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Synthesis of [ 5-Isoleucine, 8-alanine] -angiotensin I1 by the 
Solution Method Synthesis and the Solid-Phase Method Synthesis" 

Won Kil Park, Robert R. Smeby, and F. Merlin Bumpus 

ABSTRACT: The octapeptide [5-isoleucine,8-alanine]- 
angiotensin I1 has been synthesized using a solution 
synthetic method and a solid-phase method of syn- 
thesis. With both methods, the final product was 
chromatographically homogeneous and gave the correct 
amino acid analysis and identical biological activity. 

F rom studies on numerous analogs of angiotensin 11, 
the phenolic ring of tyrosine (Page and Bumpus, 1961 ; 
Seu et al., 1962b), the imidazole ring of histidine 
(Paiva and Paiva, 1961; Page and Bumpus, 1961), 
the pyrolidine ring of proline (Seu et al., 1962a; 
Sivanandaiah et al., 1966), and the C-terminal carboxyl 
group are all required for the compound to exhibit 
biological activity. The side groups of the amino acids 
aspartic acid and arginine can be modified greatly with 
minimal effects on the biological properties of the pep- 
tide (Page and Bumpus, 1961; Havinga et al., 1964; 
Arakawa and Bumpus, 1960; Brunner and Regoli, 
1962). It therefore seemed of considerable interest to 
determine the importance of the aromatic ring (Page 
and Bumpus, 1961; Sivanandaiah et al., 1966) of the 
C-terminal phenylalanine for biological activity. For 
this reason [5-isoleucine,8-alanine]-angiotensin I1 was 
prepared in which the aromatic ring of phenylala- 
nine has been eliminated by both solution method of 
synthesis and the solid-phase method as reported by 
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'All amino acids are the L isomer. Abbreviations used: 2, 
carbobenzoxy; Boc, I-butoxycarbonyl; DCCI, dicyclohexylcarbo- 

3458 diimide. 

The solid-phase method of peptide synthesis gave the 
final product in much greater speed and in higher yield. 
[5-Isoleucine,8-alanine]-angiotensin I1 possesses about 
1 z of the pressor activity of [5-isoleucine]-angbtensin 
11, indicating the great importance of the aromatic 
group in position 8 of the natural peptide. 

Merrifield (1963) and Marshall and Merrifield (1965). 

Results and Discussion 

The outline of the method used for synthesis of this 
peptide in solution is given in Figure 1 .  The carboxyl 
group of the C-terminal alanine was blocked as the 
p-nitrobenzyl ester. Carbobenzoxyproline was con- 
densed with alanine p-nitrobenzyl ester by the mixed- 
anhydride procedure to yield carbobenzoxyprolyl- 
alanine p-nitrobenyzl ester in 92% over-all yield. 
Carbobenzoxyisoleucine was coupled with %(imidazole- 
benzy1)histidine methyl ester using DCCI as a condens- 
in gagent to give carbobenzoxyisoleucyl(imidazo1e- 
benzy1)histidine methyl ester in 7 0 x  yield. This methyl 
ester converted to carbobenzoxyisoleucyl(irnidazo1e- 
benzy1)histidine hydrazide which was condensed by the 
azide procedure with prolylalanine p-nitrobenzyl ester 
to yield the blocked tetrapeptide. After removal of the 
carbobenzoxy group of this tetrapeptide with HBr 
in acetic acid, it was condensed with carbobenzoxy- 
valyltyrosine azide to  yield the hexpeptide carb- 
obenzoxyvalyltyrosylisoleucyl(imidazo1e b e n z y 1) his t i- 
dylprolylalanine p-nitrobenzyl ester in 43 z yield. 
The carbobenzoxy group was again removed with 
HBr in acetic acid and the free-base hexapeptide was 
obtained by treating the product with 1 M potassium 
bicarbonate. The blocked octapeptide was obtained 
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FIGURE 1 : Outline of the synthesis of [5-isoleucine,8-alanine]-angiotensin 11. 
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by condensing carbobenzoxy-@-benzylaspartylarginine Experimental Section3 
with the hexapeptide by the mixed-anhydride pro- 
cedure. 

All blocking groups were then removed by hydroge- 
nation over palladium black to yield [5-isoleucine,8- 
alanine]-angiotensin 11. The octapeptide was purified 
by electrophoresis and chromatography and the final 
product gave correct amino acid analysis following 
acid hydrolysis. The over-all yield from carbobenzoxy- 
alanine was 10.8%. The peptide was completely hy- 
drolyzed by a crude preparation of hog kidney leucine 
aminopeptidase. 

For solid-phase synthesis (Marshall and Merrifield, 
1965) C-terminal alanine was coupled to the polymer 
as its Boc derivative to give Boc-alanyl polymer. This 
was then introduced into the reaction vessel where all 
steps of the synthesis were conducted. The cycle for 
each amino acid consisted of removal of the Boc group 
with 1 N HCI in glacial acetic acid, neutralization 
of the resulting hydrochloride with triethylamine in 
N,N'-dimethylformamide, coupling the new amino 
acid with the free base using DCCl as the coupling 
agent, and finally washing the excess amino acid and 
DCCI from the polymer. All coupling steps were 
conducted in methylene chloride except for the intro- 
duction of Boc-nitroarginine and Boc-(imidazole- 
benzy1)histidine for which dimethylformamide was the 
solvent. In all cases, excess reagent was removed by 
washing with absolute ethanol, glacial acetic acid, 
dimethylformamide, and methylene chloride before 
proceeding to the next coupling step. The protected 
octapeptide polymer was cleaved by bubbling HBr 
through a suspension of the peptide polymer in anhy- 
drous trifluoroacetic acid for 30 min at room tempera- 
ture. This treatment also removed the benzyl groups 
from both aspartic acid and tyrosine. Following cleav- 
age, the partially protected octapeptide was reduced 
with hydrogen using palladium black as a catalyst to 
give [5-isoleucine,8-alanine]-angio tensin 11. This was 
purified by chromatography on carboxymethylcellulose 
in acetic acid gradient solution to yield a free octapep- 
tide acetate in 70% over-all yield from Boc-alanine 
if the excess amino acid derivative, used is not con- 
sidered. 

The solid-phase method of synthesis yielded the 
octapeptide in high yield and in much greater speed 
than the solution method synthesis. Both final products 
were shown to be homogeneous in three different 
solvent systems both on paper chromatography and 
silica gel thin layer chromatography and by electro- 
phoresis and gave the correct amino acid ratios on acid 
hydrolysis. The product from both methods gave the 
same results on biological assay and were found to 
possess 1 of the pressor activity of [5-isoleucine]- 
angiotensin 11. 

2This method was used for convenience even though it has 
been shown that higher yields are obtained when these two 
amino acids are added one at a time (Arakawa and Bumpus, 
1960). 3460 

The Solution Method Synthesis 
Z-Alanine p-Nitrobenzyl Ester ( I ) .  A solution of 6 g 

(26.78 mmoles) of Z-alanine, 6.88 g (40 mmoles) of 
p-nitrobenzyl chloride, and 5.6 ml (40 mmoles) of 
triethylamine in 20 ml of ethyl acetate was reffuxed 
overnight. The reaction mixture was filtered hot and 
washed with hot ethyl acetate. Upon cooling the com- 
bined filtrate was washed with cold 1 N HCI (10 
ml), H20 (12 mI), 1 M KHCOp (10, 8, and 8 ml), and 
saturated NaCl (10, 8, and 8 ml). The organic layer 
was then dried over anhydrous sodium sulfate and con- 
centrated in c'acuo. Z-Alanine p-nitrobenzyl ester was 
crystallized from ethyl acetate with ligroin to yield 
9.07 g (94.6%), mp 98-99" (Debabov and Shibnev, 
1962; Garg et al., 1962). 

A sample was recrystallized twice from the same 
solvent mixture and dried in c'acuo at 78" for 5 hr: 
mp 98-99', [cy]% -16.80 (c 1.0, methanol). Anal. 
Calcd for C1SH18N206: C, 60.33; H, 5.06; N, 7.82. 
Found: C,  60.45; H, 5.31; N, 7.82. 

Alanine p-Nitrobenzyl Ester Hydrobromide ( I I ) .  
Z-alanine p-nitrobenzyl ester (2.7 g, 7.52 mmoles) 
was dissolved in 38 ml of 4.7 N hydrogen bromide 
in glacial acetic acid. After 40 rnin at room temperature, 
anhydrous ether was added until crystallization was 
complete. The crude product (2.25 g) melted at 174- 
175". This was recrystallized from absolute ethanol- 
anhydrous ether to yield 2.10 g (94%) of white needles 
melting at 175-176" (Debabov and Shibnev, 1962). 

A sample was twice recrystallized from the same 
solvent mixture and dried over P206 in Dacuo at 110' 
for 4 hr: mp 175-177', [cy]: -5.76 (c 1.0, methanol), 
RF (BAW) 0.70. Anal. Calcd for Cl0HI2N2O4.HBr: 
C, 39.36; H, 4.29; Br, 26.19; N, 9.18. Found: C ,  39.18; 
H,4.32; Br, 25.58; N, 9.05. 

2-Prolylalanine p-Nitrobenzyl Ester (ZII). The mixed 
anhydride of 3.48 g (14.0 mmoles) of Z-proline was 
prepared in 80 ml of tetrahydrofuran by addition of 
1.96 ml (14.0 mmoles) of triethylamine and 1.34 ml 
(14.0 mmoles) of ethyl chloroformate with cooling 
by an ice-salt bath. After stirring for 20 min alanine 
p-nitrobenzyl ester hydrobromide (4.22 g, 14.0 mmoles), 
dissolved in 20 ml of tetrahydrofuran containing 1.96 
ml (14.0 mmoles) of triethylamine, was added. The 
solution was stirred for 10 min in an icesalt bath and 
then for 2 hr at room temperature. The solution was 
filtered to remove the triethylamine hydrochloride 

3 All melting points were taken on a Kofler hot stage and are 
corrected. Microanalyses were done by Micro-Tech Laboratories, 
Skokie, Ill. Paper chromatograms and Eastman Kodak thin 
layer silica gel chromatograms were developed using l-butanol- 
acetic acid-water (4 : 1 : 5 )  abbreviated as Rp (BAW) methyl 
ethyl ketone-pyridine-water (40: IO:  16)abbreviated asRF(MPW) 
1-butanol-acetic acid-pyridine-water (30: 6:24 :20) abbreviated 
as RF (BAPW). The conditions used for paper electrophoresis 
were: solvent, 95 ml of acetic acid and 36 ml of formic acid diluted 
to 2 I. with distilled water; pH 2.1 at 450 v. Electrophoretic mo- 
bilities are reported as the ratio of distance the peptide moved 
to the distance glutamic acid migrated and abbreviated as EG. 
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and the filtrate was evaporated to dryness in cucuo. 
The resultant viscous oil was dissolved in 150 ml of 
ethyl acetate, washed with cold 1 N HC1 (25 ml), and 
then dried over anhydrous Na2S04. The dipeptide 
was crystallized from ethyl acetate by addition of 
ligroin to yield 5.80 g (92%) of white needles melting 
at 134-135". 

A sample was recrystallized twice from ethyl acetate 
with ligroin and dried in L'CICUO at 78" for analysis: 
mp 134-135", [a]: -83.4 (c 1.0, methanol). Anal. 
Calcd for C23Hz5N3O7: C, 60.65; H,  5.53; N, 9.23. 
Found: C, 60.72; H, 5.60; N,  9.23. 

Prolylalanine p-Nitrobenzyl Ester Hydrobromide (ZV). 
Z-Prolylalaninep-nitrobenzyl ester (4.55 g, 10.0 mmoles) 
was dissolved in 25 ml of 4.5 N hydrogen bromide in 
glacial acetic acid. After 40 min at room temperature, 
the peptide was precipitated by addition of a mixture 
of anhydrous ether-petroleum ether (bp 30-60") 
(1O:l). An oily product separated and was removed 
by decantation of the solvent, This product was crystal- 
lized from absolute ethanol by the addition of petroleum 
ether to yield 3.48 g (86.5 %), mp 145-146". 

A sample was recrystallized twice from absolute 
ethanol-petroleum ether and dried over Pz06 in cucuo 
at 78" for 5 hr: mp 150-151", [a]: -47.1 (c  1.0, meth- 
anol), RF (BAW) 0.69. Anal. Calcd for CI5Hl9N3O6.HBr 
C, 44.78; H,  5.01; Br, 19.87; N, 10.45. Found: C, 
44.71;H,4.97;Br, 19.38;N,10.33. 
Z-Isoleucyl-(Im-Bz)-histidine Merhyl Ester ( V).4 To 

a solution of 2-isoleucine (2.65 g, 10.0 mmoles) in 
10 ml of methylene chloride were added 3.32 g of (Im- 
Bz)-histidine methyl ester dihydrochloride (10.0 mmoles) 
and 2.8 ml (20.0 mmoles) of triethylamine dissolved 
in 20 ml of methylene chloride. Dicyclohexylcarbodiim- 
ide (2.06 g), dissolved in 8 ml of tetrahydrofuran, was 
added and the solution was stirred at 2" for 24 hr. 

The precipitate of dicyclohexylurea and triethylamine 
hydrochloride was removed by filtration and washed 
with methylene chloride and ethyl acetate. The com- 
bined filtrate was washed with 25 ml of 5% KHCO,, 
twice with 10 ml of water, once with 5 ml of saturated 
NaCI, and dried over anhydrous NasS04. The oily 
residue obtained upon removal of the solvent in L.UCUO 

was crystallized from benzene with petroleum ether 
to yield 3.59 g (70%) of a product melting at 113- 
115". 

A sample recrystallized twice from same solvent 
mixture melted at 115-116", [a]'f: -14.3 ( c  1.0, 95% 
ethanol). Anal. Calcd for C28H34N405: C, 66.38; H, 
6.76; N, 11.06. Found: C, 66.40; H, 6.90; N, 11.23. 
2-Isoleucyl-(Im-Bz)-hisridine Hydrazide (VI). To 

3.06 g (6.0 mmoles) of Z-isoleucyl-(lm-Bz)-histidine 
methyl ester dissolved in 5 ml of methanol was added 
3.06 ml of 8 5 %  hydrazine hydrate. An additional 25 
ml of methanol was added to dissolve the precipitate 

~~~ _ _ _ _ _ _ ~ _ _ _ _ _ -  - 

I Imidazole benzyl derivatives of Z-histidine and its methyl 
and benzyl esters and the benzyl ester of Z-isoleucyl-(Im-Bz)- 
histidine were prepared by Theodoropoulos and Folsh (1958), 
Theodoropoulos (1959), and Theodoropoulos and Gazopoulos 
(1960). 

which formed upon the addition of the hydrazine. The 
solution was refluxed for 1 hr, then allowed to stand 
overnight at room temperature. The precipitate was 
collected by filtration, washed with a small amount 
of cold methanol, and dried in uucuo over sulfuric 
acid to yield 2.76 g (90.9 %), mp 188.5-190". 

The mother liquor was evaporated to dryness in 
uucuo and the residue crystallized from methanol 
yielding an additional 0.254 g: total yield 99.1 %, mp 
185-187.5 '. After recrystallizing a sample twice from 
methanol, this dipeptide hydrazide melted at 191- 
192", [a]: -23.15 ( c  2.0, methanol). Anal. Calcd for 
C27H34N604: C, 64.01; H,  6.77; N, 16.59. Found: 
C, 63.83; H, 6.62; N, 16.43. 

Z-lsoleucyl-(Im-Bz)-histidylprolylulunine p-Nitro- 
benzyl Ester (VlZ). To 2.03 g (4.0 mmoles) of Z-iso- 
leucyl-(Im-Bz)-histidine hydrazide dissolved in 2.5 
ml of glacial acetic acid and 3.0 ml of 2 N HCl at 0" 
was added 2.0 ml of cold 2 M sodium nitrite solution 
(4.0 mmoles). After 5 min cold 50% K2C03 was added 
until the pH was approximately 8.5. The precipitated 
gummy azide was washed by decantation with cold 
water until wash was neutral. It was then dissolved in a 
mixture of 40 ml of cold dioxane and 25 ml of cold 
ethyl acetate and dried over anhydrous NazS04 for 20 
min. Prolylalanine p-nitrobenzyl ester hydrobromide 
(1.61 g, 4.0 mmoles) was dissolved in 25 ml of dioxane 
containing 0.95 ml (4.0 mmoles) of tri-n-butylamine. 
This was added to the azide solution and stirred for 30 
min in the cold and then at room temperature overnight. 
The reaction mixture was then evaporated to dryness 
and the residue was dissolved in 70 ml of ethyl acetate 
containing 5 ml of methanol. This solution was extracted 
with cold water (one 10-ml portion), 1 N HC1 (one 10-ml 
portion), 5% KHCO3 (one 10-ml portion), and H 2 0  
(one 10-ml portion), dried over anhydrous Na2S04, 
and concentrated to an oily residue. Hydrolysis of a 
small sample of the Z-tetrapeptide ester in 6 N HC1 
at 105" for 24 hr and on paper chromatography using 
the BAW3 system of the hydrolysate showed the 
expected amino acids. This residue was not obtained 
in crystalline form and was converted to tetrapeptide 
hydrobromide directly. 

IsoleucyI-(Iin-Bz)-histidylprolylulunine p-Nitrobenzyl 
Ester Hydrobromide (VIZl). To a solution of 2.2 g 
(2.76 mmoles) of Z-isoleucyl-(Im-Bz)-histidylprolyl- 
alanine p-nitrobenzyl ester in 7 ml of glacial acetic 
acid was added 10 ml of 4.2 N hydrogen bromide in 
glacial acetic acid. After 50 min at room temperature, 
the peptide hydrobromide was precipitated by the 
addition of 1 1. of cold anhydrous ether, The precipitate 
was collected by filtration, washed with a large volume 
of cold anhydrous ether, dissolved in absolute methanol, 
and precipitated by addition of ethyl acetate to yield 
1.8 g (88% from protected tetrapeptide) of amorphous 
product melting at 138-143", [ a ] ~  -37.8 ( c  1.0, meth- 
anol). 

A sample was reprecipitated twice more from 
methanol with ethyl acetate. This amorphous product 
melted at 158-161"; [a]: -37.9 (c 1.0, methanol); 
RF (BAW) 0.80, amino acid ratios after hydrolysis in 3461 
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6 N HCl at 118": Ile, 1.0; Pro, 1.09; Ala, 1.0; (Im-Bz)- 
histidine was not determined. 

Z- Valyltyrosylisoleucyl-(-Im-Bz)-i~istidylprolylalanine 
p-Nitrobenzyl Ester ( I X ) .  To 1.07 g (2.5 mmoles) 
of Z-valyltyrosine hydrazide dissolved in 15 ml of 
glacial acetic acid and 5 ml of 2 N HCl at -5"  was 
added 1.25 ml of 2 M sodium nitrite (2.5 mmoles). 
After 5 min approximately 25 ml of water was added 
and then the azide was extracted into ethyl acetate. 
The ethyl acetate layer was extracted with cold NaHCOB 
until all acid was removed, then with water, and dried 
over anhydrous sodium sulfate for 20 min. The azide 
solution was filtered directly into a solution of 1.49 g 
(2.0 mmoles) of tetrapeptide p-nitrobenzyl ester hydro- 
bromide in 8 ml of dimethylformamide containing 
0.48 ml (2.0 mmoles) of tri-n-butylamine. After 1 hr at 
3" and 15 hr at room temperature, the solvents were 
removed in vacuo. The oily product was dissolved in 
approximately 40 ml of methanol containing 0.8 ml 
of acetic acid and precipitated by the addition of 100 
ml of water. This amorphous precipitate was collected 
by filtration, washed thoroughly with water, and 
dried in vacuo over Pz05 to yield 0.90 g (43%) of a 
product melting at 192-196". 

Valyltyrosylisoleucyl-(Im-Bz)-histidylprolylalanine 
p-Nitrobenzyl Ever ( X ) .  To Z-valyltyrosylisoleucyl- 
(Im-Bz)-histidylprolylalanine p-nitrobenzyl ester (0.838 
g, 0.8 mmoles) dissolved in 2 ml of glacial acetic acid 
was added 10 ml of 4 N HBr in acetic acid. After 30 min 
at room temperature, 300 ml of anhydrous ether was 
added. The precipitate was collected by filtration and 
washed with a large volume of anhydrous ether. This 
product was dissolved in methanol and precipitated by 
the addition of an equal volume of ethyl acetate and 
ether (1 : 1). Two additional reprecipitations from the 
same solvent system yielded 0.748 g (97 %) of amorphous 
product melting at 181-184", [a]: - 36.4 (c  1.0, meth- 
anol), R F  (BAW) 0.72. 

The above hexapeptide hydrobromide (0.675 g, 
0.7 mmole) was dissolved in 10 ml of cold water and 
the solution was adjusted to pH 8.0 with cold 1 M 
KHC03. The resulting precipitate was collected by 
filtration and washed with cold water. After drying, 
this material was precipitated from methanol with 
ethyl acetate-ether (1 : 1) yielding 0.398 g (64.3 %) 
of an amorphous product. This product contained a 
very slight trace of the hexapeptide free acid as deter- 
mined by paper chromatography which was easily 
removed in the next step of synthesis. 

For analysis, a sample (150 mg) was dissolved in 
10 ml of ethyl acetate extracted with 3 ml of cold 1 M 

KHCO3, then with 4 ml of cold water. The ethyl 
acetate phase was dried over anhydrous Na2S04 
and evaporated in L.'UCUO. The solid residue was precipi- 
tated three times from methanol by the addition of 
ether. Following drying in high vacuum over Pz05 
at 56" for 5 hr, the product obtained melted at 130- 
135") [a]: -53.7 (c 1.0, methanol). Anal. Calcd for 
C~SHGIN~OIO:  C, 62.39; H, 6.65; N, 13.64. Found: 
C, 62.42; H, 6.97; N, 13.39. 

3462 Z-(& Bz)-aspartyl-(nitro-L-argin y1)ualyltyrosyliso- 

leucyl-( Im-Bz)-histidylprolylalanine p-Nitrobenzyl Ester 
(XI). To a cold solution of 0.168 g (0.3 mmole) of Z-@- 
benzylaspartyl-nitro-L-arginine in 3 ml of tetrahydro- 
furan were added 0.071 ml (0.3 mmole) of tri-n-butyl- 
amine and 0.03 ml (0.3 mmole) of ethyl chloroformate. 
The mixture was stirred at -12" for 15 min at which 
time a solution of 221 mg (0.25 mmole) of valyltyrosyl- 
isoleucyl-(Im-Bz)-histidylprolylalanine p-nitrobenzyl es- 
ter dissolved in 4 ml of dimethylformamide was added. 
This mixture was stirred at -12" for 20 rnin and then 
allowed to remain at room temperature for 3 hr. The 
solvents were removed in vacuo at 80" and the oily 
residue was dissolved in hot methanol. The peptide 
was precipitated by addition of ethyl acetate. The 
crude product was reprecipitated twice more from 
methanol with ethyl acetate-ether (1 :l). After drying 
at 110" for 5 hr in vacuo over Pa05, yielded 0.263 
g (74%) of amorphous product melting at 182-186", 
[a]: -32.3 (c 1.0, pyridine). Anal. Calcd for C73H89- 
NI5OL8.H20: C, 59.13; H, 6.18; N, 14.16. Found: 
C,58.91;H,6.48;N,14.34. 

Aspartylargin ylcalyltyrosylisoleucylhistidylprolyl- 
ahnine Monoacetute (XI I ) .  ([5-ISOLEUCINE,8-ALANINE]- 
ANGIOTENSIN 11). To a solution of 10 mg of Z-p- 
b enzylaspartyl(nitroarginyl)valyltyrosyli~leucyl(imida- 
zolebenzy1)histidylprolylalanine p-nitrobenzyl ester in 3 
ml of methanol and 5 ml of acetic acid was added 10 
mg of palladium black suspended in 3 ml of water. 
Hydrogen was bubbled through this mixture with 
vigorous shaking for 48 hr. After removal of the catalyst 
by filtration, the solvents were removed in vacuo 
and the residue was dried over NaOH and Pz06 in 
desiccator. The residue (9 mg) was chromatographed 
on Whatman 3MM paper to yield a major component 
( R F  (BAW) 0.34; ninhydrin and Pauly's positive) 
and a minor component ( R F  (BAW) 0.43 ninhydrin 
positive, Pauly's very faint). Elution of the area at 
RF (BAW) 0.34, yielded 7.2 mg of amorphous peptide 
which was shown to be homogeneous by electrophoresis 
in formic-acetic acid buffer (pH 2.1) and by chromatog- 
raphy in paper chromatogram: RF (BAW) 0.34, 
RF (MPW) 0.18, and R F  (BAPW) 0.50; thin layer 
chromatography: R F  (BAW) 0.32, R F  (PMW) 0.78, 
and R F  (BAPW) 0.44; Eo = 1.30; [a]: -82.4 (c  0.25, 
50% acetic acid); amino acid ratios on acid hydrolysate 
Moore et al. (1958): Asp, 1.00; Arg, 0.98, Val; 1.13; 
Tyr, 0.85; lle, 1.06; His, 1.00; Pro, 1.02; Ala, 0.91. 

Incubation with hog kidney leucine aminopeptidase 
showed complete hydrolysis as determined by chroma- 
tography in the BAW system. All ninhydrin-reacting 
materials were identified as the component amino 
acids or trace amounts arising from the crude kidney 
preparation as determined by a control incubation. 
Quantitative measurements of amino acids were not 
made on this enzymic digest because of this slow liber- 
ation of amino acids from the control enzyme prepara- 
tion. Highly purified kidney enzyme preparations will 
not split the histidylproline bond of angiotensin. 

of pressor activity 
of [5-isoleucine]-angiotensin 11. The pressor assay was 
performed using a ganglion-blocked, vagotomized 

This peptide possessed about 1 
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rat (Pickens et a[., 1965). 

Solid-Phase Method Synthesis 
Boc-L-alanine Polymer. A solution of 0.473 g (2.5 

mmoles) of Boc-L-alanine and 0.32 ml (2.5 mmoles) 
of triethylamine in 10 ml of absolute ethanol was 
added to 2.5 g of the chloromethylated copolystyrene- 
2% divinylbenzene (1.41 mmoles of Cl/g). The mixture 
was stirred with magnetic stirrer and refluxed in an oil 
bath at 90" for 24 hr. 

The esterified polymer was filtered and washed 
with absolute ethanol (80 ml), water (80 ml), and ab- 
solute methanol (100 ml) and then dried in L'UCUO over 
P,O,. The amino acid analysis showed this substituted 
polymer to contain 0.458 mmole of Boc-L-alanine/g 
of polymer. 

Curbobenzox y-P-benz ylaspartyl(nitroargin yl)ualyl- 
O-benzyltyrosylisoleucyl(imiduzolebenzyl)hisridylprolyI- 
alanyl Polymer. Boc-alanyl polymer (2.68 g) was 
added to the reaction vessel (Merrifield, 1963) and 
the following cycle of reactions was used to intro- 
duce each new residue: (1) washed with glacial acetic 
acid (three 50-ml portions); (2) Boc group was cleaved 
by 1 N HC1 in glacial acetic acid (50 ml) for 30 min; 
(3) washed with glacial acetic acid (three 50-ml por- 
tions); 14) washed with absolute ethanol (three 50-ml 
portions); (5) washed with dimethylformamide (three 
50-ml portions); (6) neutralized the hydrochloric 
acid with 5 ml of triethylamine in 50 ml of dimethyl- 
formamide for 10 min; (7) washed with dimethyl- 
formamide (three 50-ml portions); ( 8 )  washed with 
methylene chloride (three 50-ml portions); (9) intro- 
duced 3 mmoles of the appropriate Boc-amino acid 
in 40 ml of methylene chloride with ice cooling and 
allowed to mix for 10 min; ( IO)  introduced 3 mmoles 
of N,N'-dicyclohexylcarbodiimide in 4 ml of methylene 
chloride and the mixture was shaken for 2 hr with 
cooling by an ice bath and let stand in cold room 
overnight then at room temperature for 2 hr; (11) 
washed with methylene chloride (three 50-nil portions); 
and (12) washed with absolute ethanol (three 50-ml 
portions). For Boc-(lm-Bz)-L-histidine and Boc-nitro- 
L-arginine cycles, step 8 was deleted and dimethylform- 
amide was substituted for methylene chloride in steps 
9-1 1. The carbobenzoxy-8-benzyl-L-aspartic acid was 
used at the N-terminal end of the peptide instead of 
Boc-6-benzyl-L-aspartic acid. The protected octapep- 
tide with polymer was dried over sodium hydroxide 
and P20s in cacuo. 

Aspartylcsrgin ylcalytt yrosylisoleucylhistidylprolyl- 

TENSIN 11. The protected octapeptide polymer (3.94 g) 
was suspended in 40 ml of anhydrous trifluoroacetic 
acid and HBr gas was bubbled slowly through the 
suspension with occasional shaking for 30 min at room 
temperature. The reaction mixture was filtered and the 
polymer was washed with anhydrous trifluoroacetic 
acid (three 5-ml portions). The volume of the combined 
filtrate was reduced in uacuo at 20" and peptide was 
precipitated by the addition of anhydrous ether. It was 
removed by filtration and washed with anhydrous 

alanine kfOnOa'cetUte. [5-ISOLEUCINE,8-ALANINE]-ANGIO- 

ether. The partially protected octap-ptide (aspar- 
tyl(nitro - L - arginyl)valyltyrosylisoleucy(limidazdeben- 
zyl)histidylprolylalanine) was dissolved in 40 ml of 
mixed solvent (methanol-acetic acid-water, 10: 1 : 1) 
and hydrogen was bubbled through the solution at 
atmospheric pressure for 48 hr using palladium black 
(0.83 g) as catalyst. The catalyst was removed by filtra- 
tion and washed with the same solvent mixture (three 
5-ml portions). The combined filtrates were evaporated 
to dryness in cucuo at 20" and the residue was purified 
by precipitation from glacial acetic acid with anhydrous 
ether. On paper Chromatography using BAW system 
three spots at RF 0.60, 0.35, irnd 0.21 were observed. 
The latter spot was positive to ninhydrin but not to 
Pauly's reagent. This product was further purified by 
chromatography on a 3.0 X 60 cm column of carboxy- 
methylcellulose (80 g). The column was prepared using 
0.01 M acetic acid aiid the sample was applied to the 
column as a 0.01 M acetic acid solution. It was then 
developed with 950 ml of 10% acetic acid by gradient 
elution and 11-ml fractions were collected (Khairallah 
er al., 1962). From fractions 53-83, 0.83 g (70% yield 
based on 1.2 mmoles of Boc-L-alanine which was esteri- 
fied on the polymer) of aspartylarginylvalyltyrosyliso- 
leucylhistidylprolylalanine monohydrate was obtained, 
230" dec paper chromatograms: R F  (BAW) 0.35, 
R F  (MPW) 0.20, and RF (BAPW) 0.48; thin layer 
chromatography: R F  (BAW) 0.32, R F  (MPW) 0.75, 
and R F  (BAPW) 0.45; G E  = 1.29; [a]% -83.4 ( c  
0.5, 50% acetic acid); amino acid ratios in acid hydroly- 
sate: Asp, 1.10; Arg, 0.97; Val, 1.09; Tyr, 1.00; Ile, 
0.97, His, 1.04, Pro, 1.00; Ala, 1.04. Anal. Calcd 
for C , , H C ~ N ~ ~ O ~ ~ . C ~ H ~ O ~ :  C, 53.5; H, 6.90; N, 17.7. 
Found: C, 53.75; H,  7.07; N, 18.27. 

The peptide possessed 1.0% of pressor activity of 
[5-isoleucine]-angiotensin 11. The pressor assay was 
performed using a ganglion-blocked, vagotomized rat 
(Pickens et al., 1965). 
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The Effect of Development and Hydrocortisone on 
Tryptophan Oxygenase, Formamidase, and Tyrosine 
Aminotransferase in the Livers of Young Rats* 

John M. Franzi and W. Eugene Knox 

ABSTRACT : Tryptophan oxygenase, formamidase, and 
tyrosine aminotransferase activities were determined 
by optimal assays in livers of rats from late fetal through 
weaning age. Assay of the total tryptophan oxygenase 
activity in the neonatal rat required the addition of 
EDTA but not formamidase, plus a prior incubation, 
to activate it fully. Activity of formamidase was present 
before but increased markedly at the time of birth, 
that of tyrosine aminotransferase appeared just after 
birth, and that of tryptophan oxygenase 14-17 days 

T he purpose of this investigation was to determine 
the ages at which tryptophan oxygenase (EC 1.13.1.12, 
L-tryptophan :oxygen oxidoreductase), formamidase 
(EC 3 .5 .1  .9, aryl-formylamine amidohydrolase), 
and tyrosine aminotransferase (EC 2 .6 .1  . 5 ,  L-tyrosine : 
2-oxoglutarate aminotransferase) activities appeared 
in the livers of young rats, and the effects of hydro- 
cortisone on these enzymes at an early age. In previous 
studies of these activities in young rats, the tryptophan 
oxygenase did not appear until the 12th (Auerbach 
and Waisman, 1959) to 15th (Nemeth, 1959) day after 
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after birth. Administered hydrocortisone had no signifi- 
cant effect on formamidase activity at any age studied; 
it induced tyrosine aminotransferase as soon as the 
birth-connected rise subsided, and it induced the 
appearance of tryptophan oxygenase activity shortly 
before the basal enzyme was detectable. Tryptophan 
oxygenase and tyrosine aminotransferase activities 
increased in response to the stress of weaning in the 
21-day-old rat, although they were unresponsive to the 
same stress at an earlier age. 

birth, formamidase was present in fetuses (Nemeth, 
1961), and tyrosine aminotransferase appeared suddenly 
a few hours after birth (Auerbach and Waisman, 
1959; Sereni et af., 1959). However, Spiegel and Spiegel 
(1964a) reported that tryptophan oxygenase could be 
demonstrated under certain conditions in the livers 
of neonatal rats, and it was of interest to test this 
with the sensitive new assay system for the enzyme 
that ensures accurate determination of the total enzyme 
activity present in soluble liver extracts (Knox et af., 
1966a; Knox and Piras, 1966). Slight modifications 
of the several assays made it possible to determine 
all three enzyme activities in single livers from perinatal 
rats for comparison with each other and with the same 
three enzymes in the developing chick (Knox and Eppen- 
berger, 1966). The results demonstrate that each enzyme 
behaves uniquely and differently in the rat than in the 
chick. 

Materials 

Animuls. NEDH inbred, male rats were used, except 
for the fetal rats (20-40 mm long, oiz., day 19-22 of 
gestation (Altman and Dittmer, 1962)) and 1-day-old 
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