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solution of iodomethane (2.4 g, 0.017 mol) and 2-methoxyethanol
(10 mL). After the solution was stirred for 1 h with exclusion
of light, additional iodomethane (0.5 g) in 2-methoxyethanol (5
mL) was added, and the solution was stirred at ambient tem-
perature overnight. The solution was concentrated under reduced
pressure, and the residual oil was triturated with ether to afford
asolid. Recrystallization from methanol-ether gave 4j as colorless
crystals. Properties of 4j, and 4n prepared in a similar manner
from 4m, are included in Table I

(%)-4,5-Dihydro-2-(4-methyl-1-piperazinyl)-4-phenyl-3 H-
1,3-benzodiazepine (4k). A mixture of 4j (4.8 g, 0.012 mol) and
1-methylpiperazine (35 mL) was refluxed with stirring under a
nitrogen atomosphere until the evolution of methyl mercaptan
ceased. The 1-methylpiperazine hydriodide that crystallized was
removed by filtration. The filtrate was diluted with chloroform
and washed with 5% NaOH solution. The dried (Na,SO,) organic
phase was filtered, the filtrate was concentrated, and the crude
product was crystallized twice from cyclohexane to afford 4k as
a colorless solid. Properties of 4k are included in Table I.

(£)-4,5-Dihydro-2-(4-morpholinyl)-4-phenyl-3H -1,3-
benzodiazepine (41). This compound was prepared from 4j (3.0
g, 0.076 mol) and morpholine (30 mL) to afford 41 in a manner
analogous to that described for 4k. Properties of 41 are included
in Table L

Pharmacological Method. Spontaneously Hypertensive
Rat Assay. All compounds were evaluated for antihypertensive
activity in spontaneously hypertensive rats (Okamoto-Aoki strain)
at an oral screening dose of 50 mg/kg. Systolic blood pressures
were determined by tail-cuff plethysmography predose on day

1 (zero time) and 2 h postdose on day 3. Details of the method
are described by Buggy et al.> The test compounds were sus-
pended in distilled water with Tween 80 and administered orally
at 50 mg/kg unless otherwise indicated. Animals were dosed every
day. Four animals per drug were used in the preliminary screen.
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[Cys(S-acetamidomethyl)!8]angiotensin II has been synthesized by the solid-phase method and purified by car-
boxymethylcellulose chromatography and reversed-phase HPLC. Treatment of this peptide with iodine gave the
cyclic octapeptide [Cys'®]angiotensin II, which was isolated by Sephadex G-25 chromatography and reversed-phase
HPLC. Comparison of the circular dichroism spectra of the open-chain and cyclic peptides, respectively, demonstrated
the existence of a disulfide bond with right-handed chirality in the cyclic peptide. In the isolated rat uterus assay,
the open-chain peptide was found to be a potent antagonist of angiotensin II, having approximately 10% of the
activity of [Sar?, Ile¥]angiotensin II, and the cyclic peptide had about 10% of the antagonist potency of its open-chain

synthetic precursor.

The design of potent in vivo antagonists of biologically
active peptides is desirable for clarification of the physi-
ological functions of hormones and for therapeutic ap-
plication in certain disease states. Conformational re-
striction of peptides via cyclization has proved to be a very
valuable tool in the design of peptide hormone analogues
that have resistance to metabolic degradation.’® Several
magnetic resonance studies have suggested a near-cyclic
conformation for angiotensin II (ANG II, Asp-Arg-Val-
Tyr-Ile-His-Pro-Phe).*®  Cyclization of ANG II with
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water-soluble carbodiimide has resulted in an inactive
product,” possibly because the C-terminal a-carboxyl group
was derivatized in the cyclization step. We have syn-
thesized a cyclic analogue of ANG II in which the C-ter-
minal carboxyl group remains free, by substituting Cys for
the N-terminal and C-terminal amino acids of the mole-
cule. These substitutions would be anticipated to produce
an angiotensin antagonist, since the presence of a straight
or branched side chain at the C terminus of ANG II is
known to abolish intrinsic activity without severely influ-
encing receptor binding affinity. In general, substitution
of the N-terminal amino acid of ANG II appears to in-
fluence only the rate of metabolic degradation of the
molecule and has a minor influence on receptor binding.®

Results and Discussion
The synthesis of the cyclic peptide [Cys'®JANG II

generally followed expectations, although the yields of
intermediate and final products, both from the synthesis
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Figure 1. Purification of angiotensin analogues by gel filtration
and HPLC. (A) Separation of the products obtained after de-
protection and cyclization of [Cys(Acm)*JANG II with iodine
by Sephadex G-25 chromatography eluting with 50% acetic acid.
The dashed lines indicate the fractions containing monomer which
were pooled and lyophilized. The elution position of [Cys-
(Acm)¥]ANG II is shown for reference purposes and demon-
strates, as has been shown previously,!” that the elution volume
is dependent on molecular diameter rather than on molecular
weight in this chromatography system. (B) Purification by re-
versed-phase HPLC (see Experimental Section) of the product
obtained after carboxymethylcellulose chromatography of [Cys-
(Acm)“8JANG II. The peak eluting at 20.9 min was collected.
(C) Purification by reversed-phase HPLC (see Experimental
Section) of the monomer fraction of [Cys'*]JANG II obtained by
Sephadex G-25 chromatography. The peak eluting at 23.7 min
was collected.

and purification steps, were substantially lower than have
been encountered in previous syntheses and purifications
that have followed a similar basic strategy.? However, the
products obtained were of reasonably high purity and
could be purified to homogeneity by reversed-phase HPLC.

Circular dichroism (CD) spectra of these peptides have
been used to verify the structure of the cyclic octapeptide.
A disulfide moiety gives CD bands near 290 and 240 nm.!0
The ellipticity bands near 290 and 240 nm are negative and
positive, respectively, when the molecule is in a left-hand
screw sense. The opposite situation is observed when the
disulfide bridge is in the right-hand helical chirality, i.e.,
positive band near 290 nm and negative band near 240 nm.
In oxytocin analogues, a positive band at 250-260 nm and
a negative band at 230-240 nm have been taken to indicate
a right-handed chirality for the disulfide bridge in oxyto-
cin.!! In our linear analogue [Cys(Acm)8]ANG II, there

(9) Moore, G. J.; Oudeman, E. M.; Ko, D.; Nystrom, D. J. Med.
Chem. 1979, 22, 1147.
(10) Linderburg, J.; Michl, J. J. Am. Chem. Soc. 1970, 92 2619.
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Figure 2. CD spectra of ANG II (A), [Cys(Acm'#)]ANG II (B),
and [Cys"*JANG (C) in water (see Experimental Section for
details). The CD spectrum for ANG II was taken from DeCoen
et al.”
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Table I. Antagonist Properties of Angiotensin Analogues
antagonist act.: MEC,¢

peptide M (no. of experiments)
[Sar!, Ile*]ANG II 2.1 +0.4X10°%(4)
[Cys(Acm)**]JANG II 2.4+ 05X 10°7(4)
[Cys!'®]JANG II 3.3+1.2X 10°%(4)
[Cys™*]ANG II dimer® 9.6 + 3.1 X 107¢ (3)

% Minimum effective concentration plus or minus the
standard error of the mean, of peptide required to abolish
the response to an ED75 dose of ANG II (10°% M) in the
isolated rat uterus assay. ? The first peak eluted from the
Sephadex G-25 column (see Experimental Section) with-
out further purification.

were no CD bands in the range 250-300 nm, as would be
expected for an open-chain peptide lacking the inherent
optical activity imposed by a disulfide bridge. In contrast,
strong optical activity was observed in the cyclic analogue,
[Cys!®]ANG II, as demonstrated by positive bands near
295 and 255 nm and a negative band at 230-240 nm. The
CD spectrum therefore suggests a right-handed helical
chirality for the disulfide bridge in the cyclic analogue and
confirms the cyclic structure of this peptide.

The results in Table I demonstrate that replacement of
the N- and C-terminal residues of ANG II with Cys(Acm)
produces a molecule with antagonist properties, having
about 10% of the antagonist activity of the most potent
known antagonist in this tissue, i.e., [Sar!,Ile}]ANG 1L
When the acetamidomethyl groups were removed from
[Cys(Acm)Y¥]ANG II and when the peptide was cyclized
by formation of a disulfide bond, the antagonist activity
of the resulting molecule decreased to about 10% of the
activity of its open-chain synthetic precursor. The pro-
gressively decreasing antagonist activities observed on
going from [Sar!,IIe¥JANG II to [Cys{Acm)®]ANG II to
[Cys'®]ANG II could be interpreted as manifestations of
significant changes in peptide conformation. On the other
hand, the decreasing antagonist potency observed for this
series of peptides may reflect differences in the length of
the side chain of the C-terminal amino acid, since it is
known that an optimum length for the side chain in pos-
ition 8 is important for antagonist activity.?® Thus, the
antagonist potencies of these peptides could be attributed
to the length of the side chain occupying position 8, i.e.,
optimum length for [Sar!,Ile8]ANG II, too long for [Cys-
(Acm)JANG II, and essentially infinite length for
[Cys'®]JANG II. Certainly the CD spectra indicated that,
apart from formation of the disulfide bond, no major
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change in conformation occurred on going from [Cys-
(Acm)¥]ANG II to [Cys'#]ANG II, supporting a primary
role for the side chain in position 8 in directing the an-
tagonist activity of these compounds. Interestingly, the
[Cys®]JANG II dimer also appeared to retain significant
antagonist activity (Table I).

These studies support the hypothesis based on nuclear
magnetic resonance spectroscopy that ANG II adopts a
near-cyclic conformation in solution and may also indicate
that this conformation is essentially maintained when the
hormone is bound to its receptors. These findings also
demonstrate that it is possible to synthesize cyclic ana-
logues of ANG II that are biologically active. Further
refinement of the cyclic peptide reported here may produce
potent antagonists with increased resistance to metabolic
degradation and perhaps therapeutically useful analogues
of ANG II for the treatment of cardiovascular disease.

Experimental Section

tert-Butyloxycarbonyl-blocked amino acids were purchased
from Peninsula Laboratories. Boc-Cys(Acm) was coupled to
chloromethylated 1% divinylbenzene—styrene copolymer (Bio-
Rad) by the cesium salt method,!® and the substitution was de-
termined by amino acid analysis {0.27 mmol of Cys(Acm)/g of
resin]. Solid-phase peptide synthesis was carried out on a 0.25-
mmol scale with a Beckman 990 peptide synthesizer essentially
by procedures described previously® to give Boc-Cys(Acm)-Arg-
(Tos)-Val-Tyr(Br-Z)-Ile-His(Tos)-Pro-Cys(Acm)-resin. Two
coupling steps with 2.5 equiv of Boc-protected amino acid and
coupling reagent were employed for each amino acid; the first
coupling was mediated by dicyclohexylcarbodiimide (DCC) in the
presence of hydroxybenzotriazole for 4 h and the second was
mediated by EEDQ for 8 h. Completion of couplings was verified
by the ninhydrin test.!* The completed peptide was removed
from the resin and simultaneously deprotected by reaction with
anhydrous HF (20 mL) in the presence of anisole (1 mL), ethyl
methyl sulfide (0.1 mL), and indole (0.1 g) for 30 min at 0 °C:
yield 290 mg (45%). After purification by carboxymethylcellulose
chromatography and reversed-phase HPLC (see below), the
product was obtained in 8% yield (22 mg).

[Cys(Acm)¥]JANG II (20 mg) was dissolved in 75% aqueous
methanol (160 mL), and iodine (20 mg) in methanol (6 mL) was
added dropwise during 1 h to the stirred solution.!>!¢ After a
further 5 h, one drop of acetic acid was added, and the solution
was taken to dryness on a rotary evaporator. The product was
dissolved in 50% acetic acid (1 mL) and chromatographed on a
column (60 X 1.6 cm) of Sephadex G-25, eluting with 50% acetic
acid at a flow rate of 5 mL/h. Two peaks of similar size were
detected from the absorbance at 280 nm (first peak, elution time
6 h; second peak, elution time 8.5 h). A subsequently determined
elution time for [Cys{Acm)¥]ANG I of 7.5 h suggested that, based
on molecular diameters,!” the second peak was the required cyclic
monomer and the first peak was dimeric material resulting from
intermolecular disulfide bond formation. Fractions (30 min)
corresponding to monomer and dimer, respectively, were cut for
purity rather than yield and were pooled, diluted with water, and
lyophilized: yield of monomer, 4 mg (20%); yield of dimer, 6 mg
(30%). The monomer was purified to homogeneity by re-
versed-phase HPLC (see below): yield 3 mg.

Carboxymethylcellulose Chromatography. The crude
product obtained after reaction with HF was dissolved in 7%
acetic acid (10 mL), clarified by centrifugation, and chromato-
graphed on a column (70 X 1.6 em) of Whatman CM23 carbox-
ymethylcellulose using a linear gradient of ammonium acetate
from 0.01 M, pH 5.0, to 0.5 M, pH 8.0. Fractions of the major
peak detected from the absorbance at 280 nm were collected (cut
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Notes

for purity rather than yield), lyophilized, and relyophilized from
1% acetic acid.

Semipreparative Reversed-Phase HPLC. Final purification
of peptides was accomplished with a Varian 5000 liquid chro-
matograph equipped with a Vista 401 microprocessor controller.
Separations were achieved on a C,g Varian MCH-10ncap column
(30 X 0.8 cm) at 40 °C using a stepped linear gradient of aceto-
nitrile in 0.1% trifluoroacetic acid (TFA) at a flow rate of 2.5
mL/min. Automated repetitive injections of peptides (20 X 0.5
mg) were made from a nitrogen-pressurized Rheodyne injector
with a 2.0-mL sample loop. The loop was loaded with 10 mg of
peptide in 2 mL of 0.25% acetic acid. One-twentieth of the total
sample was injected during each run by lowering the flow rate
to 0.2 mL/min for a 30-s “inject” period. One cycle consisted of
the following events: 0-10 min, flow 2.5 mL/min, 90% H,0/10%
of 1% TFA; 10-10.5 min, flow 0.2 mL/min, “inject™ 10.5-11 min,
flow 2.5 mL/min, “load”; 11-13 min, — 70% H,0/20%
CH;CN/10% of 1% TFA; 13-30 min, — 45% H,0/45%
CH,CN/10% of 1% TFA; 30-35 min, — 30% CH3CN/10% of
1% TFA; 35-42 min, 90% CH;CN/10% of 1% TFA; 42-47 min,
— 100% H,0; 47-50 min, 100% H,0.

Fractions were collected at 0.1-min intervals with a Gilson
Model 201 fraction collecter programmed to collect for a 5-min
period centered around the elution time of the major product.
The fraction collector was restarted by the Vista 401 at the be-
ginning of each HPLC run so that material eluting at the same
elution time was repeatedly deposited in the same tubes. Elution
of the peptide was detected simultaneously from the absorbances
at 254 (Varian UV-1) and 230 nm (Kratos SF769Z). Fractions
containing the required peptide were pooled; after removal of
CH;CN on a rotary evaporater at 40 °C, the fractions were ly-
pophilized and stored at —20 °C. Amino acid analyses were carried
out in 6 N HCL (containing 1% cresol to prevent loss of T'yr) at
110 °C for 18 h in vacuo.

CD Spectra. CD spectra were taken with a Jasco 50-U
spectropolarimeter and were accumulated eight times. Samples
were dissolved at a concentration of 0.67 mg/mL in water, pH
6.0, at 20 °C. Ellipticity (6) was determined as 10* deg cm? dmol™.

Bioassay. The isolated rat uterus assay was carried out on
uteri from diethylstilbestrol (DES) primed female Sprague—
Dawley rats (150-250 g) as described by Freer and Stewart.1®
Contractions were measured with Grass force-displacement
transducers connected to a Beckman dynograph. The tissue was
challenged every 12 min in all experiments, and the antagonist
was given 2 min before ANG II. Antagonist potencies were
determined as the minimum effective concentration, i.e., the
minimum concentration of antagonist required to completely block
the response to an ED75 dose of ANG II. This procedure was
adopted because a Schild plot determined for the standard an-
tagonist, [Sar!,Ile}JANG II, in this bioassay suggested noncom-
petitive antagonism for this peptide, thus invalidating the use
of pA, values for comparing antagonist potencies.!?

[Cys(Acm)¥JANG II. Amino acid analysis: Val, 1.00; Pro,
1.01; Cys, 0.95; Ile, 0.92; T'yr, 1.05; His, 1.21; Arg, 1.06. Mass ion
(FAB-MS): 1131; HPLC elution time 20.9 min; CD maxima 209
nm (8 -1.0), 230 (+1.2), 280 (+0.2); CD minima 218 nm (¢ 3.9),
240 (-1.2).

[Cys#JANG II. Amino acid analysis: Val, 1.00; Pro, 0.98; Cys,
1.50; Ile, 0.84; Tyr, 0.95; His, 1.15; Arg, 1.13. Mass ion (FAB-MS)
987; HPLC elution time 23.7 min; CD maxima 209 nm (6 -0.2),
231 (+0.2), 257 (+1.0), 294 (+1.0); CD minima 221 nm (¢ -2.8),
236 (-1.3), 275 (+0.7).
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