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6-Benzylaminouracil (16). Method B.—A solution of 0.73 g
(5 mmoles) of 24 and 1.07 g (10 mmoles) of benzylamine in
100 ml of water was refluxed for about 18 hr. The cooled solution
was filtered and the product was washed with water; yield 0.35 g
(329), mp 313-314° dec. Three recrystallizations from aqueous
AcOH gave white crystals, mp 316-317° dec. The compound
moved as a single spot on tle in 1:5 AcOH-CsHs. See Table IT
for additional data.

6-Phenylthiouracil (13). Method C.—To a solutioun of 1.10 g
(10 mmoles) of thiophenol aud 10 mmoles of NaOH in H,0)
(50 ml) were added 0.73 g (5 mmoles) of 24 and 50 ml of 2-
methoxyethanol. After being refluxed for 12 br, the solution was
spin evaporated in vacuo. To the residue was added 50 ml of
water, then the mixture was acidified (AcOH), and again spin
evaporated in vacuo. The residue was heated to boiling with
100 ml of water, then cooled. The product was collected on a
filter and washed with hot water; yield 1.00 g (90%), mp 267-
270°. Recrystallization from EtOH gave white crystals, mp
270-272°, that moved as a single spot on tle in 1:5 AcOH-CsH.
see Table II for additional data.

Method D used for 9 was the same except the product separated
directly on cooling the reaction mixture; in the case of 14, the
reaction mixture was merely acidified with HCI to precipitate
the produet.

6-Benzoyluracil (11).-—A mixture of 300 mg (1.5 mmoles) of
1, 330 mg (3 mmoles) of SeQ,, and 50 ml of AcOH was refluxed
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for 2 hr, then filtered to remove Se. The filtrate was spin evapo-
rated in vacuo. The residue was dissolved in 50 ml of water,
theu the solution was clarified by filtration; the product separated
on cooling. Two more recrystallizations from water gave 100
mg (319:) of light yvellow needles: mp 250-252°; Amax 277 mu
(pH 1), 257 mu (pH 13). The compound moved as a single spot
ot tle in 5:1 CeHi~EtOAc. Langley? has recorded mp 252-
253° for this compound prepared by a different route.

6-(«-Hydroxybenzyl)uracil (12).—A mixture of 300 mg (1.5
mmoles) of 1, 165 mg (1.5 mnioles) of SeO,, and 51 ml of AcOH
was refluxed 1 hr, theu filtered to remove Se. The residue re-
maining after spin evaporation of the filtrate in vacuo was dis-
solved i1 50 ml of water. The hot solutionl was filtered, then
cooled. Filtration removed 50 mg (169;) of 11, mp 250-252°.
The filtrate was coucentrated to about 20 ml, then allowed to
staud at 3°. The product was collected on a filter; yield 120
mg (38%); mp 224-226°: Amax 264 mu (pH 1), 257 mu (pH 13).
The compouild moved as a sitigle spot on tle ins:1 CeHe-EtOAc.
Langlev? recorded mp 224-226° for this compound prepared by
an alternate route.

6-(p-Methylbenzy!l)uracil (5)—A mixture of 1.1 g (5 mmoles)
of 25,41 040 g of chloroacetic acid, and 50 ml of water was
refluxed for 48 hr with stirring. The cooled mixture was filtered
and the product was washed with water. Recrystallization from
EtOH gave 1.85 g (84%;) of white crystals, mp 269-271°. See
Table II for additional data.
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Derivatives of 4,6-diamilo-1,2-dihydro-2,2-dimethyl-s-triazine bridged from its 1 position to snlfanilyl fluoride
with six different bridges have been svithesized; these compounds have been evaluated as reversible aud irre-
versible enzyme inhibitors of the dihydrofolic reductases from Walker 256 rat tumor, rat liver, L1210/FR8
mouse leukemia, and pigeon liver. For each compound little difference in reversible binding to the four dihydro-
folic redilctases were seen. In contrast, dramatic differences in irreversible inhibition were seen. Four of the
six compounds that irreversibly inhibited pigeon liver dihyvdrofolic reductase failed to irreversibly inhibit the
dihvdrofolic reductases from Walker 256 rat tumor and 1.1210 mouse lenkemia. The two compounds cottaiiling
a p-benzoyl (15d) and a p-phenyvipropionyl (15f) bridge irreversibly inhibited the two tumor enzymes and the
pigeon liver enzyme. However, 15d inactivated the rat tumor >70 times ax fast as the mouse leukemia enzyme.
Furthermore, 15f inactivated the rat tumor enzyme eight times as fast as the rat liver enzyme. The dihydro-s-
triazine moiety of 15 is believed to complex withiu the active site of the enzyme, but the sulfonyl fluoride is
believed to form a covalent bond outside the site; it is the latter area where evolutionary differences are more
apt to have occurred. Thus, the differences in irreversible inhibition of these enzymes can be accounted for if
these compounds are operating by the active-site-directed exzo mechanism of irreversible inhibition, such a mecha-

nism accountiilg for the specificity pattern by the bridge principle of specificity.

The discovery®® of a potent hydrophobic bonding
region on dihydrofolic reductase considerably com-
plicated the successful design of the first active-site-
directed irreversible iuhibitors®” for this enzyme?®?
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Ouce it had been established that the hydrophobic
bouding region was outside the active site,’® near
where either the 4 or 8 position of dihydrofolate (1)
resides on the enzyme, two active-site-directed ir-
reversible inthibitors soon followed®? for example,
the 3-phenylbutyl group of 2 complexes with the hy-
drophobic bonding region, thus allowing the 6-phenethyl
group to project back into the active site.®

(7) B. R. Baker, bid., 58, 347 11964).

(8) B. R. Baker and J. H. Jordaan, ibid., 68, 1417 (1966); paper LXV11 of
this series.

©) B. R. Baker and 11. 8. Shapiro, ibol., 55, 1422 (1966); paper LXVII1I
of this series.

(10) B. R. Baker, T. J. Scliwan, J. Novotny, and B.-T. Ho, d., 86, 295
(1966).
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Sinee a concentration of 1072 .1/ af 2 would be needed
to he effeetive in rivo, attention was turned to the 2.4-
diaminopyrimidine  type of inhibitor.  2.4-Diamino-
hieteroeyetes are 300-3000-fold more potent reversible
mhibitors of dihydrafolie reductase than the car-
responding 2-amino-4-hvdroxyheterocyeles? sinee the
rate of ingetivation by an active-site-directed  ir-
reversible enzyme inhibitor is dependent upon the
conicentration  of  reversible complex  between  the
euzyme and irreversible inhibitor 't these 2.4-diamino-
heteroeyeles =hould be uble ta operate at 1077 to 10-*
A7 The =olutian to this prablem was not expeeted
{o be the simple conversion of a 2-amino-4-hydroxy-
pyrimtdine irreversible inhibitor such ax 2 {0 33 the
evidence” that compounds of type 2 bind as a different

(CH.,C.H.
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NH.
rotomer than componnds of type 3 was strong.  When
3 wux =yvnthesized, it wus lonud to be a good reversible
inhihitor, but not un irveversible inhibitor of dihydro-
fohe reductaset®  This result supported the contention
that 2 und 3 were camplexed in different rotomeric
conformations as indieated by their two-dimensianal
strnetures ax drawn. This difference in rotanerie
confignrations far binding wax also confirmed in the G-
phenylpyrimidine =eries, !4

A possible =olution to this dilenima wax the fallowing,
At rome paint the hydrophobie bouding region on the
cuzyme shauld end and return ta a polar region. If
a leaving graup cauld then be placed at the end af the
hydrophobie banding group where it emerges into a
polar regian, then s patent active-site-directed ir-
reversible inhibitor shauld be abtained.  Diagrammati-
cally, this can be represented by strneture 4a where
the terminal phenyl group canld be positioned ta p
pobir regton on the enzvme.  Two divergent studies
were then embuarked upon: (a) How far does the hy-
drophobie bouding regian extend us detected by male-
cules such ax 4 and 5? (b) Haw much does the hy-
drophohie honding region differ fron species ta species

1D For ube kinetier of irveversible enzynie inbibiiionh see ref 5. Chapier
Vil
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or tissie to tis=ne die to evolutionary changes having
taken place?

The =ecoud problem witl be disetssed first,
the hydrophobic honding region is adjacent to, bt
not purt of, the uctive =ite. evalntionary changes
could have occurred readily withont destroying the
integrity of the active <ite. That lirge =pecies dii-
ferences could exist was shown by study of the enzvmes
from  pigeon hiver, £ coli B, und indneed by T
phage.®* Tn contrast. ouly relatively =mall dil-
ferences (10-100-fold) in binding to the hyvdrophobie
bonding region of dilivdrofolic redueti=e from  rat
lver and Walker 2306 vt timor could bhe tomnd:*
these differeuces are not sufficient to be utilizable far
chemotherapy with reversible whibitors.  That <l
differences in hydrophohic bonding conld he greatly
magniticd by introducing the extra dimension of active-
site-directed  trreversible inhibition wuax then demon-
<trated.™  The S-(p-chlorophenyh) pyrimidine (6) was
an acetive-site-directed  rveversible whibitor of  the
dihyvdrofolic reduecase from £ eoli B when the di-
niensians between the teaving gromp and diaminopy-
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riiitdine of 6 were kept canstant, hmt the hvdropholie
honding gronp wux changed to phenytbutyl (3). the
campaund could 1o langer irreversibly inhibit the
. coli B enzyme.

The second of the simultuneons studiex was con-
cerned with the length af the hydraphabic bonding
region.  Compounds af type 4 and 5 were selected
sinee the extra phenylalkyl group canld camplex ta the
enzyme, either to the right (a= 1 4a) or to the left as
i1 db.  The phenylamyt group of 4 gave a 16-fald inere-
ment in bindiug compared to the parent 1-phenyl-
s=trinzine;' the contribution by the butyl part of 4
was only shout threefold.  That this terminal phenyl
graup of 4 wuas complexed i a relatively palar region
on the enzyme wax indicated by the nearly equal com-
plexing ability of the phenylamyl group of 4 und
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phenoxybutyl group of 5. It had previously been
demounstrated that when a benzyl group was complexed
ta the hydraphobic bouding region of dihydrofolic
reductase, the more polar phenoxy group gave a 30-
fald loss in binding.®

The abave twa studies were then recanverged anta
atie ubjective diagrammatically indicated in 7; if the
nroper bridge lengths, By, between the twa phenyl
graups, and Bs, between the outside pheny!l and the
leaving group, L, and if the proper leaving group could
be faund. then an active-site-directed irreversible

G=Q,.,

(CH;»(NWNHZ
Na N

NH,
7.B=bridge
L = leaving group

inhibitor should emerge which could utilize the small
differences in the hydrophobic bonding region of di-
hydrofolic reductases from different tissues. Initial
work was focused on the bromoacetamido and chloro-
niethyl ketone groups for the L group of 7, since these
two groups have the electrophilic character to be able
ta react with any oue of seven out of the total of 15
different proteinic amino acids containing a third
functional graup. About 20 compounds with these
two leaving groups and varying B, and B, groups were
synthesized and evaluated; none showed irreversible
inhibitian of the dihydrofolic reductases from pigeon
liver, Walker 256 rat tunior, or L1210 mouse leulkkemia, 2!

The dihydrofolic reductase from chicken liver?? has
20 serines and threonines and the L1210 enzyme?® has
even more. The bromoacetamido group reacts too
slawly®* with a neighbaring aliphatic hydroxyl graup
on the pratein to be useful. However, a sulfonyl
fluoride® or fluorophasphate?® can react rapidly with
serine-195 of chymotrypsin when juxtaposed in a
reversible ecomplex. Therefore, structures of type 7
where L is a sulfonyl fluoride were then synthesized;
some of these compounds were excellent active-site-
directed irreversible iunhibitors and compose the sub-
ject of this paper.

Chemistry.—Aramatic compounds bearing the SO,I°
group are used to fix various dyes to fibers. Sulfanilyl
fluoride (10) can be converted to a diazoniunt salt then
coupled to give a suitable azo dye; these azo dyes hav-
ing the SO,K group are used for fast dying of cotton,
vinylon, sills, cellulose acetate, and Nylon-6.% It was

(20) B.R. Bakerand G. J. Lourens, J. Pharm. Sci., 56, 871 (1967); paper
LNXXXVII of this series.

(211 B. R. l'aker and G. J. Lourens, to be publislied.

(22) F. Hiuennekens, private commilnication.

(231 J. R. Bertino, Annual Medicinal Cliemistry Syinposinm, State Uni-
versity of New York at Buffalo, May 1967.

(24) W, B. Lawson and G. J. 8. Rao, New York State Department of
Tlealtli, Annual Report, Division of Laboratory Research, 1963.

(25) D. E. Falirney and A. M. Gold, J. Am. Chem. Soc., 85, 997 (1963).

+(26) A. R. Main, Science, 144, 992 (1964).

(27) (a) H. Z. Leclier, R, P. Parker, and C. M. Hofmann, U, 8. Patent
2,436,697 (1948); Chem. Abstr., 42, P3969e (1948); (b) R. P. Parker and
. M. Hofmann, U. 8. Patent 2,427,995 (1947); Chem. Absir., 42, P3751
(1948); (¢) 1. Muruyaina, 7. Kitao. 1. Kusbiro, N, Nuroki, and K. Konishi,
Kogyo Kogpen Zusah(, 68, HY (1960); Chem. Ahbstr., 60, 16013e (1964); (1)
T, Muruyama, T, Kitao, and IX. Konishi, Bull. Unir. Oseka Prefect., Ser. A,

8 (2), 77 (1160); Chem. Ahstr., 86, 118347 (1061); (e) B. Krazer and 1l.
Zollinzer, Helv, Clam. Acte, 48, 1513 (1460).
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further shown that dyestuffs cantaining an SO,
group are fixed on cellulose by formation of a covalent
sulfonate ester; about 759 of the sulfonate is linked
to the primary hydroxyl groups and the remainder to
secondary hydroxyl groups.?e

The first extensive studies on the chemistry of
aromatic sulfonyl fluoride were made by Steinkapf®
and by Davies and Dick.?® The sulfonyl fluoride
group is quite stable to a variety of reagents providing
they are not strongly basic; it is much mare stable
than the sulfouyl chlaride group. Whereas the sul-
fouyl chluride rapidly reacts with pyridine ar hot
ethanol, the sulfouyl fluoride is stable to these reagents.
Yet the sulfonyl fluoride will rapidly form a covalent
boud with an alcohol group of cellulose when the
sulfonyl fluoride 1s attached to a dye that is reversibly
complexed with the cellulose. These two parameters,
stability to bimolecular reaction but fast reactian
withinn a complex, are exactly what are needed for an
active-site-directed irreversible inhibitor.

Three other points in the chemistry of aromatic
sulfouvl fluorides were important for synthesis of
dihydrofolic reductase inhibitors of type 15. The
nitro group of p-uitrobenzenesulfonyl fluoride can be
reduced to give 10 with a Raney nickel catalyst,®
but palladium leads to hvdrogenolysis of the fluoro
group. Secondly, the aromatic sulfonyl fluoride group
is relatively stable to hot acid as shown by the success-
ful acid hvdrolysis af N-acetylsulfanilyl fluaride to
10.*  Thirdly, the p-amino group af sulfanilyl fluoride
(10) can be made to react with acid chlorides i botling
xvlene.®!  Thus, a set of reaction conditions are avail-
able that are compatible with the cuanversion of sul-
fanilyl fluoride (10) to inhibitors af tyvpe 15.

Sulfanilyl fluoride (10) was acylated inn boiling
toluene or xylene with m- or p-nitrocinnamoyl chloride
to give 12 and 13 (Scheme I); similarly, - and p-1i-
trobenzoy! or phenyvlacetyl chloride afforded the
amides 14. Catalytic reduction of the nitro group of
14 with Raney nickel proceeded rapidly in 15-30 wmin,
but 1-2 hr were required for further reduction of the
double bond of 12 and 13; most of the resultant amides
16 were readily crystallized in good yield. Reaction
of the amines 16 with cvanoguanidine in acetone and
hydrochloric acid or ethanesulfonic acid by the three-
component method of Modest3? afforded the desired
enzyme inhibitors 15. Thus, only three siniple steps
were necessary for synthesis of these potent active-
site-directed irreversible inhibitors of the dihydrofolic
reductases (Table I).

Earlier attempts to use p-nitrobenzaldehyde to form
11 followed by reduction of C==N linkage, as previously
emploved for other aromatic amiies,®® were unsuc-
cessful. The p-amiuno group of 10 was too mert ta

(28) W, Steinkopf, J. Prakt. Crem., 117, 1 (1927).

(29) W, Davies and J. H. Dick, J. Chen. Soc., 2104 (1931).

(30) A. H deCat and R. K. van Poicke, J. Org. Chem., 28, 3426 (1963).

(31) (a) A, H.deCat and R. K. van Poucke, Britisli Patent 808,276 (1959);
Chem. Abstr., 88, P21308 (1959); (b) Gevaert Photo-Prodiicten N.V.,
Belgian Patent 592,050 (1960): Chem. Abstr., 8T, 974la (1962); (¢) A. H.
deCat, R. K. van Poucke, and H. van den Eynde, Belgian Patent 590,93+
(1960): Chem. Abstr., 67, P15298¢ (1962).

(32) E.J. Modest, J. Org. Chem., 21,1 (1956).

133) ta) B, R. Baker and C. E. Morreal, J. Phaomn. Sef,, 52, 840 (1963);
th) 13, R. Baker, D. V. Sauti, P. 1. Almaula, and W, (. Werkleiser, J. e/,
Chem., T, 24 (1964): (¢) B. R. Baker and J. H. Jordaan, ihiw., 8, 35 (196351,
() 1% R. Baker, T. L. Schiwan, and B.-T. o, J. I'vam. Sei,, 66, 38 (1167):
(¢) 1% R, Daker, G. D. I, Jackson, and R. It Aever, Jr., 160/, 66, 766 (10671
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react with an aldehyde due ta inactivation by the
elecetron-withdrawing sulfouy! fluaride graup; this
lowered reactivity was previausly nated with same
sulfanilanide dertvatives.

Inhibitor Evaluation.—An active-site-directed irre-
versible mthibitar operates by first forming a reversi-
ble complex with the enzynie. If a nueleophilic group
on the enzyme and a leaving group (L) are juxtaposed
within the comiplex, then u fast rreversible reaction
takes place that inmaetivates the enzyine®* (ree eq 1).

TN A

E-14-L

k. k i
E o+ L == - Bl 8]
Thus, two kinetic parameters are invalved,!'*¢ the
reversible dissociation canstant, K; = ko/k, and the
rate of inactivatian within the complex, A5 Our
niethod far mnieasuring the reversible disgsuciation
constant (K;) for inhibitars af dihvdrafolic reductase-
or its equivalent,’ the I;7--has been previausly
described.®®  Alsq, aur method for measuring the
rate of inactivation (ky) of dihvdrofolic reductase
has been deseribed previaustv.*  These methods were

C34) B. R. Baker, D. V. Sani, J. X, Coward, J1. & Shapiro, and J, i1
Jordaan, J. Heteroryprlic Chewn., 8, 425 (19661,

(35) B, R. Bnker, W. W, Lee, 14, Tong, and L., O, Rosz, J. 4. Chen. Soc.,
83, 3713 (1961).

(36) BB. R. Baker, W, W, Lee, and I, Tong, .J. Theoret, Bol., 3, 159 (1962].

(371 I = pM concetliralion of inhibitor giving H04% inhibition in (he
presciice of 6 pll dihydrofolale, the sabsirate., Tbhus K; = I '6, since K.,
= 1 X M1=¢ If; this equation is valid when 1lie 2nbxstrate concentrniion ix ui
leaxt four (imes greater than K.

(38) B. R. Baker, B.-T. 1o, and T. Nelson, J. Hetecorplio Chora,, 1, T4
(1961).
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satisfuctory Tor irreversible inhibitors®? that hmacti-

vated with a half-life af 10-120 min and satisfactory

“rate-suturation’”” kinetics'™* canld be abserved.

With some of the campounds in Table I, the rate
of irreversible ihibitian was so rapid that the pre-
viausly employved methad=%3* did not effectively sep-
arate reversible from irreversible inthibition; hawever,
that irreversible inhibitian wag taking place was =till
detectable, but the kinetic caleulatians were not valid
due ta the difficulty of determining with reasanable
acceuracy the I and the rate af inactivation.  There-
fare these procedures have now been madified.,

Dihydrofolic reductage preparatians'™3  frequently
contain an extranearis TPNH oxidase. This iy mast
easily campensated for by running a base line with
TPNH. cnzyvine, inhibitor, and buffer; the enzyme
reaction is then initiated by final additian of dihvdrofo-
late, When a Gilford 2000 spectrophotometer is ci-
ploved, the extrancaus base line can either be =nh-
tracted fram the over-all rate or can be campensated for
I nse of a double-beanmt measurement where one cu-
vette has no dihvdrofalate.  Such a procedure could
give an errancous Iy for o fast irreversible inhibitar
since the euzyvite may be i contaet with the inhibitor
a% long as ) min before starting the reaction by ad-
dition of dihydrafolate,  This error cun be eliminated
by adding the enzyme last; o correction is then applied
if necessary by runuing the TPNH extraneaus oxidatian
separately, or mare prefernhly, by destrnetion af the

A B R, Bakey amd 1, 11, Jordann, 1hid., 2, 21 (1965H),
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TabLe I
INHIBITION OF DIHYDROFOLIC REDUCTASES BY
NH,
NN
NHZL\N /'— CH,
CH, R
Irreversible
Reversible Inlibitor TPNH
Liuzyme Esul Kj concen, conen, A Time, A tya
Clomnpd R source® 1so, widf X 108 M v M wM El® min inactiv min¢
15a e 1NH.\'(13F W256 1.1 0.2 _))g 68 97 13(()) 8
L1210 3.5 0.6 18 60 97 60 0
6.5 30 91 120 0
Pigeou liver 1.3 0.2 1.3 60 87 <2 100 <2
0.15 60 42 <2
15 ) o W256 0.046 0.008 .18 60 97 60 0
e Rat liver 0.060 0.01 0.30 0 60 0
0.30 60 a7 60 0
L1210 10.30 0.05 1.3 60 96 60 0
1.6 30 97 60 0
Pigeon liver 0.51 0.0 0.35 0 <2
0.35 60 88 <2 80 <2
15¢ s (L CONT @.\'t Ly W256 0.064 0.01 8gf 68 97 iig 8
Rat liver 0.028 0.005 0.14 60 97 60 0
0.14 0 60 0
L1210 0.078 1.01 0.40 60 97 60 0
Pigeou liver 0.10 0.02 0.21 60 90 & 50 8
0.21 0 10 50 10
15d e L\'H.\'(I,F W256 21 4 25 60 o] <1 100 <1
L1210 600 100 25 60 20 60 45 68
Pigeou liver 144 24 25 60 50 60 00 <H
13e p-CILCANH SOLF W26 0.020 0.003 0.10 60 97 120 0
L1210 0.097 0.016 0.50 60 08 60 0
0.40 30 97 60 0
Pigeou liver 0.0>54 0.009 0.26 0 20 50 20
0.26 60 97 15 50 15
15f ,,.-(‘H,.,(‘()NH@.\'U,V W236 0.020 0.003 0.15 0 120 100
0.15 60 98 120 100
0.05 61 95 <1 90 <1
.02 30 87 24
Rat liver 0.0060 0.001 0.05 60 H&8 <2 70 <2
0.02 30 05 Re
L1210 0.080 0.01 0.4 30 07 <1 80 <1
0.07 30 84 <2
Pigeot liver 0.07 0.01 0.07 61) 87 <2 70 <2
0.1 30 90 4 904
0.05 30 83 44
16a /r (‘(L\'H@h’ml-‘ W256 Large 25 60 ~0 60 0
N L1210 Large 25 60 ~0 60 0
N Pigeon liver Large 25 60 ~0 60 0
19 - CILCC m{ Pigeou liver 0).34 .06 g 1.77 60 07 30 0
and
16a Large ?1 ks ~0

» W256 = Walker 236 rat (uor, L1210 = muse lenkemia L1210/FRS.
(Kd/(1 4 Ki/[1]).

presence of 6 uM dihvdrofolate; the per cent inactivation is approxiniate.

from {ET]

and 16a together in same solntion.

TPNH oxidase by a 2-hr preincubation of the enzyme
preparation at 37°.

An example of the difficulty encountered in the
older procedure is that of 15a (Table I); an Is of

amoutt
limiting species.

is given by eq 2,'% where [E,]

centration.

¢ iy, = half-iinie for lnactivation at 37°; see Experinteutal Sectionn fur procedure.
¢ At 28° in the absenice of dihydrofolate.

of reversible E- . IL complex,

b Per cent tntal etizynie i reversible complex; caleulated

4 At 28° in the
I Tncabated 19

the rate-
The amount of enzyme complexed

total enzyme con-

0.03 udf was ubserved with the pigeon liver enzyme
which is equivalent to K; = 5 X 107° 4/, By use of
this K; a ‘“rate-saturation” effect was not seen, that
i¢, the relative rates were not correlatable with the

(B

IL =

(e

K;
avin
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By adding cuzyute last ta g envette contaiiing
mhitbitor. TPNH, dihvdrofotate, sand  haffer,  then
meastrenent of the veloetty  within 50-60 =ce, au
Ligof 1.3 w1/ was ohtained equivalent to K= 2 X 107"
A hesides the <hort contaet time bhetween cuzynie
and whibitar, tos procedure has another advantage:
wamely, the =ubstrate will decrease the rate ol macti-
vation by 50€0 when the mhibitor ix present at the
Lo coneentration.

The =econd difficndty to he nvercome was i the
method far deternining the rate of nretivation.  In
arder ta ent down aliquoting errors, the inhibitor s
norutdly mixed with enzyme at 5770 then aliquots are
removed starting 12 min alter mixing,  Thix Tirst
pointt taken at 12 min iz satisfactory for uthibitors
with o half-hle ol mactivation greater than 10 i,
<ince with =ufficient paints the plot can he extrapalated
However. 15a gave total inactiva-

There-
was de-

back to zero time.
tion af the pigeon hver enzyme i 2 min at 37°,
lore. o more laborions but better  method
vized to ohtain the zero-tnme poiut.,

A zero-thme ahguot was removed from the enzyine
solition at 37°, then the appropriate amannt af in-
hibitor was added to the remainder af enzyne at 37°
artd aliquots were removed at mtervals and chilled to
07 nntil ready for us<ny.  The whibitor was added to
the zero-time aliquot caoled to 07 just before ussay.
Siee the assay method diliutes the menbation ahgiot
teulold. no appreciable reversible inhibitian ix <een
when the inlithitor 1= nzed at an meinhation coucen-
tration cqual to the La 105 X Ly 1= used i the inen-
Fertion, then abont 2007 reversible inhibition = scen
1 the zero point, - By this method, near 10064 activity
wis obtained ax u zero point with an L of 1.3 wl/
mertation concentration of 15a. The =ccand poutt
at 2 mnn =howed that total inactivatian of the pigean
Iver euzyvme had taken place e this time, This
procrdnre was =ntizfactory far all the cases in Tuble 1
exeeqit one.

When dibvdrofohe reduetaze = assaved with 6 pl/
dihydrololate aud o 2 3-fold excess of TPNH, the re-
icetion 1= Hnear i rate thronghout the reaction o
completion dine to the low A, of dihydrofolate and
lack ol binding hy the produet, tetrahyvdrafalate:
for 6 w1/ dihvdrofolute, the total optical density
change 1= wear 0.06 unic. I eiirvaiure o the rate line
m the absence of hibitar ix scen hefare completion,
a new TPNH =olntion will alleviate thix condition.
When sioreversible inhibitor or u relatively <low ir-
reversihle inhibitor ix added, the <lope of the hine s
decreased, bt it 1= still stratght.  In the case ot 15f
atd the dilivdrofolie reductase tram pigeon hver or
Walker 256 rat tnmor. the rate of enzyvine reactian at
an L concentration of inhibitor <howed rapid curvi-
tire (at 28700 Iu lact, nearly total mactivation oc-
enrred i abont 5 min with only about 309, of the
dihvdrofolate having been reduced.  From the rate af
change 1w stope, it condd he estimated that the half-
life of metivation of this dihivdrofalie reductase at
ANTowith an T eoneentration ot inhibitor and 6 b/
dihydrofolate wux nbout 2 min: i the absenee of
dibivdrofolate, the half-life can be estimated to be
Therefore, a tangent 1o the mnitial slope
wis ased Tor the veloeity ol reversible inhibition.

dabont 1o,
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When the mte of mactivation of the dihvdrololie
rednetase Tromr Walker 236 rat timnor or pizeon hiver
with 15f at the 1h coneentration wus determined by the
new wmethod, the zero point already <howed 60¢ in-
activiitian, The praper zero pomt condd only he ob-
tained when the zero-time  aliquot was added 16 2
cuvette containing TPNH, dihvdrofolate, hdfer, and
Lo 10 of wmhibitor, the latter carrespouding to the
concentiatian Tromr other ineubation aligunots. Tu-
setivation was ahnost tatal o less than 1o at 377,
Thix diffienbty with the zero point can obvionshy be
avoided by using this more cmmhierzoute techuique,
However, e rantine sereeting ali compotiuds, =1eli a
fust imetivation 1= =eldom encountered, hnt ix readity
deteetable by any enrvature e the veloeity ime when
the L 1= betng determined. Therefore, for compotnds
not showing cirvature in the Ly veloeity e we prefer
the first modified method where che inhihitor = added
t the zero-tinre ahguot at 0°,

Experimental Section®

N-i/-Nitrobenzoyl )sulfanilyl Fluoride (14a). Method A.- A
utixture of F.75 ¢ 110 mmolex) of sulfauilyl Huoride, 186G g (1D
inmnles ol -nitsbenzoy! chloride, aod 50 1wl of xylene wis
refluxed for 2 1o thiving whicl 1iute aboul 15 ml of the xvlene
wix allowell 1o diztil and 11CT wax evolved.  The ulixture wius
conled, the produer was msllected by filtition, then washed witl
xvlene.  Revevsiallizativn fvom FtOAe-petroleunt ether (hp
SO-60T) gnve 232 ¢y 72000 of bufl crvstuls, mp 216-217°0 See
Table 11 foy mlditibnal date.

N-i-Aminobenzoyl)sulfanilyl Fluoride (16a). Method B.-
A snrpension of EH5 g 16 mntoles7 ol 14a and g of Raney nivkel
(Cantee Chitin o wl of 1011 was slitken with e at 223 ann
unlil IS wuoles of Tl was abzoebed (20 min). The <olulinn wils
filtereal tlirough w Celite pad and the filter cake wias wislied
101 The eombinald filteide anl washivgs were splu-evipo-
siteld (r orecuo 1a abont 1Ol then dilinned (11.0) and cooled.
The pradiuet was volleeteld and recrvstallized fiomnr sgpienns
LtOl vield, 1ot ¢ 355975 of budf ervstals, uip 200-204° der.
For analytieal data aod for additioml compounds prepuared by
thix muethol e Pable T1.

In the vases where a hivdroehlovide o etlimuesnlfonane <all
were =olated, the appropriate aeid was added 1o 1he =oliutin
atter vemoval of the catalv=t.  The =olulion wi= spin-eviaporiated
i’ oraceo nd e vesidue wax recrystallized.

N-[un-t4,6-Diamino-1.2-dihydro-2,2-dimethyl-s-triazin-1-y!l 1-
benzoyl|sulfanilyl Fluoride (15a) Hydrochloride. Method C.
A ntixture of H8Y mg (2 mnless of 16a, 185 mg (2.2 mmolex) vf
rvanogiianidine, 15l of reagent acclone, and DN ml of 12V
HCT war vefinxed with <tivving for 24 I, diiving whiell tine 1he
product ervstallizedl front the =olntian.  The ennled tiixiure wils
filterei] and 1he pronhint was washed (MesCOy Recryslallization
froun 1O gave 380mg 427, ol white ervstals) wp 231-233°
der. Ree Tuble T foe malvtieal dataciod <imilar preparalinns.

For prepavation ol g ethanesnlfouwale sueh as 15e, ethine-
sulfouie aeid was added nsteo] of T1CL

Enzyme Assay Methods*!

Materials.— - Tri= livilvochloride, iz (1tishydroxyvinethyl-
aminontellune}, folie aeid, and TPNI were purchaxed frow
Sigima Chemieal Co. Pigeou liver acetbne powder was purchused
front Geveral Biovchemieals Corp. Walker 256 1rut tunmes in
ulbiilo rats were excizell fronn nutrested eontinl groups ysed in
the CONRC =evcen T dayvs afler intratisenlar teansplantation,
livers were excized 1ot 1he =ame gronp of rals and both tissies
wore stored gt~ 15° until veady for uxe2 Monse letkentia

{407 Aleling yis weee (aken (0 vapillary Nibes on g Mel-Tenip hlork
(sl e el eer cenl

1l The leeliniewl 1
Reedyr with these s I acknowledgzed.

+12) We wisb by tbank Dr, dobn Venditd of the CONSC and Dy, 70 L
Melvide of Chay. Plizee sl Col for these otaCerials from lhe CONSC serenn,

anee of Diobgrs Daine, Abb Libgia, am( dewely
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IRREVERSIBLE ENzZYME INHIBITORS.

TasLe II

PuysicaL CoNSTANTS OF

DO
R,

Compd? Ry Re Isoiner Ry Methiod yiz}hl
12 NO. CH=CII mn SO.F A 70¢
13 NO, CH=CH P SO, F A 78¢
144 NO» A » SO, F A 724
14b X0, CH, mn SO.F A 90¢
14d NO, o P SO, F A H2e
l4e N()_- CH; » S()_]F A 85e
162 Nlla o m SO F B - 57/
16b NH, CH, m SOLF B 64¢
16¢ NH? (CHz)z m SOzF B QTE‘h
16d NI, o P SO, F B 337
16¢ Nil.  Cll. P SO F B H4¢
16f NH, (CH.)s P SOF B 807
15a Tr o m SO.F C 4279
1-—)b Tr CH_} m SOQF C TTi‘j
15¢ Tr (CH,), m SO,F C 50¢-2
15¢ T (CHz)_: m SOzF C 7-’—)1-‘7'
15d Tr L P SO,F C 7208
15e Tr CH, P SO, F C T4
15f Tr (CHz)g o SO.F C 567+
17 NO, CH, m H A 40*%
18 NH, CH, m H B 82/
19 Tr CH, n H C 597

* All compounds had ir and uv spectra in agreement with their assigied strietures.

triazii-1-yl. ¢ Recry=tallized from 2-methoxyethaiiol.
front aqueous 2-methoxyethaiol.
oll tle. 7 Ethanexalfonate.

L1210/F RS wax an amethoprerin-rexistant s(rain®® with enthaticed
dihydrofolic rediictase level growi ax local subentaileous tumors,
Dihydrofolate was prepared by dithionite reduction of folic
acid,® then stored at 3-4° asx a homogeuized 1.82 mM suspen-
sion in 3 m3 HCI coutaining 0.1 3 mercaptoethauol.

Buffers.—Buffer A was 0.05 M Tris hydrochloride, pH 7.4.
Buffer B was the same ax A, but with the addition of 10 mM
mercaptoethauol aud 1 mM EDTA.

Dihydrofolic Reductases. A. Pigeon Liver,—Au extract of
pigeon liver acetonle powder with buffer A was precipitated
between 435-90% saturation by (NH4)80: as previously de-
scribed,®® except that each iuxoluble fraction was collected by
centrifugation for 10 miu at 20,000 rpm i1 a No. 40 rotor of a
spineo Locentrifuge. T order to remove®® au extraneous TPNH
oxidase, the fiual solution wax iucnbated at 37° for 1 hr, theu
chilled aud filtered throngh a Celite pad. The final volume froni
10 g of acetone powder was 38 ml. For assay the solution was
diluted 1:3.5; 100 wl of this dilited solution in a total volume of
1.00 ml gave au OD change of about .10 OD nuit/min when
assayed as described below.

B. Mouse Leukemia L1210/FR8.—Iu a prechilled small head
of a Waring blendor was placed 1.6 g of L1210/FR8 acetoue
powder,** 32 ml of ice-cold buffer A, and a trace of GE-60 anti-
foam. The mixture wax blended at high speed for 2 mii, theu
centrifuged for 30 min at 20,000 rpm in a 1o. 40 rotor of a Spitco
I, centrifuge. The supernatant (24 ml) was stored at 3° and was
stable for mouths, For assay, it was diluted 1:20; 100 ul of
thix dilute =vlution in a toral of 1.00 ml gave a1l Ol) e¢hauge of
about 0.01 O1) nnit/min when assayed ax described below.

C. Walker 256 Rat Tumor.—A mixture of 30) g of frozeil tumor?
atid 60 ml of ice-cold buffer A wax blended for 2 min at high
speed i a prechilled small head of a Waring blendor, then
centrifuged for 20 min at 20,000 rpm iu a no. 40 rotor of a Spiuco
I. ceutrifuge. To the stirred supernatant (73 ml) cooled in au
ice bath was added 4.3 ml of 5% aqueous streptomyein. After

13y AL Priedkin, ¥ Cheawford, 8. R, Hnmplirevs, and A, Goldin, Cyneer
Ires., 22, 600 (19621,

(#) Al acetone powder of this siubeutaneons L1210/FR8 was kindly
provided by Dr. AW, Sebrecker of 1hie CONSC,

13 ¥ Fultermian, J. Biol. Chem., 228, 1031 (1957).

4 Recerystallized from EtOAc-petrolenm ether (bp 30-60°).
7 Recrystallized from EtOH-H.O.
i Recrvstallized from aqueous 2-PrOH.

v 1119
Caled, Y% T'ounl,

Ap, °C C H N C 11 N
>270 51,4 3.16 7.99 Jl.4  3.20 7.83
250-251 dec 51.4 3.16 7.99 51.6  3.21 7.71
216-217 48.1 2.79 8.63 48.2  2.76 8.62
206-207 49.7  3.27 8.28 499 3.19 8.09
255-256 48.1 2.79 8.63 48.4  2.95 8.42
205-206 49.7 3.27 8.28 49.6 331 8.10
200-204 dec 53,1 576 09.51 93,2 3.8 .34
175-177 4.5 4.25 9.08 745 411 8.8
215-218 dec 53.1 3.76 9.51 53.3  3.93 0.70
157-159 4.5 4.25 9.08 34.7  4.31 .34
212-217 dec 47.2  4.89 6.47 47.0  4.8) 6.63
231-233 dec 47.50  4.40 18.5 47.6  4.60 18.7
214-216 46.5 5.01 15.5 46.3 4.97 15.4
196-198 dec 49.7  H.00  17.4 50.0  5.10 17.6
204-205 47.5  5.25 151 47.7  5.35  15.3
218-220 45.4 4.76 159 45.5 5.02  15.8
217-219 46.5  5.01 15.5 46.7 5.4 15.5
215-217 47.5  5.25 151 47.7  5.42 15.0
140-141 65.6 4.72 10.9 65.8 4.85 11.0
107-108 4.3 6.23 12.4 74.1 6.20 12.2
108-111 5.7 6.12  18.2 54.7  6.20 18.0

b Tr = 4,6-dianiino-1,2-dihydro-2,2-dimet hyl-s-
¢ Recrystallized

7 Hydrochloride.  * Antorphous, bat exsentially homogeiiemis
£ Reevystallized from Cylle.

being stivred an additional 10 niin, the niixture was centrifuged
for 10 min at 20,000 rpnt. To the stirred supernataut (65 ml)
cooled in an ice bath was added 17.9 g of enzynie grade (NH,).804
over a period of -2 min (459 of =aturation). After beiug stirred
10 min more, the mixture was ceutrifuged for 10 min at 20,000
rpnl.  To the stirred swpernatant (62 ml) cooled i an ice bath
was added 21 g of (NH):80, (9067 of saturation). After beiug
stirred for au additional 10 min, the mixture was centrifuged for
20 min at 20,000 rpm. The supernataut was rejected aud the
pellets were dissolved iul buffer A giving a final volume of 40 ml:
this solution could be stored at 3° with little or 1o loss i activity
over 3 motiths. For assay, the solution was diluted 1:2, theu
50 ul gave an OD chauge of about 0.01 wuit/min under the condi-
tious described below. If an extraneons TPNH oxidase wax
pre=ei(, the solution wus inenbated at 37° for 1 hr, then chilled
and filtered.

D. Rat Liver.—The euzyviie wax prepured ax described for
the rat tumor. The finnl volume wux 35 nil; thix solution was
stable at 3° over 6 mouths. For assay, the solutiott wax diluted
1:3; 50 ul of the diluted sohition gnve an optical deurity change
of about 0.01 unit/min whei assuyed ax deseribed below.

Reversible Inhibition of Dihydrofolic Reductases.—A 3.72 ml/
solution of TPNH 11 .01 A7 NaOll wax sufficiently stable {0 be
stored only 4 day= at 3°. For enzyme assay 1.20 ml was diluted
with 1.04 ml of buffer B to give a 600 w37 solution: this solution
should be stored at 0° and reilewed every 4 hr.

Dihydrofolate was the 1.82 ml/ suxpeision above diluted
with buffer B to give a 120 p3 =olution. Thix =olutiou =hould
be stored at 0° and renewed every 4 hr.

I a 1-ml cuvette were placed 0.85 nil of buffer B, 50 ul of 600
wd TPNH, and 50 ul of etizyme. After the xvstem had balaiiced,
30 wl of 120 pdf dihydrofvlate was added aud the decrease in
optical deuxity at 340 niw wax followed on a 0-0.1 xlide wire
ranige of a Gilford 2000 or Cury 11 spectivphotometer.  Sufficient
enzynie should be 1sed to give 0.008-1).010 OD unit change/miu.
Any sniall deerease 1 optical denxity prior tv additivn of di-
tvdrofolate i subtracied froun the enzynie rate. Thix rute with-
out iunhibitor is termed Vi thie cavette concentrations were 6
wd in dihydrofolate aud 30 w3 in TPNH.

Tithibitors were dissolved in 1 m3/ HCl: if not =oluble, au
cqual volime of DAMF wax added, theu the =olution was dilnted
with 1 )/ 1ICL Fresh solutions were prepared daily. To de-
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terntinte the rate, V7, in the presence of iuhibitor, i a I-ml
cuvette were placed 0.75 mt of buffer B, 100 ul of inhibiror, 5l
ploof 120 uM dihydrofolate, aud 50 pl vf 600 p3/ TPNIL. When
the sy=tent had balaiiced, 50 ul of enzymuie wax added aud the
rate of decrease in optical deusity followed. 1f the rate wus
linear for 5 mit, then 1w nieasurable irveversible libition leud
veceutred.  Several iuhibitor couceurrativns werve run 1o give
Vi/Ve = 1.5-2.5: the concentration giving V171, = 2 ix the
Lie.® If the vate with iuhibitor present ix unt linear and gradually
decreasex, but the rate iu the absence of inhibitor ix linear, then
buth reversible and irreversible inhibition ave ocearring =iml-
tateon=ly; ouly iu the caxe vf 15f with Walker 256 and pigeoy
liver was thix noulinearity scen with the compnids aud isnzymes
in Table 1.

Irreversible Inhibition of Dihydrofolic Reductase.—-'T'he
enzyines from pigeou liver, rat liver, und ral tunior were =stable
at 37° for 2 he i the presence or ab=eunce of TPNI1: all three
elizymes were dlsb =table i the presevce vl 50 DMF. The
L1210 wonse leukenia was uustable at 37° in the abseuce nf
TPNT, but with 30 g3/ TPNIIL i1 was stable for T he: 59, DMF
aused rapid inactivation, but 5¢, DMSO was =atistactory. The
assay couditions belbw were <hown tn give a rate depeundent
upol the enzynle enneetttrationl.

Iuty 1wo tubes were placed 0.40 mil of buffer A, 0.50 ml vf
cuzyme solution (sufticient to give a veloeily of 0.008-0.012 OD
unit/min when assayved below}, and 50 ul of 600 w3 TPNH.
The twn 1nbes were placed in a 37° bath; after 5 niiu, 50 ul
of =blvent withoa( nthibitor wax added to the first tube whicl
served a= the cizyite coutnl and the tine was voted.  Fron the
second tube wax retioved 0.48 ml which was placed i a tube
at 0°, theb labeled Iy, To rhe rentainder vf the secoud tube (1.0
wis udded 25 pl of inhibitvr and the tinle wax woted.  After 2
i, 0.50 ml was removed from the continl tnbe and placed ia
an ice bath with the label C,. The 1wo vriginal tubes (Cy anl 1,3
were left in the 37° bath for 1-2 hy, then chilled in an ice bath
until ready for nssuy.

The C\, Cy, and 1. tubes were assayed a= follows=: in a 1-ml
cuvette were placed 0.80 ml of hulfer I3, 50 ul of 240 w1/ dihydro-
folale, uud 30 wl f 300 w3 TPNH. When the base line had he-
eottte coltstat, the reactivn was initiated by adding 100 wl of
nienbation aliquot.  For the 1, point, 25 ul of Lithibitor snlutinn
was added just before assay.  Thi~ procediire ix sulixfactory for o
routite assay for £ irreversible inhibilion when ran at la X 35,
providivg the In velneity measurentent was linear; i’ it was pot
linear, then the approprinte antount of inhibitor olution wis
idded to the cuvette rather 1Than 1o the enzynie aliquot for the
I, poiut.

Tf the compound =howed irreversible whibition, then a time
study conld be performed by increasing the samnnts in the |
tube =iy that four 1o xix aliqiots eould be remved al eliosen 1ime
inlervalx.

Results and Discussion

Pigeon Liver Enzyme.--The first two compounds ot
this series synthesized far enzvinic evaluation bridged
the dilbydra-g-triazine to =ulfanilyl fluoride with m-
benzoyl (15a) and m-phenylpropianyl (15¢) graups.
Bath showed irreversible inhibition of pigean Iiver
dihydrofalic reductase (Table 1); 15a completely iu-
activates the enzyvme i less than 2 min at 37° at a
conecentratian equal ta the Iy which reversibly com-
plexes about 879% of the enzvme.  The new methads
for measuring the Iy of fast trreversible mhibitors were
then devised with 15a, us discussed ecarlier and de-
scribed in the Experimental Sectian.

Not taa surprisingly. 15a and 15¢ failed ta irrevers-
ibly inhibit the dihvdrafalie reductases fram Walker
276 rut tumor and L1210 mouse leukemia. Since the
sulfanyt fluaride group s most probably positioned
outside the aetive site where it attacks a nucleaphilie
graup on the enzyme surface.™!? it ean be anticipated
that “all or none’” differences could exist in this ares
pitzide of the active site of the enzyme fram different

16y 1L R, Baker, WO WL Lee, WAL Skinner, AL Marlinez, and Y. Pong.
S Hed Phooe Cheac, 2, 8133 19605,

Vol 10

species:* thix ix the working busix of the litdge pm-
ciple of =pecifieity, 4 Thercfore, the remaining lonr
compotttds of series 18 were =yvuthesized 1o =ee 11 a
ditferent bridge length between the s-triazine that s
complexing in the aetive =ite and the leaving group
that 1= attucking oruside the active =ite contd ir-
reversibly hibit the twmor enzyvures; as witl he dis-
cissed helow, the p-benzoylt and p-phenyipropionyl
bridges gave effective irreversible mhibitars of the two
timor  enzyvines,

Of the =ix compounds of =trncture 15, all showed
irreversihile inhibition ot the pigeon liver enzyme ut a
cancentration equal to or 30 times K the rate of
reaction s dependent upon the amonmt af enzyvine
reversibly complexed with the enzyme. When the
concentration of inhibitor s equal to s K, then 20€,
of the enzyme s reversibly complexed ax the rate-
determining  <pectes [1-- - 1L !

according to eq 2.
When the concentration of inhihitor = 30 thnes K.
the mmotnt af enzyme reversibly complexed ix 97%. of
the tatal enzyme.  Since the rate of mactivation s
dependent npon the amannt ol reversible complex,
[E1T. the difference in rate hetween a A conceutration
and a0 X K, concentration shaukd only he 1wo-
fold, 2 so-culled rate-satinution effect.'¥ This in
order to compare two irreversible inlibitors with
different  dissociation coustants (A}, the two com-
patnds  <hould  bhe  compared  at equal T} con-
centrntion.  not  equal  [T] concentration.t*  Note
that i the presence uf TPNH, 15¢ inactivated the
enzyuie with o half-lite ol ahont 10 min and 15e with
a half-life ol ahant 13 min but the other comporuds
mnetivated the enzyme inotess than 2 ming the dil-
ferenee in these rates can be rationulized an the busis
uf bridge principle of =pecificity, that ix. at equual [T
concentrution, the rate of inuetivatian is dependent
upon the meleophilic ability of the annno acid wronp
being attacked and npon the claseness of juxtapositian
of the enzyme uneleophilic group and the inhibitor
leaving  group, #0

Further experiments were then performed to sup-
port the concept that these inactivatiaus ocenrred by
the netive-site-directed mechanism.

(1) That the inaetivation did not proceed hy a ran-
dom bimolecnlur process, <how in eq 3, was indicated
by the different rates of Inuetivation of 15a-f at
varving concentrations.  This bimalecular mechanisin

o™

11— 131 o
was definitely eliminuted by the faet that N-(w-aimine-
benzavhsulfanilyl fluoride (16a) ut the high concen-
tratian of 25 w3/ <hawed no mactivation af the enzyie,
whereas 15a at 0.15 g/ could inactivate the euzyme
with a half-life of less than 2 min.  Nate that the
only difference between 15a and 16a is the luek of the
diamina-s-triazine ring i 16a necessary far forning
a reversible complex in order for the uactive-site-di-
reeted mechanism to aperate (eq 1).

(b) Tt was possible that trace metals originally
presentt in the commercial sulfanilvt fluoride could
have been carried through the syuithesis and canused
the inaetivation.  The identical sample af 16a shawing

C17) Nec ref 5, Clapler TN

48) B. R. Dakec, /. Med. PPhoros. Cheo.. B, 654 (10620 11 R, Nidked,
Biovhene., Ploarecol., 13, 1155 119625,
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1o inactivation of the enzyme was converted to the
diamino-s-triaziite, 15a, which could rapidly inactivate
the enzyme; therefore 15a could not have contained
trace metals arising from the sulfanilyl fluoride, else
16a should also have inactivated the enzyme. Further
verification was obtained by synthesis of the ethane-
sulfonate salt of 15¢, the latter showing the same rate
of inactivation as the hydrochloride salt of 15¢; since
the solubilities of these twa salts are quite different,
it is unlikely they would have an identical quantity
of a given trace metal after purificatian.

(¢) A third mechanism for enzyme inactivation by
irreversible inthibitors has been observed with tryvp-
sin;'4% when the appropriate inhibitor is reversibly
complexed to the enzyme, a conformational change
calt sumetimes occeur which exposes an elizyvmic nucleo-
philic group to bimolecular attack as shown in eq 4.

LI E+I-L—>LI ... EI 4)
That this mechanism was not operational was shown
by incubating the enzynie with a combination of 19,
which does not have the sulfony! fluoride group, and
16a, which does not have the diamino-s-triazine moiety.
Since 1o inactivation was seen, it is highly improbable
that 15b fornied a reversible complex that was then
attacked bimolecularly by a second molecule of 15b.

Thus, the active-site-directed mechanism is the only
possible mechanism yet thought of that is compatible
with the data in Table 1.

Walker 256 Enzyme.—Of the six different bridges
(15) between the diamino-s-triazine binding to the
active site and the sulfanilyl fluoride graup, only the
p-benzoyl (15d) and p-phenylproptony!l (15f) bridges
gave molecules that allowed irreversible inhibition of
the dihydrofolic reductase from this rat tumor (Table
I). A relatively high concentration of 25 uM of 15d
had to be employed due to the relatively poor K; of
this compound. That 15d did not inactivate the
enzyme by the random bimolecular niechanism of
eq 3 was shown by the lack of inactivation of this
tumor enzyme by 25 udf 16a, which lacks the diamino-
s-triazinte needed for complexing to the active site,
but is still capable of bimolecular attack.

There are two requirements for an active-site-di-
rected irreversible inhibitor to be effective on an
enzyme system, as can be seent fromeq 1: (a) the lower
the reversible dissociation coustant, the less concen-
tration of inhibitor is needed to give an effective amountt
of the rate determining [E---I] species, and (b) the
faster the rate of covalent bond formation within the
complex, the more effective the inhibitor. If both
parameters are good, the amount of random reaction
with other proteins or isozymes in the host will be
decreased. Note that the p-benzoyl-bridged com-
pound (15¢) meets ouly one of these two requirements;
15¢ can rapidly inactivate the eunzyme in less than 1
min, but a relatively high concentration of 4-25 X
10—% 3/ would be 1teeded to form the required amount
of [E---I1 cuamplex. In cantrast, the p-phenyl-
propionyl bridged compound (15f) neets both re-
quirements; it can inactivate this rat tumor enzyme
in less than 2 min at an inhibitor concentration af 2-5
X 1078 M.

The next requirement for an active-site-directed
irreversible inhibitor to be effective on a tumor n

(49) T. Inagami, J. Biol. Chem., 240, PC3433 (1965),
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2o 1s to have sufficient isozyme specificity so that
little or no attack occurs on the target ennizyme in normal
host tissues. The effect of 15f on the dihydrofolic
reductase from the liver of rats bearing the Walker
256 tumor was Iinvestigated. Note first that 15f
differed in reversible binding to the dihydrofolic
reductase from the two tissues about threefold. Sec-
ondly, rat liver enzvme was also rapidly inactivated
by 15f at 37°. When the inactivatioun rate was
slowed at 28° so that it could be measured, the rat
liver enzyme was half-inactivated in 8 min in the ab-
setice of dihydrofolate, but the tumor enzyme was
half-inactivated in 2 min in the presence of 6 udf
dihydrofolate; since dihydrofalate at this concen-
tration would protect against inactivation of 15f by
a factor of two, it can be estimated that 15f inactivates
the tumor enzvme about eight times as fast as the
liver enzvme. This eightfold difference is insufficient
for effective chemotherapy, but does indicate that the
bridge principle of specificity is partially operational.
By further modification of the bridge of 15f, of the
hydrophobically: banded 1-pheuyl group, of the en-
vironment of the leaving group, or of combiuations of
these, it should be theoreticalls possible to separate
these rates a 1000-fold or more. XNute that a higher
degree of specificity is already present with the same
tissue fram two different species; namely, rat hver
and pigeon liver. At near equal concentration, 15b
call illactivate pigeou liver enzyme with a half-life of
less than 2 min, but the rat liver euzyvme shows no
inactivatian it 60 min. Since 159 irreversible in-
hibition is readily detectable, the half-life of inactiva-
tion of rat liver is greater thau 250 niin; therefore, 15b
inactivates the pigeon liver isozyme niore than 120
times as fast as the rat liver isozyme.

L1210 Enzyme.—This isozynie had an irreversible
inhibition profile coincidentally (?) sinilar to the rat
tumor isozyme with the seven compounds in Table I;
that is, the L1210 dihydrofolic reductase was inactivated
by 15d and 15f, but not by the other aunalogs of 15 or
by 16a lacking a triazine moiety. However, the rates
of inactivation by 15d were different; corrected for
the same amount of [E---I] complex, 15d inactivated
the rat tumor enzyme greater than 15 times as fast
as L1210 enzynre.  'With the same 25 3/ concentration
of 15d. the rat tumor enzyme was inactivated greater
than 68 times more rapidly than L1210 enzyme, one-
fourth of this difference being due ta the relative abilities
of the two isozyme to complex reversibly with 15d.

The diamino-s-triazine bridged by p-phenylpropi-
onyl (15f) was a good irreversible ithibitor of 1.1210
enzyme; at a couicentration of 4 X 10—7 A, 15f in-
activated the enzvme with a half-life of less than 1
min.  Again note that this inactivation is not due to a
random bimalecular reaction since 250 X 10— 3/ 16a
failed to show irreversible inhibition of the I1.1210
isazyme.

Other Observations.—Little difference in the rates
af inactivatian could be seen whether ar not TPNH was
present; this apparent independence of TPNH con-
centtration is convenient for chemotherajieutic purposes
stiree higher or luwer TPNH concentrations in the target
cell will nat effect the rate of mmactivation. However,
this independence of TPNH concentration is rather
surprising in view of the difference in reversible binding
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to dihvdrafolie reductase by diumino heterocyeles in
(he presence or absentce of TPNH; diamino heteracyeles
are complexed asx nmeh asx 100-fald better i ternary
camplex with enzyme and TPNH than in binary conn-
plex without TPNH.™  Since the I, vahies are de-
termined Kinetieally, they represent binding in ternary
complex; furthermare, sinee the rate af neietivation
deseribed by eq 1= dependent upon the amount ot
[ - T] reversible camplex, lexs of the cizyvie s
catnplexed in the absentee af TPNH.

Cousider the inaetivation of pigeon hver enzye by
15¢ (Table 1) there = little difference e rate of inaeti-
vation m the presence or ahsencee of TPNH. I the
hinary binding constaut of 15¢ i< ouly * 4 of the ternary
hinding canstant of 2 X 10~ 1/, then the binary
constant would be 2 X 1075 1/, thus m the experintent
withont TPNH, the amaunt of {I7--I] reversible
complex would be 169 of the total enzyme coneen-
tratian and the rate of inactivation should be 16790
~ 175 as fast as i the presence of TPNHO i every-
thing else 1< equal.  However, evervthing else may not
be equal. Fiest, TPNH might canse a conformational
change that slows the rate of cavutent hond formuation;
that is, if £yt eq bis five tintes as fast in binary complex
than 1 ternary camplex. the observed rates of 15¢
warld be equal in the presence or absence of TPNH.
Sceondly, the differcuce i binary and ternary binding
cowld change if hvdraphobic banding ix present.*
[t the differenrce in binary or ternary binding were only
tenfold, then the binary Ay ol 15¢ wonld be 2 X 1077
M. the amamt of enzyvine in reversible binary enmplex
wauld he 109, and the relative rates of inaetivation in
binary and fernary complex wondd be 9030 = 1s-
fold, which = not too different from the observed rates.

The only functional gronp on an enzyme that is
more stsceptible to attaek by a =utfonvt fluaride than
a lromoacetamido gromgn is the aleohol fimetian ot
serine or threomne.  Some bromoacetanides attached
to 7. which have the same dionensions from the 1-
phenyl-s-triazine moiety to the leaving group, fail to
inactivate pigeon hver dihyvdrotolie reduetase: there-
fare, it ix probable thut =crines or threanines of the
euzvine are involved i covulent boud formation with
the sulfanyl fluarides 15, That these sulfouyt flnorides
(15) and their intermediates are <table to water and
aleohol 1= shown by their methods vi preparation: vet
these stlfony! fluarides, when properly juxtaposed to an
enzymic uncleophilic group within the enzyme-in-
hibitar complex, are completely cavatently banded in
G0 scee or less. The qguestion then artses ax to how fast
these sulfonyvt fluorides i high dihition react with other
proteins by the random bimoleattar process of eq 3;
15¢ was =elected Tor =tudy with pigeon liver dihydrofolie
reductase,

When 2 X 107 A7 15¢ was preetnenthated at 37° with
bovine seri atbimin at 2.5 me ml tar 1 hre. then pigean
liver dilivdrofolic reductase wuas added, nuetivation of
the latter <till aceurred at the =mme rate as with na pre-
treatinent; thus. 15¢ did not renet appreciably with
serumn protein i 1 e, It ix therefore highly prabable
that noue of the sulfanyl Auarides (138) would react ap-
prectably with serum prroteins in 1 he by the binolecular
mechanisim. A dme-like nitrogen nmstarvd i e

a1 Perkins somdl Ll 180 DiecOne, Aol isivy, B, 1003 T1D6L;,
CShE 1L Malesal canl L1 Beptive, bn be poablished,
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tivated i =erunt with a half-lite of about 2 min. but <till
linsan effeet onresponsive timars, [t is therefore mast
likely that o componnd stieh ax 15 wonld completely -
activate Walker 250 mit tinnor dihvdrofolie rednetase
beture any measnrable reaction with serimm prroteins
ocenrred by o random bimolecnlar process. Farther-
more, 15¢ was ~table to a 1-hr preiuenbation at 377 with
0.05 17 Trix boffer at pH 740 or with 25 mg ml af
INH S0, In contrast. when  the nsual 45 2004
(NH SO, Tractian ol pigeon hver dilivdrofolie redite-
tase wus ety ed with 2 % 10-7 1/ of 15¢ [or | hir, all
of the dihvdraololie rediietase was inaetivated : lwowever,
whet o second aliquat ol dilivdrololie rednetase wis
added, no Tnrther inactivation ol the enzyvure pecrrred
showing thut the whibitor had been destroved. Tha
thix destrhictinon was not due ta foreign proteiu. ;mio-
uitunt =ulfate. or Tris buffer was <hown earher: this
omething i the enzyvome extraet other than these three
tyvpes of materials had destroved the inhibitor. Further
work will be necessary 1o deterinine if the destitietinn
wax ciased by usieromaleenles <ueh ax nueteie aeid. or
by =it maleenles, or even by =ome reaction catalyzed
by dihvdrotalic redietase.  Neverthelesso the pigenn
liver dihyvdrofolic reductase was completely mactivated
hy 2 X 107 1/ 15¢ helore 15¢ wus destroyed.

The fallawing requirements Tor an active-site-di-
reeted irreversible mhihitor usetul for chemotherap
ol a spectfie e (Walker 2563 have so Tar been mel
by 15f: (a) the wmhibicor will innetivate the enzyme at
a0 cnneentration al 107 0o 1000 1 factually 10
A0y by the maetivation <hauld be rapid tactually Tess
than 1} (o) the euzyme attacked =honld be timpar-
tant for cell growth and division. td) the comporud
shold he relatively inert taward proteins Guetually
1o ohservahle reaction m 1 hrd other than the tirget
cnzyvie, and {el the compaimd <honkl he abte 1o
penetrate  the membrinnes  {(etially
campotinl= of type 15 penetrate hy passive diffuision ).

necessary eoll

The following reguircinents luive not vet heen et
(u) the dihivdrofohe redietases from host tissnes other
than the tumor should not be artucked (acawlly 15
nmactivates tmnor cnzyvine eighr tiores more rapidly
than hHvery. and by the compound shonkd have an
observahle chemotherapeutie effeet an the tmuor i the
living host svsteun Sinee parameter s lus not vet
been met, it 1= nulikely that paeometer b owill he et
efficientthy. Therefore  studies are being  vigoroiisty
prrsued to madily 15f by the bridge preieiple of
specilicityt <o that the resultant compound will -
activate the Walker 256 vat timor enzyvine saud ot the
vt liver cuzyme or will innetivate the mottse lenkemia
L1210 enzvine aud nat the mouse hver; a variety ol
wayvs 1o accomplish mozyime specifieity have bheen
previonsly  deseribed  with Lietie dehyvdrogennses®
and additional wavs will probahly emerge fram further
studies miderwav.  When an activessite-divected -
reversible inhibitor for the tunmor ix fonnd that will not
hnetivate (he liver cnzyie, then parmmeter b, the
effeet e oan inteet nuimal, will be worthy of study.
At that time it will then be neeessary to ohserve which
norneal tissue other thau liver, if any, i= still suzceptible
o irreversible inhibition 1o the inhibitor: then farther
modification ol the counponnd 1o build i additional
speetficity between the tmuer and sisceptibile narmal
Lis=ne conld he porsned,



