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with three 10-ml portions of 0.5 N NaOH, once with 10 ml of
brine, and then diried (MgSO,). Spin evaporation in vacuo left
a syrup which showed no uv change from pH 1 to 13.
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with AcOH, then spin evaporated in vacuo. The residue was
triturated with several milliliters of ¢-PrOH, cooled, the product
collected and then washed with «-PrOH; yield, 0.680 g (78%),

This syrup was treated with 3.5 mmol of NaOEt (formed as mp 146-149°, Reerystallization from <-PrOH-EtOH gave
described above) in 25 ml of absolute EtOH and refluxed with clones of white pins, mp 153-154°, Anal. (C..HisN:0s) C, H,
stirring for 4 hr, The cooled solution was acidified to pH 5 N.
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Three active-site directed irreversible inhibitors with a terminal 8O.F group (1-3) of a~chymotrypsin have

been shown to covalently link a serine OH group by two independent methods,

The sulfonate group on a-

chymotrypsin in each case was displaced by mercaptoethylamine and resultant S-aminoethyl-1~cysteine identi-
fied after hydrolysis; the second method converted each sulfonate of serine into pyruvie acid which was identified

enzymatically and by conversion into its 2,4-dinitrophenylhydrazorne.

Reaction of 2 with a-chymotrypsin was

unequivocally shown not to occur on the active-site serine-193, but a serine outside the site tentatively identified

as serine-223;

these results establish the hypothesis that properly designed active-site directed irreversible

inhibitors can covalently link an amino acid residue outside the active site by the exo mechanism,

Active-site directed irreversible inhibitors of enzymes
operate by two steps.> A reversible complex 1s first
formed between the enzyme and inhibitor; if a proper
leaving group on the inhibitor is juxtaposed to a nu-
cleophilic group on the enzyme, then a rapid and
selective neighboring group reaction oceurs with forma-
tion of a covalent bond that inactivates the enzyme.’
There are two classes of active-site directed irreversible
inhibtors, the endo type that forms a covalent bond
inside the active-site and the exo type that forms a
covalent bond outside the active-site.®

The endo type of irreversible inhibitor is of interest
in protein structure studies for “labeling”’ amino acids
inside the active-site; a now classical example is
1-chloro-4-phenyl-3-tosylamido-2-butanone  (TPCK)®
which specifically forms a covalent bond with histidine-
57 in the active site of a-chymotrypsin.?

The exo type of irreversible inhibitor has a consider-
ably wider utility in drug design than the endo type.®
The best leaving group vet found® for the exo type
of covalent bond is the T of the SO,F moiety; such a
molety has the electrophilic capacity to react rapidly
with a serine OH of an enzyme,!® but direct chemical
proof of covalent bond formation with a serine outside
the active site had yet to be achieved. The SO,F
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molety properly positioned on an appropriate revers-
ible inhibitor could inactivate a variety of enzymes,
presumably by the exo type of active-site directed
irreversible inhibition. Examples are dihydrofolic re-
ductase,® xanthine oxidase,!! guanine deaminase,!? tryp-
sin,'® a-chymotrypsin,'¢—1¢ the C’la component of com-
plement,'” and cytosine nucleoside deaminase.!’®* With
dihydrofolic reductase, SO,F-type inhibitors have been
found that can inactivate an L1210 mouse leukemia
enzyme with no appreciable inactivation of the enzyme
in normal liver, spleen, and intestine of the mouse.!®
Three successive questions can be asked about an
active-site directed irreversible enzyme inhibitor of
the SO,F type that presumably operates by the exo
mechanism. (1) Does the SO,F form a covalent bond
with a serine? (2) If the enzyme has a serine in the
active-site, ag in the case of a-chymotrypsin, has the
covalent bond formed with the active-site serine (endo)
or has the covalent bond been formed with a serine
outside the active site (exo)? (3) If the covalently
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bonded serine is outside the active site, which specific
serine las been linked?  Answers to the first two ques-
tions are of importance in drug design, but the third
question is only of major importance for protein strue-
ture studies.

The irreversible inhibitors 1,14 2,1 3,1 4140 4y
5% were used to answer the first two questions; these
answers with active-site directed irreversible (1-5) in-
hibitors give chemical proof of the exo mechanism
and are the subjects of this paper.

OCHZCONHQ

Cl SO.F

1
Cl ocH.CONHCH,—(()

o |
.
al cm-@

SO.F
2

(1l OCH,CONH CH2‘© SOF
NHCONH@

COOH

cm-@—som @—CH.ZSO,F
5

Experimental Section

4

Reaction of Irreversible Inhibitors with «-Chymotrypsin.-—1o
a solution of 25 mg (~1 pmol) of a~chymotrypsin in 4 ml of H,0
was added 7.5 ml of 0.05 M Tris buffer (pH 7.4). After addition
of 1 ml of a 3 m3} solution of inhibitor (1, 2, or 3) (3 umoles) in
AR, the solution was maintained at 37° for 1 hr, then cooled
o 0°. Assay with V-glutaryl-L-phenyl p-nitroanilide (GPNA).2t
showed that <197 the enzyme reniained; a control reaction with
no inhibitor in the DMSO showed 93-979; af the enzyme activity
remained.

The inactivated and control chymotrypsin solutions were ex-
haustively dialyzed agaiust a slow flow of 1 mM HCI at 3° for
about 18 hr, then freeze-dried in high vacuum. Assay again
showed no uactivity in the inhibitor treated enzyme reaction,
but >00¢7 aetivity in the control solution.

Renction of a-chymotrypsin with «-~(5) or p-tolylsulfonyl
fluoride (4) distolved in -PrOH was performed at pH 7 in the
absence of buffer; the pH was maintained at pH 7 by addition of
(0.1 N NaOH in o pH-Stat.® When ne more alkall was can-
snmed, the solution wasx dialyzed and freeze-dried asx above.
Lexs than 297 activity remained.

Displacement of the Sulfonate Group on «-Chymotrypsin by
Mercaptoethylamine.—A solution of 4.8 g of urea and 2.27 g. of
mercaptoethylamine - HCl in 8 ml of H,O was adjusted to pH
8.0 with 6 N NaOH. The inactivated enzyme or the enzyme
control in 2 ml of Hx) was added. The pH was then readjusted
to pH 8.0 and the solution maintained at 40° for 6 hr. The soli-
tion was adjusted to pH 3 with 6 N HCL, then exhaustively di-
alyzed against a slow flow of 1 mM HCI at 3° for about 18 hr.
The solution was freeze-dried. This is a modification of the
literature?? procedure.

Acid Hydrolysis of Modified «-Chymotrypsins.22.2%—A solu-
tion of 5-10 mg of modified or unniodified a-chymotrypsin in

. Fahrney und A. M., Gold, J. Amer. Chem. Soc., 858, 997 (1463).
% Lirlanger, . Kdel, and A. G. Cooper, Arch. Biochem. Biophys..
116, 206 (1966).
122} AL ML Gold, Biochemistry, 4, 897 (18GH).
(23) A, M. Crestfield, 8. Moore, and W. H. Stein, J. Biol. Ckem., 288,
622 {1003).

Cspoinatrn wwp Baken

3ot of 6N HC was frozen, then evicnnted to D0 g Lo remove
air. The hydrolysis bulb was allowed to thuw, then refrozen,
reevacuated, and sealed. The bulb wie kept av T10® for 25 oy,
then evaporated 1o residne fu vacuo. The evaporiion was
repeated 3 timex after addition of 5l of 110, then dissolved
m Ha for amino acid analyvsis,

Amino Acid Analysis of S-Aminoethyl-L.-cysteine. The =ian-
durd conditions for separation ef mmino aeids on a Nphao 120
amine acid anulyzer gave poor separation of S-aminocthyl-
L-cvsteiie™ from ielysine. However, 0.35 N clrate buffer
(pH 5.2%) at 357 in o S0-em colmun gave good =eparation:**
at a How rute of 68 ml by, the S-aminoethyl-r-cysteine appenred
19 ml after lystue und 38 wl before histidine. The yields of
S-aminoethyl-t~cysteine nre recorded as nml 14 mal of lvsine
or 2 mol of histidine present in a=chymotryp=in by comparisan
of peak areas of the three amino aelds.

C'onversion of Modified «-Chymotrypsins into Anhydro-
chymotrypsins and Pyruvic Acids.? ?---A solntion of the 25 mg
of modified a-chymoteypsin in 4.5 mb of HO was conled to 07
then trenled with 0.5 mlof 1.V NaOlL previonsly caoled 1o 07
After 4 hroat 0%, the =olution of auhydrochymolrypsin was
treated with 2.6 md of 9 N HCL then heated 75 win at 1OU° 1o
hydrolyze the protene. The solnthm was nentralized 1 pltl 7.1
with 6 N NaOH, then made ap th exaetly 10 mlb with HaO ad
assayed for pyravie acid from zerine and e-ketobniyrue fraom
threonine,

Enzymatic Assay of Pyruvate and «-Ketobutyrate.  ln i 3-
ml cuvet was placed 1.00 ml of solution containing -5 pg of
pyruvate ar e-ketobutyrate, 1.80 ml of 0.1 M phosphate buffer
(pll 7.5, and 0.10 ml of NADH (5 mg mb).  The reanction was
started hy addition of 0.10 ml of lactie dehydrogenase (0.2 mg - mt:
qand the OD change noted. Pyruvate (1-5 pg) was vedneed in
B30 see and the O change was 0.029, ug:  a-ketobmiyrate wis
veduced in 3 min with an OD change of 0.027 ‘ug. A solntiny
containing hoth pymvate and a-ketobutyrate conld be determinedd
at 12 g 'ml with an ervor of <1070 1the OD change in 30 sce
represented mainly pyruvaie and the fiether OD change in
5 min represented e~ketobutyrate,

Spectrophotometric Determination of Pyruvate 2,4-Dinitro-
phenythydrazone.--'I'v £.00 ml of =olution from the hydrolysis
of nnhydrochymotrypsin was added 2 ml of 0.2 2,4-dinitro-
phenyvihydrazine in 2V HCL - After 20 min the nmixture was
extracted with three 3-mb portions of Et.O. The combined
40 solutions were bacek-extracted with 3.00 mlof 10770 NasC'Ox.
The Nua.CO; sohntion was diluted fivefold, then the O D read
at 380 mu. A enlibration enrve for 8 ml of =olntion containing
0-10 g ntlof e=ketubutyrate and pyrivate was made.

The presence of cither the 2,4-dinitrophenylhydrizone of py-
rvite or a-ketobntyrate was determined by tle on Brinknunm
cellulose MN with 7:1:2 n-BnO-EtOH-0.5 .V NHOH %>
Au aliguot of the undiliied Na.COy =olntion of dinitrophenyl-
hydrazones was acidified and exivacted with Ktet), then concen-
trnted and applied to the plate. The pyruvate 24-diitro-
phenylhvdrazone maved ns two orange spots of syn and «uli
forms: the a~ketobuiyvrate derivative moved more rapidly.

Cleavage of Protein Chain at Amino Side of S-Aminoethyl-
cysteine. Generation of a New Carboxyl Terminus.—-In three
simullanequs rung, e-chymolrypsin was naetivated with 2 and
5, then the =ulfonnte displaced with mercaptoethylamine: an
unmodified e-chymotrypsin control was run wheve the inhibutar
was ontitied. The protein sample wax dissolved w5 mb or
0.1 .V TCL cooled tn 0°, and trented with a <olnion of 47 mg of
BrON2 in 5 ml of 0.1 N HCI previously cooled 10 09 After
5 days al 0% ina toppered fask, the mixture was weated with 20
ml of HaO} and spin-cevaporated to dryness in vacna.  Thix tremn-
ment couverts methinuine and S-aminoethyl-r-cysteine into 8-
cyano =ntfonium dertvatives.

The vesidual protein wis dissolved in 5 mb of ¢ N FCHand ol-
lowed to stand 16 I at mon cemperatnre.  The nnxture wis
dinlyzed ngainst 1.0 for 2 hr, then lynphilized.  The residne was

(24) ta) H. Lindley. Austr. J. Chem., 12, 296 (1959 1) We wiske 1o dank
Professar J. 1. Rielon for advice, discossion, and ase of 1ds aming scid
analyzer.

25) H. Weiner, W, N. Wlate, D, G, Hoare, and DL B
JooAmees Chem, Sor 88, 3841 114062,

+26) AL Pacclornik and M. Sokolovsky. i 86, 1206 119G:H).

127y 1 Cavallind, N. Frontal, and G. Toselo, Nofure, 168, 508 (19149

1281 15 MoeArdle, Byovben, J..0 66, 144 (10571,

229y I Gross and B Witkop, J. Amer. Chen Sov.. 88, 1530 719051
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dissolved in 2 ml of H,O and lyophilized with NaOH in the re-
ceiver; this operation was repeated once more. This treatment
cleaves the protein chain at the carboxyl side of methionine and
the amino side of S-aminoethyl-L-cysteine.

The dry residue was dissolved in 2 ml of HzO, transferred to a
hydrolysis bulb, then evaporated in vacuo, and dried over P.O;
in vacuo for 48 hr.  The residue was dissolved in 0.50 ml of anhy-
drous N;H,, the bulb was sealed under vacuum, then placed in a
80° oven for 24 hr. The solution was evaporated in vacuo. The
residue was dissolved in 2 ml of H»O and transferred to a 3 X 0.9
em column of Biorex-70 (H* form). The amino acid hydrazides
were absorbed and the amino acids were eluted with 15 ml of
H;0.® The eluate was lyophilized, then the residue was cis-
solved in 2 ml of pH 2.2 citrate buffer and the ratio of amino acids
determined on an amino acid analyzer. Hydrazinolysis converts
all amide linkages to hydrazides leaving the carboxy terminal
amino acid underivatized.®

Results and Discussion

a-Chymotrypsin  was inactivated 97-1009, when
treated with any one of the inhibitors, 1-5. Activity
was not restored when the inactivated chymotrypsin
was exhaustively dialyzed, thus showing that covalent
bond formation had occurred; an a-chymotrypsin
control under the same conditions still maintained
most of its activity.

That covalent bond formation with 1-4 occurred
with a serine residue was established by two methods.
The first method was that of Gold?? used for a-chymo-
trypsin inactivated with o-tolysulfonyl fluoride (5).
The sulfonate esters (7) formed between 1 and 4 and
a-chymotrypsin (6) were displaced to 8 with mercapto-
ethylamine and the S-aminoethyl-L-cysteine (9) re-

?HQOR
Peptide, —NHCHCONH—Peptide,
6,R =H
7. R = S0.R'
)
¢ “OH
CH.

I
Peptide—NHCCONH—Peptide,
10

i{HaO+

CH;COCO.H

—
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Tapre I

Yi1eLD oF S-AMINOETHYL-1-CYSTEINE FROM
MobpIFIED a~CHYMOTRYPINS

Mol/14 mol Mol/2 mol
Inbibitor of Lys of His
4 0.66 0.65
4 0.61 0.69
1 0.55 0.57
1 0.53 0.23
2 0.37 0.41
3 0.43 0.47

tacked the active-site serine-195, based on analogy
with diisopropyl phosphorofluoridate (DFP) and the fact
that the enzyme was inactivated; although 5 was shown
to attack a serine,?? it was not proven to be serine-
195. Later it was shown by X-ray studies that 4
did indeed form a covalent bond with serine-195,%

The second method for establishing that serine was
attacked by 1-4 was conversion of the modified serine
residue 7 into pyruvie acid (11) by the method of
Koshland et al.;2% this reaction proceeds via an an-
hydrochymotrypsin 10 formed by treatment of 7 with
HO-

Pyruvic acid was determined enzymatically with
lactic dehydrogenase. A standard curve was estab-
lished by acid hydrolysis of 25 mg of unmodified chymo-
trypsin containing varying amounts of added pyruvie
acid; the recovery of pyruvie acid was 80-86%. The
results of analysis for pyruvie acid of the serine modified
a-chymotrypsins are presented in Table II; no o-

CH,SCH,CH:NH.

|
Peptide, —NHCHCONH—Peptide;
8

lHaO+

CH,SCH,CH.NH,

|
NH,CHCOOH
9

CCH;
—> C;H;COCO,H

Peptide, —NHCCONH—Peptide,

11

sulting after hydrolysis was identified and quantified
with an amino acid analyzer, Results are shown in
Table I.

The yields of S-aminoethyl-L-cysteine were deter-
mined by peak areas compared to either the peak
areas of 2 histidines or 14 lysines present in a-chymo-
trypsin;®? the yields were 0,4-0.7 mol/mol of a-chymo-
trypsin for 1-4, showing in each case a serine residue
had been covalently linked as predicted.®4

It was assumed by earlier workers that p-tolylsulfonyl
fluoride (5)%* and a-tolyvlsulfonyl fluoride (4)2022 at-

(30) P. De La Llosa, C. Tertrin, and M. Jutisz, Experientia, 20, 204
(1964).

(31) H. Fraenkel-Conrat and C. M. Tsung, Methods Enzymol., 11, 151—
155 (1967).

(32) B. 8. Hartley, Nature, 201, 1284 (1964); B. 8. Hartley and D. L.
Kauffman, Biochem. J. 101, 229 (1966).

(33) D. H. Strumeyer, W. N. White, and D. E. Koshland, Jr., Proc. Nat.
Acad, Sci. U, 8., §0, 931 (1963).

12 13

ketobutyrate (13) could be detected, which would be
formed vig 12 if 1-4 had attacked a threonine residue
in a-chymotrypsin,

Unmodified e-chymotrypsin gave about 0.6 mol of
pyruvie acid (Table IT); thus the net yield of pyruvic
acid from a-chymotrypsin modified by 1-4 was 0.4—
0.8 mol/mol of a-chymotrypsin. Similarly, the spec-
trophotometric method used for the 2,4-dinitrophenyl-
hydrazone of pyruvic acid showed a net yield of 0.4
0.8 mol/mol of a-chymotrypsin, although the method
does not differentiate pyruvate from a-ketobutyrate;
that the latter was absent (<109,) was shown by tle.

a-Chymotrypsin modified with either a-tolylsulfonyl
fluoride (5) or 2 were selected for further study to
determine which serine of the 26 present in e-chymo-
trypsin was covalently linked. The reaction sequence

(34) D. M. Blow, Btockem. J., 112, 261 (1969).
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TaBLy 11
Yirrps oF Pyruvie Acip sroM Mopirred a-CHYMOTRY PSING

Mol of pyrnvie acid
cem 6} O a-chymolrypsin
Rpectro-

Inbibicor Enzymatic photomecric
4 1.17 L.0Y
| 1.36 1335
2 1.02 0.98
3 1.57 1.85
None 0.57 (.62
None« 1.00 1.0
Nonet 0.53 1,98~

* Pyruvice acid (40 wg) added before acid hydrolysis. * o-
Ketobutyric acid (40 ug) added before acid hydrolysis. ¢ The
spectrophotometric method does not distinguish between a-keto-
butyrate and pyruvate.

Taguy 1
C-TerMINAL ANALYSIS OF MobIF1ED a=CHYMOTHYDPSING

C-
terminal

amino ~—Modified e-chymotrypsin 1CT ) 5-C'1/ 2-C'1/
acid 5-CT 2-CT QN T o1

Leu? 1.00 1,00 1.00 1.00 1.00
Asp 0.165 0.106 0. 068 2,43 1.56
Thr 0. 036 0.047 0,035 1.09 1.42
Ser 0. 107 0. 095 0.073 1.47 1.30
Gly 0.130 0. 149 0.0%2 1.58 1.82
Ala . 101 0.092 .070 1.28 1.16
Val (.080 0.059 0.067 1.1 .88

* CT = a-chymotrypsin. ? Leu-13, the C-terminal end of the
A-chain, is arbitrarily assigned the value of 1 mol/mol of CT
and other amino acid peak areas are relative to Lea.

for selective cleavage of the peptide amino group of
S-aminoethyl-r-cysteine (8) proeceeded through 14-16
to generate a new carboxyl terminus (17). The 6 N
HCI at 25° required for the steps 15-17 also gives
some extraneous cleavage of the protein, particularly
at glyeine and glutamate residues; this “background
noise” makes interpretation more difficult and results
less exact. The results from the chiromatograms
coming oft the amino aecid analyzer could be quan-
titated by comparison with the peak area of Leu-13,
the carboxyl terminus of the A chain; the peak area
of Leu-13 was arbitrarily set at 1.00 and other C-
terminal amino aelds are relative to 1 mol of leueine
mol of a-chymotrypsin, as recorded in Table I1I.

The most easily understandable form for interpreta-
tion of the 1esults is compurison of the ratios in the
two right hand columns of Table III. It is clear
that a-tolylsulfonyl fluoride (5) modified a-chymo-
trypsin generates Asp as a new carboxyl terminus
in the sequence 14-17; this result could arise if Ser-195
had been covalently linked by 5, since Ser-195 is
the only serine linked on its amino side to Asp.

The results with a-chymotrypsin modified by 2
clearly show the generation of much less carboxy! ter-
minal aspartic acid than does e-chymotrypsin modified
by a-tolylsulfonyl fluoride (5). Therefore it is clear
that 2 has not reacted with the active-site Ser-195; this
result confirms the hypothesis that an active-site di-
vected inhubitor such as 2 operates by the exo mechanism,
that is, 2 forms a covalent lDuiage outside the active sile.

Carpixaun anp Baxen
CH,SCH.CH,NH, BN
peptide~—~CONHCHCONH~—peptide.
8
N
+SCHLCHLNH,
07 *CH

peptide,—(‘.-llf—-CH(l()NH —peptide.

H
14

0 CH, .

peptide,—C=N-—CHCONH—peptide,
15
O—CH,

peptidel——(ﬁ CHCONH—peptide, —2»

O NH,
16
CH,0H

peptide,—COOH + CHCONH—peptide,

17 NH,

18

That 2 did pot attack the active-site Ser-143 was
unequivoceally supported by the results in Table IIL
However, exactly which serine was attacked was more
equivocal. Examination of the interaction of a model
of 2 with a space-filling model of a-chyvmotrypsin®
indieated that the SO.1 moiety could form o covalent
linkage with one of the three serines between residues
217 and 223, Attack of Ser-217, Ser-218, or Ser-223
would generate a new carboxyl terminus at Gly-216,
Ser 217, or Thi-222, respectively,  Covalent linkage
of 2 to Ser-218 can be eliminated siee more new car-
boxy] terminus serine (217) is generated from a-chymo-
trvpsin modified by a-tolylsulfonyl fluoride (5) than
with 2. In contrast, more threouine is generated by
modification of 2 than with 5; however, the differenee
is just outside experimental error, making the nssigu-
ment of Ser-223 as the serine being linked by 2 only
tentative.  Although a glveine termiiuus (216) 1+ ligher
with cliymotrypsin modified by 2 tlan by 5, the dif-
ference ts probably within experimental error.

Although the concept® of the exo meelianism of active-
site-directed irreversible inhibition has been unequivo-
cally established by elimination of the active-site Ser-
195 as the point of attack by 2, new methods need to be
developed to show unequivocalty which serine has been
covalently linked. Such methods should avoid the
strong acid treatment that raizes the “baekground
noise”” or else include o careful purifieation of the pep-
tide fragments. Alternately, analyvsis of N-termini
after selective etenvage wt the dehydroalanine of anhy-
drochymotrypsin aud unmasking of the amino-groups
by alkaline hydrogen peroxide? would be u suitable
method among others; such methods would also require
a careful purifieation of the resultant peptides before
end group analysis.

G35} We wish 1o thank Professor J. T, Gerig for ase of s space-filbg
omdel of a-clgomatrypsio.



