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N-(3-Chlorophenoxyacetyl)sulfanilyl fluoride (11) and its ortho (7) and meta (12) analogs were reversi.ble in-
hibitors of a-chymotrypsin that also showed rapid irreversible inhibition of the enzyme by the active-site-directed

mechanism.

corresponding sulfonic acid (15) by the enzyme, as shown kinetically and by product isolation.

In addition to inactivating the enzyme, the mele isomer (12) was catalytically hydrolyzed to the

In contrast, the

sulfonyl fluoride (12) was stable to water and bovine serum albumin under the same conditions that the two inter-

actions with e-chymotrypsin occurred, namely, hydrolysis of 12 and inactivation of the enzyme.

Similar

kinetic evidence was obtained for both the hydrolysis of, and inactivation of e-chymotrypsin by, the ortho (7) and

pare (11) analogs.

In blood serum are a series of proteolytic enzymes
involved in antibody-augmented foreign cell rejection,
histamine release, blood clotting, and blood clot solu-
tion; these areas of research are important for the organ
transport and cardiovascular problems.’ Selective
reversible inhibition of one of these myriad of proteases
1s not apt to be achieved.® Active-site-directed irre-
versible inhibitors® that can covalently link to the
enzyme outside the active site (exo type) have an extra
dimension of specificity’ that could lead to selective
ithibition of only one of these many proteases.

Chymotrypsin? and trypsin® were selected for initial
study since no exo-type irreversible inhibitors of these
two enzymes were known. The first two phases on the
design of these ero-type irreversible inhibitors for chy-
motrypsin, namely, (a) the binding points for rever-
sible inhibition, and (b) positioning of bulky groups on
the inhibitor that are tolerated within the enzyme—in-
hibitor complex, have been reported.? The third
phase, the positioning of a proper leaving group in the
bulk tolerance area of the inhibitor to give active-site-
directed irreversible inhibitors is the subject of this
paper.

The phase II study?® suggested that a leaving
group, L, be positioned on the N-aryl moiety of 1 or 2.
Since the extra chloro group of 2 gave about twofold
better binding, derivatives were synthesized where L =
m-chloroacetyl (3), p-chloroacetyl (4), p-sulfonyl fluo-
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ride (8), m-sulfonyl fluoride (6), and o-sulfonyl fluoride
(7). The chloroacetyl leaving group attached to the
proper carrier that complexes with the active site has
been used previously for the inactivation of dihydro-
folic reductase? chymotrypsin,®® and trypsin.!o-1!
All of these were endo-type irreversible inhibitors, and in
the case of trypsin and chymotrypsin, a histidine within
the active site was covalently linked. The sulfonyl
fluoride leaving group of a-tolylsulfonyl fluoride has
been used for active-site-directed irreversible inhibition
of chymotrypsin!? by the endo mechanism; this leaving
group has also been used for potent exo-type irrever-
sible inhibitors of dihydrofolic reductase.!?

Enzyme Results,—The initial screening with 3-7 on
inhibition of chymotrypsin is collated in Table I; this
initial screen involved a two-point inactivation study
at 1 and 60 min at 37° in order to separate the irreversi-
ble inhibitors from those which were not. Unfor-
tunately, the first four compounds were too insoluble to
be measured, but the fifth (7) showed strong irreversible
inhibition of chymotrypsin; more detailed studies on 7
are discussed below.

Since 3-chlorophenoxy derivatives (1) are more water
soluble than the 3,4-dichlorophenoxy derivatives,® the
same five candidate irreversible inhibitors were syn-
thesized in the 3-chlorophenoxy series (8, 9, 11-13) and,
in addition, one bromoacetamido derivative (10); as
anticipated these were 5-10 times more water soluble.
The two chloroacetyl derivatives (8, 9) and the bromo-
acetamido derivative (10) failed to show inactivation of
chymotrypsin in the screen, but the three sulfonyl
fluorides (11-13) did show inactivation of chyniotrypsin,
Of these four compounds (7, 11-13) that could inacti-
vate chymotrypsin, two (7, 12) were then studied in
more detail.

A Dixon reciprocal inhibition plot!* with the m-sul-
fonyl fluoride (12) (Figure 1) showed ‘‘competitive’”’
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INHIBITION OF a-CUYMOTRYDPRIN BY

Cl

L
R OCH,_,COI\'H@/

Vol. 11
-ememReveczible!' e dereversibles—- e
Conen, La Contn, Time, "
No, IR 1. wM inhils wll i ngetvn
B Cl m-COCH,(C1 204 1) on 60 a
4 @ p-COCILCL S ) ~ 6D a
5 Cl PSSO, F At 0 ! GO §]
6 Cl m-SO;F 104 1l 12 30 ~10
7 Cl 0-8S0.F 20 S50 ] 50 )
10 60 0]
N H m~-COCH,C1 1004 RE 180 100 60 0
0 T p-COCH.CI 1004 17 500 100 60 n
10 I m-NHCOCH;Br 10 50 10a 150 60 a
11 11 P20, 100¢ 20 Aoa 10 060 ol
12 11 m-80,F 50 Sl Al 0] G0 100
13 11 0-80,F 42 50 42 N6 1 10a
15 H M-S0y = 80 A1 S50

¢ Assayed with 200 u3/ N-glutaryl-L-phenylalanine p-nitroanilide (GPNAJ3 in 0.05 3/ Tris buffer (pIl 7.4) containiug 109, DMSO

as previously deseribed.® * I = concentration of inhibitor required for 509 inhibiiion.
buffer (pl 7.4) coutaining 10C7 DASO at 37° (see Experiniental Section).
1s readily detectable, the conceuntration required for 50¢¢ inhibition ix greater than five tinies the concentration measured.
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Iigure 1.-—Dixon plot of inhibition of e-chymotrypsin by 12:
O, 200 uM GPNA; @, 300 pdf GPNA. Assays perfornied ar
pH 7.4 with 0.05 M Tris buffer diluted with 1067 DRSO,

kineties; 12 had K = 306 w3/, The rate of inactivation
by un active-site-directed irreversible enzyme inhibitor
is dependent upon the concentration of reversible en-
zyvme-inhibitor complex (EI} ;W% the amount of com-
plex i expressed!® 15 as o funetion of total enzyme con-
centration (&g by eq 1 where I is the inhibitor con-
centration.
11 (1] o
M=y ko W
At coneentration of [1] = K, [El] = 0.50[F£.], and
at a concentration of [I] = 2K, [I111] = 0.67[L.]; thus,
the relative rates of inactivation under these two sets of
conditions should be 1.3, as previously observed with
active-site-directed irreversible inhibitors of glutamic
dehydrogenase, '™ lactic  dehydrogenase, '™ dihy-
drofolic  rednetase,” and adeunosine  deaminase%10

i1ay LR Dakee, WO, Lee, and 1. T'one, . Phear, Bl 8, 189 110G2:

116) 8w rel 6, Chapter 1N, Lor niore derail.

(17 . IR, Baker and J. H. Jovdaan, J. iharee Spein B8, LT (19661,
paper LN VI of rlds series.

© Inactivation perfornied in 0.05 3/sTris
¢ Since 20¢( inhibition
/A Liue-
© A Dixon plouts gave “conpetitive™ kineties with A = 2.6 X

4 Near the maximun solubility.

Turthermore, these inactivations showed psuedo-tirst-
order kineties throughout greater than S09; inactiva-
tion, that ix, a plot of log % es. time gave a straight linc.

Tine curves for inactivation of chymotrypsin by 12
at coneentrations equal to Ky, 2K, and 0.25K; are pro-
sented in Figure 2. Note that the rates are linear only
for a short part of the reaction; therefore, comparison of
the rates of mactivation of different concentrations is
subject to large error.  Purthermore, the inactivation
with a 2K concentration of inhibitor practically stopped
at 709 reaction; at the lower concentration of inhibitor
(A’:), the reaction practically stopped at 509% inhibition.
Such results have not been previously observed with the
bromoacetamido type of irreversible inhibitor,?=1* but
have been observed with inactivation of dihvdrofolie
reductase by the sulfonyl fluoride tyvpe (14) of re-
versible inhibitor.?®  This instability of 14 was traced to
destruetion of the inhibitor by the enzyme preparation.
sinee the compound was stable to the inenbation con-
ditious in the absenee of enzyme; since the dihydro-
folie reductase was an impure preparation, it could not
be stated with any certainty whether this decomposi-
tion of the inhibitor was enzyme eatalyzed or was due to
somc unknown impurities in the enzyme preparation.
The observation of the same phenomenon with -
chyvmotrypsin, o pure enzyme, now opened up for re-
examination this question of enzymic-catalyzed decow-
posttion of the inhibitor.

NH,

A Ocssconnsor
x

NSy (CHy),
14
From Iigure 2 it can be secen that little, if any.
irreversible inhibitor remains after 1 hr at 37°. 1f
the decompositian of the irreversible inhibitor is cansed
s18: 1. L. Scehacellees M.AL Sebwarz, awd K0 Odin, . Medo Chem., 10,

BEG ) 1UGT .
(108 Ree rel B, Claptee N1 Tor maore derail,
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Figure 2.—Rate of irreversible inhibition of a-chymotrypsin by

12 at 37° in 0.05 M Tris buffer (pH 7.4) diluted with 1092 DMSO:

O, enzynie control; O, 72 uM 12; @ 36 pI 125 A, 9 uM 12. The

initial enzynie activity was 0.01 OD unit/min.
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Figure 3.—Irreversible inhibition of a-chvmotrypsin by 72 udl
12 at 37° in 0.05 M Tris buffer (pH 7.4) containing 5% DMSO.
At the broken arrow, au additional 72 udf 12 (in DMSO) was
added to the inhibitor solution and a correspouding amount of
DAJISO to the enzyme control: I, enzyme control; O, inhibitor.
The initial enzyme activity was 0.017 OD unit/min.

by the buffer and/or solvent, then preincubation of the
inhibitor in buffer in the absence of enzyme should
destroy the inhibitor. That this preincubation with
buffer had no effect onn 12 at a concentration of 2K; was
then shown by addition of enzyme; the enzyme was
still inactivated to a level of 309, of the original con-
centration.

In order to verify further that the enzyme was
catalyzing the decomposition of 12, the experiment in
I'igure 3 was performed. When the enzyme was
treated with 12 at a 2K, coucentration, 609, inacti-
vation oceurred in 30 min, and 679, in 60 min. At
this point an additional 2K; aliquot of inhibitor was
added; in another 60 min, the amount of remaining
enzyvme was decreased another 8097 showing that the
first aliquot of inhibitor had been destroyed by the
enzyme in the first 60 min.

Two mechanisms can be envisioned for the enzynie-
catalyzed destruction of the irveversible inhibitor (12).
Since chymotiypsin can hydrolyze amide linkages, it
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was possible that 12 was being hydrolvzed to the acid
16 and arylaniine 17; that such was not the case was
shown by a negative Bratton-Marshall test® for 17
which in a separate experiment was shown to be sensi-
tive down to a concentration of 1 ul3{, considerably
below the 70 uM concentration of 17 that would have
been generated.

The second possibility was that the enzyme was cat-
alyzing the hydrolysis of the sulfonyl fluoride (12) to
the corresponding sulfonic acid (15). That this in-
deed was the case was shown by a preparative-scale
enzyniatic reaction. Alternate additions of a-chy-
motrypsin (700 mg) and 12 (160 mg) to 1 1. of 109,
H,0-DMNSO with addition of NaOH to maintain the
pH at 7.2-8.0 gave a recovery of only 139, of the sul-
fonyl fluoride; the sulfonic acid (15) could be isolated as
its guanidine salt from the solution. Two control
reactions were also performed: (a) omission of the
enzyme resulted in 819, recovery of the sulfonyl fluo-
ride (12), much less base was consumed, and only
traces of sulfonic acid (15) could be detected by tle;
(b) replacement of the a-chymotrypsin by bovine
serum albumin gave the sanie results as the omis-
sionn of a-chymotrypsin, that is, 749, of the sulfonyl
fluoride was recovered and much less base was con-
sumed.

The failure of bovine serum albumin to hydrolyze
the sulfony! fluoride (12) affords strong evidence that a
reversible complex between the inhibitor and chymo-
trypsin is an obligatory intermediate to hydrolysis.!3
Two possible types of complexes can be envisioned:
(a) the complex for hydrolysis of 12 is the same com-
plex that leads to enzyme inactivation (eq 2), or (b)
the two complexes are not the same (eq 3). If two
different complexes, (E- - -I);and (E- - -I),, are required

I N
E+I—><?(E~--I)-,—1>E--~I

ky
(E--P)ZZE+P (2)
Kp
ko
E—{-I<K—E (E--'I)s—>(E'“P)(K—E E+P 3)
3 r

for inactivation of the enzyme or hydrolysis of the in-
hibitor, respectively, then the kinetic situation is quite
complicated as shown.

[E] = [E] + [EI] + [EI], + [EP] “)

(20) B. R. Baker, D. V. Santi, J. X. Coward, H. 8. Shapiro, and J. H.
Jordaan, J. Heterocycl. Chem., 8, 425 (1966).
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The total active enzyme concentration will be the
summation in (4). By use of K;, K¢, and K,. eq 4 can
be transformed to (5), a form which relates to the rate
of ecnzynie naetivation, since ¥y = A, [IT ]

=k "'i'l‘:'i’Jm P )
R S

Theoretically, it should be possible to determine K, K,
K. Iy and k. but it would require extensive manip-
ulation of kinetie experiments,

The second explanation, that is, the complex (I21);
can tead either to hydrolysis orto enzyme inactivation
ax in eq 2, ix currently preferred for the following
FCASOLIR,

The dual reactions of hydrolysis of inhibitor and
nctivation of enzvme are seen with 14 and dihydro-
folic reductase,® 18 aud trypsin,®! 19 and xanthine
oxidase,*? 20 and xanthine oxidase,?® us well as selected

ﬂm
NH&-—@O(CHZ)SO@NHCO@SQF
18

OH
N N,

O ses.
NN

H NHCO@SOZF

19

e

NHCO@SOZF

20

analogs of 12, 14, 18-20. To assume that each of
these many compounds must have both an (EI); and
(I1)s complex for the three different enzymes becomes
highly improbable. Therefore, a better working hypoth-
esis 18 eq 2. where only one complex ix needed for two
different reactions.  Working models for this one com-
plex will be discussed Iater after additional enzyme data
are deseribed.

The kineties for eq 2 are considerably simpler than eq
3 sinec only protection against inactivation by product
15 must be considered; eq 6 has been previously dertved
for protection by a reversible inhibitor against enzyme

inactivation by an  active-site-directed irreversible
inhibitor 1017
. [
HUIJ = e i e .
K, [P] (6)
R
(1] K,

The hydrolysis product 15, which was synthesized
chemicallv, was then found to give 509 reversible

(211 13 R, Baker aml 1. 1. Lrickson, J. Ved. Chem., 11, 245 (106GR:,
paper CNV ol this series.

22) B R. Baker and J. \. Nozma, wanageripl in preparation.

123) B, R. Baker and W. ¥. Wood, manuseript in preparalion.
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Figure 4.~-Rate of irreversible inhibition of e-cliyvuorrypsin ar
37° by 72 w3 12 11 100 dimethyl sulfoxide: O, 0.05 3/ Trix buffer,
pli X4; @ 0.05 M Tris buffer, plI 7.4; 12, 0.05 3 Tris-maleate
Luffer, pIl 6.5; A, .05 3 citrate buffer, pIT 5.0, Siuce cach
enzyvmie control was slightly differemt, cach cirve ix corrected
for the slight enzyine die-off i itx comrol.  The initial raies were
0.01-0.017 O1) undt /i

inhibition of chymotrypsin at 830 g3/, compared to 50
w required for the sulfonyl fluoride (12); thus it can be
extimated that K, = 17K, In an experiment where
the coneentration of 12 was 72 g/ = 2K, the maximum
concentration of 15 that could be generated was 72
wM; thus the term [P]/K, in eq 6 becomes negligible
compared to 1, and eq 6 reduces to eq 1 in the case of 12
and 15, Thux the curvature in Figure 2 is most prob-
ably due only to a deereasing concentration of irve-
versible inhibitor with time. It i possible in other
ases, such ax 14, that the generated sulfonic acid would
be as good a reversible inhibitor as the sulfonyl fluoride,
or better; such an inhibitor would give even nmore line
curvature since the coneentration of I is deercasing and
the concentration of 1’ is increasing with time.

The cffect of pH on the rate of inaetivation of chyno-
trvpsin and on the shape of the inactivation curve by
72 uM 12 s shown in Figure 4. Fven though some of
the lines show curvature prior to 506 inactivation, it is
clear that decrcasing pH decreases the rate of inuacti-
vation; at pH 8.4, 7.4, 6.5, and 5.0, the times for 509,
inactivation were about 10, 20, 60, and >90 min, re-
spectively. 1t is also apparent that the rate of enzyme-
atalyzed hivdrolysis of 12 slows with decreasing pH;
little 12 remained at pH 8.4, 7.4, 6.5, and 5.0 after 15,
60, 90, and 120 min, respectively.  These results suggest
that both the enzyme-catalyzed hyvdrolysis of the in-
hibitor and enzyme mactivation by the inhibitor are
dependent upon the hyvdroxide ion concentration, either
directly or by an indirect effect on ionization of a par-
ticipating enzymie group. The significance of such n
suggestion is discnssed below,

The o-sulfonyl fluoride 7 was a “‘competitive” rever-
sible inhibitor of chymotrypsin; o Lineweaver-Burk
reciprocal plot!* gave K; = 20 ud/. The rate of inacti-
ration of chymotrvpsin with three different concen-
trations af 7 is shown in Figure 5. From eq 1 it can be
caleulated that 80, 71, and 559 of the enzyme is in the
rate-determining (1) formy with 80, 50, and 25 wl/ of
7, respectively; thux, if only active-site-directed re-

)
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Figure 5.—DRate of irreversible inhibition of a-chymotrypsin by
varyiug conceutrations of 7 at 37° in 0.050 M Tris buffer (pH
7.4), containing 109, DMSO; O, euzyme control; O, 80 pM T;
®, 50 uM 7; A, 25 uM 7. The initial enzyme activity was 0.01
OD unit/min.
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Figure 6.—Rate of inactivation of a-chymotrypsin at 37° in
0.05 M Tris buffer (pH 7.4) contaiuing 109, DMSO: 0, enzyme
coutrol; O, 100 pM p-tolylsulfonvl fluoride; @, 50 uM p-tolyl-
sulfouyl fluoride; A, 72 uM m-acetamidobenzenesulfonyl fluoride;
A, 150 pM p-sulfouyl fluoride 11. The initial enzyme activity
was 0.009 OD uuit/min. All curves have a 1-min poiut, but are
overlapping.

versible inhibition were occurring, the relative rates for
the three concentrations should be 8:7:5.5. Itisclear
that the initial rates are extremely rapid, but that de-
composition of the inhibitor 7 is also taking place,
since the lines are not linear and the curvature in-
creases with decreasing inhibitor concentration as seen
with the meta isomer (12) in I'igure 2.

In contrast to 12, the orého isomer (7) was unstable to
water and even more unstable to Tris buffer at pH
7.4. When a 50 uM concentration of 7 was prein-
cubated in 0.05 3 Tris buffer (pH 7.4), then the chy-
motrypsin added, no inactivation of the enzyme oc-
curred; note that with no preincubation, these condi-
tions gave 759, inactivation of the enzyme (FTligure 5).
When a 100 g concentration of 7 was preincubated in
109, aqueous DMSO for 1 hr, then an equal volume of
buffer containing enzyme was added, only 239, inacti-
vation of the enzyme occurred in 60 min. The signifi-
cance of the instability of the ortho isomer (7) is dis-
cussed below,

Fuhrney and Gold!? have reported that eo-tolyl-
sulfonyl fluoride can inactivate chymotrypsin via a
reversible complex faster than diisopropyl phospho-
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fluoridate (DFP). They also observed that the enzyme
was inactivated by benzenesulfonyl fluoride at about
19, of the rate shown by a-tolylsulfonyl fluoride. The
rates of inactivation of chymotrypsin by 50 and 100
ulM p-tolylsulfonyl fluoride (21) under our experimental
conditions are shown in Figure 6. Two points are
noteworthy: (a) the time for 509} inactivation was
75 and 32 min for 50 and 100 ul p-tolylsulfony! fluo-
ride, respectively, and (b) both concentrations gave
essentially linear plots, indicating that the inhibitor was
not being decomposed by the enzyme. The time for
509, inactivation of chymotrypsin by 72 pM m-
sulfonylphenoxyacetanilide (12) was 12 min and a
rapid change from linearity occurred due to enzyme-
catalyzed hydrolysis of 12; it can be estimated from
Tigure 6 that a 72 pA{ concentration of p-tolylsulfonyl
fluoride would require about 50 min for inactivation of
half of the enzyme.

Cl

|SOZF 21 SO,F
12 22

m-Acetamidobenzenesulfony! fluoride (22), which is
more closely related to 12 in that the phenoxy group has
been removed, was measured as an inhibitor of chy-
motrypsin. As a reversible inhibitor, a 1.3 mM con-
centration of 22 was needed for 509, inhibition; com-
pared to 12 with I3 = 0.05 m3{, the loss in binding in
removing the chlorophenoxy group of 12 to give 22 is
26-fold. Yet at a concentration of 72 uif, 22 inacti-
vated chymotrypsin with a half-life of 60 min (Figure
6), which is close to the inactivation rate shown by p-
tolylsulfonyl fluoride (21) at this concentration, but is
only one-fourth the rate shown by 12 (Figure 2).

If 12 and 22 are complexed identically, and in only
onte possible mode of binding, with chymotrypsin when
they inactivate the enzyme, it can be calculated from
eq 1 that 12 should inactivate ten times faster than 22
since, at 72 uM, 12 complexes 679, of the enzyme and
22 complexes only 79,. Thus it is apparent that 12
and 22 do not complex to the enzyme in the same way
when they inactivate chymotrypsin. It follows that
p-tolysulfonyl fluoride (21) also complexes differently
from 12 since 21 and 22 have nearly identical linear
inactivation rates.

Since it is highly probable that the benzenesulfonyl
moiety of 21 and 12 are complexed differently when
giving their most productive mode (best inhibition) of
binding, one should consider the possibility that 12
inactivates the enzyme by the less productive mode of
reversible binding equivalent to 21. If two modes of
binding for 12 are possible and only one can inactivate
the enzynie, then 12 is self-protecting by one of its
modes of binding and eq 6 then holds. The less pro-
ductive mode of binding is likely to be about as effec-
tive as 22, that is, a 26-fold difference, where K; =
26K, [Pl=[1]= 72 uM, and K; = 36 uM. With this
assumption it can be calculated that the amount of
(EI) complex productive for inactivation is only 2.5%, of
the total enzyme; therefore, this mechanism is not
operative, since 22 would inactivate the enzyme three
times (7/2.5) faster than 12 in contrast to the observed
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reversc order of rates of 12 being four tinres faster than
22,

The final compound studied was the phenoxvacet-
anilide bearing a p-sulfonyl fluoride group (11): it
showed a nonlinear inaetivation of chymotrypsin with
a half-life of about 35 min at a concentration of 150
wll (Iigure 6). Whether 11 inactivates by a mech-
anism common with either 12 or with 22 cannot be
ascertained kinetically due to the poorer Iy, of 11 than
12; the nonlinearity tends to favor a mechanisn
common with 12.

With an active site defined as those parts of an
cuzyme necessary to coniplex the substrate and those
parts necessary for the eatalytic aetion,® it ix probable
that the o-sulfonyl fluoride group ix attacking within the
active site (endo mechanism), The m-sulfonyl fluo-
ride (12) most probably does not have the sulfonyl
fluoride near the complexing region, but it still might
be sufficiently near the eatalytic site to be operating
by the endo mechanism. However, the N-phenyl
proup could be outside of the active site: if snch is
the case, greater specificity can probably be built
into molecutes such as 7 or 12 by further substitution
on the N-phenvl group, since bulk tolerance ndjacent
to the active sites may well vary among the pro-
teases.

Studies currently underway have the sulfonyl fluo-
ride group considerably removed from the amide moiety
of the inhibitor so that irreversible inhibition, if any, is
nmore apt to oceur by the exo mechanism.

Proposed Mechanisms of Hydrolysis and Inactiva-
tion.-— A thorough kinetic study of the hydrolysis of
acetyl fluoride has been performed by Buntan and
Fendler.*®  They observed that sodium formate and
pyridine catalyzed the hydroly=is by generation of the
more reactive acetie-formic anhyvdride und acetvl-
pyridinium ion, respectively, but that sodium acetate
slowed hydrolysis by generation of the less reactive
acetic anhydride; these observations show that several
nucleophiles attack acetyl fluoride faster than water.
Iurthermore, the hydrolysis was catalyvzed by H~
below pH 3 or OH~ above pH 7. Although no such
studies have vet been performied on o sulfonyl fluoride,
soiie rough projections on the reactivity of sulfonyl
fluorides can be made by a combination of the enzynie-
inactivation experiments described in the previous
scetion with the known chemistry of acetyl fluoride,
arvisulfonyl Auorides,* and arvisulfonyl ehlorides.

Arylsulfonyl fluorides are stable to pyridine, in con-
trast to arvisulfonyl chlorides and acetyl fluoride which
are hydrolvzed eia their aevlpyridinm ions.  Further-
more, arvizulfous! fluorides are relatively stable to
hoiling water, boiling ethanol, or boiling 2-methoxyveth-
anol;¥# in o coutrast, sulfonyl chlorides and acetyl
fluorides are attacked under these conditions.  Iveu
though sulfonyl fluorides are quite stable to water and
aleohols, these sulfony! fluorides will attack hydroxyl
groups when absorbed on cellulose, particularly under
slightly alkaline conditions;* this apparent discrepancy
cair be resolved if one considers that the probable
mechanisin of reaction of a sulfonyl fluoride with n
nticleophile i euvisioned by eq 7. Phis reaction. similar

21: 10 AL Danton and J. UL Feodler, J. Qrg. Chene,, 31, 2807 (191
©I5) For aoreview of pertinent references, see rel 13,

Vol. 11
;F:-*HORZ
Ar—S’O._\ — Ar—b\‘O: + F~ + H" D
R—O0= R~0

to the mechanisin of hydrolysis of acetyl fluoride, re-
quires assistance by the eleetron-rich fluorine atom
forming a hyvdrogen bond with the protic solvent (water
or alecohol): nucleophilic attack by solvent then ocenrs.
In order for reaction with =olvent to occur by this
concerted reaction 7. the solvent most probably hax to
assume o structure around the snlfonyt fluoride that
disrupts the solvent’s hydrogen hond strvneture: such
A disruption requires energy which stows the reaction
of solvent with the sutfonyl fluoride.  In contrast. if
R, ix cellulose on which the arvisulfonyl flnoride has
been absorbed. the =olvent structure involving R.OH
does 110t have to be disrupted for reaction to ocenr.
That hvdrogen bonding of the fluorine atomr i~ u
necessary prerequisite for attack of the sulfonyl fluovide
ix supported by the observations on the relative stability
of 7e5. 120 The orthe somer (7) ix internndly hvdrogen

Cl ﬁ C
I
Cl OCH,C—N OCH2CITI
H H
NS0 _0,
‘FJ <) HOH:~F< =
OH OH
7a 12a

honded as sliown in 7a: nucleophilic attack by solvent
then does not require disrnption of solvent and 7a
nndergoes hydrolysis probubly by attack of the small
anonnt of hydroxide ion present.  In contrast. the
meta isomer (12) requires hydrogen bonding with solvent
before attack can ocenr, as shown i 12a, which is
equivalent to eq 7; therefore 12a is nwuch more stable
to water than 7a.

The pH profile studies of 12 in Figure 4 showed that
mcreasing the pH from 5 to 6.5 to 7.4 to 8.4 gave
incrensed incerements i rate of both attack by solvent
{as catalvzed by the enzyme) aud covalent bond for-
muation with the enzyie: these results indicated that
both reactions were dependent upon the hydroxide ion
concentration.  Of the 15 tyvpes of nucleophilic groups
on an enzyme surface, eight have the nucleophilic
apacity to react with a sulfony! fluoride;: these are
(a) the hyvdroxyl group of serine. threonine, and tyro-
stine, (b) the carboxylate group of aspartate and
glutamate, (¢) the imidazole-NH of histidine, and (d)
the NH, group of any environmentally weakened
Ivsine.  All but group b would form a covalent linkage
stable at relatively neutral pI; in contrast. the car-
hoxyvlate gronp could forin a mixed anhyvdride by
mucleophilic attack of the sulfonyl fluoride, which would
then be rapidly hydrolyvzed by water. The number of
histidines in au cnzyme are few and are usually less
than four per 25,000 molecular weight of protein:
similarly. the wunber of environmentally weakened
bysines on the snrfuce e probably few.,  Thus the
niain elassex of funetional groups to be considered are
the earboxylates aud the hydroxyl groups whicl,
except tor perhaps tyrosine. ave prevalent on the surface
of an enzyvme,

tn the most generalized sense, the hrreversible in-
hibitionn of an enzyme by a sulfonyl flioride can be
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ZF:—HOR,
—S0; I—S0, _
! — i 17 + HXR, + F~ (8
E—OQ E—0
\H°XR,
A
/SOZ_F\ F_
T o H — — RSOXR, + (9)
}Fz—>HOR1
;—soz,) — =80 — — EC0,° + IS0,° 110)
E—C0,° E—CO,

depicted by eq 8, which takes into account the above
discussed chemistry., If R, = R; = Hand X = O,
then only water and OH~— are necessary for covalent
bond formation to take place within the reversible
E.. .1 complex. The transition in (8) could require
little or no disruption of solvent compared to (7) for
several reasons: (a) the E-O-H group of (8) has more
flexibility for rotation than does the hydrogen-bonded
solvent, R,OH, of (7); (b) the protein already has
disrupted water structure niolecules on its surface,
so-called “‘ice structure.”

Tt is also possible that either RyX~ or HOR, or both
in eq 8 are part of the protein. For example, R, X~
could be the carboxylate of aspartate or glutamate;
this result could also account for the decreased rate of
inactivation by decreasing pH since the carboxylate
would be gradually converted to the less nucleophilic
COOH group with increasing acidity.

Two mechanisms for enzyme-catalyzed hydrolysis of
the inhibitor can be envisioned. The enzymic hydroxyl
group of eq 8 may be able to be positioned in the com-
plex as shown in (9), where internal hydrogen bonding
of the fluorine has occurred as shown earlier in 7a.
Nucleophilic attack by R,X— = HO~ would cause
hydrolysis. Again the R,X~ group could be a prop-
erly positioned carboxylate group of the enzyme, which
would lead to an easily hydrolyzable mixed anhydride.

The second possibility for hydrolysis is shown in eq
10; here a properly positioned carboxylate of the en-
zyme surface could serve as the nucleophile and water
as the hydrogen bond acceptor from fluorine. Such a
nucleophilic attack would lead to a mixed anhydride
which would be readily hydrolyzed to a sulfonic acid
analog of the inhibitor, then be desorbed from the en-
zyme surface as indicated in eq 2. The R'OH may be
water or an enzymic hydroxyl group; the latter would
be the same as eq 9.

As discussed earlier, the combination of enzyme inac-
tivation by, and enzyme-catalyzed hydrolysis of, sul-
fouyl fluorides has been seen with chymotrypsin, tryp-
sin, dihydrofolic reductase, and xanthine oxidase, sug-
gesting that a common mechanism for all cases is highly
probable; the proper positioning of two or more en-
zymic groups to the sulfonyl fluoride on four different
enzymes becomes a highly improbable structural coin-
cidence, Therefore, the most logical mechanism is that
only one and the same enzymic group is involved in
covalent linkage or hydrolysis of the sulfonyl fluoride or
both as depicted in (8) and (9) where R,X~is OH~ and
HOR, is water.

The above-depicted mechanism, even though sub-
ject to future reinterpretation asnew experimental facts
emerge, has already led to a number of practical appli-
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cations. For example, 23 at 1 uwl can rapidly inacti-
vate the dihydrofolic reductase from 1.1210/FR8 mouse

NH,

N CH2)30©NHC
NHZ@NHZ

SO,F
23

leukemia or Walker 256 rat tumor in a few minutes,
with only minimal hvdrolysis of the sulfonyl fluoride.
In contrast, the rat liver enzyme shows a greater rate
of hydrolysis of 23 than inactivation by 23, and some
inactivation is seen only when the concentration of in-
hibitor is raised to 25 uM. The mouse liver enzyme be-
haves still differently in that 110 inactivation is seen even
at high concentration.?® These diverse results, which
will be described in a future paper,® can be explained
by eq 8-10.

Chemistry.—All of the candidate irreversible inthibi-
tors (26) in Table I except 10 were prepared by reaction
of the appropriate acid chloride (24) and arylamine (25)

R,

R,

24 25
@OCH&ONH@ - @OCH&ONH@
R, R, Cl

NHR

26 27.R=H
10. R =BrCH,CO

in boiling toluene. In the case of 10, hydrogenation
of the m-nitro group to 27 followed by bromoacetyla-
tion® completed the synthesis. The sulfonic acid (15),
isolated at the guanidine salt, was prepared by basic
hydrolysis of 12. Acetylation of metanilyl fluoride
yielded 22,

Experimental Section?

N-(p-Chloroacetylpheny!)-3,4-dichlorophenoxyacetamide (4)
(Method A)—A mixture of 0.60 g (2.7 mmoles) of 3,4-dichloro-
phenoxyacetic acid?® and 4 ml of SOCl; was refluxed with stirring
until gas evolution was complete (about 30 min). The excess
SOCL, was removed by evaporation in vacuo. To the residual
acid chloride were added 60 ml of toluene and 0.425 g (2.5 mmoles)
of 4’-amino-2-chloroacetophenone (Eastman). The mixture was
geutly refluxed under an air condenser until HCI evolution ceased
(about 5 hr). The resulting solution was cooled, then washed
successively with 59, HCI, 5%, NaHCO;, and H,0. Dried with
MgS0,, the solution was spin evaporated in vacuo. Two re-
crystallizations from EtOH gave 0.50 g (54%) of yellow needles,
mp 165-168°, which gave a negative Bratton-Marshall test for
aromatic amine and a positive 4-(p-nitrobenzy!)pyridine test
for activated halogen.?? Further data on this and other com-
pounds prepared by this method are listed in Table II. For
the sulfonyl! fluorides, which of course do not respond to the 4-
(nitrobenzyl)pyridine test, the preseuce of the sulfonyl fluoride

(26) B. R. Baker and R. B. Meyer, Jr.., manusecript in preparation.

(27) All new compounds had ir spectra and combustion analyses in agree-
ment with their assigned struetures; each moved as a single spot on tle on
Brinkmann silica gel GF. Melting points were taken on a Mel-Temp block
and are corrected. Where analyses are indicated only by symbols of the
elements analytical results obtained for those elements were witlin 0.4
of the theoretical values.

(28) For preparation of 3-clilorophenoxy acetic acid needed in preparation
A, see B. R. Baker, W, W, Lee, W. A, Skinner, A. P. Martinez, and E. Tong,
J. Med. Pharm. Chem., 3, 633 (1960),
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&
Na, Ry 13 Method
3 Cl m-COCH,C A
4 Cl p-COCH,(C1 A
D (@ p-8SOF A
6 1 m-80.F A
7 Cl 0-S([" A
s 11 m-COCLC A
O 11 p-COCILCL A
11 11 m=-NTICOCIT,Br &
1 Il P-8O,F A
12 11 n-SO, I A
1 B 030,17 A
NII
1) 11 m=SOy T NTICN1L, D
27 IT m=-NTl B
28 11 7-NQOs 154

“"T'he starting amine was prepared according to the method of B. R, Baker and B.-I. TTo., J. Dharine. Sci., 56, 28 (1067).
1 Recrystallized from CH;CeH,,

i Recrystalized from MeyCO-T,0).
7 Recrystallized from MeOI{OI-H,0, then FtOAc¢-petroleum ether.

lized from EtOH. < Rewrvstallized from CgH,.

60-110°). 7 With the aid of decolorizing carbon.
" Reervstallized from EtOH-H,0.
1o cooling was enmploved.  !Reeryxtallized fromi CHCl,.

wis verified by characteristic ir bands at 1400, 1210, and 750-
800 pm—12

N-(m-Aminopheny!)-3-chlorophenoxyacetamide (27) (Method
B).---A solution of 1.84 g (6 mmoles) of 28 in 100 m! of MeOLtOTT
wis shaken with Hy at 2-3 atni in the presence of 50 mg of PtO.,
reduction being completed in about 20 miu. The catalyst was
removed by filtration through a Celite pad. The filtrate was
diluted with 400 m! of H,O, and the product was collected o a
filter. Recrystallization from EtOAc-petroleum ether (bp 60~
110°) with the aid of decolorizing carbon gave 1.38 g (83<7) of
light vellow erystals, mp 117-119°.  See Table II for additional
data.

N-(in-Bromoacetamidophenyl)-3-chlorophenoxyacetamide (10)
(Method C).—To a selution of 277 mig (1 mniole) of 27 in 4 ml of
Me:CO was added 390 mg (1.5 mmoles) of bromoacetic anhy-
dride.  After 4 hr, during which time the product crystallized
fron1 solution, the mixture was filtered und washed with a small
quantity of ice-cold MexCO, then 5¢; NaHCO;, and finally H.O.
Three recrystallizativus fron: tolnene with the aid of decolorizing
carbon, gave 244 mg (61¢,) of white ucedles, mp 166-169°, which
gave o negalive Bratton-Marshall vest and 2 positive 4-(p-
uitrobenzyl)pyridine test.2? See Table IT fur additional data.

Guanidinium N-(3-Chlorophenoxyacetyl)metanilate (15)
(Method D).—To a stirred suspension of 1.89 g (5.5 mmoles) of
12 1106 ml of TLO at 50° was added a solution of 0.65 g (16 1mmoles)
of NaOT! De 2 ml of IO, The mixture was stirred at 60-70°
for an additional 20 min, then the it solution was filtered.
After being chilled at 0°, the mixture was filtered. The insoluble
=odimn salt of 15 was dissolved in 60 ml of warti Ha0).  The solu-
o wis acidified with HCL to pll 1-2, then a solntion of 1.92 g
(20 mmales) of gunanidine- HCL in 40 ml of 11.0 was added. The
tiltered solution was kept at 5° far several hours, then the guani-
diniam salt was collected on a filter.  "I'he produet was recrystal-
lized from 50 nil of HaO coutaining 0.1 g of guanidine- [TCIL.
A =econd reervaiallization from FiOTT-pewroleunn ether (bp
G0-110°) gave 0.632 g (297) of white cryxtals, mp 184-186°.
See Table I for additional data.

N-Acetylmetanilyl Fluoride (22).---To a solution of 2.63 g (15
mmoles) of wetanily! luoride in 5 ml of Me.C(O was added 2.56 g
(25 mmoles) of Ae().  After 20 min at ambient temperature,
the solution was warmed on a stearmbath for 5 min, then diluted
with 30wl of 1,0, The product was enllected on a filter and

20y NL S, 1law, AN Hawbly, and R, 1L Laby, dwdedion S Chen., 13,
B3 O196A) .

R.
i M,
vield o(! Formiufa Analysos
T 150152 CuelT1ClsN O ¢, 1N
BEY 165~ 168 CieH2CLiNOs G N
gt 175175 CiH,0CLFNOS ¢, TN
RALE 16:3-164 (\/‘141’110C12FNO4S (V‘V. }I. N
At 144-146 CraI CLFNOS ¢, T, N
E 117-114 Cm]{mC‘gNOR , “‘ N
RULEY 141--143 Cy6TT3CLNO; ¢, T, N
OLud s 166-106¢1 Cs 1 BrIN:O; C, LN
264 144--147 C o1, CIFNOS ¢, 1, N
R 119-121 Cull CIFNOS C, T, N
Jperh 1249-1:51 C H, CIFNOS GO ILN
20 134- 186 CilTCIN LGOS ¢ 1L N
837 117-119 CuI13CINLO, ¢OHLN
e 141-143 CHCIN2O, ) 11, N

" Recryvstul-
" Recrystallized from EtOH-petrolemn ether (bp
' Necrystallized from CH;CsH:~CHCL-E1OTI.
t By method E in ref 3;

washed with 57, TICL then 1.0, Recrystallization from Cslls
with the aid of decolorizing carbou, then two nore recrystallizu-
tions from Csls, gave 1.55 g (48¢7) of pure product as white
needles, mp 114-116°. dnal. (C;HFNOsS) C, H, N.

Enzyme Assays.?--The reversible inhibition assays were per-
formed with three-times recrystallized, salt-free a-chymotrypsin
from bovine pancreas and 0.2 mM N-glutaryl-r-phenylalanine-
p-nitroanilide ((:PN A)#! as previously described.? The irreversi-
ble inhibiton assavs were performed as follows. The veloeity of
the enzyvine reaction with 0.2 mlf GPNA wax observed to be
proportional to the enzyme concentration. The amonut of
spolntaneons enzyme iuactivation in 1007 DMSO at plIl 7.4 and
37° was less than 5¢./hr. The buffer employed in the jassay-
was 0.05 M Tris (pl 7.4); additional buffers emiployed in the
inenbation were 0.05 M Tris-maleate (pH 6.5), 0.05 A Tris
(pIT 84), und 0.05 M citrate (pH 5H.0). Bulk enzyme wasx
dissolved in cold | maf HCI at 6.1 mg/ml and stored ar 0-5°.
UPNA was storal as a 12,4 mM solution in DMSO 11 a brown
bottle.

In two tubes were placed 0.50 ml of enzyvme solution and 130
wl uf 0.05 3 buffer of the desired pll; after 5 min in a 37°
bath, 200 wl of DMRO wax added to tube'l {(enzymie control!
and 200 «! containing inhibitor was added to tube 2. The con-
tents were mixed aiud a 1.00-nm1l aliquot was withdrawn for encli
tube 1 win after the addition of the DMSO, then stored at 0°
wid! ready for assay. The aliquot from the control tube wax
lubeled C; and the aliquot from the inhibitor tube was labeled Ty.
The renainder in the two tubes labeled Ca and In was kept for
1 Iir at 37°, then cooled in an ice bath until ready for asey.
T'hie awount of remaining euzyvme i each aliguot was assnyed
ax follows. In a 5-ml glass cuvette were placed 2.85 ml of 0,05
M Tris buffer (pll 7.4) (regardless of the incubation pH) and
50wl of 124 md/ GPNA in DMSO. The enzynie reaction wias
then started by addition of 200 wl of Cp (or other aliquvt).
I'lie increase in optical deusity at 410 mp was followed with a
Gilford 2000 recording spectrophotometer; the Cy aliquot usially
gave au optical density change of about 0.01 OD unit/min.
The velocities in OD/min, which are proportional to the re-
maining active enzyme coucentration, were plotted on a log
scale against time on a linear scale.® Fach alignot was ruu in

130) The tevhnical assistance of Manreen Daker with these assavs is
acknobwledged.

(31) D E. Erlanger, V. Edel, and AL G Cooper, Aveh. Biochen. Biophys.,
115, 206 (1960).
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duplicate, or triplicate if necessary. This procedure is adequate
for a routine screen for a plus or minus answer on irreversible
inhibition, As many as three inhibitor tubes can be run with
one enzyme control in less than 1 working day.

With a positive compound, a larger amount of inhibitor-
enzyme mixture can be set up, then a number of aliquots re-
moved at varying times in order to obtain the half-life and extent
of irreversible iuhibition. For irreversible inhibitors having a
fast initial inactivation, a zero-time tube can be set up as pre-
viously described for dihydrofolic reductase,

a-Chymotrypsin-Catalyzed Hydrolysis of N-(3-Chlorophenoxy-
acetyl)metanilyl Fluoride (12). A.—To 1 1. of 109, H,0-DMSO
were added with stirring 700 mg (0.028 mmole) of a-chymotrypsin
and 160 mg (0.465 mmole) of 12 (in 10 ml of DMSO); the addi-
tions were made in six equal aliquots over a period of 9 hr, then
stirring was continued an additional 1 hr. The pH was main-
tained at 7.2-8.0 by addition of 0.01 ¥ NaOH, and the tempera.
ture was maintained at 30-35°; a total of 78 ml (0.78 mmole) of
base was consumed.

The mixture was filtered and the recovered 12 was washed with
H,0; 10 mg. The filtrate was extracted with four 200-m! por-
tions of CHCl;. The combined CHCl; extracts were washed with
400 ml of H;0, then evaporated in vacwo. The residue was
extracted with 25 ml of EtOH. Quantitative uv analyses showed
the presence of 11 mg of 12 for a total recovery of 21 mg (13%).

The original aqueous solution was concentrated to about 200
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m! by freeze evaporation, then was spin evaporated to residue
in vacuo. The residue was suspended in 20 m! of H,0O, then
adjusted to pH 1-2 with HCl. The separated protein was re-
moved by centrifugation. To the supernatant was added 250
mg (2.5 mmoles) of guanidine hydrochloride. Since the guanidine
salt of 12 failed to crystallize from solution, the solution was
spin evaporated n vacuo. The residue was dissolved in 5 ml of
H,0 and applied to four plates (20 X 20 cm) coated with a total
of 50 g of silica gel GF. The plates were developed with 2:1
EtOH-petroleum ether (bp 60-110°). The zones of the guanidine
salt of 15 were scraped off, combined, and extracted with 207}
aqueous Me,CO. The solution was clarified with carbou, then
evaporated in vacuo. Crystallization of the residue from 2 ml
of H,O gave 30 mg (16%) of the guanidinium salt of 15; this
material was identical with an authentic sample as shown by
ir, uv, and tle. The filtrate contained additional product as
shown by tle.

B.—A run identical with A, except the a-chymotrypsin was
omitted, gave an 819, recovery of 12, and only traces of 15 could
be detected by tle; only 5.6 ml (0.056 mmole) of 0.01 N NaOH
was consumed.

C.—A run identical with A, except that lyophilized bovine
serum albumin was used in place of a-chymotrypsin, gave a 74%
recovery of 12 without CHCl; extraction: only 5.0 ml! (0.05
mmole) of 0.01 ¥V NaOH was consumed.

Irreversible Enzyme Inhibitors.
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Fifteen candidate irreversible inhibitors of a-chymotrypsin derived from N-phenyl- or N-benzyl-3-chloro- or
3 4-dichlorophenoxyacetamide were synthesized that contained a fluorosulfonylbenzamido or fluorosulfonyl-
phenylureido group on the N-aryl ring. Of these, ten showed irreversible inhibition of e-chymotrypsin; due to
lack of solubility compared to their reversible binding constants (X ), none of these compounds could completely
inactivate a-chymotrypsin at their maximum solubility. The kinetics of inactivation indicated that these com-
pounds were being enzymatically hydrolyzed to the corresponding sulfonic acids as well as causing inactivation

of a-chymotrypsin by the active-site-directed mechanism,

The selective inhibition of only one of the myriad of
blood serum proteases* is not apt to be achieved with
reversible inhibitors, but can theoretically be achieved
with active-site-directed irreversible inhibitors® of the
exo type that covalently link to the enzyme outside the
active site.® Inhibitors that use a sulfonyl fluoride
group for convalent linkage to enzymes are particularly
well suited for exo-type irreversible inhibition since this
functional group can rapidly attack the hydroxyl group
of a serine or threonine within the reversible enzyme—

(1) This work was supported in part by Grant CA-08695 from the Na-
tional Cancer Institute, U. 8. Public Health Service.

(2) For the previous paper of this series see B. R. Baker and J. A, Hurlbut,
J. Med. Chem., 11, 233 (1968).

(3) N.D.E.A. predoctoral fellow,

(4) For a discussion of the utility of such inhibitors in the cardiovascular
and organ transplant areas see B. R. Baker and E. H. Erickson, J, Med,
Chem., 10, 1123 (1967), paper CVI of this series.

(5) B. R. Baker, "Design of Active-Site-Directed Irreversible Enzyme
Inhibitors. The Organic Chemistry of the Enzymic Active-Site,” John
Wiley and Sons, Inc., New York, N. Y., 1967.

(6) (a) The exo type of irreversible inhibitor can have an extra dimension
of specificity not present in reversible inhibitors by using the bridge principle
of specificity: (b) see ref 5, Chapter IX, for a detailed discussion of this
principle.

inhibitor complex;” such hydroxyl groups are prevalent
on the surface of proteins. In the previous paper of this
series? it was shown that compounds of type 1 bearing a

CH,CONH(CH,)

Cl R

1Ln=0
2. n=1

sulfonyl fluoride (R = SO.F) group could rapidly in-
activate a-chymotrypsin by the active-site-directed
mechanism. It was also established that chymotrypsin
could catalyze the hydrolysis of these sulfonyl fluorides
to the corresponding sulfonic acids. This paper re-
ports additional studies where the sulfonyl fluoride
group of the inhibitor is further removed from the car-
boxamide group of 1 since the latter is complexed within
the active site; this further removal of the sulfonyl
fluoride group in compounds of type 1 and 2 is more

(7) B. R. Baker and G. J. Lourens, J. Med. Chem., 10, 1113 (1967),
paper CV of this series.



