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the calorimetric experiments was incubated at 25°
with ATP-Cr transphosphorylase, in the absence of
buffer but in the presence of Ca*+and KClasin the
calorimetric runs. The pH was maintained at 8.00
by adding KOH from a microburet. After some
time the enzyme was inactivated by adding p-chlo-
romercuribenzoate, and the solution was analyzed
for Cr. Two experiments of this type gave for reac-
tion 1
g = —0.98 & 0.02

The published value® of ¢x for reaction 2 under our
experimental conditions is 1.00. These two figures
give + 0.02 £ 0.02 for ¢n for reaction 3.

Since ¢H differs from zero by less than the experi-
mental error, the correction term ¢uAH, in equa-
tion 4 has been taken to be zero. Thus the final
value for the heat of hydrolysis of CrP is AHnyq =
— 9000 =+ 500 cal. per mole.

The heat of hydrolysis of CrP is thus notably
higher than the values found, under similar condi-
tions, for ATP3? (— 5000 cal. per mole) and inor-
ganic pyrophosphate!® (—5800 cal. per mole). In
terms of the heat available on hydrolysis, CrP may
thus be considerd a ‘“‘high-energy phosphate” in a
rather more real sense than the polyphosphates.
On the other hand, this need not be true of the more
significant standard free energy of hydrolysis. In
fact, equilibrium studies'! on reaction 1 indicate
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that the standard free energy of hydrolysis of CrP
is quite close to that of ATP.

Since the standard free energies of hydrolysis of
ATP and CrP are nearly equal and the enthalpy of
hydrolysis!? of CrP is much more negative than that
of ATP, the standard entropy of hydrolysis of CrP
must be more negative than that of ATP by ap-
proximately 13 entropy units per mole. In view of
the multiply charged character and the unknown
extent of binding of Ca*+, of the various solute
species, and the fact that three molecules are formed
in the hydrolysis of ATP whereas only two are
formed in the hydrolysis of CrP, it is not possible to
give an interpretation of this difference in entropies.

Utilization of the data of Bernhard!? on the ioni-
zation constants and heats of ionization of the in-
trafibrial buffers of mammalian muscle permits an
estimate of the “‘physiological” heat of hydrolysis of
CrP. On the assumption that AC for the hydroly-
sis of CrP is zero, the value obtained for 37° and
pH 6.91s AHngq = —6900 cal. per mole.
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Synthetic Work Related to Arginine-Vasopressin!
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A new synthetic route to arginine-vasopressin was investigated. The approach involved the coupling of either S-benzyl-
N-tosyl-L-cysteinyl-L-tyrosyl-L-phenylalanyl-L-glutaminyl-L-asparaginyl-S-benzyl-L-cysteine or S-benzyl-N-carbobenzoxy-
L-cysteinyl-L-tyrosyl-L-phenylalanyl-L-glutaminyl-L-asparaginyl-S-benzyl-L-cysteine by the azide method with L-prolyl-L-
arginylglycinamide hydrobromide, which was synthesized by using nitroarginine as an intermediate. The resulting
crude protected nonapeptide hydrobromide was treated with sodium in liquid ammonia to remove the protecting groups and
then oxidized by aeration. The biologically active material thus obtained was purified by countercurrent distribution fol-
lowed by electrophoresis and ion-exchange chromatography. The active product proved to be identical with natural argi-
nine-vasopressin in potency, electrophoretic mobility, paper chromatography and ion-exchange chromatography on IRC-50

resin,

In earlier synthetic studies®* on arginine-vaso-
pressin, the protected pentapeptide S-benzyl-N-car-
bobenzoxy -L- cysteinyl -L- tyrosyl -L- phenylalanyl-
L-glutaminyl-L-asparagine® was coupled with the
monohydrobromide of the tetrapeptide S-benzyl-L-
cysteinyl-L-prolyl-L-arginylglycinamide® according
to the tetraethyl pyropliosphite method to give the
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protected nonapeptide amide. Also, the more
highly protected pentapeptide S-benzyl-N-carbo-
benzoxy-L-cysteinyl-o-tosyl -L- tyrosyl -L- phenylal-
anyl-L-glutaminyl-L-asparagine was used. In both
cases, treatment of the protected nonapeptide am-
ides with sodium in liquid ammonia and oxidation
of the resulting sulfhydryl compounds gave active
products, which after purification by countercur-
rent distribution and electrophoresis possessed a
lower specific activity than the natural arginine-
vasopressin. The lower activity of the products
was probably due to the formation of an anhydro
compound as a contaminating product in the cou-
pling reaction of the carboxyl group of asparagine.’8

(7) D. T. Gish, P. G. Katsoyannis, G. P. Hess and R. J. Stedman,
ibid., T8, 5954 (1956).
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A more highly active product with a potency
similar to that of the natural arginine-vasopressin
was obtained by coupling the azide of S-benzyl-N-
tosyl-L-cysteinyl-L-tyrosyl-L-phenylalanine with L-
glutaminyl-L-asparaginyl-S-benzyl-L-cysteinyl-L-
prolyl-L-arginylglycinamide hydrobromide.® Un-
fortunately, some of the intermediate peptides re-
quired extensive purification by countercurrent dis-
tribution.®8

The present paper describes another approach to
the synthesis of arginine-vasopressin that has
vielded a product with a potency similar to that of
the natural arginine-vasopressin. The protected
hexapeptide hydrazides S-benzyl-N-tosyl-L-cys-
teinyl-L-tyrosyl-L-phenylalanyl-L-glutaminyl-L-as-
paraginyl-S-benzyl-L-cysteinehydrazide and S-ben-
zyl-N-carbobenzoxy-L-cysteinyl-L- tyrosyl-L- phen-
ylalanyl-L-glutaminyl-L-asparaginyl-S-benzyl-L-
cysteine hydrazide were synthesized by coupling
either S-benzyl-N-tosyl-L-cysteinyl-L-tyrosyl-L-
phenylalanine® or S-benzyl-N-carbobenzoxy-L-cys-
teinyl-L-tyrosyl-L-phenylalanine,’ by the mixed an-
hydride or azide imethod, with L-glutaminyl-L-as-
paraginyl-S-benzyl-L-cysteine methyl ester, and
converting the resulting protected hexapeptide es-
ters into their corresponding hydrazides. The lat-
ter compounds were coupled by the azide method
with L-prolyl-L-arginylglycinamide hydrobromide,
which was synthesized by using nitroarginine as an
intermediate. Carbobenzoxy-L-prolylnitro-L-argi-
nine was prepared according to Hofmann, Peckham
and Rheiner,!! and the protected dipeptide was
condensed with glycinamide in a manner similar to
that used by those authors for preparing other pep-
tides through the carboxyl group of arginine.
In another experiment, the acetate of the tripeptide
was used for coupling with the hexapeptide azide.
Treatment of the resulting crude protected nona-
peptide with sodium in liquid ammonia, followed
by aeration yielded the active material, which was
desalted and concentrated on a column of IRC-50
resin by the procedure described for natural argi-
nine-vasopressin.!? The synthetic product was
purified by countercurrent distribution in the sys-
tem 2-butanol-0.06 M p-toluenesulfonic acid, by
electrophoresis at pH 4 in pyridine-acetate buffer?
and by ion-exchange chromatography on IRC-50
resin (H* form) with 0.65 M ammonium acetate.!?

The behavior of the synthetic product was the
same as that of natural arginine-vasopressin on
paper electrophoresis at two different pH’s (pyri-
dine-acetate buffer pH 5.6 and glycine buffer
pH 9), ion-exchange chromatography on IRC-50
and paper chromatography. The pressor activity
of the synthetic product, as assayed in therat,'* was
the same as that of natural vasopressin (350-400
units/mg.) obtained by the method of Acher,
Light and du Vigneaud.!? This level of activity
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also was found for the synthetic arginine-vaso-
pressin  obtained previously by a differest
method.?

Experimental

L-Glutaminyl-L-asparaginyl-S-benzyl-L-cysteine Methyl
Ester Hydrobromide.,—Carbobenzoxy-L-glutaminyl-L-as-
paraginyl-S-benzyl-L-cysteine methyl ester® (8 g.) was sus-
pended in 80 ml. of acetic acid which had been saturated
with HBr and the mixture was stirred at room temperature
for 1 hr, For removal of the acetic acid and excess HBr,
the solution was concentrated ¢% vacuo, the residual oil was
dissolved in 50 mil. of methanol and the solveut was dis-
tilled n vacuo. The hydrobromide was crystallized and re-
crystallized from methanol-ether; wt. 6.9 g. (95%), n..p.
184-185°, [a]#5D —37.5° (¢ 1, water).

Anal. Caled. for CypHaOsNsS-HBr: C, 43.8;
N, 12.8. Found: C, 43.7; H, 5.61; N, 12.7.

S-Benzyl-N-tosyl-L-cysteinyl-L-tyrosyl-L-phenylalanyl-L-
glutaminyl-L-asparaginyl-S-benzyl-L-cysteine Methyl Ester.
—A solution of S-benzyl-N-tosyl-L-cysteinyl-L-tyrosyl-L-
phenylalanine® (3 g., 4.4 mM) in 30 ml. of dimethylforma-
mide and triethylamine (0.61 ml., 4.4 mM) was cooled to
—15° and isobutyl chlorocarbouate (0.61 ml., 4.4 mi/)
was added. The mixture was stirred for 5 minutes at —15°
and rL-glutaminyl-L-asparaginyl-S-benzyl-L-cysteine methyl
ester hydrobromide (2.5 g., 4.5 mM) and triethylamine
(0.62 mi., 4.5 mM) in 20 ml. of dimethylformamide were
added. The reaction was allowed to proceed for 16 hr. at
5°, After addition of water to the reaction mixture, the
precipitate was filtered off and washed successively with N
HCl, water, 59, NaHCO; and water, and dried. It was re-
crystallized from acetic acid-water; wt. 3.3 g. (67%), m.p.
247-248°, [a]23Dp —38.8° (¢ 1, acetic acid).

Anal. Caled. for CeHesO12NsS;: C, 88.7; H, 5.73; N,
9.95. Found: C, 58.6; H, 5.92; N, 9.65.

This protected hexapeptide ester was also prepared by the
azide method. The yield was 609, n1.p. 247-248°.
S-Benzyl-N-tosyl-L-cysteinyl-L-tyrosyl-L-phenylalanyl-L-
glutaminyl-L-asparaginyl-S-benzyl-L-cysteine Hydrazide.—
Hydrazine hydrate (1.5 ml.) was added to a solution of S-
benzyl-N-tosyl-L-cysteinyl-L-tyrosyl -L- phenylalanyl -L-glu-
taminyl-L-asparaginyl-S-benzyl-L-cysteine = methyl ester
(2.65 g., 2.3 mM) in 20 nil. of dimethylformamide. The
solution was allowed to stand at room teniperature overuight
and then cooled to 0°. The crystalline hydrazide was
filtered off, washed with water and dried; wt. 1.9 g. (75%),
m.p. 261-262°, [a]2lp —15.2° (¢ 1, dimethiylformainide).

Anal. Caled. for ngHuOuNwSa! N, 12.4. Found: N,
1.

H, 5.51;

12

S-Benzyl-N-carbobenzoxy-L-¢ysteinyl-L-tyrosyl-L-phen-
ylalanyl -L- glutaminyl -L- asparaginyl-S- benzyl - L - cysteine
Methyl Ester.—S-Benzyl-N-carbobenzoxy-L-cysteinyl-L-ty-
rosyl-L-phenylalanine azide (prepared from 1.6 g. (2.4 mM)
of the corresponding hydrazide!®) was added to a solution of
L-glutaminyl-L-asparagiuyl-S-benzyl-L-cysteine metliyl es-
ter hydrobromide (1.15 g., 2.1 mM) and triethylaniiue (0.3
ml., 2.1 mM) in 15 ml. of dimethylformamide and stirred
for 24 hr. at 4° and for 12 hr. at room temperature. After
additiou of 50 ml. of water to the reaction mixture, the pre-
cipitate was filtered off and washed with 100 ml. of hot ethyl
acetate, N HCl and water, and dried. It was precipitated
from acetic acid-water; wt. 1.6 g. (70%), m.p. 256-257°,
[a]®p —31.5° (¢ 1, acetic acid).

Anal. Caled. for CisHesO12NsS,: C, 60.8; H, 5.83; N,
10.1. Found: C, 60.7; H, 5.91; N, 10.1.

S-Benzyl-N-carbobenzoxy-L-cysteinyl-L-tyrosyl-L-phenyl-
alanyl-L-glutaminyl-L-asparaginyl-S-benzyl-L-cysteine y-
drazide.—Hydrazine hydrate (0.3 ml.) was added to a
solution of S-benzyl-N-carbobenzoxy-L-cysteinyl-L-tyrosyl-
L- phenylalanyl-L-glutaminyl-L-asparaginyl-S-benzyl -L- cys-
teine methyl ester (0.5 g., 0.45 mM/) in 5 ml. of dimethyl-
formamide. The solution was allowed to staud at room
temperature overnight and then was cooled to 0°. Cold
water (20 ml.) was added aud the precipitate was filtered

(14) Capillary melting points were determined for all compounds
and are corrected.
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off, washed with water and dried; wt. 0.4 g. (80%), m.p.
250-251°, [a]®D —40.4° (¢ 1, dimethylformamide).

Anal. Caled. for CasHuOuNwSzZ C, 59.8, H, 583,
N, 12.7. Found: C, 59.6; H, 5.87; N, 12.5.

Carbobenzoxy-L-prolylnitro-L-arginine Methyl Ester.—
Nitro-L-arginine methyl ester hydrochloride!! (2.7 g., 0.01
M) was dissolved in 25 ml. of methanol, and 0.5 N meth-
anolic sodium methoxide (20 ml.) was added. The mixture
was evaporated to dryness in vacuo and the residue was
triturated with dioxane (25 ml.). This solution was added
to a mixed anhydride prepared from carbobenzoxy-1-proline
(2.5 g., 0.01 VM), tri-n-butylamine (2.4 ml., 0.01 M) and
etliyl chlorocarbonate (0.96 ml., 0.01 A7) in 25 ml. of dioxane
for 15 minutes at 10°. The mixture was allowed to stir for
45 niinutes at room temperature and then the dioxane was
replaced by ethyl acetate; the solution was washed succes-
sively with N HCI, water, 5% NaHCO; and water, dried
over anhydrous magnesium sulfate and evaporated to dry-
ness. The compound was recrystallized from methanol-
ether; wt. 3.3 g. (70%), m.p. 130-132°, [a]®D —44.9°
(¢ 2, methanol).

Anal. Caled. for CyHaiOiNg: C, 51.7; H, 6.07; N,
18.1. Fouund: C, 51.7; H, 6.15; N, 18.0.

Carbobenzoxy-L-prolylnitro-L-arginine.-——Carbobenzoxy-
L-prolyluitro-L-arginine methyl ester (1.4 g., 3 mM) was
saponified by stirring the material for 45 minutes at room
temperature with 0.5 N NaOH (9 ml.). The reaction mix-
ture was cooled in ice and acidified with coned. HCl. The
resulting crystalline product was filtered off, washed with
water and dried. It was recrystallized from acetone-water;
wt, 1.25 g. (92%), m.p. 197-198°, [a]?D —32.5° (¢ 3.92,
methanol). Hofmann, e al.,11 reported m.p. 197-198°,
[a]D —32.7° (¢ 3.92, methanol).

Carbobenzoxy-L-prolylnitro-L-arginylglycinamide . —A
solution of carbobenzoxy-L-prolylnitro-L-arginine (1.8 g.,
4 mM) in dimethylformamide (3 ml.), tetrahydrofuran (30
ml.) and triethylamine (0.56 ml., 4 mM) was cooled to —5°
and isobutyl clilorocarbonate (0.52 ml., 4 mM) was added.
The niixture was stirred for 20 minutes at —5° and glycin-
amide (330 mg., 4.4 mM) in dimethylformamide (5 ml.)
was added. The reaction was allowed to proceed at room
temperature for 2 hr., when the mixture was filtered and
the filtrate evaporated to dryness in wacuo. The residue
was first extracted with chloroform (100 ml.), and then the
gummy niaterial was triturated with ethyl acetate, when it
solidified. It was filtered off and precipitated twice from
pyridine-ethyl acetate as au amorplious powder; wt. 1.5 g.
On exposure to air the substance picked up one molecule of
water.

Anal. Caled. for CyH;00;Nz-H,0: C, 48.1; H, 6.14;
N, 21.4; H;0, 3.43. Found: C, 48.3; H, 6.02; N, 21.2;
H,0, 3.48.

For further characterization a sample (385 mg., 1.0 mM)
was hydrogenated!! and the L-prolyl-vL-arginylglycinamide
was crystallized as the diflavianate; wt. 600 mg. (60%), m.p.
181-183°, [a]*p —18° (¢ 1, acetone-water 1:1). Lit.t
m.p. 180°, [@]?‘D —18.2° (¢ 1, acetone-water 1:1).

L-Prolyl-L-arginylglycinamide Dihydrobromide.-—Carbo-
benzoxy-L-prolylnitro-L-arginylglycinamide (1.5 g.) was
dissolved in methanol containing 109, glacial acetic acid
(100 ml.) and was hydrogenated over a palladium catalyst
for 10 hr.! The catalyst was then removed by filtration
and the filtrate was evaporated to dryness ¢# vacuo. The
acetate was dissolved in methanol (20 ml.) and acetic acid
saturated with HBr (2 ml.) was added. The solution was
evaporated to dryness iz vacuo, the residual oil dissolved in
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methanol and the dihydrobromide® precipitated by ether;
wt. 1.05 g. (75%).

Coupling of the Azide of S-Benzyl-N-tosyl-L-cysteinyl-L~-
tyrosyl -L- phenylalanyl -L- glutaminyl -L- asparaginyl -S-ben-
zyl-L-cysteine with vr-Prolyl-L-arginylglycinamide Hydro-
bromide and Conversion of the Product to Active Material.—
S-Benzyl-N-tosyl -L- cysteinyl -L- tyrosyl -L- phenylalanyl -L-
glutaminyl-L-asparaginyl-S-benzyl-L-cysteine hydrazide (1.9
g., 1.7 mM) was dissolved in glacial acetic acid (160 ml.),
coned. HCI (16.4 mi.) and water and cooled to —2°, when
sodium nitrite (0.1 N, 16.4 ml.) was added. The mixture
was allowed to stir for 10 minutes at —2°, The azide was
precipitated by addition of cold water (300 ml.), filtered and
washed successively with cold water, cold 5%, NaHCO;, cold
water and dried i1 vacuo over P,Os at 4°. It was then added
to a solution of L-prolyl-L-arginylglycinamide monohydro-
bromide (0.85 g., 1.7 m3) in dimethylformamide (15 ml.).
The monohydrobromide was prepared from 1.92 g. of the
dihydrobromide by dissolving the latter in 4 ml. of di-
methylformamide and adding 0.67 ml. of triethylamine.
After the mixture was cooled in ice, it was filtered, and the
precipitate was washed with a little dimethylformamide.
The monohydrobromide (1.3 g.) was precipitated from the
filtrate with chloroform. The solution of azide and tri-
peptide amide was allowed to stir overnight at 4°, The
product was precipitated by ether, washed with ethanol and
ether and dried; wt. 2.2 g. This product was combined
with a similar product (0.4 g.) from another run on a smaller
scale. The material was divided into four portious and re-
duced with sodium in liquid ammonia !5 A few drops of
glacial acetic acid were added to discharge thie blue color.
The residue after the evaporation of the ammonia from each
portion was dissolved in 650 mil. of 0.2%, acetic acid and,
after adjustment of the pH to 6.7, the solution was aerated
for 1 hr. with a slow stream of COs-free air.? The solutious,
representing 120,000 units of pressor activity, were then
combined, the #H adjusted to 4.9 and the activity absorbed
on a column (2 X 25 cm.) of IRC-50 (H* form). The
column was washed with 0.25% acetic acid uutil the pH
reached about 3.9, then with 50 ml. of water, and the active
material was eluted with pyridine-acetic buffer.!? Lyophil-
ization of this material vielded a white, fluffly powder repre-
senting 120,000 units of pressor activity., The material was
purified by countercurrent distribution in 2-butanol-0.06 A
p-toluenesulfonic acid and by electrophoresis on a cellulose
block at pH 4 in pyridine—acetate buffer.? It was then sub-
jected to chromatography on a column of IRC-50 (H * form)
with 0.65 M ammonium acetate, pH 6.5.12

The synthetic material (28 mg.) was compared with
natural arginine-vasopressin by electrophoresis on paper,
ion exchange chromatography, paper chromatography and
assay for pressor activity in the rat. They proved to be in-
distinguishable in these respects. In addition, a starch
column analysis of the syuthetic product showed the eight
amino acids and ammonia to be present in the expected
ratios.
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