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Synthesis and Inhibitory Activity of Polyaspartic Acid Derivatives'
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Polyaspartic acids were used as carriers for biologically active decarboxylated amino acid residues.

Aniong

the numerous polydecarboxypeptides the a,8-poly-pDL-aspartic acid 3-aminopropylamide (IXa), which was
prepared easily and inexpensively from anhydropoly-pL-aspartic acid (VII) and 1,3-diaminopropane, showed

luirly selective antibacterial and antifungal activity as well as activity against Sarcoma 180 in mice.

Work ta

relate structure to this activity included the synthesis of four strnctural and optical isonters of IXa; neither
a-polyaspartic acid 3-aminopropylamides (XI) nor g-polyvaspartic acid 3-aminopropylamides (XII), 1. nud b iso-

niers, were as effective antimicrobial agents as IXa.
were completely inactive.

Polypeptides were used recently as “carriers’” for
biologically active compounds, such as enzymes?® and
nitrogen mustards. A few a-polyglutamic acid deriva-
tives are also reported as having antibacterial proper-
ties,” In this paper the synthesis and inhibitory activ-
ity of decarboxypeptides, derived from aspartic acid
and decarboxvamino acids, as well as their polymers,
referred to as polydecarboxypeptides, are reported.®

The best inhibitory activities were exhibited by
polyvmers of decarboxypeptides of aspartic acid with
decarboxy-a,y-diaminobutyric acid (1,3-diaminopro-
pane) aund these compounds will be used to demon-
strate syunthetic procedures,

The decarboxypeptides in both the L and p series
were obtained through aminolysis of carbobenzoxy-
aspartic acid esters with a large excess of 1,3-diamino-
propane followed by remowval of the carbobenzoxy
group. lor example, p-benzyl carbobenzoxyaspar-
tate’ (I) and 1,3-diaminopropane gave N-(3-amino-
propyl)-N2-carbobenzoxy-L- and -p-asparagines (V)
(Chart I). Catalytic hydrogenation of V afforded
N-(3-aminopropyl)-L- and -p-asparagines (VI), which
were isolated as dihvdrochlorides,

The preparation of carbobenzoxy-3-aminopropyl-
amine (1I) allowed the syuthesis of decarboxypeptides
without danger of side reactions. Monocarboben-
zoxylation of 1,3-diaminopropaile with carbobenzoxy
chloride, even in the presence of a large excess of the
diamine, and low temperature presented great difh-
culty; the main product was always N,N’-dicarbo-
benzoxy-1,3-diaminopropane.  When dibenzyl carbon-

(1) This work was supported by Grant GM 06579 from the National
Tustirates of Health, Public Health Service.

(2) To whom inquiries shouid be addressed.

¢3) 1. M. Silinan and E. Katchalski, Ann. Rer. Biockem., 38, 633 (1966).

4) (. W, Mosher, R. H. Iwainoto, E. M. Acton, and 1.. Goodman, .J.
Med. Chem., T, 630 (1964); M. Szekerke, R. Wade, and I', Bergel, J. Chem.
Soc., 1807 (1965).

(7)) K. Wovaes and A. Kotai, Acta Chim. Acard. Sci. Hung., 31, 453
(1w3v); K. Kovaes, A. Kotai, and 1. Szabo, Nature, 188, 266 (1960); K.
Kovacs, A. Kotai, 1. Szabo, and R. Mecseki, ibid., 192, 190 (1961). In
additivn, A. Kotai, K. Kovacs. and J. Csaszar [Act« Chim, Acard. Sci. Hung.,
21, 401 (1959)] reported the preparation of an a.3-poly-pL-aspartic acid
derivative (1X, n = 2, X = NH.) without its biological activity.

(6) Several decarboxyiated amino acids and derivatives of decarboxylated
amino acids, e.g., histamine, putrescine [R. G. Ham, Biochem. Biophys.
Rex. Commun., 14, 34 (1964) ], and spermine [H., Tabor, C. W, Tabor, and
N. M. Rosenthal, Ann. Rer. Biochem., 80, 579 (1961)], are bioactive coin-
pounds and some of these exhibit autibacterial activity; polyelectrolytes
ssiehl ws polyvaeryviic acid [W. Regelsou, 8. Kuhar, M. Tunis, J. Fields, J.
Johuson, and E. Gluesenkamp, Nature, 186, 778 (1460)} and polylysine {I.
Richardsou, J. Hodgett, A. Lindner, and M. A. Stahmann, Federation Proc.,
18, 300 (19a9); nl. Sela and . Katehalski, ddvan. Protein Chem., 14, 391
(19549) ] show amitumor activity, Combination of the two types of coue
poands led to 1he synthesis of polydecarboxypeplides.

VAL Berger and B Kavrehalski, . Am. Chene, Son,, T8, 4084 (1UHt),

The four decarboxydipeptides IV and VI, 1 aud p isoners,
Polysuecininiide VII was eytotoxicagainst cell line KB with an FE Dy vidne of 19 gg/ml

ate® wus used for acylation of the diamine, II was
obtained in good yield as the hydrochloride salt. At
the melting point temperature it was converted to 2-
oxohexahyvdropyrimidine and was identical with n
previously reported preparation.” When carboben-
zoXy-3-aminopropylamine was liberated from its hydro-
chloride with sodium carbonate, the free base reacted
with CO, and the carbobenzoxy-3-aminopropylcarbamic
acid salt of carbobenzoxy-3-aminopropylamine separated
out of the solution.

N-a-Aspartyl-3-aminopropylamines (IV) in the 1,
and » forms were prepared by coupling of S-benzyl
N-carbobenzoxyaspartate (I) to II using the mixed
anhydride procedure; the resulting decarboxvpeptide
derivatives 11l gave, after catalytic hydrogenation,
IV which were isolated as dihvdrochlorides.

A series of decarboxypeptides of type IX were pre-
pared easily and inexpensively from anhydropoly-nL-
aspartic acid (VII) by opening of the succinimide ring
with amine derivatives. The aminolysis was carried
out in dimethylformamide solution, in which the an-
hydropoly-pr-aspartic acid is soluble, with a large ex-
cess of the amine derivatives. This procedure wus
necessary to avoid extensive cross-linking when diu-
mines were used. The opening of the succinimide ring
was expected to proceed similarly to the ring opening
effected with ammonia, which gave a polypeptide
containing approximately 439, asparaginyl and 579
isoasparaginyl residues. The diamines used were 1.3-
diaminopropane, 1,2-diaminopropane, 14-diamino-
butane, and 1,6-diaminohexane; the polydecarboxy-
peptides obtained were IXu-d, respectively. In addi-
tion aminoethanol, hydrazine and N,N-dimethyl-
hydrazine were also used for aminolysis of V1I, vielding
polydecarboxypeptide IXe, «B-poly-pL-aspartic acid
hydrazide (IXf), and dimethylhydrazide (IXg), respec-
tively. All of these polyaspaitic acid derivatives were
purified by dialysis and then lvophilized.

Both - and p-polydecarboxypeptides XI were pre-
pared from the corresponding poly-a-aspartic acid
benzyl esters!! by aminolysis with 1,3-diaminopropane.
The resulting water-soluble poly-N-(3-aminopropyl)-
asparagines were also purified by dialysis.
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1. N. Kovacs, 1. Kouyver, J. Csaszar, 1. Vajda, and 1. Mix, J. Oy,
Chem., 26, 1084 (1461).
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Swr., 82, 2268 (19601,
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CHART [
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L- and p-poly-B-aspartic acid benzyl esters'?® were
similarly converted with 1,3-diaminopropane to poly-
decarboxypeptides XIII. These decarboxypeptides
and polydecarboxypeptides were investigated for anti-
microbial activity;'® several of them were also tested
for tumor inhibitory properties.

The polydecarboxypeptides IXa-g were the simplest
to synthesize and these preparations were available
initially. Only IXa exhibited significant antimi-
crobial activity as demonstrated by the selective in-
hibition of several gram-positive bacteria and fungi
in serial broth dilution assays. Minimal inhibitory
concentrations (MIC) for the fungal pathogens Crypto-
coccus neoformans and Histoplasma capsulatum were 10
and 50 ug/ml, respectively. For Staphylococcus aureus
the MIC was 50 pg/ml, whereas for Mycobacterium
smegmatis 100 ug/ml was required for inhibition,

The presence in IXa of p- and - as well as a- and
B-aspartyl residue suggested an investigation of the

(12) J. Kovacs, R. Ballina, and R. Rodin, Chem. Ind. (London), 1955
(1963).

(13) Tests for antibacterial activity were carried out using Antibiotic
Medium 3 (Difco), and Sabouraud Maltose Broth (Difco) was employed
for the determination of antifungal activity. Concentrations of the com-
pound under test ranging from 1 to 1000 pg/ml were incorporated into the
appropriate medium. The inoculated tubes were incubated at 37° and
inhibilion end points were recorded_after 48 hr.

structural features responsible for the antimicrobial
activity. The L and p 1somers of the poly-a-aspartyl
derivative XI possessed less antibacterial activity than
IXa. »p-XI, however, paralleled IXa in the inhibition
of C. neoformans but the L isomer was only one-tenth
as effective as IXa. The 1 isomer of the poly-8-
aspartic acid derivative XIII was similar to IXa in the
inhibition of S. aureus, but less effective against M.
smegmatis and C. neoformans. p-XIII displayed com-
paratively minimal activity against the test micro-
organisms. The four monomers, the L and b isomers
of IV and VI, were completely inactive. From the
results obtained, it was concluded that the superior
activity of IXa was probably attributable to the man-
ner of association of the « and g8 residues in the same
macromolecule.

Experimental work recently completed, and to be
published elsewhere,'* disclosed that IXa retains its
antimicrobial activity in the presence of human serum,
and that it can act synergistically with several anti-
biotics, Z.e., chloramphenicol, benzylpenicillin, oxy-
tetracycline, and tetracycline. Mice infected with

(14) M. A. Pisano, B. A. Shullovsky, H. N. Kovaes, and J. Kovaes,
“'Antimicrobial Agents and Chemotherapy 1966," American Society for
Microbiology, Ann Arbor, Mich., in press.
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S. aureus were protected with a single dose (intra-
peritoneal) of IXa in levels of 5-10 mg kg

Cytotoxic effects of the different preparations were
determined against cell line KB at the Cancer Chemo-
therapy National Service Center.  The IZDy, value for
IXf was 25 wg/ml, while for the 1,2-diaminoethane
derivative of a,8-poly-pL-aspartic acid (IX, » =
2+ X = NH,) it was 35 ug/ml. The best activity was
displayved by anhydropoly-vr-nspartic acid (VII) with
an 1Dqe value of 19 we/ml. In eive tests with Su-
conta 180 bearing mice revealed that IXe was netive
it onJevel of 25 mgdkg ip with a C/1 of 3.00.%

Experimental Section

Melting poiunts are uncorrected. The microanalyses were
carried out by Drs. (. Weiler and F. B. Stranss, Oxford, England.
Optical rotations were measured with a Rudolph polarimeter,
Model 2008-340-80Q5.  Viscosity nieasnrentents were made witl
u Cannon-Ubbelohde viscometer.

Carbobenzoxy-3-aminopropylamine Hydrochloride (II).
Method A.—Dibenzy! carbonate (5 g, 0.0206 mole) was added
dropwise with stirriug to 50 il of 3-aminopropylamine. The
reaction mixture was stirred at roon: temperature for 4 days, then
concentrated in vacuwo to a small volume. The residue was tri-
turated with ether, and the insoluble solid material (1 g) was
filtered and redissolved in ethanolic HCL.  On addition of ether,
700 mig of carbobenzoxy-3-aminopropylamine hydrochloride,
mp 180-182°, was obtaited. To the ether solution petroleum
cther (bp 30-60°) was added uutil an oily material separated;
this was triturated several times with hexane. The residne was
dissolved in ethanol and excess ethanolic TIC! was added to the
solution when sonie 3-aminopropylamine hydrochloride precipi-
tated.  After filtration, ether was added to the solutioa aud 2.62
g of carbobenzoxy-3-amiuopropylamine hydrochloride crystal-
lized ont; mp 180-182°. From the mother liguor an additional
400 mg of material was isolated; total yvield 5.7 g (74¢7). Re-
crystallization raised the inelting point to 184-186°; infrared
(KBr), 2.93 (), 3.3 (5, broad), 5.91 (3), 6.2 (w), 6.5 (3) .

Anal. Caled tor CiiHizCIN,O.: C, 53.98; H, 7.00; N, 11.45.
Found: C, 53.77; H, 7.20; N, 1L.72

Method B.—Carbobenzoxy-3-aminopropylamine hydrochloride
was also obtained by acvlation of t,3-diaminopropane with
curbobenzoxy chloride (1) nt pl 5, ar (2) by using a large excess
of diamine at —60°.

(1) To a solution of 8.3 ml (0.1 mole) of 1,3-diaminopropane
in 100 m! of 2.V HCI 15.5 m! (0.1 mole) of carbobenzoxy chloride
in 200 m! of hexane was added dropwise under ice cooling. The
pll of the solution was kept at abont 3 by coucnrrent addition
ol a solution of 27.2 g (1.2 mole) of NaOAc-3H.O in 70 mil of
water, This procedure took 17 hr after which time the reaction
mixtiure was stitred for an additional 6 hr.  During this time
N,N ~dicarbobenzoxy-1,3-diaminopropane separated from the
reaction mixtiure. The aqueons sohntion was separated from the
liexane phase, filtered, made alkaline with abont 200 ml of 5 .\
NaOH, and then extracted five times with ether, The ether ex-
tract was saturated with CO, and the white crystalline precipitate
was filtered, washed with ether, and dissolved in alcoholic HCI.
The insoluble unreacted 3-aminopropylamine hydrochloride was
filtered and from the alcohol solution carbobenzoxy-3-amino-
propylamine hydrochloride was precipitated by addition of ether;
vield 3.4 g (149%), mp 184-185°, no depression on admixture with
u sample prepared nnder A.

(2) A solntion of 100 ml of 1,3-diaminopropane in 100 il of
water was cooled to —60°. A hexuane =olution (280 ml) contain-
ing 20 ml (22 g, 0.129 mole) of carbobenzoxy chloride wus added
dropwise to the stirred reaction mixture, and the tempera-
ture then was allowed to rise to 0°. After 2 hr the stiiring
was continued at rooni temperature for 1 additional hour.
Crystalline NN '-dicarbobeizoxy-1,3-dianiinopropane was filtered
(19 g), the aqueous phase was made alkaline with 4 ¥ NaOH
and then extracted (CHCl;). The CHCl; solution was dried
and evaporated and the residue was dissolved in alcohol. On

(15) In rivo tests willh Sarcoma 180 in mice were conducted by Dr. i,
CGrunberg, Director of the Departimnenr of Chematherapy of lloffinan-
lL.a Roclie, Ine.
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addition of wleoholic HCI to the solntion some 1s-dinmine-
propane hydrochloride separated, which wax quickly filtered,
From the filtrate 3.6 g of monocarbobenzoxy devivative separated,
which after reerystallization from aleahol-acetase melted at
IS4-I8G7 and was identienl with done preparation deserilied ander
Ao The NON-dieavhobenzoxy-1,5-dimminapropane. hy-prodaer,
119 g, 8O L mp O8-T00°, was vecrysiallized Trom CHOCL hexane,
which raised the melting point to 111-115°,

Anal. Caled Tor CLaNLOy C, 66.65:0 11, 647
Fannd: ) 66.75; H, 6.05; N, 801,

The pierate was prepared from 150 myg ol earbobenzoxy=i-
aminopropylnmine hydrochlovide by mixiig with 20 ml of =atn-
rated pievie acid solitdian. The heavy vellow precipitate was

AVEE TS

filtered (400 mg) and reavstallized Trom agueons ateahdd: mp
8-80°.
dnal. Caled Tor ColgNOy-ILO: €, 44500 1, 4650 N,

1550, Found: C, 44.65; H, 4.84: X, 15.05.
Carbobenzoxy-3-aminopropylcarbamic Acid Salt of Carbo-
benzoxy-3-aminopropylamine.-—A solution of 250 mg of carbo-
benzoxy-3-aminopropylamine hydrocliloride in 1.5 ml ol water
was nixed with 2 ml of saturnted aqueous Nua.COy  After o [ew
minutes crystailine materinl separated out, which was filteved
and washed with cold water, ncetone, nnd ether: vield 100 myg:
mp 122-125°%; infraved (KBr), 2.9 (), 3.2 (sh), 3.3 (w), 5.0 (),
6.05 (w), 6.55 (sh), 6.3 (») u.
Anal. Caled tar CulNOs ) 00.00: T, 7.000 N,
Found: C; 60.02; 11, T.00; N, 11.82.
Carbobenzoxy-3-nminopropylamine can be liberated Trom its
hydrochlaride with strong NaOT; the oily free amine is water
and cther soluble and abzorbs CO. rapidly from the air (s give
the cryvstalline earbamice acid =alt deseribed above.
Carbobenzaxy--nminopropylamine  hydrochloride  gave  2-
oxohexahydropyriidine on heating at 160°, which after rve-
erystallization from alcohol nielted at 260°, and was identienl
with a preparation reported in the liternture.?
N-Carbobenzoxy-N'-«-( 3-benzyl-N-carbobenzoxy-n-asparty!)-
1,3-diaminopropane (III).--To 301 ml of dry toluene, 4.206 ¢
(0.012 mole) of g-benzyl-N-enrbobenzoxy-p-nspartate and 1.6
! (0.012 molel of dry triethylamine were ndded and cooled (o
—10°  To this mixture 1.56 nil (0.012 mif) ol isobutyl chloro-
formate was added with sthring, and the temperature was
maintabted at —10 to =35° for 0.5 hr. Then 2.9 g (0.012 mole)
of earbobenzoxy-3-nminopropylamine hydrochloride in 6 ml of
water and 12wl of T NV NaOH were added. The temperatim
was allowed 1o rise ta 0% the mixture was then diluted with 50
ml of ethyl acetate and stirred nan ice bath for 1.5 hr and atroom
temperatire Tor 2.5 hr. The ethyl acetate solntion was washed
with water, 0.1 N NaOH, water, 0.1 N HCL and water, dried
(Mg304), and concentyated to a small volnme., The crystalline
product was filtered and veerystallized from ethyl acetate-

12,16,

ether: yield 3.65 g (34¢)), wmp 145-146°, [o]*» —10.54° (¢
2.58, CHCL).
Anal, Caled for CwllaNsO50 C0 6381 1, 6.08; N, 7.67.

Found: C, 65.97: H, 6.12; N, 7.50.

L Isomer (III) was prepared shmilarly in 68¢ yield, mp 1258
130°, which after recry=tallization froni ethyl acetate melted at
146-147°, []%D 10.67° (¢ 2.58, CHCL).

Anal. Foand: C, 65.85; H, 6.13; N, 7.02
N-a-p-Aspartyl-3-aminopropylamine Dihydrochloride (I1V).~-
N-Carbobeuzoxy-N"-a-( 8- banzyl- N- carbobenzoxy-v- nspuryl)-
1,3-diaminopropnne (III) (0.583 g, 0.00106 mole) was hy-
drogenated in 130 m! of methanol-water (1:1} containing 0.25
m! of concentrated HCl. When the hydrogen uptake stopped
(30 ml), the 10¢7 Pd~C catalyst was filtered and washed with
methanol and water, and the combined sohition was evaporated
in vacio. The residiie was dissolved in a small amount of metha-
nol and, on nddition of 2-propanoel and ether, » flufty hygroscopic
material precipitated; yvield 247 mg (R8G7); after diving in vacwo

at H6°, [« 280 —8.40° (¢ 2.665, water).

Anal. Caled far CiUHCLNOg: CL 27,05, Found: Cl,) 26806,

L Isomer (IV). -Hydrogenation of the L isomer of IIT (2.12 g,
0.00399 niole) vielded 65¢, dihydrochloride, [a]%n 9.4° (¢ 2.214,
witer).

Anal. Found: Cl, 26.87, 27.26.

When tlie hydrogenation was perfornied in a methanol-water
(1:1) suspension (until complete solution was obtuined, 2 days),
the free base was obtained after evaporation of the filtered soln-
tion.  Paper chromatography of the solid residie (100 pg) in
I-butinol-acetic acid-water (4:1:1) for 160 hr gave, after de-
vidloppient with uinhyviliin, a strong violet color with w K¢ valne




September 1967

SYNTHESIS AND INHIBITORY ACTIVITY OF POILYASPARTIC ACID DERIVATIVES

907

TaBLE I
PREPARATION OF POLYDECARBOXYPEPTIDES

Polydecar- Starting

boxypeptide material Amine component
IXbe VII 1,2-Diaminopropane
X VII Putrescine
IXdP VII 1,6-Diaminohexane
IXe VII 2-Aniinoethanol
IXfe VII Hydrazine
IXg? VII N,N-Dimethyl-

hydrazine

L-XIe L-X/ 1,3-Diaminopropane
p-XI D-X 1,3-Diaminopropane
p-XIII¢ p-XII* 1,3-Diaminopropane
L-XIIT L-XII 1,3-Diaminopropane

@ The analytical values indicated the presence of about 509, free aspartyl residues with 1 mole of water.
indicated the presence of about 309, free asparty! residues with 1 mole of water.
4 About 309 free aspartyl residues are present.
/ Estimated molecular weight was about 35,000 [n4p/. {c 1, dichloroacetic acid) was 0.27].

H;0/asparty! residues.
dichloroacetic acid) was 0.44].

molecular weight was about 20,000 [nep. (¢ 1, dichloroacetic acid) was 0.18].

(¢ 1, dichloroacetic acid) was 0.09].

of 0.16 for both 1. and p isomers. This resnlt is in agreement
with the observation that «-asparty! peptides gave violet colors
with ninhydrin, while 8 peptides gave brown colors.

N-3-Aminopropy!-N2-carbobenzoxy-p-asparagine (V).—A solu-
tion of 1 g (0.00285 mole) of N-carbobenzoxy-b-aspartic acid
B-benzyl ester, mp 107-108°, [«]2%D —11.97° (¢ 10, acetic acid),
in 10 ml of dry methano! was added dropwise to 10 m! of 1,3-
diaminopropane with vigorous stirring. After standing
overnight 50 m! of dry ether was added to the reaction mixture
when 800 mg (849%) of solid material precipitated. It was filtered
and washed with hexane; mp 204-205°. Recrystallization from
water—alcohol (1:10) raised the melting point to 208-210°,
[a]®D —10.99° (c 4.53, acetic acid).

Anal. Caled for CJaHmNaOz)'HzOI C, 52.75;
12.31. Found: C, 52.62; H, 6.71; N, 12.08.

L Isomer (V) was prepared similarly. One gram of the »-
beuzy! ester (mp 106-108°, [«]2D 10.9° (¢ 10, acetic acid))
yvielded 905 mg (949) of crude V, mp 205-206°, which after
two recrystallizations from hot water melted at 211-212°, [«]%*D
10.8° {c¢ 5.02, acetic acid).

Anal. Found: C, 52.59; H, 6.81; N, 12.68.

The hydrochloride of N-3-aminopropyl-N2-carbobenzoxy-L-
asparagine was prepared by dissolving 500 mg of V in excess
methanolic HC!; 450 mg of crude hydrochloride was precipitated
with dry ether. After recrystallization from dry ethanol-ether
it melted at 178-180°.

Anal. Caled for Ci;HaeCIN;On: C, 50.07; H, 6.16; N, 11.67.
Found: C, 49.71; H, 6.31; N, 11.31.

N-3-Aminopropy!-p-asparagine (VI).—N-3-Aminopropyl-N2-
carbobenzoxy-p-asparagine (1.8 g) was hydrogenated with pre-
hydrogenated 109, Pd-C catalyst in water—ethano! suspension.
The hydrogenation was continued until a clear solution was
obtained; this was filtered and evaporated in vacuo at room
temperature. The residue was dissolved in ethanol and evapo-
rated ¢n vacuo. This was repeated three times, and 975 mg of a
hygroscopic white solid was obtained which melted around 146-
148° (unsharp). A paper chromatogram of 100 ug of this free
base in 1-butanol-acetic acid-water (4:1:1) gave a brown spot
with an R value of 0.13 when developed with ninhydrin.

The free base (242 mg) was dissolved in methanolic HC! and
the solution evaporated in vacuo at 20°. The residue was trit-
urated with ether and acetone yielding 335 mg of hygroscopic
dihydrochloride which was dissolved in methano! and reprecipi-
tated with 2-propanol and ether, filtered, and dried n vacuo
(P20;); [a]**p —24.2° (¢ 1.425, 1 N HCI).

Anal. Caled for C;H;;CLN;0;: Cl, 27.05. Found: Cl, 27.25.

The L isomer (VI) was similarly obtained in 979, yield; in-
frared (KBr), 2.95 (s), 3.15 (s), 3.38 (s), 6.05 (s), 6.42 (s) p.
The free base was converted into the dihydrochloride; infrared
(KBr), 2.85 (s), 3.0 (8), 5.7 (3), 6.0 (8), 6.35 (s), 6.65 (s) u; [a]%D
25.8° (¢ 2.53, 1 N HCI).

1, 6.79; N,

Reaction conditions Yield, %

5 g of VII was added to 50 ml of 1,2-diamino- 34
propane

Same as for IXa (Experimental Section) 46

Same as for IXa (Experimental Section) 53

H gof VII in 50 ml of DMF was added to 50 m! 68
of 2-aminoethanol

Same as for IXa (Experimental Section); an- 32

hydrous hydrazine was 1sed

2 g of VII was refluxed in 13 g of N,N-dimethy!- 48
hydrazine for 45 mii, then evaporated

1 gof X iu 20 m! of DMF was added to 20 m! of 35
1,3-diaminopropatie

Same as for 1-XI

Same as for XI 72

Same as for XI 53

® The analytical values
¢ The analytical values indicated the presence of 0.5
¢ Estimated molecular weight was about 60,000 [9s/. (¢ 1,
¢ Estimated
" Estimated molecular weight was about 10,000 [nsp/c

Anal. Found: Cl, 26.88.

Polydecarboxypeptide IXa.—A general procedure for the
aminolysis of anhydropoly-prL-aspartic acid (VII) is outlined
below, using 3-aminopropyvlamine (VIII, n = 3; X = NH,).
Anhydropoly-pL-aspartic acid (35 g) was dissolved in 250 ml of
dimethylformamide and was added dropwise to 350 ml of 3-
aminopropylamine with constant stirring. The stirring was
continued for 7 hr at room temperature; to the solution 600 m!
of ether and 600 m! of petroleum ether were added gradually.
A gummy material precipitated, which was washed with dry
ether several times and was allowed to stand under ether over-
night. The ether was discarded, the residie was dissolved in a
small amount of methanol and reprecipitated with ether. This
procedure was repeated three times. The solubility of the polymer
in methanol decreased during this procedure. After trituration
with 500 m! of ethanol, a light-colored powdery material was
obtained. Finally it was washed with ether and petrolenm ether
and dried in vacuo, yield 41 g (79.59;). This polymer was com-
pletely soluble in water, giving an alkaline solution; infrared
(KBr), broad peaks at 2.9 (s), 3.2 (m), 3.33 (m), 6.05 (s), 6.5
(s) u. Reduced specific viscosity nspre (¢ 1, CLCHCO.H) was
0.34.16

A portion of this compound (10 g) was dissolved in a small
amount of water and dialyzed against a constant flow of distilled
water (in a 2000-m! measuring cvlinder, 100 m! of water flow/20
sec) for 2 hr, then lyophilized; yield 7.1 g (71%); nspre (¢ 1,
Cl,CHCO:H) was 0.32.1

Anal. Caled for CisHyiN7Os:
Found: C, 46.6; H, 7.8; N, 19.7.

The analytical values were calculated for a polymer in which
every third unit is a free asparty! residue with 1 mole of water.
The fairly large deviation of the analytical values for the poly-
peptide and for those described below can be attributed to the
ability of such polymers to bind water, other solvents, and salts
to a varying degree; it is sometimes impossible to remove these
impurities without causing some degradation of the polymer itself.

Hydrochloride of polydecarboxypeptide IXa was prepared from
10 g of the undialyzed material by dissolving it in a small amount
of water and neutralizing with 4 N HC! to pH 2.5. The hy-
drochloride was dialyzed as described above for 2 hr; yield 8.4 g,
after lyophilization; #spic (¢ 1, CLCHCO;H) was 0.31.,16

Anal. Caled for CisHuN-Os-2HC!: C, 39.4; H, 6.2; N, 17.9;
Cl, 12.9. Found: C, 40.0; H, 7.0; N, 17.4; C}, 12.0.

C, 45.5; H, 7.0; N, 20.6.

(16) These viscosity values would indicate approximate molecular weights
of 35,000-50,000 assuming Doty's curve for poly-y-benzyl glutamate
[P. Doty, J. H. Bradbury, and A. M. Holtzer, J. Am. Chem. Soc.. T8, 947
(1956) ] is applicable to this type of polymer. The starting materia! VII
has an estimated molecular weight of 16,000-18,000 by the same method.
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The preparation of polydecarboxypeptides IXb—g, XTI, and
XTIT is described in Table T.
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The relationship between structural alterations in the carbohydrate moiety of adenosine and the resulting
changes in substrate activity was examined with adenosine deaminase. Of the 43 analogs studied, 16 were
deaminated, all of them at slower rates than the natural substrate. With the exception of adenosine 2"~ or 3'-
monophosphate, modifications at the 27 or 37 positions, includiug the simultaneous removal of the 2~ and 3'-
hydroxy! groups or chauges in their steric configuration, did not abolish substrate activity. Replacement of the
bridge oxygen with a sulfur atom allowed deamination, but modifications at the 17 position prevented it. Re-
placement or substitution of the 5'-hydroxy! group with a variety of other groups, or removal of the 4’-hydroxy-
methy! group, invariably led to loss of substrate activity. Very low activity was retained when an amino group
replaced the 5’-hydroxy! group, or when, in the absence of the 5'-hydroxyl, a hydroxy! group was present at
carbon 3 i a configuration cis to the base moiety. These data show that the 2'- or 3’-hydroxy! groups of adeio-
sine are not required for substrate activity, but that the 5-hydroxy! group is essential for binding to the enzyme
nnless its function can be assumed to a very limited extent by an amino or possibly other hydrogen bonding

The authors are indebted to Mro 10
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groups, or by a hydroxy! group at the 3’ position ¢is to the base.

The implication of these observations for the

design of adenosine analogs of interest in chemotherapy is discussed.

Nucleoside analogs, particularly of the adenosine
variety, have long been of interest in chemotherapy.
One of the factors which severely limits the usefulness
of many of these analogs is their ready degradation by
adenosine deaminase. It is of interest, therefore, to
determine which modifications in the nucleoside mole-
cule decrease or abolish the susceptibility of an analog
to deamination. Numerous iuvestigations of this
nature have been carried out in recent vears, utilizing
structural analogs of adenosine modified in the base or
in the sugar moiety or in both.!  In particular, the con-
tribution to binding made by the 2’- and 3"-hydroxyl
groups of the carbohydrate moiety has received close
attention, and the conclusions reached have varied,
depending upon the types of analogs available for
testing.®

The availability of new adenosine analogs, all modi-
fied in the sugar moiety and particularly in the 5’
position, prompted us to examine further the relation-
ship between structural alterations in the carbohy-
drate portion of adenosine and the ensuing changes
in susceptibility to deamination.

(1) (a) M. L. Schaedel, M. J. Waldvogel, and F. Schlenk, J. Biol. Chkem.,
171, 135 (1947); (b) D. A. Clarke, J. Davoll, F. 8. Phillips, and G. B.
Brown, J. Pharmacol. Exptl. Therap., 106, 291 (1852); (¢} O. P. Chiison
and J. R. Visher, Arch. Biochem. Biophys., 102, 77 (1963); (d) A. Bioch
and C. A. Nichol, Antimicrobial Agents Chemotherapy, 4, 530 (1964); (e)
. J. Schaeffer, S. Marathe, and V. Alks, J. Pharm. Sci., 53, 1368 (1964);
(f) A. Coddington, Biockim. Biophys. Acta, 99, 442 (1965); (g) G. A. le-
TPage, and I. G. Junga, Cancer Res., 25, 46 (1965).

(2) (a) H.J. Schaeffer, K. K. Kaistha, and 8. K. Chakraborti, J. Pharm.
Seci., 88, 1371 (1964);: (b) H. J. Schaeffer, D. D. Godse, and G. Liu, ¢&i/.,
53, 1510 (1964); (c) J. E. Cory and R. J. Suhadolink, Biochemistry, 4, 1724%
(1965); (d) H. J. Schaeffer and P, S. Bhargava, thid., 4, 71 (1965); (e:
H. 1. Schaeffer and E. Odin, J. Pharm. Sci., 54, 421 (1965);: () 8. Frederik-

son, Arch. Biochem. Biophys., 118, 383 (1966); (a)} J, T.. York and (i, A.
T.ePage, Can. J. Biochem., 44, 331 (1966),

Materials and Methods

The deamination of adenosine, 2’-deoxyadenosine, and of their
structural analogs was followed spectrophotometrically at 265
mu.? The measurements were carried out at 25° with a Gilford
absorbance recorder (Model 2000) and a Beckman monochro-
mator.

Adenosine deaminase, type I, from intestinal niucosa (Lot
5B-9022) was purchased from Sigma Chemical Co. As specified
by the supplier, this preparation deaminates adenosine 5 -iono-
phosphate (5'-AMP) at less than 0.019; the rate at which aden-
osine is deaminated. This activity is held to be due to the pres-
ence of phosphatase. Nucleoside phosphorylase, myokinase,
xanthine oxidase, and guanase activity is also below 0.019 of the
activity found in the crude extract. The enzyme was diluted in
0.05 M phosphate buffer, pH 7.5, to a concentration of 0.280
nnit/ml (1 unit being defined as that amount of enzyme which
caises the deamination of 1 umole of adenosine to inosine /min at
pH 7.5 and 25°). The assays were carried out by adding 0.1 nmil
of this solution to 2.9 ml each of 3 X 1073 M, 1 X 10~ M, aud
2 X 10~* M substrate in 0.05 M phosphate buffer, pH 7.5. Since
the rates of deamination at the two highest substrate concentra-
tions differed little, the enzyme appears to be essentially saturated
at these levels. Progress of the deamination was recorded until
the reaction was virtually completed. The rates of deamination
of those analogs which were deaminated very slowly were deter-
mined by increasing the amount of enzyme from 5 to 100 times
(see Table I). All of the compounds which were apparently not
deaminated by the initial low enzyme concentrations were rc-
examined in the presence of 30 times the amount of enzyme.
Since the activity of the enzyme in the buffer solution changes
markedly upon standing (in the cold), a new solution was pre-
pared after every 4 hr, and the rate of deamination of adenosine
was determined alongside each analog determination.

The buffer-insoluble compound X was first dissolved in 0.02
ml of dimethyl sulfoxide (DMSO),* and its rate of deamiunation
was compared to the rate of deamination of adenosine in a niix-
ture containing an equal amount of DMSO.

(3) H. M, Kalekar, J. Biol. (‘hem., 167, 461 (1947).
(4) H. I, Schaeffer and 11, Odiu, J, Med, Chem., 9, HT6 (196t),



