q13,297) 12 13 >100 >100 0.2
.

4 Hozc—cnz—éH—co—N <& CO,H 340 >100 >100 >100 15

.0
5 HO,C~CHy~CH,~CH-CO-N—/<4 CO,H 1.0 4.6 >100 >100 1.0

AR
6 HO,G~CH p~CHp~CH-CO-N —/ <@ CO,H 230 >100 >100 >100 4.7
7 HS-CHZ—CHg—co@< CO,H (5Q13,863) 0.04 0.06 >100 >100 0.005

RS,
8 HS~CH, ~CH—CO-N—/ < COH (5Q14,225) 0.005 0.005 >100 >100 0.0007
R,

9 HS—CHz—éH—CO—N -4 CO,H 0.50 1.7 >100 >100 3.1
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In 1973, Byers and Wolfenden (/0) re-
ported that p-benzylsuccinic acid was a
potent competitive inhibitor of carboxy-
peptidase A (the inhibition constant K;
4.5 x 107"M). One of the most plausible
explanations ({0, 11) for this inhibitory
potency would be the simultaneous and
stereospecific interaction of the inhibitor
molecule with three substrate-binding
groups at the active site of carboxypepti-
dase A; namely, the positive charge of
Arg!*, the hydrophobic pocket, and the
zinc atom (Fig. 1). This observation,
along with the above-mentioned specula-
tions about the nature of the active site
of angiotensin-converting enzyme, led us
to pursue the design of specific inhibitors
of this peptidase along similar lines.

Since angiotensin-converting enzyme
is a *“dipeptidyl’’ carboxypeptidase (pep-
tidyldipeptide hydrolase, E.C. 3.4.15.1),
the distance between the cationic car-
boxyl-binding site and the zinc atom
should be greater than in carboxypepti-
dase A, by approximately the length of
one amino acid residue (Fig. 1). There-
fore, we postulated that a succinyl de-
rivative of an amino acid, rather than a
succinic acid, should be the prototype
for inhibitors of angiotensin-converting
enzyme. To test this hypothesis, we syn-
thesized succinyl-L-proline (Fig. 1, R,
= H). Proline was originally chosen
as the amino acid moiety because all of
the naturally occurring peptidic inhib-
itors of angiotensin-converting enzyme
have this amino acid as the COOH-ter-
minal residue; it was soon demonstrated
that proline-containing inhibitors were
more potent than those incorporating
other naturally occurring amino acids.
The activity profile of succinyl-L-proline
(structure 2, Table 1) clearly indicated
that this compound, although only slight-
ly active, was a specific inhibitor of an-
giotensin-converting enzyme.

After exploring the influence of dif-
ferent structural modifications, including
length and substitution of the acyl
moiety, we were able to increase consid-
erably the inhibitory activity of the pro-
totype compound by synthesis of 2-p-
methylsuccinyl-L-proline  (SQ 13,297,
structure 3), and 2-p-methylglutaryl-r-
proline (structure 5). These compounds
were purely competitive inhibitors of pu-
rified angiotensin-converting enzyme of
rabbit lung; and, when administered
orally or parenterally to rats, they inhib-
ited the pressor effect of angiotensin I.
The corresponding 2-L-methyl analogs of
these inhibitors were at least 100 times
less active (Table 1).

If the interaction of a carboxyl group
of compounds such as 3 with the zinc
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atom of the enzyme (Fig. 1) plays an im-
portant role in determining the inhibitory
potency, then replacement of the car-
boxyl function by other groups capable
of serving as zinc-ion ligands should
yield inhibitors of equal or greater po-
tency. Replacement of the carboxyl group
by nitrogen-containing functionalities
(amines, amides, or guanidines) did not
enhance inhibitory activity, but replace-
ment by a mercapto group (Fig. 1) led to
a dramatic improvement of inhibitory
potency, without any concomitant loss
of specificity. The potency and specifici-
ty of 3-mercaptopropanoyl-L.-proline (SQ
13,863, structure 7, Table 1) and 2-p-
methyl-3-mercaptopropanoyl-Lproline
(SQ 14,225, structure 8) are, on a molar
basis, equal to or better than that of the
nonapeptide SQ 20,881. The r-methyl
enantiomer of SQ 14,225 is at least 100
times less active.

The availability of compounds pos-
sessing such remarkably potent and spe-
cific inhibitory activity prompted the ex-
ploration of their effects on the renin-an-
giotensin system in two animal models.
In the first model, aortic blood pressures
of unanesthetized normotensive male
Sprague-Dawley rats (weighing about
200 g) were recorded directly before and
after challenge with angiotensins I and
II, bradykinin, and acetylcholine as de-
scribed (3, 12). Single oral doses of SQ
13,297 (300 to 1000 mg/kg), SQ 13,863 (1
to 30 mg/kg), or SQ 14,225 (0.1 to 1 mg/
kg), given by gavage to rats that were
fasted overnight, produced a dose-re-
lated inhibition of the pressor response
to angiotensin I (310 ng/kg, given intra-
venously), but not to that of angiotensin
IT (100 ng/kg, given intravenously). The
degree and time-course of the inhibitory
effects produced by SQ 14,225 on the
angiotensin I response is plotted in Fig.

2. At 1/3 to 1/100 of the above-cited oral
doses, the three compounds also aug-
mented the vasodepressor response to
bradykinin (3 to 10 ug/kg, given intra-
venously), but not that of acetylcholine
(0.3 to 1 pg/kg, given intravenously).
None of the compounds at any of the
doses tested had any appreciable effect
on the mean ‘‘resting’’ blood pressure.

The second animal model was the un-
anesthetized Goldblatt two-kidney renal
hypertensive rat, which is renin-angio-
tensin-dependent for at least several
weeks (/3). Male CFN Wistar rats
(weighing about 150 g) were made hyper-
tensive by placing a 0.22-mm silver clip
on the left renal artery, with the other
kidney being left intact (3). Five to six
weeks later, blood pressures were re-
corded from the abdominal aorta of each
of these unanesthetized rats. The rats
were maintained on commercial (Purina)
rat chow and tap water. In these rats
moderate to marked antihypertensive ef-
fects are produced by oral dosing with
SQ 14,225 (3 and 10 mg/kg) administered
by gavage (Fig. 3); this drug produced
practically no hypotensive effect in nor-
motensive Wistar rats (Fig. 3).

We have thus shown that the rational
design of inhibitors of angiotensin-con-
verting enzyme has led to the devel-
opment of potent oral antihypertensive
agents that act by blockade of the renin-
angiotensin system. The therapeutic effi-
cacy and the diagnostic utility of these
compounds in human hypertension re-
main to be demonstrated, but the results
in animals suggest that these compounds
have great potential as a new class of an-
tihypertensive drugs.

MIGUEL A. ONDETTI
BERNARD RUBIN, DAVID W. CUSHMAN
Squibb Institute for Medical Research,
Princeton, New Jersey 08540
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Major Innervation of Newborn Rat Cortex

by Monoaminergic Neurons

Abstract. A major monoaminergic innervation in infant rat neocortex, pre-
dominantly in layer IV, has been demonstrated by ultrastructural and biochemical
studies after the administration of exogenous catecholamine precursors and con-
geners. One-third of all cortical synapses have an uptake-storage mechanism for
catecholamines. In newborn cortex, the storage capacity for catecholamines is ten-
fold greater than the endogenous levels, and the uptake-storage mechanism matures
earlier than the ability to synthesize neurotransmitter.

Noradrenergic neurons with cell bod-
ies in the pons give rise to a widespread
innervation of the cerebral cortex (1).
Dopaminergic neurons with cell bodies
in the midbrain contribute an additional
innervation to restricted areas of the neo-
cortex (2). Despite the extensive pro-
jection of these catecholaminergic ax-
ons, it is estimated that they form less
than 1 percent of the total synaptic con-
tacts in the adult cerebral cortex (3).

In the neocortex of perinatal rats, the
density of aminergic terminals, as re-
vealed by histofluorescence methods,
appears to be extremely low (¢), and the
levels of catecholamine synthesizing en-
zymes and endogenous amines in neo-
cortex remain relatively low throughout
the newborn period (5, 6). Yet the major
catecholaminergic neurons are formed
and undergo differentiation at early
stages of fetal development (7), and their
axons reach the neocortex by 1 week be-
fore birth (8). Either there is a long delay
between the arrival of aminergic axons
in the cortex and the subsequent forma-
tion of synapses, or immature cate-
cholaminergic axons innervate the cor-
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tex at birth but are deficient at that age in
their ability to synthesize or transport
endogenous catecholamines. To address
this problem, we have attempted to char-
acterize the monoaminergic innervation
of immature cortex by an approach not
dependent upon the presence of endoge-
nous neurotransmitters. The in vivo up-
take of exogenous catecholamine pre-
cursors and congeners by the cortex was
studied by electron microscopic and bio-
chemical techniques.

Monoaminergic terminals can be iden-
tified at the ultrastructural level by the
presence of small (40- to 50-nm) granular
vesicles (SGV’s), which are the storage
sites for the amines (9). The demonstra-
tion of SGV’s in the central nervous sys-
tem is enhanced by exposure of tissue to
the catecholamine congener 5-hydroxy-
dopamine (5-OHDA) (10). This ‘‘false”’
neurotransmitter is selectively taken up
and concentrated in the synaptic vesicles
of monoaminergic nerve terminals,
where, after aldehyde fixation, it forms
an electron-opaque precipitate. This in-
direct method permits the ultrastructural
ahalysis of those synaptic terminals that

have an uptake-storage mechanism spe-
cific for monoamines (10, 11). Since the
immature blood-brain barrier. is per-
meable (/2), systemic administration of
5-OHDA was used to study the distribu-
tion of monoaminergic terminals in the
neocortex of infant rats (13).

The morphology and distribution of
synapses in the lateral neocortex of in-
fant rats (from birth to 7 days old) were
analyzed with the electron microscope
[for details see (/3-15)]. Interneuronal
appositions with characteristic vesicles
(30 to 50 nm in diameter) adjacent to an
area of membrane specialization were
designated as synapses. The density of
synapses in newborn cortex is extremely
low compared with that in the adult. In
rats from birth to 7 days old, treated with
5-OHDA, 30 percent of all synaptic ter-
minals in the lateral neocortex contain
SGV’s; these vesicles are round, 40 to 50
nm in diameter, and contain a dense, ec-
centric, electron-opaque granule (Fig. 1).
In control animals (untreated), all synap-
tic terminals contain clear (that is, emp-
ty) vesicles. In rats that have been
treated with reserpine (10 mg per Kkilo-
gram of body weight) 12 hours before 5-
OHDA, no SGV’s can be demonstrated.
Hence the vesicular accumulation of 5-
OHDA is reserpine-sensitive and prob-
ably is restricted to monoaminergic ter-
minals.

By 1 week of age, the six cy-
toarchitectonic layers characteristic of
mature cortex can be recognized. The
synapses—still relatively sparse—are
concentrated in strata that are parallel to
the surface (/5). In 5-OHDA-treated
rats, the radial distribution of SGV syn-
apses is characteristic and highly repro-
ducible: in layer IV (the deep third of the
cortical plate) more than 70 percent of
the synaptic terminals contain SGV’s
(I3). In other cortical layers, SGV syn-
apses are sparse, except in the marginal
zone where 10 to 30 percent of the bou-
tons contain SGV’s. Many of the SGV
boutons form synapses de passage as
is characteristic of central catechol-
aminergic neurons, and in layer [V many
are on proximal dendrites. The use of 5-
OHDA reveals, in immature cortex, a
previously unrecognized set of axon ter-
minals deficient in endogenous trans-
mitter but with the capacity to take up
and store this catecholamine congener.
We attempted to confirm and character-
ize this uptake-storage capacity by appli-
cation of biochemical methods.

Rats of various ages were treated with
the catecholamine precursor L-dopa.
Subsequently, dopamine and norepi-
nephrine levels in neocortex were mea-
sured by a sensitive radiometric enzymat-
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