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9-(0- and p-bromoacetamidobenzyl)adenines irreversibly inactivated calf intestinal mucosa adenosine deatni-
nase rapidly, whereas the corresponding meia isomer irreversibly inactivated the enzyme very slowly. In order
to study the effect of structure on the reversible and irreversible inhibition of adenosine deaminase, a variety of
6-snbstituted purines were synthesized that were snbstituted at the 9 position by a phenethyl, a g-hydroxy-
phenethyl, or a meta-substitiited phenethyl group. The phenethyl derivatives were generally weaker reversible
inhibitors than the corresponding benzyl analogs. However, 9-(m-bromoacetamidophenethyli)adenine (24)
was found to cause a rapid irreversible inactivation of adenosine deaminase. Ividence is presented that the
irreversible inactivation of adenosine deaminase by 24 is not a random bimolecular process but proceeds by a
first-order reaction (k) in an initial reversible enzyme-inhibitor complex. A kinetic aqalysis of the irreversible
inactivation by 24 of this enzyme revealed that the K; of 24 = 72 X 107% ] and that the apparent first-order
rate coustant (k) for the alkylation of the enzyme is 28 X 1072 min %
Several recent publications have suggested that Crarr 1
adenosine deaminase has a hydrophobic region and a Ci NH,
hydroxyl binding site that are involved when certain
ST . . \ N2 NN NANAN
inhibitors bind to this enzyme.>® In an attempt to al l\ | \> — L | \>
prepare compounds which could bind to the hydro- NN SNAN
phobie region or to both the hydrophobic and hydroxyl N7 N\ | |
binding regions, we decided to prepare some 9-phen- kN | N> ?Hz C1H2
ethyl-, 9-(m-mtrophene‘t_‘hyl)-l and 9-(ﬂ-hydroxyphqp H CH,C.H, CH,CH,
ethyl)-6-substituted purines and evaluate them as in-
hibitors of adenosine deaminase. T'urthermore, it 1 3 5
has been reported previously, that 9-(m-bromoacet- + — +
amldol?enzyl)ade'nme was an irreversible inhibitor of CH,Br CH,C.H,
adenosine deaminase but the rate of irreversible in- |
activation was very low when compared with the rates CH,C:H; ¢ CH
of irreversible inactivation of this enzyme by 9-(o- 2 |
or p-bromoacetamidobenzyl)adenines.* Therefore, we N l 1\>
were interested in the preparation of some 9-(meta- KN N
substituted phenethyl)-6-substituted purines and in
particular 9-(m-bromoacetamidophenethyl)adenine to 4
ermine if the longer chain length would allow the .
determ & & phenethyl-6-chloropurine (4) (Chart I). Treatment

compound to bridge more easily to a nucleophilie site
on the enzyme with the result that the irreversible
inhibition of adenosine deaminase would oceur at a
much higher rate of reaction. This paper describes
the synthesis and biological evaluation of this series of
compounds (Table I).

Chemistry.—The synthesis of these compounds was
accomplished by modification of procedures which have
previously been employed for the preparation of some
9-substituted-6-substituted purines.®® Thus, econ-
densation of 6-chloropurine (1) with 2-bromoethyl-
benzene (2) in the presence of triethylamine gave a
mixture of 9-phenethyl-6-chloropurine (3) and 7-

(11 Thiginvestigation was supported by Grant T-337\ from tlie American
Cancer Society, by a Public llealth Service research grant (5-R0O1-GM.
09775-05), Ly a research career program award (5-K3-CA-18718-05) from
the National Cancer Institute, anil a training grant (5-T1-GM-7555-05)
from the Divisibn of dMedical Seiences, UL 8. Public llealli Services, lle-
thesda, Md.

(2) H. J. Schaetfer aud D. Vogel, J. Med. Chem., 8, 507 (1965).

(3) H. J. Schaeffer, D. Vogel, and R. Vince, ¢bid., 8, 502 (1965).

(4) H. J. Sclineffer, M. A. Schwartz, and E. Odin, J. Med. Chem., 10,
486 (144G7).

(5) J. A. Montgomery and C. Temple, Jr., J. Am. Chem. Soc., 83, 630
(1961).

(6) C. Temple, Jr., C. L. Kussner, and J. A, Montgomery, J. Med. Fharm,
Chem.. B, 866 (1962),

of 3 with methanolic ammonia at 85° for 19 hr gave
9-(2-phenethyl)adenine (5).

The synthesis of the 9-(3-hydroxyphenethyl)purines
was accomplished as outlined in Chart II. 5-Amino-
4,6-dichloropyrimidine (6) on condensation with a-
(aminomethyl)benzyl aleohol (7) gave the desired
pyrimidine (8) which on reaction with triethyl ortho-
formate and hydrochloric acid formed 9-(8-hydroxy-
phenethyl)-6-chloropurine (9).  The 6-substituted
derivatives (10-14) were prepared by allowing 9 to
react with ammonia, methylamine, dimethylamine,
aqueous formic acid, and thiourea.

Tinally, the 9-(meta-substituted phenethyl)purines
were prepared by the condensation of 6 with 2-(-
nitrophenyl)ethylumine (15) which resulted in the
formation of 16. Treatment of 16 with triethyl ortho-
formate and HCI gave 17 which was eonverted into
18-22 in the usual mauner. Catalytic hydrogenation
of  9-(m-nitrophenethyl)adenine (18) with Pd-C
gave 23 in good yield. When 23 was allowed to react
with  bromoacetic anhydride, acetic anhydride, or
phenyl chloroformate. the corresponding acylated
derivatives (24-26) were obtained in moderate vields
(Chart III),
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T= AND O-(SUBSTITCTED PHENETHYL-0-8UBSTITUTED PriiNEs
Ultraviolet Mux, tip (e X 1(1=3
Reerysin 1N 1C- 1120 1 NV NaOll-
Campil stlvent® Mp, 2C Yielil, G ensolvend rostlvent cosulvent Cosnlyent ol Nualyses
B A 102--1045 A0 2606 (09445 266109751 266 (00845 107 1001 C)511, CIN, ¢, CLN
4 3 160-162 1.5 267 (0.825) 208 (0.807) 270008203 107 KOl C3H,,CIN, ¢, 1L CL N
D C 176177 2.4 260 (1.36) 2031 .56 263 (1.40; 107 Fioll Cyll, N, 1L N
<) ) 141-142 0.6 264 (1.01)  264¢1.03) 2064 (1.01) 107 F(OT1 Cpll), CIN,O T CLN
10 B 225-226 64,3 2H8 (1.36)  250911.32)  20001.57; 105, FeOTl N0 ¢, N
11 In 188-189 40.7 265 (1.03) 2065 (1.44) 2066 i1.60; 1070 19 OH ) (H):N;0 GO N
12 Is 179-180 06.38 207 (1.83)  2T0(L.78) 274 {1,099 107 FOTT C)51H):N;0 ¢ 1N
13 B 287-289 60.8 249 (1.12)  24001.21) 254 (1.31, Nobe C)3H, N0, ¢, 1, N
14 . 313-314 091.7 322(2.00) 316 (2.08) 310 (2.04) 1077 DMSO  Cpiil)aN;ON ¢, I, N, &
17 B 212-213 4.0 207 (1.53) 2067 (1.53) 207 11.57) 107, I00H CisH)CIN;O, € H, CL N
18 I3 236--237 0.8 261 (1.96) 262(1.99) 261 (2.18; 4" EtOH C3H )y N4Os C, LN
1) I 225-227 60.0 204 (2.07) 267 (2.00) 207 (2,11 10" E(OIl Cy4H, NGO C LN
20 3 175.5-176.5 56,0 269 (2.42) 274 (2,30 294 (20105 40, E1OH Cy.H)eNg, C, HN
21 B 256-257 60.1 233(1.60) 2510157 257 (Lo 10" 11O CH, NG, o N
2 203--205 95,5 324 (2.06)  8259¢2.28) S5 201m 100, DAMSO Oyl N.OWS 1S
23 219-221 827 200 (1. 34) 2065 (1.40) 263 (1.40; 107, 1011 )11 Ns CILN
24 . 154 dec A5 255 (2.01) 257 2.02) 23T 2.02) ROODMSO CplBreNgOs C 11 Bro N
25 (s 212-2145 40 250 (L.8G) 2500155y 250(1.%n 1070 OO ) N0 ¢, 1N
20 102 dec 24,0 260 (1.46) 26001455 20001.6:1) A0 DNSO CallyNgOy ¢, H,N
¢ Reerystallization solveats: A, Cellyy: B, KO C, Gells: D, Celle=Cellye: B, BOAe: T, -Prmll; (3, MeOH.

Cuanrr 1L

¢
NH. CH,NH,
N o+ — —
N | CHOH
N> |
CyHy
6
7
8
R
N
o
P
?HOH
C;H.
9, R=Cl 12, R=NMe.,
10.R=NH, I3,R=0H

11, R=NHMe 14, R=SH

Experimental Section’

9- and 7-(Phenethyl)-6-chloropurines (3 and 4).—A solution of
231 g (15.0 mmoles) of 1, 3.10 g (16.7 mmoles) of 2, and 1.68 g
{16.6 mmoles) of (riethyiamive in 50 ml of DM wuas stirred al
room (emperature for 98 hr.  The resalting mix(ure was filtered,
and the filtrale was evaporaled in vacuo (0 give a semisolid. A
CHClI; solution of the crude material was chromatographed on a
columa of neuteal aluming (61.0 g), nud 3 was ebtted with CHCIy
(250 mb),

(7) The infrared spectra were determined on a Perkin-Elmer Model 137
spectrapiiotomerer; the ultraviolet speetra were iletermined on a Perkin-
IZltmer Munlel 202 spectroplurtameter; the enzyme studies were 1lone an u
Gilford Model 2000 spectropliotometer. 1he melting points, unless noted
otlierwise, were taken in open capillary tubes on a Mel-Temnp and are cor-
repted. Tl analyses reported in this paper were performerl by Galliraith
Mijcroamdytical Lubaratories, Kunxville, Tenn,

Cranr T

Ci
NH.
N‘\/ | + CH,NH, —
SN Cl CH,-m-C;H,NO.
6 15
Cl
NH.
)
w7
N TH —
I
CHm-CH NO,
16
R NH,
. N v N
N N A\
LY Ly
N —
CH. CH,
CH,-m-CH,NO, CH.-m-C.H,NHR
17, R = CI 20, R = NMe, 23, R = I
18, R = NHl, 21,R = OH 24, R = COCH.Br
19, R = NHMe 22, R = SII 25, R = COCIH;,
26, R = COOC,II.

After the 9 isomer had been removed from the column, 4 wus
cluted from the alumina column with 200 wml »f 59, MeOTl-
CHCIy.  After removal of the solvent i 2acuo, 710 mg (18500
of the crude 4 was obtained; mp 130-152°,

Generai Method 1. Preparation of 5, 10-12, 18-20.-—A mix-
rare of 0.500-1.00 mmole of 9-(substitnted phenethyl)-6-chloro-
purive in 209, MeOI1-NIly, 409, aqueous melhylamine-F(OH
(2: 1), or 239, agueons dimethylamine-EtOH (2:1) wax heated in
a stainless steel bomb at 51-92° for 19-25 hr. The mixture
was evaporated in vacuo to give 5, 10, 11, 12, and 19. In
the case of 18 and 20, the <otid which precipitated from the reac-
(intt mixtare was collected by filtration.  In the case of 10, lignid
NI, (15 mi) was emploved in place of NMeOH-NE,.

General Method 2. Preparation of 8 and 16.--A =olurion of
20.0-436.8 nmwles of 6, 28.5-36.2 mmolex of 7 or 15, aud 22.0-37.8
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mmoles of triethylamine in 70-125 ml of 1-propanol was heated
under reflux for 21-22 hr. Evaporation of the volatile materials
in vacuo followed by trituration of the residue with water gave
crude 8 and 16, respectively.

General Method 3. Preparation of 13 and 21.—A solution of
0.660-0.750 mmole of the chioropurine in 10 ml of 88%, aqueous
formic acid was heated under reflux for 20 min. Evaporation
of the volatile materials ¢n wacuo gave crude 13 and 21, respec-
tively.

General Method 4. Preparation of 14 and 22.—A mixture of
0.660-0.750 mmole of the 9-(substituted phenethyl)-6-chioro-
purine and 0.660-0.840 mmole of thiourea in 4-5 ml of 1-propanol
was heated uuder reflux for 0.75-1 hr. The mixture was cooled,
and the product was collected by filtration to give 14 and 22,
respectively.

4-Chloro-5-amino-6-( 3-hydroxyphenethyiamino )pyrimidine
(8).—A solution of 3.28 g (20.0 mmoles) of 6, 3.91 g (28.5 mmoles)
of 7, and 2.23 g (22.0 mmoles) of triethylamine in 70 ml of 1-
propanol was heated under reflux for 21 hr. Ewvaporation of the
volarile materials in vacuo followed by trittiration of the residual
oil with Fi,O prodiiced 5.36 g of crude solid, mp 167-170°. Re-
crystallization of the crude product from EtOH gave 4.43 g
(83.6) of the analytical sample: mp 170-172°; Am.x [in mp
(e X 107%)] (0.1 N HCI-10¢; EtOH) 302 (1.29), (H.0-10%
EtOH) 289 (0.975) and 262 (0.933), (0.1 N NaOH-109;, EtOH)
289 (0.945) and 262 (0.902); » (in em~1) (KBr) 3400 (OH), 3250,
3100, and 1690 (NH), 1570 and 1550 (sh) (C=N and C=C).
Anal. (CHiCIN,O) C, H, Ci, N.

9.-( 3-Hydroxyphenethyi)-6-chioropurine (9).—To a suspension
of 3.94 g (14.9 mmoles) of 8 in 100 ml of triethyl orthoformate was
added 1.37 ml (16.4 mmoles) of concentrated HCI. After stirring
the mixtire for 48 hr, the volatile materials were evaporated
in vacuo. Recrystallization of the residue from benzene-hexane
gave 728 mg of pure product, mp 141-142°, The filtrate was
evaporated in vacuo, and the residiie was dissolved i1 CHCls and
chromatographed on a column of neutral alnmina (150.0 g).
The contaminating materials were eluted with CHCI; (1 1.);
9 was eltited with CHCl; contaming 5% MeOH (400 ml).

B-m=-Nitrophenethylamine Hydrochloride (15).—To a mixture
of 4.85 g (30.0 mmoles) of m-nitrobenzyl cyanide and 2.27 g (60.0
mmoles) of NaBHy in 100 ml of cold redistilied digiyvme was
added 12.75 ml (80.0 mmoles) of BFs;-O(C:H;), over a period of
35 min. The reaction mixture was stirred at room temperature
for 1.5 hr before the excess B.H, was destroyed. After filtration,
dry HCI was bubbled into the solution to produce the HCI salt.
The volatile materials were removed ¢n vacuo, and the residue was
dissolved in 50 ml of H;O. The pH of this solution was adjusted
to 13 with 1097 aqueous NaOH. The amine was extracted with
CHCl; (three 50-ml portions), and the extract was dried (MgSOy).
Addition of dry HCI to the extract produced 4.8 g (799) of the
prodiiet, mp 197-206°. Two recrystallizations of the crude
material from absolute EtOH gave the analytical sample:® yield
1.66 g (27.29); mp 209-211°; Agex [in mu (e X 107%)] (pH 1)
268 (7.34), (pH 7) 269 (7.08), (pH 13) 272 (7.00); » (in em™!)
(KBr) 2950 and 1600 (NH;*), 1530 and 1350 (NQ.). Anal.
(CsHLCIN,O,) C, H, N.

4-Chloro-5-amino-6-( 3-nitrophenethyiamino)pyrimidine (16)
was prepared in the same manner as 8. Recrystallization of the
ertide product from MeOH gave 7.62 g (71.8%;) of pure material:
mp 174-175°; Amax [in mu (¢ X 107%)] (0.1 N HCl49; EtOH)
282 (1.46), (H.0-4%; EtOH) 267 (1.530), (0.1 N NaOH-49
EtOH) 267 (1.30); » (in em™!) (KBr) 3500, 3400, 3290, and 1630
(NH), 1580 (C=N and C=C), 1520 and 1340 (NO.). Anal.
(CH12CIN;:0:) C, H, CI, N.

9-(m-Nitrophenethyi)-6-chloropurine (17).—To a suspension
of 718 g (24.4 mmoles) of 16 in 150 ml of triethyl orthoformate
was added 2.24 ml (27.9 mmoles) of cottcentrated HCI over a
period of 3 min. This mixture was stirred at room temperatitre
for 162 hr. The precipitated proditet was collected by filtration;
yield 6.90 g (93.4% ), mp 210-212°.

9.-( 3-m-Aminophenethyi)adenine (23).—A solution of 284 mg
(1.00 mmole) of 18 in 50 mi of HOA¢ conlaining 66 mg of 5%
Pd-C was hydrogenated for 1 hr at an initial pressure of 4.2
kg/em?2.  The catalyst was removed by filtration through a Celite
pad, and the filtrate was evaporated in vacuo. The crude product

(8) J. M. Gulland., R. ). Hawortli, C. J. Virden, and R. K. Callow, J.
Chem. Soc., 1666 (1929), prepared this compound hy a different procedure
aml repyrted mp 207-209°.
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was dissoived in 10 ml of 1 ¥ HCI aud filtered, and the filtrate
was adjusted to pH 13 with 1 N NaOH. The precipitated solid
was collected by filtration to give 23.

9-( 8-m-Bromoacetamidophenethyi)adenine Oxalate (24).—
To a cold solution of 169 mg (0.659 mmole) of 28 in 5 ml of THF
and 0.6 ml of 10¢; aqueous HOAc was added dropwise 256 mg
(0.983 mmole) of bromoacetic anhydride in 1 ml of THF. After
stirring the solution at 0° for 30 min, 20 ml of 59, aqueous
NaHCO; was added portiouwise. The off-white precipitate
was collected by filtration and dried in vacuo at room temperature
to give 151 mg (61.2%) of material. The precipitated material
was dissolved in 10 mi of THF and fiitered, and 2.3 ml of 1 M
oxalic acid in THF was added to the chilled fiitrate. The white
precipitate (24) was collected by filtration.

9-(8-m-Acetamidophenethyi)adenine (25)—To a cold solu-
tion of 254 mg (1.00 mmole) of 23 in 0.50 mi of HOAc and 5.0 ml
of THF was added 158 mg (1.54 mmoles) of O(Ac): in 2.0 ml of
THEF. The solution was stitred at (° for 0.5 hr and the precipi-
tate was collected by filtration to give 25.

9-(3-m-Phenoxycarbonylaminophenethyi)adenine Oxalate
(26).—To a solution of 103 mg (0.405 mmole) of 23 in 20 ml of
p-dioxane was added 72.9 mg (0.720 mmole) of triethylamine
followed by 86.3 mg (0.552 mmole) of phenyl c¢hloroformate,
The mixture was stirred at room temperature for 1 hr and filtered,
and the filtrare was concentrated to ca. 2 ml. To the chilied
filtrate was added 15 ml of H,O, and the crude product was
collected by centrifuigation. Precipitation of the erude material
in MeOH with HyO gave 64.0 mg (42.3%;) of material. Oxalic
acid (2 ml of 1 M in THF) was added to a chilled soluttion of the
precipitated material in THF. The precipitate was collected by
centrifugation to give 26.

Reagents and Assay Procedure.—Adenosine deaminase (Type
I, calf intestinal mucosa) was purchased from the Sigma Chem-
ical Co. The assay procedure for the reversible inhibitors has
been described previously and is a modification of the procedure
of Kaplan® based on the work of Kalckar.?? The method used to
study the irreversible inactivation of adenosine deaminase at 37°
has been described earliert!! and is a modification of a published
procedure.'? Since 24 was isolated and purified as its oxalate
salt, it was necessary to determine that oxalic acid was not the
active agent which caused the irreversible inactivation of adeno-
sine deaminase. When oxalic acid was incubated with adenosine
deaminase at 37°, it was found that oxalic acid did not cause an
irreversible inactivation of this enzyme.

Chemical Reactivity of Iodoacetamide and 24.—These experi-
ments were performed by a modification of 1he procedures de-
seribed in the literature!!-!? except that DMSO was employed in
place of 2-methoxyethanol.

Results and Discussion

When this series of compounds was evaluated as re-
versible inhibitors of adenosine deaminase, it was
found that those compounds with a 6-chloro, 6-di-
methylamino, 6-hydroxy, or 6-mercapto group were
essentially noninhibitory when tested at 0.12 mM
concentrations. The 6-methylamino derivatives (11
and 19) are very weakly inhibitory but even those
compounds with a 6-amino group are weaker reversible
inhibitors of this enzvme than is 9-benzyladenine
whose ({I1/{SD¢s = 1.5 (see Table II). The weaker
reversible inhibition of these 9-substituted adenines
relative to 9-benzyladenine suggests that the hydro-
phobie region on adenosine deaminase has limited bulk
tolerance for the phenyl group attached to C-2 of the
ethyl chain. Furthermore, since 10 is a weaker in-
hibitor of this enzyme than is 5, it is clear that it is not

(9) N. O. Kaplan, Methods Enzymol., 8, 473 (1955).

(10) H. M. Kalckar, J. Biol. Chem., 167, 461 (1947).

(11) H.J. Schaeffer and E. Odin, J. Med. Ckem., 9, 576 (1966).

(12) B. R. Baker, Biochem. Pharmacol., 11, 11565 (1962).

(13)(a) J. Epstein, R. W. Rosentlial, and R. J. Ess, Anal. Chem., 27,
1435 (1953); (b) T. J. Bardos, N. Datta-Gupta, P. Hebborn, and D. J.
Triggle, J. Med. Chem., 8, 167 (1963); (c) B. R. Baker and J. H. Jordaan,
J. Heterocyclic Chem., 2, 21 (1963).
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InsirioN INpeEX AND Parrtian INHIBITION 0F ADENOSINE
DEAMINASE 1Y SoMmE 9-(SUBSTITETED) ADENINES

e A C1ECH R-p-CosllsRe—— nld conen (or

Compl R R S iuld) 1/ (8] es
0 T o 0.0 4 0,04 .
10 O 11 0.54 =0.02 S

I8 I NO. 0.22 2 0.0

23 I NIl 0.5 =007 7.
25 I NHCOCIL, .54 == 0.02 0.
20 I NIHCOOCI: 016 0.1 2,

= Beeause of poor solubility, enzyne inhibitinn was determived
ia 0.0 3 phosphate buffer enrctaining 200, DMRO,

possible ta bind to both the hydroxyl binding regian
and the hydrophobie region witly & 3-hvdroxyphenethyl
group at the 9 position of ademmne.  Studies are under-
way inoan attempt to prepare compounds that ecan
bind to both regions.

Our second reason for preparing this series of com-
pounds was to determine the effect af structure on the
nreversible inhibition of adenosine deaminase It has
previously  been found that  9-(n-bromoacetamido-
benzyhDadenine (27) causes an irreversible inactivation
of adenosine deaminase but that the rate of inactivation
ig very low. Tt is possible that the longer c¢hain length
of 24 would allow the bromoacetamide moicty to bridge
more readily to u nueleophilic group ou the enzyme
which would eause a1 more rapid ireversible inactiva-
tion.

When 24 was ineabated with adenosine deaminase, a
qapid and irreversible inactivation of the enzyme
oceurred.  In addition it was found that the m-
acetamido derivative (25) wax not an irreversible -
hibitor of the enzyvme. Thus, the alkylating activity
of 24 13 essential for the irreversible imhibition, although
mere alkvlating activity s not sufficient since 1odo-
acetamide, even at higher coneentrations, does not in-
activate adenosine deaminase.  Furthermore, the phe-
noxyearhonylamino derivative (26) was not an irre-
versible inhibitor af adenosine demwminase; thus, the
wamno acid on the enzyvime whieh s alkvlated by 24 is
not acyvlated by 26 under the conditions of these ex-
periments.

We have previously presented evidence that the
ineversible mactivatian of adenasine  deaminase by
the octho and para isonters of  9-(bromoacetamidao-
benzyhadenines (28, 29) is not a random, bimolecular
process.*  Rather, the brreversible inuctivation oceurs
by the mitial fornation of @ reversible enzyme-inhibitor
complex i whiely the irreversible, first-order reaetion
between tle enzyme and the inhibitor ocems (see

¢q 1) For reactions that proceed s outlined i eqg
Bt le==1 01— L+ X-
R (11
R I8 I
N N

1. a kinetic method has been developed for the evalua-
tion of the reversible enzyme—inhibitor constant (K))
and of the first-order rate constant (k) for the alkyla-
tion of the enzyme by the hrreversible inhibitor.t?

Q1 Gar A B3 Madn, Sedepce, 144, 992 (1061 oL A0 1L Main anel 1
Yveesou, Blochepe J. 100, T 0 10GG: el VR Malo aad 1L
Nedonce, 164,100 (196111,

Nastings,

O O 0000
w b ooN®

o
~

o

330

CHANGE IN ABSORBANCE/
min at 265 mp (LOG SCALE)

=}

30 90 150 210 270
INCUBATION TIME (min)
Figuee 1.--lcreversible taaciivation of adenosine deaminase:
O, eazyibe conltol; 7, M-(n-heotnoacetanidophenethyladentw
000 malfys A, 9-tn-bromoacetamidophenerhyl)adenine (0.08
ml/ ) @, O9-(i-bromonceamidopheaethyl)adenitte (0.05 mi/ ).

The equatian to deseribe such a process is shown in eq
2, where Fya cquals the observed first-order ruate
constant for enzyme inactivation, K; is the dissoclation

Y I R |

l“(l]rstl - ]t'ﬁ) [I] + ]C;

constant of the reversible enzyme--inhibitor complex, /o
is the first-order rate constant for the alkylation of the
enzyme by the mhibitor, and [I] is the eoncentratian
of the ihibitor. Therefore, if a series of irreversible
enzyme inaetivations were performed at various m-
hibitor concentrations, a plot of 1/bgpea vs. 1/{I]
would give a straight line with a slope of Ki/ky and an
intercept of 1741, Reeently Main and co-workers have
derived related equations for the irreversible inhibition
of esterases.

A(ll ,\,Il .»\(ll
CH. CH. CH.
NHCOCH.Br

NHCOCH Br
NHCOCH,Br

27 28 29

In IFigure 1 ave shown some of the results of the
irreversible inactivations of adenosine deaminase by
several concentrations of 24. Iuterestingly, it was
found that 24 caused only an SO = 397 inactivation of
adenosiite deaminase, whereas 28 and 29 caused >95%7.
That the euzyme has been completely allkylated by 24
was shown in the following way. The irreversible
mactivation of adenosine deaminase by 24 wus per-
formed until no further deerease in rate wuas obscrved
at whieh time an additional volume of freshly prepared
inhibitor (24 or 29) was added. Upon incubation of
this solution, no further deerease in the rate af enzymic
activity was observed. However, when the cuzyme
was irreversibly inactivated with 24 until no further
decrease in the rate was observed and then u freshly
prepared solution of 28 was added, an additional de-
crease in the rate of enzymic activity was observed.
Based on these results we postulate that 24 and 29
alkylate the same mnino acd, whereas 28 alkyvlates a
different amino acid on the enzyme.  Therefore, when
the alkylation of the cuzyine by 24 is eomplete, there
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Figtire 2.—Half-life periods for the irreversible inactivation of

adenosine by 9-(m-bromoacetamidophenethyl)adenine: ©, 0.015
mM; A, 0,015 mM; O, 0.050 mi,

is a residual enzyme activity of 209,.%* The observa-
tion of residual activity in the alkylated enzyme has a
bearing on the mechanism of inhibition. One could
argue that the formation of a covalent bond between
the inhibitor and the enzyme would cause a conforma-
tional change in the enzyme with the result that there
no longer exists an attaction of the substrate to the
active site of the enzyme. However, at the present
time, we believe that our results are better rationalized
in the following way. In the initial reversible enzyme—
inhibitor complex, a covalent bond is formed between
the inhibitor and the enzyme. In the case where the
enzyme has been alkylated by 28 or 29, the adenine
moiety of the inhibitor is either juxtapositioned over
the active site of the enzyme or the adenine moiety
still forms a reversible complex with the active site.
In either case, for steric reasons the substrate can no
longer approach the active site of the enzyme. How-
ever, when adenosine deaminase has been irreversibly
inactivated by 24, the additional CH, group in the
9 substituent of the inhibitor does not allow the
adenine moiety to be ideally juxtapositioned over the
active site of the enzyme. Therefore, there remains a
residual enzyme activity of 209.

In order to evaluate the half-life period for the
irreversible inactivation of adenosine deaminase by 24,
the velocity of the enzymic reaction at infinite time
was subtracted from the observed veloeity of the en-
zymie reactions for the various timed intervals, These
data were replotted as shown in Figure 2 and give a
reasonably linear relationship from which the half-life
period was evaluated. The apparent first-order rate
constants (hgpsq) for the irreversible inactivation of
this enzyme were calculated from the half-life periods,
and a complete listing of these data are given in Table

(15) Otlier investigators liave observed residual enzyme activity upon
total alkylation. See, for example, W. B. Lawson and H. J. Schramm,
Biochemistry, 2, 252 (1963), and V. J. Kézdy, J. Feder, and M. L. Bender,
J. Am. Chem. Soc., 89, 1009 (1967).
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Figure 3.—Plot of 1/kwsa for irreversible inactivation of
adenosine deaminase vs. 1/[I]: A, 9-(o-bromoacetamidobenzyl)-
adenine; O, 9-(m-bromoacetamidophenethyl)adenine; O, 9-
(p-bromoacetamidobenzyl)adeitine.
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Figure 4. —Comparative chemical reactivity of some alkylating
agents with 4-(p-nitrobenzyl)pyridine: O, 9-(m-bromoacetamido-
phenethylDadenine (0.135 mA); O, iodoacetamide (0.135 mA).

III. TFinally, a plot of 1/kgpeq vs. 1/[1] for 24 is shown
in Figure 3. By regression analysis, it was found that
for 24 the slope of the line was 2.54 and the intercept
on the 1/kopsq axis was 3.52. A ¢ test on the intercept
was significant at better than 959, level. Ior com-
parison, a plot of some related data for 28 and 29 is
included on Figure 3. From these data it can be caleu-
lated that for 24 the K; = 72 X 107 M and ky =
28 X 1072 min—!. We have previously reported that
for 28 the K; = 43 X 10 M and %k, = 7.7 X 1072
min—! and for 29 the K; = 1.4 X 10=% M and k =
1.1 X 10—2 min~'. It is clear that the alkylation
reaction (k) between 24 and the enzyme is 25 times
faster than in the case of 29 and the enzyme and ap-

Taruw 111
Kingric CoNsSTANTS ¥Oi THE IRREVERSIBLE
INHIBITION OF ADENOSINE DEAMINASE BY
O-(11-BROMOACETAMIDOPHENETHYL)ADENINE (24)

mM concn

of 24 kobsd® X 109
0.100 35.8
0.080 26.6
0.060 22.0
0.050 17.5
0.040 15.8
0.030 11.1
0.015 5.75

@ kopsa 18 in muin —L,
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proximately 3.6 times faster than in the case of 28 and
the cuzayme.  Camparative chemical veactivities using
4-{p-mtrobenzypyridine as the pucleophilic reagent
reveal that 24 15 3.5 thnes mare reactive thon s iodo-
acetamide  (Figure ). It has previausly been re-
parted that when 4-(p-nitrobenzypyvidine is used as
the pncleaphilic reagent, the chemical reactivitios af
29 and 28 relative to iodoacetamide e 3.0 and 5.6,

Irreversible Enzyme Inhibitors.

Vol 11

vespectively,  Therelave, the hnereased rate of alkyla-
tion of the enzyvime by 24 caimot be attributed taats
hereased chiemical veaetivity,  The diffevences i the
rates of hreversible inanetivation /sy of  adeposine
deaminase by 24 and 29 may be vationalized by assiuning
ihiat in the veversible 12 T camplex, the alkvlating
group of the inhibitors s pixtapositioned i difTerent
<terie orientation mn the enzyime,
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Candidate Irreversible

[nhibitors of Dihydrofolic Reductase Derived from

4,6-Diamino-1,2-dihydro-2,2-dimethyl-1-phenyl-s-triazine.

1

3. R. Baxker axp Gernarpus J. Lovrexs?

Departnent of Clendstry, University of California ol Sanla Barbara, Sanda Bavboac, Californio

0106

Lecetved Auguse 2.4, 107

Niveleet derivalives of 4,6-diamino=1,2-dihydro-2,2-dimerhyi-1-phewyi-s-triazine bridged from its pheuyl grotp
(» N-phenylbromoacetamide, maleardlic acid, atd L-chloro-2-alkatioue were synthesized aud evaluared as active-
sile-direcred irceversible iuhibitors nf dihydrofolic reductase from pigeorcliver, Walker 256 rar inmor, and L1210/

FR® mouse leakemia.

Alhough 1he bromoacetamido group of nusr of these compontds appeared to be i

ymaracl with the enzyme sarface, 1o irreversible inhibitiot necarred.  These negative results were most probably
dae (o the ineapability of (he juxraposed ewyiic vucleophilic gronp 1o react with these halomethyl and «,8-
aisaltraled carbonyl groups o1 the inhibitor wherc the iahibitor was coniplexed 1) the enzyme, stuce similarly
positioned sulfonyl lanride groups have beev shown 1o inacrivale rhe dihydlic redneiases by 1he active-site-

direcied mechanism.

One of the major projects in this laboratory has been
the design and synthesis of active-site-directed irre-
versible inhibitors™ for dihydrofolie reduetase; such
ireversible inhibitors that operate by the exo mecha~
nism-—-that is, the inhibitor is reversibly complexed to
the aetive site of the euzyme but covalently binds to the
enzyme outside the active site---have considerable
potential for species-specific or tissue-specific inhibi-
tion.?

Previous studies had indicated that the I-phenyl
group of dihydro-s-triazines such as 1 was complexed
to dihydrofolie reductase by a hydrophobic interac-
tion.»® 1 [urthermore, this hydrophobic bonding
region!’ was not part of the aetive site but was just
adjacent to the region on the enzyme where the 4 or
8§ position of dihydrofolate (3), the substrate, resides.™**

sy Vids wark ras generans!y soppartial Hy Grany CA=08695 frow .
Natianal Cancer Institute, U, . Polilie Nealth Service.,

i1 For the previnus paper i this series, see 13, R. Baker, 1. (. lluang, and
AL Pagolatti, Je. . Med, Cherr., 10, Y134 119G7).

(37 Vor the previous papers on candidare irreversible inlribitors derived
friuy 1-plienyl-striazines serr (a) 13. R, Baker and G, J. Lonrens, /. Mol
Chepre., 10, 1113 (Y0671, paper CV of Uie complete series: 1 13, R, Baker
and BT a0 Phyrp Seil, 56, 28 (10671, paper LN N of dhis serins.

¢l Gl wishies to thank the Canneil for Seientify: anel ndustrial Re-
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Compounds of type 1 and 2 were then selected for in-
vestigation to determuine how far the hydrophobic
bonding region extended from the region where the

(CH 3 XCH. H.X(CH.1,

iCH )N NNH, (CHy NNH.
B ]
Na N NN

g
NH, NH,
la.X = CH, Ib, X =CH,
2a.X=0 2b,X=0
()
HN N CH:NHCONHCH(‘OOH
NHA CHC
- R \:\' N «{CH.)L.COOH
H
3

[-phenyl proup was complexed. The phenylamy!
group of 1 gave a 16-fold inerement in binding aver the
parent. 1-phenyl-s-triazine;'® the butyl part on 1 con-
tributed only threefold in binding. The phenoxy-
butyl group of 2 had complexing ability equal to the
phenylamyl group af 1,'* indieating that the terminal
pheny! group was complexed to a relatively polar region
on the enzyme.”  With compounds of type 1, the actual
complex with the enzyme would have a preference for
either conformation 1a or 1b, but not likely both.

When all of these studies are combined, then logieul
candidates for exo-type active-site-directed irreversible

yEAt 1 R. Baker, 10210 o, wiel Go)Lo Lanrens, 1hiv., 56, 737 OboT),
papel LNXNXVI of thix series.
D 1R Baker and Goodo Lourens, i/, 58, 871 (10071 pager LX XNV

of (his series,




