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overall equilibrium in aqueous solution (K), in turn, 
is determined by the value of K2, the acidity of the 
cyanohydrin hydroxyl (X3) and the extent of hydration 
of the free aldehyde. The almost equal and opposite 
values of p* for k2 and k-2 are consistent with a transition 
state lying half-way along the reaction coordinate from 
reactants to product. 

o-
Ii 
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I 

H 

Prebiotic Significance. The great stability of glyco-
nitrile and the expected stability for glycinenitrile show 
that glycolic acid and glycine could have been syn
thesized in the primitive oceans under very dilute con
ditions. Thus, if the free HCN concentration were, for 
example, 2 X IO-5 Af, then 90% of the formaldehyde 
would have been in the form of glyconitrile. Con
versely, if the free formaldehyde concentration were 
2 X 1O-6 M, then 90% of the cyanide would also have 
been in the form of glyconitrile. Once the nitrile 
has been hydrolyzed to the amide or the acid, the car
bon-carbon bond is stable. Therefore, glycolic acid 
and glycine synthesis could have taken place at great 
dilution in the primitive oceans. 

The proposed prebiotic synthesis of adenine requires 

Avariety of labile cyclic compounds, including 
lactones, sultones, cyclic sulfate and phosphate 

esters, react readily with the active sites of proteolytic 
enzymes. For example, the serine proteinase, a-
chymotrypsin (a-CT), reacts with the family of com
pounds 1-2.2 In each case, as illustrated in eq 1 for 

(1) A preliminary account of this work has appeared: P. Campbell 
and E. T. Kaiser, Biochem. Biophys. Res. Commun., 4, 866 (1972). 

(2) (a) E. T. Kaiser, Accounts Chem. Res., 3, 145 (1970), and refer
ences therein; (b) E. T. Kaiser, T. W. S. Lee, and F. P. Boer, J. Amer. 
Chem. Soc, 93, 2351 (1971); (c) G. Tomalin, M. Trifunac, and E. T. 
Kaiser, ibid., 91, 722 (1969). 

high concentrations of hydrogen cyanide,3 while the 
proposed prebiotic syntheses of sugars require high 
concentrations of formaldehyde.4 The great stability 
of glyconitrile shows that the two type of compounds 
could not have been synthesized at the same time on 
the primitive earth unless there was a mechanism to 
concentrate the formaldehyde and hydrogen cyanide 
in different areas. It is more plausible to think that 
the adenine was synthesized during one period and the 
sugars during another period. Since sugars are de
composed rapidly on the geological time scale even 
at neutral pH and low temperatures, the likely sequence 
of reactions is 

adenine and guanine synthesis from HCN 

I 
pentose synthesis from H2CO 

i 
nucleoside synthesis from purines and pentoses 

1 
further polymerization steps 
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the five-membered cyclic esters (where E 'S represents 
the Michaelis complex), the group Y undergoes nu-
cleophilic attack by the active site serine with formation 
of the acyl, sulfonyl, sulfuryl, or phosphoryl enzyme, as 
well as a new phenolic hydroxyl group. 

The presence of this new group at the enzyme active 
site gives rise to two types of unusual reactions. First, 
regeneration of active enzyme may take place by a re-
cyclization reaction (step k-2) under conditions where 
kinetic control allows reformation of 1, rather than 4 
which is often thermodynamically more favored. 

Reaction of a Six-Membered Cyclic Sulfonate Ester, 
/3-(2-Hydroxy-3,5-dinitrophenyl)ethanesulfonic Acid Sultone, 
with the Active Site of Papain1 
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Abstract: Rate constants for the sulfonylation of the thiol group at the active site of papain by the reactive 
aromatic six-membered sultone ,8-(2-hydroxy-3,5-dinitrophenyl)ethanesulfonic acid sultone (2d) to give an enzy
matic thiolsulfonate species 5 have been measured over the range pH 3.5-9.6. The rate data obtained below 
pH 7 have been interpreted as indicating that, as with specific substrates, reaction occurs with Cys-25 in the thiol 
form assisted by general base catalysis by the basic form of a group in the enzyme with pj£a = 4. At higher pH 
values, nucleophilic displacement at the sulfonyl group of the sultone by the thiolate form of Cys-25 becomes pre
dominant. The stoichiometric reaction of papain with 2d to produce an enzyme-bound dinitrophenolate chromo-
phore can be used for the titration of the active site of the enzyme. Reporter group titration of the dinitropheno
late chromophore present in the thiolsulfonate species 5 indicates that the ionization of the phenolic hydroxyl is 
significantly perturbed by that of a group of similar pK* at the active site of papain. Most importantly, it has 
been found that at pH 5.2, recyclization to generate the sultone 2d via the nucleophilic attack of the phenolic 
hydroxyl group in 5 on the sulfonyl function competes effectively with hydrolysis, the first observation of this 
kind for an enzyme other than a serine proteinase. 
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IO4 [S](M) 

Figure 1. Pseudo-first-order rate constants for the sulfonylation of 
papain by sultone 2d as a function of substrate concentration. 
The medium is 0.05 M acetate buffer containing 3.8 % (v/v) CH3CN, 
pH 5.20, M = 0.15. (O) [E]0 = 3.60 X 10"« M; (D) [E]0 = 1.80 X 
IO"6 M. 
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This type of reaction, observed with compounds la,2a 

Ic,2a and Ig,2b parallels formation of the less stable 
virgin soybean trypsin inhibitor at the active site of 
trypsin, facilitated by intramolecular attack of an 
amino group present in the enzyme-inhibitor com
plex.3 Second, the k3 step is known to proceed in 
sulfonyl-chymotrypsins derived from lb and Ic,2a while 

(3) M. Laskowski, Jr., and R. W. Sealock, Enzymes, 3rd Ed., 3, 376 
(1971). 

10' 
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Figure 2. Equilibrium absorbance values at 400 nm produced by 
sulfonylation of papain by an excess of sultone 2d are shown as a 
function of enzyme concentration. The medium is the same as for 
Figure 1: (O) [S]0 = 2.10 X IO"4 M; (•) [S]0 = 1.05 X 10"" M. 

analogous species with the phenolic hydroxyl group 
absent are totally inert.4 

Recently, we have extended this study to another 
type of enzyme,5 the sulfhydryl proteinase, papain.6 

This enzyme reacts with sultone Ic, forming a thiolsul-
fonate intermediate which desulfonylates in a k3 step 
directly analogous to the reaction of the sulfonyl-a-
chymotrypsin formed from this sultone.7 Again the 
desulfonylation is dependent on the presence of the new 
hydroxyl group, as other sulfonyl-papains are unreac-
tive.8 In this case, however, it is impossible to study a 
possible recyclization reaction because no accumulation 
of the thiolsulfonate intermediate is detectable, and be
cause of a competing reaction, whereby the enzyme is 
irreversibly modified. In the present work, we have 
been able to avoid both these difficulties by the use of 
sultone 2d, which has led to the fruitful study of both 
the sulfonylation and the desulfonylation reactions. 

Results 
When a solution of the six-membered sultone, sub

strate 2d, was mixed with a buffered solution of papain, 
with substrate (S) in large molar excess over enzyme 
(E), a rapid increase in the absorbance at 400 nm was 
observed. This reaction followed strictly pseudo-first-
order kinetics. At pH 5.2, the observed rate constant 
showed a simple linear dependence on the substrate 
concentration and was independent of enzyme concen
tration (Figure 1). The equilibrium absorbance, on 
the other hand, was independent of substrate concen
tration and directly proportional to enzyme concentra
tion (Figure 2). Similar results were obtained at pH 
7.0. In no case was any "turnover" reaction observed. 

Rate constants for chromophore development were 
measured at a single substrate concentration over a 

(4) D. E. Fahrney and A. M. Gold, / . Amer. Chem. Soc, 85, 997 
(1963); A. M. Gold and D. Fahrney, Biochemistry, 3, 783 (1964); A. 
M. Gold, ibid., 5, 2911 (1966). 

(5) P. Campbell and E. T. Kaiser, Bioorg. Chem., 1, 432 (1971). 
(6) A. N. Glazer and E. L. Smith, Enzymes, 3rd Ed., 3, 501 (1971). 
(7) J. H. Heidema and E. T. Kaiser, J. Amer. Chem. Soc., 90, 1860 

(1968). 
(8) J. R. Whitaker and J. Perez-Villaserior, Arch. Biochem. Biophys., 

124, 70 (1968). 
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Figure 3. Pseudo-first-order rate constants for sulfonylation of 
papain by an excess of sultone 2d as a function of pH. The buffers 
[(A) aspartate; (O) acetate; (D)MES; (0) phosphate; (^borate] 
all contained 3.8% (v/v) CH3CN and had [S]0 = 1.26 X 10"4 M. 
The solid line is calculated using the parameters of Table II. 

large pH range. The pH-rate constant profile is shown 
in Figure 3. At pH values above 9.6 or below 3.4, ir-
reproducible data were obtained because of irreversible 
denaturation of the enzyme. 

The reaction was also carried out in the pH range 6-7 
under conditions where [E]0 = [S]0. Figure 4 shows 
that the equilibrium absorbance no longer increases 
when [E]0 > [S]0. The data obtained under conditions 
where [E]0 > [S]0 are compiled in Table I, and indicate 

Table I. Determination of the Extinction Coefficient of the 
Sulfonyl-Papain Species 5 at 400 nm 

PH Buffer 
105[E]0, 10«[S]0, Absor-

M M bance 1046 

7.0 
7.0 
7.0 
6.0 
6.0 
6.0 
6.0 
6.0 

Phosphate 
Phosphate 
Phosphate 
MES 
MES 
MES 
MES 
MES 

3.12 
1.74 
0.75 
2.35 
1.17 
1.17 
2.35 
2.35 

6.87 
6.87 
6.87 
6.87 
6.87 
6.87 
4.80 
3.43 

0.0899 
0.0884 
0.0894 
0.0928 
0.0908 
0.0859 
0.0634 
0.0446 

1.309 
1.287 
1.302 
1.353 
1.312 
1.251 
1.319 
1.300 

Av 1.30 ± 0.03 

that the extinction coefficient of the product is inde
pendent of pH (within this range), nature and con
centration of buffer, and concentrations of starting 
materials. 

Following the reaction of papain and excess 2d, the 
products were separated by gel titration. The protein 
fraction showed, relative to a similarly treated control, 
less than 1 % activity toward the assay substrates ethyl 
JV-benzoyl-L-argininate0 (BAEE) and /?-nitrophenyl 
/V-benzoyloxycarbonylglycinate10 (Z-glyPNP), and less 
than 2% sulfhydryl content.11 In addition, the visible 
spectrum of the protein showed a new chromophore, 
^ a x 373, 405 nm. The ratio of the absorbance at 278 
nm to that at 400 nm was 5.40 ± 0.06, and was the 
same for all protein fractions of the gel filtrate, indica
ting covalent attachment of a new group to the enzyme. 

(9) J. R. Whitaker and M. L. Bender, / . Amer. Chem. Soc, 87, 
2728 (1965). 

(10) J. F. Kirsch and M. Igelstrom, Biochemistry, 5, 783 (1966). 
(11) G. L. EUman, Arch. Biochem. Biophys., 82, 70(1959). 
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Figure 4. Determination of the extinction coefficient for the active 
site titration of papain by sultone 2d. Equilibrium absorbances at 
400 nm are shown as a function of [E]0 in the region [E]0 = [S]0, with 
the dashed line marking [E]0 = [S]0. [E] is determined by rate assay 
calibrated against active site titration:17 (O) 0.05 M MES buffer 
containing 3.8 % (v/v) CH3CN; (d) same, except that [S]0 was cut by 
half and the absorbance measurement was corrected; (D) 0.05 M 
phosphate buffer containing 3.8% (v/v) acetonitrile, y. = 0.15. 
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Figure 5. The reactions of 2d in 0.05 M acetate buffer, pH 5.20, at 
25°: (A) enzymatic activity as measured by standard assay; (•) 
absorbance change at 400 nm; (O) absorbance change when 0.028 
M sodium chloroacetate is present; 0.003 M HgCl2 produces an 
identical curve. The dashed line represents the calculated infinity 
absorbance of the chloroacetate reaction. 

When the absorbance at 400 nm was measured as a 
function of pH, a maximum value was reached at pH 
6 and above. The absorbance decreased at lower pH 
values down to 3, below which enzyme denaturation 
complicated measurements. It was, however, pos
sible to determine that the pH dependence of the ab
sorbance did not conform to a simple sigmoidal curve. 

Some enzymatic activity (Z-glyPNP assay) was 
restored upon standing in p i ! 5.2 acetate buffer. A 
maximum activity of 8.6 ± 1.9% of the original 
activity was reached after 18 hr, at which time a slow 
and nearly linear decline in activity was observed 
(Figure 5). 

The increase in enzymatic activity was paralleled 
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Figure 6. Semilogarithmic plot of the data of Figure 5. The 
ordinates are: (D) 30 X (A - AJ in the absence of inhibitors; (O) 
10 X (A - AJ in the presence of chloroacetate; (A) activityis hr -
activity (fraction of original). 

by a decrease in the solution's absorbance at 400 
nm. After 38 hr, the absorbance reached a constant 
value, which represented a loss of 11.3 ± 1.0% of the 
original chromophore. Ordinary semilogarithmic plots 
(Figure 6) show that both processes exhibit kinetic 
behavior which is between first and second order. 
Measurements of the first half-life are 4.5 ± 0.3 hr 
(absorbance) and 4 ± 1 hr (reactivation). 

When mercuric chloride or sodium chloroacetate, 
both of which react rapidly and quantitatively with 
active papain,6 were added to the sulfonyl-enzyme 
solution, different behavior was observed. Although 
the rates at which the enzyme was reactivated could 
not be studied, the absorbance change at 400 nm was 
cleanly first order (Figure 6) and of greater magnitude 
(Figure 5). Experimental points through the first 
48 hr (ca. 3 half-lives) were used to calculate the ab
sorbance at infinite time. This absorbance was 
61.8 ± 1.2 % of the initial value. 

Under these conditions of enzyme scavenging, the 
reaction mixture was examined in several ways to 
characterize the products. A solution containing 
5 X 10- 6 M modified enzyme and 3 X 10~3 M HgCl2 

was allowed to stand in pH 5.2 acetate buffer for 4 
days, then extracted with ether. Thin layer chro
matography of the organic phase on silica gel plates 
showed only a single spot with two eluents. The Rf 
values, 0.2 in benzene, 0.45 in chloroform, were identical 
with those observed for an authentic sample of sultone 
2d. In contrast, a control extraction performed on 
a freshly prepared, gel-filtered solution of modified 
enzyme in like concentration showed no detectable 
ether soluble products. 

Similar samples, treated with excess mercuric chlo
ride or sodium chloroacetate for 3 days, were gel-
filtered to isolate the protein. After correction for 
dilution, only 5 ± 2 % of the chromophore absorbing 
at 373 and 405 nm remained bound to the enzyme. 

This is in quantitative agreement with the value (6%) 
predicted on the assumption that the cleavage reaction 
is governed by the same rate law as was observed for 
the absorbance decrease. 

All enzymatic activity was abolished in the presence 
of inhibitors, and none was restored when they were 
removed by gel fitration after 3 days. But when these 
solutions were gently shaken with a large excess of 
^-toluenethiol in toluene and gel-filtered again, activity 
was restored to the extent indicated in Table IV. 

Discussion 
Nature of the Sulfonylation Reaction. The data of 

Figures 1 and 2 strongly suggest the following sequence. 

E + S: .E -S ' EP 
/C-I 

(2) 

Under conditions of substrate in large excess, the 
first-order rate constant for appearance of EP is given 
by eq 3, where Km = (&_i + fcs)/fci. In the substrate 

kobsd = k2(S)/(Km + (S)) (3) 

concentration range studied, a conventional double 
reciprocal plot, l//c0bsd vs. 1/(S), passes, within experi
mental error, through the origin. Thus, we will be 
able to present only indirect evidence for binding of 
sultone 2d to papain. We include the Michaelis 
complex, E-S, in the reaction scheme for completeness, 
and set a lower limit of 1O-2 M on the value of A"m. 
Then to a very good approximation eq 4 holds, and 
if fc-i > fe2, this becomes eq 5 where Ks = k-i/h. 

koui = (fe/AmXS) (4) 

*obSd = (fe/*.XS) (5) 

pH Profile for Sulfonylation. For specific substrates 
of papain, reacting by the three-step sequence of eq 6, 

E + S' :E-S -ES' 
+ 
P1 

•E + P2 (6) 

careful analysis12 of the individual kinetic parameters 
indicates that Ks is independent of pH; kt shows a 
bell-shaped dependency, the rising limb with an in
flection near pH 4.2-4.5, and the falling limb with 
one near 8.0-8.5; and /c3 follows a sigmoidal curve, 
rising at pH 4.2-4.5. While the identity of the group 
with p#a = 4.2-4.5 is still an open question,12-13 

it is agreed that Cys-25 is required in its protonated 
form for enzymatic activity, accounting for the de
crease in k2 at pH 8.0-8.5. 

The reaction of papain with irreversible alkylating 
agents such as the a-haloacetamides shows another 
type of pH dependence; ktjK, follows a sigmoidal 
curve, rising with a midpoint at pH 8.2-8.6.14 This 
is interpreted as indicating a simple nucleophilic dis
placement with the thiolate form of Cys-25 as the reac
tive species. 

In the case of the reaction of sultone 2d with papain, 
the ordinate of Figure 3 shows a sigmoidal rise with a 
midpoint at a pH slightly below 4 and another with 
an inflection near pH 8.2. The simplest interpreta-

(12) E. L. Lucas and A. Williams, Biochemistry, 8, 5125 (1969). 
(13) M. L. Bender and L. J. Brubacher, J. Amer. Chem. Soc, 88, 

5880(1966). 
(14) I. M. Chaiken and E. L. Smith, /. Biol. Chem., 244, 5087 (1969). 
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tion of these data is that below pH 7 the mechanism 
which applies to specific substrates is observed, with 
general base catalysis by the basic form of the group 
with pK* ^ 4, and with the thiol in its protonated 
form. At higher pH values the nucleophilic reaction 
of the thiolate anion becomes predominant. This 
predicts the pH dependence of eq 7, where kgh and ka 

[S] 
keb/Ks 

1 + ^ + ^ 
JSTi H + 

+ 
kJKs 

1 + 
H+ 
K2 

(7) 

are the limiting values for collapse of the Michaelis 
complex by the general base catalyzed and nucleo
philic pathways. 

A computer calculated least-squares fit of the experi
mental points to this equation provides values of the 
parameters in Table II, implicating the same two ion-

Table II. Kinetic Parameters for the Sulfonylation of 
Papain by Sultone 2d at 25° 

Parameter Value (std dev), M~l sec -

kgb/Ka 
kJK. 
pATi 
PK2 

80(3) 
301 (8) 

3.6(0.2) 
8.21(0.07) 

izable groups as have generally been observed in papain 
reactions. 

Product of the Sulfonylation Reaction. The uv-
visible spectrum of the gel-filtered product of the reac
tion between sultone 2d and papain indicates the co-
valent attachment of an ionized dinitrophenol moiety to 
the enzyme. The data of Table III show that the 

Table III. Determination of the Stoichiometry of the 
Sulfonylation Reaction 

PH 

5.20 
5.20 
5.20 
6.91 
6.91 
6.91 

106[pro-
tein]0," 

M 

5.32 
5.32 
AAA 
5.32 
5.32 
4.44 

106IE]0,' 
M 

4.42 
4.42 
3.69 
4.42 
4.42 
3.69 

10'[S]0, 
M 

2.52 
1.26 
1.26 
2.52 
1.26 
1.26 

Am" 

1.201 
1.192 
0.981 
1.159 
1.208 
1.003 

Aiooc 

0.210 
0.208 
0.171 
0.217 
0.226 
0.188 

Molar 
chromophore 

ratio d 

1.07 
0.95 
0.97 
1.02 
1.04 
0.91 

Av 0.99 ± 0.05 

" Based on absorbance at 278 nm and e 5.75 X 10* M - 1 cm - 1 . 
6 By Z-glyPNP assay calibrated by active site titration with a-
bromo-4-hydroxy-3-nitroacetophenone. c After dilution by gel 
filtration. d Dinitrophenoxide-papain, assuming only that a frac
tion of protein active toward the assay ester reacts with sultone, 
e10o 13,000 M - 1 c m - 1 and ptfa = 4. 

stoichiometry of the reaction is simple, 1 mol of a 
dinitrophenoxide species being attached to 1 mol of 
papain. These data, plus the involvement of an ion-
izable group of pi?a = 8.2 in the reaction, the absence 
of a sulfhydryl group in the product, and the complete 
loss of enzymatic activity, show that sulfonylation of 
papain by sultone 2d has taken place at the active site 
cysteine, with formation of a thiolsulfonate ester, 
according to eq 8. 

Model Studies of the Sulfonylation Reaction. In the 
absence of direct kinetic evidence for binding of sub-

SO2 + HSCH2 papain ==*= 

O2N. 

O 
t 

N ^ v ^ v ^ SSCH2 papain 

5'S *- V ^ O H O 
(8) 

NO2 

strate to the enzyme, the strongest evidence for the 
enzymatic nature of the sulfonylation reaction of papain 
comes from a comparison of its reaction rates to those of 
model sulfhydryl compounds. When glutathione, JV-
acetylcysteine, or 2-mercaptoethanol replaced papain, 
no detectable reaction could be observed at pH values 
below 8.15 Under our conditions (2d = 7 X 10-6 M, 
RSH = 1 X 10_3 M) we would have observed a reac
tion with a second-order rate constant of 2 X 10 -3 

M - 1 sec-1, while the equivalent quantity for the reac
tion with papain, kijKs, is about 102 M - 1 sec -1 in this 
pH range. The most reasonable explanation for a 
rate acceleration of at least 50,000 is that enzymatic 
binding of the substrate takes place with probable 
general base catalysis of the attack by the thiol func
tion of Cys-25 by the ionizable group with pXa ^ 4. 

Active Site Titration. The data of Figure 4 demon
strate that sultone 2d reacts stoichiometrically with the 
active site of papain. Points on the flat part of the 
curve provide a value for the extinction coefficient of 
5 of (1.30 ± 0.03) X 104 M-1 cm-1 at 400 nm. The 
amount of 5 formed when papain is treated with 2d 
shows an excellent correlation with the enzyme's ac
tivity toward the specific substrate ethyl JV-benzoyl-
L-argininate9 and with two other active site titrations for 
papain, using ^-nitrophenyl JV-benzyloxycarbonyl-L-
tyrosinate16 and a-bromo-4-hydroxy-3-nitroacetophe-
none,17 respectively. The reaction of papain with 2d 
thus qualifies as an active site titration itself.18 Com
pared with the former titration procedure, it has the 
advantage of great simplicity and convenience, while 
it provides an optical change of over twice that of the 
latter at a wavelength where protein absorbance is 
vanishingly small. Still another advantage is the test 
for homogeneity of the enzyme furnished by the fit of 
the kinetic data for sulfonylation to the pseudo-
first-order rate law. 

Reporter Group Titration. The pH dependence of 
the absorbance of 5 at 400 nm does not follow a simple 
sigmoidal relationship, indicating that the absorbing 
chromophore must be perturbed by another group or 
groups at the active site. A simple model,7 illustrated 
in eq 9 where OH represents the phenolic hydroxyl 
group in 5, assumes one perturbing ionizable group, 

(15) At pH 8 and above a side reaction occurs, which produces no 
dinitrophenoxide species. We have not investigated this reaction, but 
one possibility is aromatic nucleophilic substitution of the oxygen, as 
has been observed in a similar compound: W. Tagaki, T. Kurusu, 
and S. Oae, Bull. Chem. Soc.Jap., 42, 2894 (1969). 

(16) M. L. Bender, M. L. Begue-Canton, R. L. Blakely, L. J. Bru-
bacher, J. Feder, C. R. Gunter, F. J. Kezdy, J. V. Killheffer, Jr., T. H. 
Marshall, C. G. Miller, R. W. Roeske, and J. K. Stoops, / . Amer. Chem. 
Soc, 88, 5890(1966). 

(17) R. W. Furlanetto and E. T. Kaiser, ibid., 92, 6890 (1970). 
(18) F. J. Kezdy and E. T. Kaiser, Methods EnzymoL, 19, 3 (1970). 
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called NH, and equal extinction coefficients for ONH 
and ON. A computer calculated least-squares fit 
of the experimental points for the absorbance of 5 
in the pH range 3-6 in solutions of ionic strength 0.15 
yielded values (standard deviations) for pKi-pKi of 
2.5 (0.3), 2.9 (0.3), 4.30 (0.05), and 3.93 (0.05), respec
tively. 

HONH ^=k ONH 

HON ^ = i ON 

The values of pKi and pK2 are quite low. If the 
functional group on the enzyme with which the re
porter group interacts is the kinetically important one, 
which normally exhibits a pK* of about 4, and the 
model of eq 9 is correct, then our data seem to indicate 
that the phenolic species causes an appreciable increase 
in the acidity of that function. Since low values have 
also been obtained from the corresponding pK mea
surements in the reporter group titration of the sul-
furyl-chymotrypsin produced from 4-nitrocatechol 
cyclic sulfate,20 any quantitative estimates of active 
site p-Ka's based on this method must now be regarded 
with caution. In any event, it is clear that the dinitro-
phenoxide species present in 5 is interacting with at 
least one other group of similar pK& at the active site 
of papain. Because the identity of the kinetically 
important group of pK„ ^ 4 at the active site of papain 
is uncertain and because it may be the group with 
which the reporter species is interacting, we are con
tinuing to pursue our study of this interaction. 

Desulfonylation Reactions. All the results obtained 
for the reactions of 5 are readily accounted for by the 
scheme shown in eq 10. The decomposition of 5 

occurs by two pathways, the k-2 and k3 steps. Step 
k-2 represents nucleophilic attack on the thiolsulfonate 
by the phenolic hydroxyl in a fashion analogous to the 
attack on the serine sulfonate ester produced by the 
reaction of Ic and a-chymotrypsin.2a Strong evi
dence for this step includes the actual isolation of 2d 
in the reaction mixture from the decomposition of 5, 
as well as the parallel decrease of the dinitrophenolate 
absorbance and increase in enzymatic activity in the 
absence of inhibitors. It is clear that the equilibrium 
constant kik2/k-ik-2 is near unity under these condi
tions. In such a case the kinetics for approach to 
equilibrium would be complex,19 and further com
plicated by the instability of free active enzyme over 
the time period of the experiment. The addition of 
enzyme scavengers effectively eliminates the k\ reac
tion and thus both favors sultone formation and sim
plifies the kinetics. 

(19) For A - ^ * B + C, dB/dt = A:a(fieq - B) + *_a(fl2
s, - B*) 

A - . 

if B = C throughout. 

Table IV. Restoration of Enzymatic Activity 
by Thiol Treatment6 

Scavenger 

HgCl2 
HgCl2 
ClCH2CO2-
ClCH2CO2-

Concn, M 

0.006 
0.003 
0.028 
0.014 

Activity 
observed 

(%) 

91 
106 
55 
48 

Activity 
predicted 

(%) 

100 
100 
62' 
60" 

0 Relative to activity before sulfonylation, based on Z-glyPNP 
assay. i 1000-fold excess of p-toluenethiol in toluene solution. 
' Assuming the entire absorbance decreased in the presence of 
chloroacetate represents irreversibly alkylated enzyme. 

Postulation of step k% is necessary to explain the 
fact that not all of dinitrophenolate absorbance dis
appears during the desulfonylation of 5 even when scav
engers are present. We have written the products as 
those which would result from the first step of normal 
thiolsulfonate hydrolysis.5 While these products have 
not been identified, their formation is reasonable and 
in accord with our data. Sulfinate 6 would be expected 
to have visible spectral properties very similar to the 
corresponding sulfonate or sulfonyl enzyme. The 
existence of the enzyme sulfenic acid is more specula
tive as only a few such compounds have been iso
lated.20 Evidence has recently accumulated, however, 
that sulfenic acids may be stable at the active sites of 
sulfhydryl enzymes.2' 

The scheme in eq 10 also quantitatively predicts the 
reactivation behavior upon treatment of the products 
with excess thiol. Enzyme inactivated by chloro
acetate is unaffected, but that trapped by HgCI2 or 
converted to the sulfenic acid form is returned to the 

e 

OH I (10) 
papain 

6 

active thiol form.2 2 (If the sulfenic acid is itself un
stable, likely products of its reaction would be even
tually reduced to thiols.2 3) The agreement of expected 
and observed activities is shown in Table IV. 

The rate constants of eq 10 have been estimated for 
the conditions given for Figure 5. The sum of k-2 

and ki is simply the observed first-order rate constant 
for the absorbance change in the presence of enzyme 
inhibitor. Their ratio is calculated from the final 
absorbance, under the assumption that the k3 step 
produces no absorbance change. This t reatment 
yields values of (4.0 ± 0.5) X 10-« sec"1 and (6.2 ± 
0.5) X 10 - 6 s e c - 1 for k~2 and ks, respectively. Mea
surement of the rate constants for the sulfonylation 

(20) J. L. Kice and J. P. Cleveland, J. Amer. Chem. Soc, 95, 104 
(1973), and references therein. 

(21) A. N. Glazer, Annu. Rev. Biochem., 39, 101 (1970). 
(22) Reactivation of mercuripapain by thiols is well known.6 Sul

fenic acids react with thiols to produce disulfides, which may then be 
further reduced; see D. Trundle and L. W. Cunningham, Biochemistry, 
8, 1919 (1969); D. J. Parker and W. S. Allison, / . Biol. Chem., 244, 
180 (1969). 

(23) J. L. Kice and G. B. Large, J. Org. Chem., 33,1940 (1968). 

2d + HSCH, Papain 4 ^ E-S J=*= 5 ^* 
k-l k-i 

HgCl-/fast fast YClCHmS 

ClHgSCH, papain ©OXCH.SCH, papai in 
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react ion under the same condi t ions gives kt/K, = 91 ± 
4 M-1 sec - 1 , with K, > 10"2 M. 

The enzymatic na tu re of the react ions of the papa in 
derivative 5 is demons t ra ted by the fact tha t the model 
thiolsulfonate 7 is completely stable for several days 

O2N. O O 

f V - C H 2 C H 2 S S C H 2 C H N H C C H 3 

NO/ OH O CO2H 

7 

at 25° in the p H range 2-10, in the presence and absence 
of the enzyme inhibi tors used in this work. The 
recyclization react ion, fur thermore , is different in 
k ind from any k n o w n react ion of thiolsulfonates, 
which normal ly undergo nucleophil ic a t tack only at 
the sulfenyl sulfur.24 Moreover , the observat ion of 
recyclization with an enzyme other than a serine p ro 
teinase indicates the reasonableness of the hypothesis 
tha t such processes may be impor t an t in the react ions 
of na tura l ly occurr ing cyclic esters and related com
pounds . Since recyclization requires the enzyme 
active site, and is no t simply a result of favorable 
steric proximity of the hydroxyl group, 2 6 the previously 
postula ted general acid cata lys is , 2 3 6 a l though no t 
directly demons t ra ted here, appears even more likely. 

Exper imenta l Section 
All spectrophotometric measurements were made on a Cary 

15 or a Gilford 222 spectrophotometer. pH measurements were 
made on a Beckman 1226-A Research pH meter equipped with an 
Arthur H. Thomas 4858-L15 combination glass-calomel electrode. 
Calibrations were made against Fisher standard buffers. Thin 
layer chromatography was performed with Eastman Chroma-
gram 6060 silica gel sheets. 

Materials. Papain, Lot No. PAPlFA, was purchased from 
Worthington Biochemical Corp. Its handling has been described 
previously.6 

/3-(2-Hydroxy-3,5-dinitrophenyl)ethanesulfonic Acid Sultone (2d). 
A mixture of 1.2 ml of 70% nitric acid (19 mmol) and 2.0 ml of 
concentrated sulfuric acid was added dropwise to 310 mg (1.68 
mmol) of /3-(2-hydroxyphenyl)ethanesulfonic acid sultone26 in 
3.0 ml of concentrated sulfuric acid. Crushed ice was added 
slowly, forming a white precipitate which was filtered, washed with 
cold water, dried, and recrystallized from ethanol: yield 300 mg 
(64%); mp 186-187.5°; nmr W6-DMSO) S 3.68 (m, 2), 4.16 (m, 
2), 8.72 (m, 2); ir (KBr) 3125, 1180, 1095 cm"'; uv (CH3CN) 
243Hm(SH^OOM-1Cm-1). 

(24) A. J. Parker and N. Kharasch, Chem. Rev., 59, 583 (1959); S. 
Oae, R. Nomura, Y. Yoshikawa, and W. Tagaki, Bull. Chem. Soc. 
Jap., 42, 2903 (1969). 

(25) Model studies with the oxygen analogs of 7 show simple SN2 dis
placement of the primary sulfonate as the only reaction: W. Berg, un
published results. 

(26) W. E. Truce and F. D. Hoerger, /. Amer. Chem. Soc, 76, 5357 
(1954). 

Anal. Calcd for C8H6N2O7S: C, 35.04; H, 2.72. Found: 
C, 35,14; H, 2.31. 

S-(|3-(2-Hydroxy-3,5-diiiltrophenyl)ethanesulfonyl)-Ar.acetyl-L-
cysteine (7). Disodium Salt. 2d (100 mg, 0.365 mmol) and 
59.5 mg (0.365 mmol) of N-acetyl-L-cysteine were dissolved in 100 
ml of acetonitrile. Sodium carbonate (38.6 mg, 0.365 mmol) was 
added and the mixture stirred at reflux for 18 hr. Solvent was 
removed and the residue recrystallized from ethanol to give 98 
mg (56%) of product: mp210°dec; nmr (D2O) S 2.02 (s, 3), 3.1 
(m, 6), 5.6 (m, 1), 7.78 (d, J = 3 Hz, 1), 8.45 (d, J = 3 Hz, 1); ir 
(KBr) 3160, 1620, 1545, 1210, 1065 cm"1; uv (H2O) 369 nm (« 
851OM-1Cm"1). 

Anal. Calcd for Ci8Hi8N8Oi1)S2Na2: C, 32.44; H, 2.72; N, 
8.73. Found: C, 32.52; H, 2.85; N, 8.80. 

a-Bromo-4-hydroxy-3-nitroacetophenone27 was prepared by 
bromination of the parent compound. Acetonitrile, J. T. Baker 
reagent grade, was distilled from phosphorus pentoxide. Water 
was distilled and then passed through a mixed-bed deionizing 
column. AU other materials were commercially available and used 
without further purification. 

GeI nitrations were routinely performed on a 15 X 1.6 cm column 
of Sephadex G25, purchased from Pharmacia. The null volume 
was determined and checked from time to time with Pharmacia Blue 
Dextran 2000. Calculations based on absorbance measurements 
indicated 93-100% recovery of protein samples. It was found that 
reproducibility required the use of two columns, one of which was 
reserved for solutions containing no thiols. 

Buffers were prepared so that the buffering species always totaled 
0.05 M; M was held constant at 0.15 with sodium chloride. Excep
tions were the zwitterionic buffers aspartic acid and 2-(N-morpho-
lino)ethanesulfonic acid, to which no additional salt was added. 

Kinetic Measurements. AU reaction mixtures were thermostated 
at 25.0 ± 0.1 °. The sulfonylation reaction was initiated by intro
ducing, on a flat-tipped stirring rod, a measured volume of an 
acetonitrile solution of 2d into a buffered enzyme solution in an 
open quartz cuvette. At higher pH values, where nonenzymatic 
hydrolysis of 2d interfered, only the double-beam spectrophotom
eter was used, and a control reaction, with no enzyme present, was 
initiated in the reference compartment immediately before the 
enzymatic reaction was begun. The desulfonylation reactions 
were slow relative to the times required for their initiation. 

Rate constants were computed by noting the absorbance values 
of at least 10 half-lives, and plotting \A„ — A\ vs. time on semilog 
paper. For the slow desulfonylation reactions, the infinity ab
sorbance value was taken as the intersection of a plot of A1 vs. 
A (+A with the line A < = A 1+A. 28 For the sulfonylation reactions 
at high pH, spontaneous hydrolysis of the sultone sometimes pre
cluded a stable infinity reading, even when a reference reaction was 
run. In such cases, the absorbance change at long time was linear. 
The difference between the absorbance at any time and the extrapo
lation of the linear portion to that time was then plotted vs. time 
on semilog paper, and excellent straight lines were obtained. 
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