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ether layers were washed with water, dried (NasS0,), and evapo-
rated to give 18.1 g of colorless oil which was chromatographed
on 270 g of silica gel (0.2-0.5 mum).  Ebition with ethyl acetate-
benzeue (1:4) and finally with piure ethyl acetate gave 16.1 g of
colorless oil. Crystallization from ether-hexane gave 11.56 g
of half-ester (XIIIc), mp 98-101.5°. An additioual 2.51 g of
produet, np 93-97.5°, was recovered from the mother lignors
(total vield 739;). Crystallization from ether~hexane gave the
analvtical sample: mp 100.5-102.5°; [a]®p +70.4° (¢ 1.0,
C.ILOIT); ASE® 210 mu (e 8470), 278 (2060), 287 (1050);
AL 77 and 5.81 w. Thix compound wax deseribed previously
ns it oily [a]®p +61 &= 4° (¢ 0.19, alcohol).n

Anal, Caled for CyHueOs: C, 69.34;
C, 60.64; H, 7.69.

16-Azaestrone 3-Methyl Ether (XVa).—To a solution of 12.5 g
(0.0362 mole) of XIIIc in 63 ml of benzene was added 12.5 ml of
oxalyl chloride, and the resulting mixture was heated at 65° for
50 min. An additional 6.0 ml of oxalyl chloride was then added
and heating was continued for 30 min. The reaction mixture
was evaporated to dryness and the residie was crystallized from
ether-hexane to give 11.68 g of ernde acid chloride, mp 88.5-92°,
ASED? 554 aud 5.80 p This compound has beeu described
previonsly ax an oil.n

A solution of 9.0 g (0.138 mole) of NaNj; in 30 ml of water was
added over a 10-miu period to a cold (0-5°) solution of 11.38 g
of crude acid chloride in 228 ml of acetone. The mixtire was
allowed to stir in the ice bath for an additional 15 min and was
then diluted with 11, of water. The mixture was extracted with
ether aud the ether extracts were washed with water, dried (Nas-
S0,), and evaporated to give the crude azide XIIId as an oil,
AGHOR 4 67 (sharp) and 5.81 g A solution of this azide in 400
ml of hevzene was heated nnder reflux for 1 hr at which time the
evolntion of gax had ceased. The benzene was then removed
under redneed pressure to give the crnde isocyanate XIV as an
oil, ASEES 4 40 (broad) and 5.81 .

A solution of 11.3 g (0.2 mole) of KOH in 11.5 ml of water was
added to a solution of the erude isocyanate in 115 ml of methanol.
The reaction mixture was heated under reflux for 1.5 hr and was
then diluted with 400 ml of water. The resulting precipitate
was filtered, washed with water, aud dried to give 7.53 g (V3%
yield from the half-ester X1IIIc) of the lactam XVa, mp 210.5-
212.5° (vae)., Crystallization from CH:Cli—ether gave the an-
alvtical sample: mp 211-212° (vac); [«]®p +78.4° (¢ L0,

H, 7.57. Found:
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CH;OH); AZH°% 220 mu (e 8600), 279 (1980), 287 (1780);
ACHO 9 00 and 5.92 w; lit.s mp 202-205°, [a]p +70.5° (CIICly).

Anal,  Caled for CyuIluNO2: G, 75.75; I, 8.12; N, 4.01.
Fouund: C, 75.56; H, 8.15: N, 5.08.

16-Azaestrone (XVb)—A mixture of 4.0 g (0.014 mole) of
XVa and 80 g (0.79 mole) of pyridiiie hydrochloride was heated
with stirring at 210° for 40 min in an atinosphere of nitrogen.
The reaction mixture was then cooled and diluted with 600 ml of
2 N HCL  The resulting precipitate was filtered, washed with
water, and dried to give 3.40 g of crude produet, mp 362-364°
(vac). Crystallization from chloroform—ethanol gave 1.88 g
of XVb, mp 360-362.5° (vac). A further 0.89 g of XVD (mp
362-364°) wax~ recovered from the mother liquors (total vield,
277 g, 73%). Crystallization from CHCly-ethanol gave the
analytical sample: mp 362.5-364.5° (vae¢); [a]®D +82.5°
(c 0.1, C;H,OH); ASE5™ 220 mpu (e 7500), 280 (2000), 288 (1810);
ARBT 2,93, 5.95, and 6.01 p.

Anal. Caled for C;HaNO:: C, 75.24; H, 7.80; N, 7.16.
Found: C, 75.31; H, 7.78; N, 5.17.

16-Azaestra-1,3,5(10)-trien-3-0l 3-Methyl Ether Hydrochlo-
ride (XVI).—A solution of 1.38 g (4.84 mmoles) of XVain 46 ml
of dry dioxane was added rapidly to a boiling solution of 1.38 g
(36.4 mmoles) of LiAlH, in 46 ml of dry dioxane and the resulting
mixture was heated under reflux for 20 hr in a nitrogen atmos-
phere. Water (7.4 ml) was added slowly to the ice-cold reaction
mixture which was then heated under reflux for 30 min. The
hot mixture was filtered through a bed of Celite, the latter being
washed with hot dioxane. The filtrate was evaporated to dryuess
and the resulting colorless oil was dissolved in benzeie and pas<ed
through a short colnmn of Florisil. Evaporation of the eliates
gave all oil which was dissolved in CHCly, washed three times
with 2 N HCI, dried (Na,80,), and evaporated. The residie
waz crystallized from CH,Cli-ether to give 1.16 g (78¢) of
XVI, mp 298.5-301° (vac). Crystallization from ethauol gave
the analytical sample: mp 298-301° (vae); [«]®D +76° (¢ 0.5,
ethanol); ASZ% 219 mu (e 8050), 279 (2000), 287 (1810),

Anal.  Caled for CsHyCINO: C, 70.22; H, 8.51; Cl, 11.52;
N, 4.55. Found: C, 70.25; H, 8.28; Cl, 11.55; N, 4.53.

Acknowledgment.—We are indebted to Dr. Al
Steyermark and his staff for the microanalyses and to

Dr. V. Toome and Mr., 8. Traiman for the nltraviolet
and infrared spectra, respectively.
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Previons studies have shown that 9-(p-bromoacetamidobenzyl)adenine (XVI) and 9-(m-bromoacetamido-
benzyl)adenine (XVII) are both good reversible inhibitors of adenosine deaminase but that XVI causes an

irreversible inactivation of this enzyme at a much higher rate than does XVII.

In a continuation of studies on the

effect of isomers on the inhibition of adenosine deaminase, a variety of 9-(ortho-substituted benzyl)-6-substituted
purines have been synthesized. These compounds were weaker reversible inhibitors of adenosine deaminase than

was 9-benzyladenine.

However, 9-(o-bromoacetamidobenzyl)adenine, even though it was a weaker reversible

inhibitor of this enzyme than XVI or XVII, was found to be a good irreversible inhibitor of adenosine deaminase.
Evidence is presented that this irreversible inactivation of adenosine deaminase proceeds through an initial revers-
ible enzyme-inhibitor complex and not by a random bimolecular reaction between the enzyme and the inhibitor.

Recent studies have shown that 9-(p-bromoacet-
amidobenzylladenine and 9-(m-bromoacetamidoben-
zyl)adenine are both good reversible inhibitors of
adenosine deaminase obtained from calf intestinal
mucosa.2—* However, when these compounds were

(1) This investigation was supported by Grant T-337A from the Ameri-
can Cancer Society, by a Public Health Service research career program
award 5-K3-CA 18718 from the National Cancer Institute and by Training
Grant 5 T1 GM 55 from the Division of General Medical Sciences.

(2) H,J.Schaeffer and E. Odin, J, Pharm. Sci., 54, 1223 (1965).

(3) H.J. Schaeffer and E. Odin, J, Med. Chem., 8, 576 (1966).

(4) IL, 1. Schaeffer and R. N, Johnson, J, Pharm. Sci., 58, 920 (1966).

evaluated as irreversible inhibitors of this enzyme, it
was found that the para isomer was a good irreversible
inhibitor,* whereas the mefa isomer was a poor irre-
versible inhibitor of adenosine deaminase.* Siuce the
chemical reactivity of the meta isomer is greater than
that of the para isomer when 4-(p-nitrobenzyl)pyridine
is used as the nucleophilic reagent,* it would appear
that the differences in the rates at which these two
compounds irreversibly inactivate adenosine deaminase
is due to the difference in the environment on the
enzyme in which the alkylating group of the inhibitor
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i held during the initial reversible enzyme-inhibitor
coraplex.  In an attempt to study further the differ-
cnces in the reversible and irreversible inhibition of
adenosine deaminase, we decided to prepare some 9-
(ortho-substituted benzyl)-6-substituted purines.
Chemistry.—The general procedure which was nsed
for the synthesix of the required compounds 1k a modi-
fication of & method which has bheen emploved pre-
vianshy®* and ix ontlined i Cliart 1. Ths, condensa-
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tion of 6-chloropnrine (1) with e-nitrobenzyl chloride
(1I) gave a mixture of 6-chloro-9-and -7-(¢-nitrobenzyl)-
purines (IIT and TV)% which wus sepurated by chroma-
tography on silica gel.  When 6-chloro-9-(o-nitroben-
zyDpurine (ITI) was allowed to react with ammonia,
methylamine, dimethylamine, thionrea, or dilute hy-
drochloric acid, the corresponding (-substituted de-
rivatives (V-IX) were obtained. Catalytic hydro-
genation of V gave, i good yield, 9-(o-aminobenzyl)-
adenine (X) which on treatment with bronwacetyl
bromide, acetic aunhydride, or phenyl chloroformate
gave the N-aeylated derivatives (XI, XII, and XIII).
The assignment of structure to XI, XII, and XIIT is
based on the observation that N,0¥-diacetyldeoxy-
adenvlic 5'-acid exhibited an nltraviolet maximum
at 273 mp at pH 8, whereas X1, XII, and XIIT ex-

15) J. A. Montgomery and C. Temple, Jr., J. Am. Chem. Sor., 83, 630
(196 1).

(6) 'The structares of G-chloro-9- and 5-(n-nilrohenzyl)porines (111 anl
1V) weve assigned by analogy jo similar alkyla)ions.
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hibited ultraviolet maxima i the range of an adenine

derivative with an unsihstituted G-amino group.?
Finally, treatment of IV with Hquid amnionin

457 anve the ecorresponding 7-(o-nitrobenzyladenine

(XIV).

Experimental Section®

6-Chloro-9- and -7-o-nitrobenzylpurines (III and IV).--To a
<olution of 1.30 g (12.9 mmoles) of triethylamine in 30 ml of
DMIT was added 200 g 1129 inmoles) of T and 2.40 g (14.0 numoles)
of 11, and 1the reaction mixtire wag stirred nt room temperaiure
for 44 hr aud then at 50° for an additional 22 hr.  The mixrure
wis then poured into 30 mil of 1,0 at 0°, and the ingoluble mate-
rial was collected by fltration; yield, 2.98 g (79.79%). This
niaterinl was dissolved in CHCly and introduced on a colnnmm
{29.5-mm ibxide dianieter) of 150 g of silica gel (grade 950)
in CHCl;. The colmn wax elited with CHCly and 87 100-11]
fricerions were eollected.  Elnent fraections 7-62 were combined
wnd the salvent wax evapnrated o vacwo leaving a =olid rexidue of
11T ¢=ee Table I for analyses? and phy=iceal constants),

Lhient fraetions 7487 were combined and 1o solvent was
eviporated  vacto lenving nosolid residne of TV,

General Method 1. Preparation of V-VII and XIV.-—A
wixtire of 200 mg iD.600 mimole) of III in methanolic NH.,
aqiieors methivlamine, or agqueous dimethylaniine wns hented in
stainless xteel bomb e 85--100° for 20-24 hr,  After the reaction
niixtire was cooled, the material which precipitated was collected
by filtrntion 1o give V-VII, respeciively.

The same genernl procednre was nsed for XIV except lignid
N1, wax employved i 457,

6-Mercapto-9-o-nitrobenzylpurine (VIII).-—-A solution of 2001
g (0,690 minole) of II1 and 57 mg (0.75 mmole) of thionren in
H0 1l of n-propyl alechol was heated under reflux for 1 hr.  The
isolnble materind which precipitated frora the cooled mixture
wis collected by fliration (194 mg, 98.59;), mp 291-292° deq
covolurion of gaxt,

9-(v-Aminobenzyl)adenine (X).—A solution of 346 mg (1.2%8
nimoles) of Voin 100 ml of glacial neetic acid containing 100 g
of 577 Pd-C wax hydrogenated on a Parr hydrogenator at an
initil presave of 3906 kg/em®. After 30 min the catalyst wis
removed by filiranion throngh a Celite pad, and the solvent was
evapovared O cacuo, The residinal solid was then dried i vacko
ar 100° for 5 hr whicl gave 204 nig (95.89) of materinl, mp
D12-200° dee,

9-(o-Bromoacetamidobenzyljadenine Hydrobromide (XI).-—A
solition of 2606 mg (1.1 mmoles) of X in 225 ml of 1,2-dimethoxy-
ethamy was added slowly with consrani stirring to 323 mg (1.60
mimaolesi of bromoneeryl hromide i an ice bath, aud the cold
reaction mixmre was <iirved for 5.5 e, ‘The insoluble materind
whicli precipitated (450 mg, Y1.80,) was collected by filtration.

9-/o0-Acetamidobenzyl)adenine i XII).—-'I'o n ecold solntion of
10 g (0.625 wmele) of Xoin 5 ml of THE and 0.6 ml of 107
aeetie neld was added dropwise 462 mg (4.56 mmoles) of acetie
abhydride in 4 1ml of THF, and the =olution was stirred ai roon
tenpernture for £S5 hr. Upon cooling the solution in an iee
Datdy, a precipitate formed which wax colleeted by filtraniom.

9-(g-Phenoxycarbonylaminobenzyl)adenine (XIIT).-—A suln-
ton of 144 mg (0.60D0 munole) of X and 60 mg (0.600 mniole) of
{riethylunine i 200 ml of p=lioxae was added slowly with con-
st stirring ro 153 myg (0.9% mmole) of phenyl chloroforinaie.
After 22 I of stitring, the ibsoluble marverinl was remaved hy
fillration, and the solvent was reduced in vacwo to 10 ml.  Cold
wator (00 ml) wox oo kled, and the mixture was enoled i an Tee
bath.  The fine precpitate which formed wax collecied by filira-
iont.

Chemical Reactivity of the Alkylating Agents.—These ex-
periments were perforumoel by a modifieation of u procelnre de-

$7r POT Gilbam and 11, G Khorana, J. Am. Chem, Soc., 80, 6212 (1958,

{8) The ultraviole( ypecira were determined on a Perkin-Elmer Model 202
speetropltatometer; )lie enzyme studies were done on a Gilford Model 2000
spectrophotometer. The imelting points, anless otherwise noted, were
yitken v open capilitry (ibes on a Mel-Temnp and are corrected.

0y The analyses repmried in (his paper were performed hy Calbraith
Labhontories, Ine., Wnoxville, Teon., and Miero-Analysiz, Toe, Wilmingtm,
LThed,
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=z seribed in the literature.®~12 Equal volumes (10 ml) of the
z following preheated (37°) solutions were mixed: (a) 5% 4<(p-
,{ T = ﬁ 3-] z e = nitrobenzyl)pyridine in 2-methoxyethanol, (b) 0.05 M phthalate
- ik ~ : = . buffer (pH 4.2) in water, and then (¢) 0.81 mA solution of the
x= =22 = & i &z alkylating agent in 2-methoxyethanol. The reaction mixture
g -3 was incubated at 37° and at appropriate time intervals, a 3-ml
= - - - N - $ A aliquot was removed and cooled briefly in an ice bath. Then 1 ml
SE X3 © @ 2 E = of triethylamine was added to generate the colored quinoid-like
18 N~ = > = s . free base, and the absorbance was immediately determined at
\ - - « 5 £ 573 mu against a blauk which had been treated in an identical
s E mauner aid contaiied all of the reagents except the alkylating
T g8 RTTEER 2 B é agent. A comparisou of the initial rates of reaction are given in
R S e_sdavsrs o = F.  Fieure2
I =+ . .
O R S I B ll‘ Reagents and Assay Procedure.—Adenosine deaminase
& == (Type I, calf intestinal mucosa) was purchased from the Sigma
EL wrxcmsxaonxoie 0 = K= Chemical Co. The assay procedure for the reversible inhibitors
A2 TToTmwmemRXesh =T =f has beeu described previously?® and is a modification of the pro-
‘& C IISHEIZI[/IZTF [N B .~ cedure developed by Kalckar'® aud by Kaplau. The measure-
: T ment of the initial rates of the enzymic reactions were performed
([T o cwvmemoces~ = = 3= at 25° in 0.05 M phosphate buffer at pH 7.6. Those inhibitors
g TS FSAT = = o D7 which were only slightly soluble in phosphate buffer were eval-
g MM w w000 SN M uated in solutions of phosphate buffer containing 1067 dimethyl
g o3 sulfoxide as previously deseribed.?
TT Soxmomotnos 8 o 0 IE The method used to study the irreversible iunactivation of
T NERAk—_mo = NS g adenosine deaminase at 37° has been described earlierd* and is a
R i R = w0 modification of a published procedure.
o .=
s < >
T 25ZR295R%2%5 % 8 =7 Results and Discussion
z § : o When the 9-(ortho-substituted benzyl)-6-substituted
= H o o A o £ K purines were evaluated as reversible inhibitors of adeno-
= T;f: BIEREBLETZSEEE = 8 %2 sine deaminase, it was found that they were weaker
2 |© 3222828853 2 & ZSE  reversible inhibitors than 9-benzy! adenine (see Table
£ =y II). This weaker reversible inhibition of adenosine
ZZ . . o = £ deaminase by the 9-(ortho-substituted benzyl)adenines
= 2 % ; 2= g 3 Z o 2IE = T suggests that adenosine deaminase has limited bulk
- ¢ F SEZ2723427%F7 It
= EZS=ZERERERRSI OBE Tapie 11
ﬁ 5 oS C5 S 5 SO0 O e: REVERSIBLE INHIBITION OF ADENOSINE DEAMINASE BY SOME
- I:' = 6-SUBSTITUTED Y- (0rtho-SUBSTITUTED BENZYL)PURINES
a ( —~— =T R
E |,Z ©x2xz55sxzsxns g )
588 YA SnosenoKiEss AT AN
2 |52 ZZ3333cz2cd2228 3 I‘L @)
2 FrE xmommee-wIRZETa o8
g . =E CHy0-CH,R,
§/ é' 3 w@?:f:f;\—mﬂ@ © % é:i mM conen for
& 3 8 ZZZEREEZEX T3 =< Compd® R R 50% inbib® AL1/18Dn.s
3% Fgzxraczaz 2 g % V. NH, NO 0.13=0.0lc 1.9%0.1°
E SRSGRRAEINER 8 8 o3 VI NHMe NO. 0.31£0.01 4.7%0.1
e g X NH, NH 0.27£0.01 4.1=0.1
2, . XIzescesrc 2w 2% XI¥ NH, NHCOCH.Br 0.41+0.01 6.2=0.1
T3 darnomenss ¥ 3w 23 XII NH, NHCOCH; 0.53=0.03 8.0=0.4
i TSIcoififdscoo o8 e XIII NH, NHCOOCsH; 0.35=0.02 5.3%0.3
B~ ZERVZNEREZ & Z 2 XV XH, H 0.10=0.01 1.5=0.2°
' o —é = @ None of these compounds served as a substrate of adenosine
~ o mmmm D m N — = :-E deaminase. ! The concentrqtion of adenos@ne i_n alll .egperir.nents
TR Mg e o N o £ ~Z was 0.066 m.’l[. 11.1 no experiment of reversible inhibition did the
< M oFobnwen — F o= coneentration of inhibitor exceed 0.12 mM. In those cases
QE where a higher concentration is shown for 509 inhibition, the
= _:Zj: value was obtained by extrapolation of a plot of Vo/V vs. [I]
Ry, . . e o x . - where Vi, = initial velocity of the nninhibited reaction, ¥V = ini-
¥ gv3srx % RLER 2’: = tial velocity of the inhibited reaction at various inhibitor concen-
E} ; LAY TIY E z : 0 E z i trations, and [I] = the various concentrations of inhibitor.
= = § % E % 2 %} =3 g ® 3 G;J% ¢ Average deviation. ¢ K; = 44 X 107% M, competitive inhibitor
o st cP= as shown by the double reciprocal plot method. ¢ Data takeu
5, o= from ref 3.
iE = —
g2 <<<m<OmIEm U A F- (10) J. Epstein, R. W. Rosenthal, and R. J. Ess, Anal. Chem., 87T, 1435
23 =2 (1955).
] f (11) T. J. Bardos, N. Datta-Gupta, P. Hebborn, and D. .J. Triggle, J.
3 o — S é’ Med. Chem., 8, 167 (1965). . )
g Mo s oo v —_ = Lf g - (12) B. R. Bakerand J. H: Jordaan, J. Heterocychc' Chem., 2, 21 (1965).
S RAPZeeHARA K x ZE (13) H. M, Kalckar, J. Biol. Chem., 167, 461 (1947).
« = (14) N. O. Kaplan, Methods Enzymol., 2, 473 (1955).
% (15) B. R. Baker, Biochem. Pharmacol., 11, 1155 (1962},
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Pignre §o=lrreversible inhibition of adenosine deanubase by
O-Co-bromoacernmidobenzyDadenine (XTy nnd 1he proreetive
effeci on Trreversible lulibition by 9-(2-hvdroxypropylindenine:
O, chzyine cobtrol: 4, 0.04 mM XI: 2, 0.08 mM XI; @, 0.08
vl NT and 0.10 m 9-(2-hy-droxypropyliadenine

tolerance for snbstituents on the ortho position of the
bensyl group.  Electronie factors are also undoubtedly
imvolved bt it appears that the main factor causing
a weakening of reversible inhibition is of steric origin.
In addition, the 6-dimethylamino, G-niercapto, and the
G-hydroxy derivatives (VII-IX) cither did 10t inhibit
or, at best, weakly inhibited adenosine deaminase
when the componnds were evaluated at a concentra-
tion of 0.12 md. IFinally, 7-(o-nitrobenzylladenine
(XIV) was found to be a reversible inhibitor of adeno-
sine deaminase with an ([1]/[8Des of 3.7 = 0.2
We have previously observed that V-substituted
adenines  were either weakly or nouinhibitory, 116
That X1V is inhibitory may reflect a different mode of
binding by this corapound to thix enzyme relative to
the other 7-substituted adenines.

Hawever, anr main interest in the preparation of
thix series of cotupounds was to determine the effect
af structnre on the hrreversible inhibition of calf in-
{estinal mueosa adenosine deaminase.  We have pre-
vionusly deseribed the preparation and enzymic evalua-
don of  9-(p-bromoacetamidobenzyl)adenine  (XVI)
and 9-(ve=-bromoacetamidobenzylladenine (XVII). It

NH. NH,

NN NN

LD LY

i i
CH, CH,

NHCOCH,Br

NHCOCH, Br
XVI XVII

was found that the para somer (XVI) was a slightly
better reversible inhibitor and u much better irreversible
mhibitor of adenosine deaminase than was XVIIL.3*
A comparison of the present data reveals that 9-(o-
bramoacetanidobenzyDadenine (X1) 1= an even wenker
reversible inhibitor of adenosine deaminase than is the
corresponding weta derivative (XVII). IFor example,

sy 1L Sehaetler nod R, Vinee, J. Med. Chem., 8, 710 (1u60).

Vol 1t

for XVIthe Ay = 1.5 X 107 M and the ([1] S, =
0.27 and far XVII the K; = 3.0 X 10°* W and the
(I1/ 18] = 085 However, when the ortho derivi-
tive XTI was evaluated for its ability to callse jrrevers-
ible ietivation of adenosine demninase, 10 was found
to be o gaod irreversible inhibitor.  The irreversible
mactivation af adenoxine deaminnse by X1 proceeded
to greater than 959, aud the inactivation was not
reversed by dialyxis.  PFurthermore, the enzyvime was
unt rreversibly inhibited by 9-(o-acetamidobenzyh-
adenine (XII). Since a major difference between Xi
and XTI@ 1= the alkylating ability of XI, we believe
that the irreversible inhibition caused by X1 ix a resnlt
af the alkylation of the ecnzyme by the bromoacetamido
molety with the formation of a =table covalent houd
hetween the inhibitor and the enzyme. A third poten-
tial irreversible inhibitor of this enzyume is N1 which
conld Taetiviate adenosine deuinase by an aeyvla-
tion  reaction.  When  XIIT was  meubated  with
the enzyvite, irreversible maectivation did ot ocenr;
thns, in common with the pava and nela
the frreversible inaetivation oceurs by oan abkyhi-
tian process.  Other structural features than mere
alkylating ability in the inhibitor are necessary for the
nreversible mactivation of adeunosine dewninase,  For
example wliet a 1.6 nil/ coneentration of iodoacetainide
was nenbated wicli the enzyvime, no detectable irrevers-
ible inhibition ocetrred, but when 0.04 m/ and 0.08
nd/ coneentrations af XI were mnenbated at 37° with
adenosine deamiuase. a rapid irreversible inhibition
occurred (see Flgure 1), Thns, even when iadoacet-
amide was cruployed i a concentration 20 to 40 times
greater thau X1, na detectable irreversible inhibition
was evident.  Ou the baxis of these results, we suggest
that the irreversible mhibition of adenosine deaminase
by XT is not a raundom bimaleenlar process but ocenrs
throngh an initial reversible enzyve-nhibitor comples
ax shown inoeg 1o This mechanixm wonld explain why

Neyles,

Ad Ad Ad
1 I! N I IN
I+ N = NI — ('l NI 1+ 1h I
(=) ety (
BrC. BrCl (l')

lodoacetamide is nuetive at 1.6 ml/, whereas XI i
active at much lower concentrations.  According to
cq 1, the irreversible step occurs only after an initial
reversible complex has occurred. Since XTI is o re-
versible inhibitor of the enzyme, whereas iodoucet-
amide at 1.6 m/ is not, it is apparent that the bromo-
acetamido molety of XI is positioned in the reversible
1. T complex near a nucleophilic group on  the
enzyme and then a reaction related to a neighboring-
gronp reaction oceurs resulting in a rapid rreversible
inactivation of the enzyme. Whereas it isx theo-
retically possible for iodoacetamide to react with the
sunie nucleophilic group on the enzyme, this reaction
does not occur because there is little or no reversible
complex to direct the alkyvlating agent to the nucleo-
philic granp on the cenzyme.  If the irreversible in-
activation of adenosine deaminase by XI oceurs through
i reversible 18- -+ T complex, the pseudo-first-order loss
of enzyme activity should be proportional t, the con-
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centration of the reversible 190 -1 complex. Baker'
has derived and employed eq 2 to caleulate the con-
centration of the E---1 complex in terms of total
engynie, E,.  Tneq 2, K is the dissuciation constant of

.- 1] = B/ + 1) (2)

the [+ --1] complex and [I]is the concentration of the
inhibitor. In the case of XI, when [I] = 0.04 ml{,
[E---I] = 0.083[E;] and when [I] = 0.08 ml{,
[E---I] = 0.15[E,]. Therefore, increasing the con-
centration of XI results in an increase of the [E- - 1]
complex by 0.15[E]/0.083[E,] or 1.8 times. Since
the rate of irreversible inactivation is dependent on
the concentration of the [E: I} complex, it follows
that by increasing the concentration of XI from 0.04
to 0.08 mA, the rate of inactivation should mcrease by
a factor of 1.8,  An examination of Iigure 1 reveals
that the rativ of the rates of inactivation is, in fact,
1.8 in excellent agreement with the calculated ratio.
We believe that these data offer strong support to
the suggestion that the irreversible inactivation of
adenosine deaminase proceeds through an initial re-
versible E-- -1 complex through which covalent bond
formation occurs as outlined in eq 1,

Additional evidence supporting the mechanism of
irreversible inactivation of adenosine deaminase by
XI was obtained in the following manner. When
adenosine deaminase was incubated with a mixture
of XI and 9-(2-hydroxypropyl)adeniune, a reversible
inhibitor of this enzyme, the rate of irreversible in-
uctivation was lower (Iigure 1). This proteection of
the enzyme from irreversible inactivation may be
rationalized by assuming that the effect of the reversible
nhibitor, 9-(2-hydroxypropyl)adenine, is to lower the
concentration of the reversible E---1 complex be-
tween the enzyme and XTI which in turn would result
in a reduction of the rate of irreversible inhibition.
It has been suggested that such protection from ir-
reversible inhibition indicates that the active site of
the enzyme is involved. 113

Iinally, the interesting observation has been made
that for reversible inhibition of adenosine deaminase,
the activity decreasges i1 the following order: XVI-
(para) > XVII(meta) > XI(ortho). However, for ir-
reversible inhibition of adenosine deaminase it has been
fouud that the ortho and pare compounds (XI and XVTI)
are much more effective than is the meta derivative
(XVII). Comparative chemical reactivities using 4-
(p-nitrobenzyl)pyridine!! ~!2 as the nucleophilic reagent
reveal that the order of reactivity is XI = 1.9, XVII =
14, and XVI = 1.0 (Figure 2). Thus, even though
the chemical reactivities of the three compounds
with 4-(p-nitrobenzyl)pyridine are not dramatically
different, the rates of irreversible inactivation of adeno-
sine deaniinase are quite different,

(17) B. R. Baker, W. W, Lee, and E. Tong, J. Theoret. Biol., 3, 459 (1962).
(18) J. A. Thoma and D. E. Koshland, Jr., J, Mol. Biol., 2, 169 (1960).
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Figure 2.—Comparisou of the mnitial rates of reaction of some
alkylating agents with 4-(p-nitrobenzyl)pyridine at pH 4.2:
O, 0.27 mM iodoacetamide; A, 0.27 mM XVI; e, 0.27 ml/
XVII; G, 0.27 mM XI

We have previously calculated that the amount of the
total enzyme E, in the initial reversible E- - -T complex
when XTI is employed at 0.08 mAf concentration is 0.15-
[E:]. When XVI is employed at 0.03 mdf concentra-
tion, the amount of E in the initial reversible complex
is 0.70[E.]® and when XVII is employed at 0.10 mi{
concentration, the amount of E; in the initial reversible
E-- -1 complex is 0.73[E;].* TUnder these conditions
the half-life period for the irreversible inactivation of
adenosine deaminase 18 58 min for XI, 94 min for XVI3?
and >600 min for XVII.*+ Therefore, even though the
coucentration of the initial reversible E- -+ T complex is
lower with XI than with XVI or XVII, the half-life
period of irreversible inactivation is shorter. These
data establish that the alkylation reaction between
XTI and the euzyme in the E- -1 complex must be
faster than the same step for XVI and much faster
than the same step for XVII. Because of these dif-
ferences i the rates of alkylation of adenosine deami-
nase, it is possible that XI and XVT are alkylating dif-
ferent amino acids on the enzyme.'®* The meta deriva-
tive (XVII) in the reversible E- - T complex is not held
as close to a nucleophilic group on the enzyme and
therefore has a much lower rate of irreversible inactiva-
tion. A kinetic analysis of the irreversible inhibition
of adenosine deaminase will be the subject of a future
paper.

(19) 1t is also possible that X1 and XVI are alkylating tlee same amino
acid on the enzyme bat that the alkylating group of X! is positioned in the
E' -1 complex closer to the amino acid than it is with XVI, Therefore, the

alkylation step is more rapid with XI than with XV1. Experiments are in
progress to differentiate these two ideas.



