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It is known that the enzymatic activity of papain (EC 3.4.22.2) toward «-N-benzoyl-L-
arginine p-nitroanilide can be substantially increased by hydroxynitrobenzylation of Trp-177
through reaction of the enzyme with the active site-directed reagent, 2-chloromethyl-4-
nitrophenyl (N-carbobenzoxy)glycinate (S.-M. T. Chang and H. R. Horton, 1979, Biochem-
istry 18, 1559-1563). To determine the effect of such hydroxynitrobenzylation on the
nucleophilicity of the essential thiol group at the active site of the enzyme, rates of inactiva-
tion by S\2 reactions of Cys-25 with chloroacetamide and chloroacetate and by Michael
addition of Cys-25 to N-ethylmaleimide were monitored. The kinetics revealed that, at pH
6.5, the reactivities of the sulfhydryl group of hydroxynitrobenzylated papain with chloro-
acetamide and with N-ethylmaleimide are 24 and 27% greater than those of the sulfhydryl
group of native papain. At pH 7.1, the rate enhancements are 34 and 39%, respectively. These
increases in reactivity of Cys-25 as an attacking nucleophile appear to account for the in-
creased catalytic activity of hydroxnitrobenzyl-papain toward an oligopeptide substrate,
a-N-benzoyl-L-phenylalanyl-L-valyl-L-arginine p-nitroanilide, and toward an ester sub-
strate, N-carbobenzoxyglycine p-nitrophenyl ester. However, the presence of the hydroxy-
nitrobenzyl reporter group provides substantially greater improvement (250%) in enzymatic
efficiency toward a-N-benzoyl-L-arginine p-nitroanilide, apparently by blocking nonproduc-
tive binding of this substrate to the enzyme. Fluorescence changes accompanying the various
chemical modifications are interpreted in terms of a charge—transfer interaction between
the imidazolium ion of His-159 and the indole moiety of Trp-177 in the active form of native
papain, which should help to stabilize the catalytically essential mercaptide-imidazolium

ion-pair (Cys-25, His-159).

Selective chemical modifications of a pro-
tein’s functional groups have provided con-
siderable information relating structure to
biological function, in many diverse systems.
It is rare that chemical modification of an
enzyme’s active site region enhances cata-
lytic activity, however.

Tryptophan has been implicated in the
action of papain (EC 3.4.22.2) through
photooxidation (1, 2), reaction with N-
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bromosuccinimide (3—5), and reaction with
the active site-directed reagent, 2-chloro-
methyl-4-nitrophenyl (N-carbobenzoxy)-
glycinate (Z-Gly-ONB-C1)? (6, 7). The pres-
ence of several of papain’s five tryptophyl
residues within the vicinity of the enzyme’s
active site had been discovered by X-ray
crystallography (8-10). The location of Trp-
177 in the crystallographic structure is of
particular interest, since it appears to form

% Abbreviations used: Z-Gly-ONB-Cl, 2-chloro-
methyl-4-nitrophenyl (N-carbobenzoxy)glycinate;
HNB-, 2-hydroxy-5-nitrobenzyl-; BzArgNan, a-N-
benzoyl-L-arginine p-nitroanilide; BzPheValArgNan,
a-N-benzoyl-L-phenylalanyl-L-valyl-L-arginine p-
nitroanilide; Z-Gly-ONp, N-carbobenzoxyglycine p-
nitrophenyl ester; NEM, N-ethylmaleimide; Tos-Phe-
CH,Cl, L-1-tosylamido-2-phenylethyl chloromethyl
ketone; Tos-LysCH,Cl, L-1-tosylamido-5-aminopentyl
chloromethyl ketone.
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part of the S| subsite (5) and lies close to the
hydrogen bond linking Asn-175 with
His-159 (10).

The tryptophyl residue occupies a unique
position in protein spectroscopy because it
has a high absorption coefficient and a rea-
sonable fluorescence quantum yield (11). As
a consequence of energy transfer from Tyr
to Trp in proteins containing tryptophan,
observed fluoresecence spectra are due
almost exclusively to emission from the
indole side chains of Trp residues. The moni-
toring of protein emission spectra is a useful
technique for detecting changes, due to the
sensitivity of tryptophyl emission to local
environment and to the sizable contribution
of energy transfer to the resultant fluores-
cence emission. Intramolecular interaction
between an indole side chain and an imidazo-
lium ion (protonated His side chain) results
in marked quenching of the fluorescence
intensity of Trp-containing peptides and
proteins (12).

The fluorescence emission spectrum of
papain is attributable to its Trp residues
with little contribution from its 19 tyrosyl
residues (13). Alkylation of the enzyme’s
single sulfhydryl group (Cys-25 at the active
site) affects papain’s intrinsic fluorescence:
reaction with iodoacetate or iodoacetamide
was found to enhance fluorescence intensity
at 352 nm, whereas reaction with Tos-Phe-
CH,Cl or with Tos-LysCH,Cl produced sig-
nificant quenching (13). Steiner observed
that the fluorescence of papain is dominated
by a Trp residue which is susceptible to
oxidation by N-bromosuccinimide (4); Lowe
and Whitworth subsequently identified this
residue as Trp-177 (5). Both studies re-
vealed that the dominant Trp could be
quenched by protonation of a His residue,
identified as His-159 based on a study of
1,3-dibromoacetone-modified papain (5).
Hydroxnitrobenzylation of papain was also
observed to lead to quenching of the domi-
nant Trp (6); the hydroxynitrobenzylated
residue has subsequently been identified as
Trp-177 (14).

Whereas photooxidation of Trp-177 (1) or
its reaction with N-bromosuccinimide (5)
results in marked loss of enzymatic activity,
in sttu hydroxynitrobenzylation of Trp-177
by reaction with Z-Gly-ONB-Cl leads to a
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substantial increase in catalytic activity (7).
The magnitude of the increased enzymatic
efficiency was observed to vary consider-
ably, depending on the substrate chosen;
thus, at pH 6.5, enzymatic activity toward
N-benzoyl-L-arginine ethyl ester appeared
to have increased 24%, whereas activity
toward N-benzoyl-L-arginine p-nitroanilide
(BzArgNan) was increased by 240%.

Kinetic analysis suggested that the in-
creased efficiency of HNB-papain’s action
on BzArgNan resulted from enhancement
of the enzyme’s “acylation” rate constant
(7), whereas N-bromosuccinimide-oxidation
of Trp-177 was observed to result in a
marked decrease in the “acylation” rate
constant (5). Thus, it was of interest to
evaluate the effect of hydroxynitrobenzyla-
tion of Trp-177 on the nucleophilicity of the
essential thiol group of Cys-25, in an effort
to determine the mechanism by which the
HNB group enhances papain’s catalytic
activity toward a variety of substrates, and
to further delineate the nature of inter-
actions among Cys-25, His-159, and Trp-177
in native and HNB-papain.

EXPERIMENTAL PROCEDURES

Materials

Papain was obtained from P-L Biochemicals (Lot No.
0588-7) and from Worthington Biochemical Corpora-
tion (Lot No. 3DB) and was further purified by mercu-
rial column chromatography (15). BzArgNan was pur-
chased from Protein Research Foundation, Osaka,
Japan, and from Bachem Fine Chemicals (Lot Nos.
4919 and 4967); BzPheValArgNan (S-2160) was ob-
tained from AB Bofors, Nobel Division, Peptide Re-
search, MéIndal, Sweden and from Vega Biochemicals.
Z-Gly-ONp (Lot No. 84C-0107) and N-ethylmaleimide
were purchased from Sigma Chemical Company;
2-chloroacetic acid and 2-chloroacetamide were prod-
ucts of Matheson, Coleman and Bell, and Aldrich
Chemical Company, respectively. Z-Gly-ONB-CI was
synthesized as previously described (6). All other
chemicals were of reagent grade.

Methods

Hydroxynitrobenzylation of papain. Freshly acti-
vated papain was treated with Z-Gly-ONB-Cl at pH
5.0 as previously described (6). Concentrations of
native papain were estimated from absorbance at
278 nm (ez73 = 57,500 M~! em™ at pH 7.0); those of
HNB-papain from absorbance at 290 nm (e,9 = 81,300
M 'em™! at pH > 12).
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Kinetic measurements. Solutions of papain and
HNB-papain were activated in 5.0 mM L-cysteine, 0.1
mM EDTA. A Beckman DB-G spectrophotometer with
thermostatted cell compartment (26°C) was used to
monitor the hydrolysis of BzArgNan, BzPheValArg-
Nan, and Z-Gly-ONp, respectively, and also to deter-
mine the rate of loss of papain activity during chemical
inactivation experiments (alkylation of Cys-25). The
pH of each solution was verified using Radiometer
Model 25-SE and Corning Model 10 pH meters.

Spectrophotometric assays for hydrolysis of BzArg-
Nan involved the continuous monitoring of the p-
nitroaniline released (Ae,;,, = 8800 M™' cm™'), as pre-
viously described (15). Similar assays for hydrolysis
of BzPheValArgNan employed a Ae,,, value of 9400 M~!
em™'. The solubility of the tripeptide nitroanilide was
found to be quite low at high ionic strength; accordingly,
solutions of 0.002 M sodium phosphate were used at
each pH. BzPheValArgNan concentrations ranged
from 0.03 to 0.3 mM; exact concentrations were
determined from absorbance at 301 nm (e, = 14,600
M~'em™). Assays of Z-Gly-ONp hydrolysis were based
on spectrophotometric measurements of the release of
p-nitrophenol (Aegzy = 8700 M™! em™!).

Fluorescence and inactivation of papain. Fluores-
cence measurements (280 nm excitation, 365 nm emission)
were made using 1.0-cm cuvettes in the ther-
mostatted cell compartment of an Aminco-Bowman
spectrophotofluorometer, equipped with a Beckman
stripchart recorder. Papain or HNB-papain (at concentra-
tions corresponding to an A, of 0.1 to 0.2) was acti-
vated in 5.0 mM L-cysteine, 0.1 mM EDTA, In some
instances (where warranted by the observed kinetics),
after the enzyme was activated, it was freed from
cysteine and EDTA by passage through a 2.5 x 43.5-
em column of Sephadex G-25 under N,. To initiate
inactivation of enzyme samples through alkylation of
Cys-25, the specific inactivator (chloroacetamide,
chloroacetate, or N-ethylmaleimide) in 0.105 M sodium
phosphate at the designated pH was added to the en-
zyme solution. Rates of alkylation were determined
by measuring either residual enzymatic activity of
suitable aliquots after various intervals, or changes in
fluorescence intensity of the protein (see Results). In
the latter case, the fluorescence intensity extrapolated
to zero time was taken as the initial emission intensity.
The extent of alkylation was calculated from the frac-
tional change in fluorescence intensity (between initial
and final values) or from the fractional loss of enzymatic
activity toward BzArgNan.

Kinetics of alkylation of small thiols. Rates of
alkylation of L-cysteine and of glutathione with chloro-
acetamide and with chloroacetate were monitored
using a Radiometer 25/TTT 11/SBR 2¢/ABU 1b pH stat
as described by Sluyterman (16). Rates of reaction
with N-ethylmaleimide were determined from con-
tinuous spectrophotometric measurements at 305
nm (17).
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RESULTS

Enzymatic Rate Enhancement Resulting
Sfrom Hydroxynitrobenzylation

As previous results had revealed that the
magnitude of the increase in enzymatic
efficiency of papain resulting from hydroxy-
nitrobenzylation of Trp-177 varied consider-
ably depending on substrate, it was of inter-
est to examine the relative activities toward
anilide and ester bonds of other substrates.
Kinetics of enzymatic hydrolysis of BzPhe-
ValArgNan and Z-Gly-ONp are compared
with those of BzZArgNan in Table I. The data
confirm the earlier observation that the
activity of HNB-papain (k../K,) in cata-
lyzing hydrolysis of BzArgNan is 250%
greater than that of native papain at pH 6.5;
the rate enhancement increases to 280% at
pH 7.1. By contrast, hydroxynitrobenzyla-
tion of papain provides 24% enhancement of
catalytic activity toward the oligopeptide-
anilide substrate, BzPheValArgNan, at pH
6.5, which increases to 39% at pH 7.15.
Hydrolysis of the nitrophenyl ester sub-
strate, Z-Gly-ONp, is similarly enhanced;
thus, it is not the anilide bond per se which
leads to the unique level of improved en-
zymatic efficiency observed with BzArgNan
as substrate.

Sulfhydryl group alkylation reactions.
To ascertain the relative nucleophilicities of
the essential sulfhydryl groups (Cys-25) of
HNB-papain and papain, the kineties of
inactivation by Sy2 reactions with chloro-
acetamide and chloroacetate, and by Michael
addition with NEM were examined. It was
found that, during reaction of native papain
with chloroacetamide, chloroacetate, or
NEM, the intrinsic fluorescence of the pro-
tein markedly increased, as can be seen in
Fig. 1. The emission wavelength monitored
in these studies, 365 nm, was chosen from
determination of the maximum change in
fluorescence intensity upon inactivation.
The enhancement in fluorescence emission
(AF29) of papain during alkylation of its
thiol group mirrors the loss of enzymatic
activity (Fig. 1). Semilogarithmic plots of
the kinetic data, such as those in Fig. 2,
reveal that fluorescence change and loss of
enzymatic activity are precisely equivalent
and exhibit pseudo-first-order kinetics over
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TABLE I

KINETICS OF NATIVE PAPAIN- AND HNB-PAPAIN-CATALYZED REACTIONS

14
K, (mM) (umol min~! mg~!)
kear/K,n (HNB-papain)
Substrate pH Native HNB Native HNB koa/ K, (native papain)
BzArgNan 6.5 2.95 1.09 0.31 0.40 3.5
7.1 3.72 1.27 0.30 0.39 3.8
BzPheValArgNan 6.5 0.139 0.101 31.3 28.2 1.24
7.15 0.177 0.149 21.2 24.8 1.39
Z-Gly-ONp 6.5 0.075 0.056 11.0 10.0 1.22
7.15 0.045 0.035 8.0 8.0 1.29

at least 95% of the reaction. Similar
equivalence was observed for reactions of
native papain with NEM and with chloroace-
tate; Fig. 3 shows the correlation during
reaction of the enzyme with 1.0 mM
chloroacetate at pH 6.5 and 26°C.

By contrast, changes in fluorescence of
HNB-papain did not exhibit direct correla-
tion with enzymatic inactivation upon alky-
lation with chloroacetamide, NEM, or
chloroacetate (see below), apparently re-
flecting the participation of Trp-177 in the
fluorescence response of the native enzyme.
Accordingly, the kinetics of alkylation of
native papain were monitored both by fluo-
rescence (AF'38?) and by enzymatic activity
(BzArgNan hydrolysis) measurements,
whereas the kinetics of alkylation of HNB-
papain were determined solely by enzymatic
activity measurements.

From semilogarithmic plots of kinetic
data, second-order rate constants govern-
ing alkylation of the essential thiol group
(Cys-25) of papain and that of HNB-papain
were evaluated. They are presented, to-
gether with second-order rate constants for
alkylation of the thiol groups of L-cysteine
and glutathione, in Table II. It is evident
that the reactivities of the thiol groups of
papain and HNB-papain in the Sy2 reactions
(chloroacetamide and chloroacetate) are
orders of magnitude greater than the reac-
tivities of the thiol groups of cysteine and
glutathione, whereas the opposite order of
reactivities is observed in the Michael addi-
tion reactions with NEM. As a result, the

measured rates of reaction of the chloroal-
kylating species with the enzymes were
found to be the same in the presence as in
the absence of “activation solution” (5.0 mM
L-cysteine, 0.1 mM EDTA). In contrast,
measurements of the rates of NEM’s reac-
tions with papain and HNB-papain required
the removal of free cysteine from the acti-
vated enzyme preparations (gel fliltration
under N, as described under Experimental
Procedures).

Comparisons of rates of reactions of pa-
pain and HNB-papain revealed that, with
neutral alkylating agents at pH 6.5, the
hydroxynitrobenzylated enzyme reacted
faster than the native enzyme. Thus, reac-
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F1G. 1. Changes in enzymatic activity and fluores-
cence of papain during reaction with chloroacetate. (@)
Activity toward BzArgNan; (A) fluorescence (F252).
Conditions: 0.105 M sodium phosphate, pH 6.5, 26°C,
1.0 mM chloroacetate.
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F16. 2. Pseudo-first-order plot of alkylation of papain
with chloroacetamide at 15.5°C. (@) Activity toward
BzArgNan; (O) fluorescence (F32). Conditions: 0.105 M
sodium phosphate, pH 6.5, 90.9 mM chloroacetamide.

tivities with chloroacetamide and with
NEM were 24 and 27% greater at pH 6.5
(Table II); at pH 7.1, the corresponding
rate enhancements were 34 and 39%, re-
spectively. The enhancement in nucleophil-
icity of the thiol group of papain as a result
of hydroxynitrobenzylation of Trp-177 in-
creases as pH is raised to 8.5, as evidenced
from plots of second-order rate constants
governing the reactions with chloroaceta-
mide (Fig. 4). When the difference in meas-
ured rate constants (Kuxg-papain — Kpapain)
was plotted as a function of pH, a complex
curve was obtained which revealed the in-
fluence of a functional group in the HNB-
enzyme whose pK, is 6.95. This functional
group can be identified as the hydroxyl
moiety of the HNB reporter group, itself,
based on identity with the pK, of 6.9 which
was previously measured by spectrophoto-
metric titration (AA,,) of HNB-papain (6).
Thus, in its ionized (conjugate base) form,
the p-nitrophenoxide substituent which is
covalently bound to Trp-177 enhances the
nucleophilic character of Cys-25.

The relative reactivities of papain and
HNB-papain with the negatively charged
alkylating agent, chloroacetate, contrasted
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with their relative reactivities with the
neutral alkylating agents, chloroacetamide
and NEM (Table II). The second-order rate
constant governing carboxymethylation of
HNB-papain at pH 6.5 and 26°C is only 56%
of that of native papain. The rate constants
for reaction of each enzyme with chloroace-
tate rise with increasing pH, but peak at
pH 6.5, whereas the corresponding rate
constants for reaction with chloroacetamide
peak at pH 8.4 (Fig. 4). It is clear that the
ionie charge of chloroacetate exerts an effect
on measured alkylation rates which is
superimposed on the effect of nucleophilic
strength of the thiol group, per se, as evi-
denced by the reversal of reaction rates of
cysteine and glutathione with this reagent
(also seen in Table II).

Fluorescence Changes during Alkylation
of Enzymes

When native papain was treated with
chloroacetate, the intensity of its emission
at 365 nm increased by a factor of 3 to 4, with
a concomitant shift in wavelength of maxi-
mum emission from 343 to 347 nm. Similar,
though not identical, changes were observed
upon carboxymethylation of HNB-papain;
intensity increases were smaller in magni-
tude, but the shift in maximum emission
wavelength was more pronounced, from 338
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F1G. 3. Correlation of enhanced fluorescence emis-
sion with loss of enzymatic activity during reaction of
papain with 1.0 mM chloroacetate. Activity measured
toward BzArgNan; fluorescence emission measured at
365 nm (excitation wavelength, 280 nm). Conditions:
0.105 M sodium phosphate, pH 6.5, 26°C.
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TABLE II

SECOND-ORDER RATE CONSTANTS GOVERNING ALKYL-
ATION OF VARIOUS THIOLS WITH CHLOROACETAMIDE,
CHLOROACETATE, AND N-ETHYLMALEIMIDE
AT pH 6.5, 26°C

Reactants kst

Cl-CH,CONH,:

L-Cysteine 0.00412

Glutathione 0.00157

Papain 0.144

HNB-papain 0.179
Cl-CH,COO0:

L-Cysteine 0.00057

glutathione 0.00108

Papain 2.75

HNB-papain 1.53
N-Ethylmaleimide:

L-Cysteine 593

Glutathione 263

Papain 2.55

HNB-papain 3.24

to 347nm. When NEM was used as the inac-
tivator, even greater spectral shifts were
observed for both enzymes. Table T1II pre-
sents a summary of fluorescence data. The
calculated spectral bandwidths of the vari-
ous protein-containing samples were equal
to or less than that of the reference com-
pound, N-acetyltryptophan ethyl ester,

s
_ /
LA

- PAPAIN
04

(M 'sec™)

e o S I L 1 N ! L L
40 50 60 70 80 90
pH

o]

FiG. 4. Effect.of pH on second-order rate constants
governing inactivation of papain and HNB-papain by
chloroacetamide at 26°C. Rate constants for native
papain (O) were determined from both fluoreseence
(F#9) and enzymatic activity (BzArgNan) data;
those for HNB-papain (O0) were based solely on
measurements of activity (BzArgNan).
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with the exception of activated enzymes in
the presence of dithiothreitol and EDTA.

The equivalence observed between fluo-
rescence enhancement and loss of enzymatic
activity during alkylation of native papain
at pH 6.5 (Fig. 3) continued over a broad
range of pH, as shown in Fig. 5, which pre-
sents data for reactions with chloroacetate.
Similar equivalence was observed with the
other inactivators. In contrast to these find-
ings, no correlation existed between resid-
ual enzymatic activity and the increases
in protein fluorescence when HNB-papain
was treated with any of the alkylating
agents. Such lack of correlation is exempli-
fied by the apparent rate constants for car-
boxymethylation of HNB-papain, plotted as
a function of pH in Fig. 6.

DISCUSSION
Reactivites of Cys-25
One of the most sensitive methods for

delineating the effect of molecular environ-
TABLE III

FLUORESCENCE EMISSION OF PAPAIN AND HNB-
PAPAIN UNDER VARIOUS CONDITIONS?®

Spectral
Amax  Dandwidth®
Sample (nm) (nm™)
a-N-Acetyl-L-tryptophan ethyl
ester 355 0.000502
Mercuripapain 336 0.000502
N-Ethylmaleimide-treated
papain 353 0.000455
Chloroacetate-treated papain 347 0.000483
Papain + 1 mM dithiothreitol
+ 1 mm EDTA 343 0.000513
Mercuri-HNB-papain 335 0.000500
N-Ethylmaleimide-treated
HNB-papain 350 0.000478
Chloroacetate-treated
HNB-papain . 347 0.000505
HNB-papain + 1 mM dithio-
threitol + 1 mm EDTA 338 0.000511

¢ Uncorrected emission spectra of protein solutions
(Agg = 0.10) were determined at 25°C; excitation at
280 nm. Spectra of inactivated enzymes were obtained
after alkylation reactions were completed.

b Spectral bandwidths represent the difference in
the reciprocal wavelengths determined at half-
maximum intensity.
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FiG. 5. pH-Dependence of second-order rate con-
stants governing reactions of native papain with 1.0
mM chloroacetate. (A) Values obtained from measured
rates of 365 nm fluorescence enhancement (excited at
280 nm); (O) values obtained from measured rates of

enzyme inactivation (BzArgNan assays).

ment on a given functional group is to study
its chemical reactivity. Sluyterman (16, 18)
observed that the single thiol group of pa-
pain reacted far more rapidly with KCNO
and with chloroacetate than did the thiol
group of cysteine. At pH 6.0 and 25°C, he
observed a second-order rate constant of
171 M~ 'min~! (i.e., 2.85 M~ 's™!) for the reac-
tion of papain with chloroacetate, a value
comparable to that found in the present
investigation (2.75 M~!s™! at pH 6.5), It is
also clear that Cys-25 of papain is more reac-
tive than the simple thiol groups of cysteine
and glutathione in other S\2 reactions, as
evidenced by reactivities with chloroaceta-
mide (Table II), a~bromo-B-(5-imidazolyl)-
propionate (19), and 2-bromoacetamido-4-
nitrophenol (20). Interestingly, in Michael-
type additions to maleimides, the reverse is
true; that is, the Cys-25 of papain reacts at
less than 1% of the rate of cysteine or
glutathione (Table II). Reported rate con-
stants governing the reaction of papain with
NEM have varied from 0.661 M ! s7! at pH
6.0 21)to6.0M s~ !at pH 6.8(22); the pres-
ent value of 2.556 M~! s at pH 6.5 falls
within the reported range. As pointed out
by Brubacher and Glick (23), the thiol
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groups of a wide variety of proteins react
more slowly with NEM than does that of
cysteine, presumably reflecting the steric
constraints of addition to the double bond of
the large, planar maleimide molecule. That
the free energy of activation of thiol addition
to N-ethylmaleimide is actually lower than
that of S\2 displacement of chloride from
chloroacetamide is evident from the abso-
lute rates of alkylation of small thiols.
(For example, compare the second-order
rate constants of glutathione’s or cysteine’s
reactions with NEM and with chloroaceta-
mide, given in Table II.)

Yet, despite the steric constraints on
absolute reaction rates imposed by the re-
strictive trajectory of addition to the =-
bond, NEM serves as a useful reagent for
comparing the effective nucleophilic char-
acter of Cys-25 in HNB-papain with that of
Cys-25 in papain. At pH 6.5, the second-
order rate constants for reactions of HNB-
papain with NEM and with chloroacetamide
were enhanced 27 and 24%, respectively,
over those for reactions of native papain.
Such enhanced nucleophilicity of Cys-25 due
to hydroxynitrobenzylation of Trp-177 par-
allels the enhanced enzymatic activity of
HNB-papain toward «-N-benzoyl-L-argi-
nine ethyl ester (7), Z-Gly-ONp (Table I)
and BzPheValArgNan (Table I) at pH 6.5.

30

20

]
]
40 50 8.0 70 80 90

FiG. 6. pH-Dependence of apparent rate constants
governing reactions of HNB-papain with 1.0 mu chlor-
oacetate, (A) Values obtained from fluorescence meas-

urements (280 nm:365 nmy); (O) values obtained from
activity measurements (BzArgNan).
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The kinetics of hydrolysis of the latter
substrate are of special interest, in view of
the 250% increase in k../K,, for hydrolysis
of BzArgNan which results from hydroxy-
nitrobenzylation of papain. Previous anal-
yses had demonstrated significant differ-
ences in the kinetics of papain’s action on
the ethyl ester and the nitroanilide of ben-
zoyl-L-arginine (15). Furthermore, Hall and
Anderson (24) reported that proflavine,
which binds to papainin a 1:1 complex with a
Kgiss of approx 107% M, enhances the en-
zyme’s activity toward the ethyl ester, but
inhibits enzymatic activity with respect to
BzArgNan. Indeed, the question was raised
as to whether hydrolysis of the anilide bond
might involve a different catalytic mecha-
nism than hydrolysis of the ester bond. The
findings that the anilide bond in the oligo-
peptide substrate, BzPheValArgNan, is
hydrolyzed by papain more efficiently than
that of BzArgNan, and that the effect of
hydroxynitrobenzylation of papain is to en-
hance the oligopeptide nitroanilide’s rate of
hydrolysis by 24% at pH 6.5 (Table I) pro-
vide convincing evidence that the anilide
bond per se is not the source of the unique
kinetic properties of BzArgNan. Rather,
the presence of the hydroxynitrobenzyl
group, attached to Trp-177, appears to block
access of BzArgNan to a nonproductive
mode of binding to one (or more) of the sub-
sites of papain (25, 26), thereby enhancing
the efficiency of its hydrolysis by HNB-
papain,

Reversal of the order of reactivity of pa-
pain and HNB-papain with chloroacetate
appears to be the result of coulombic repul-
sion of the negatively charged alkylating
agent and the added negative charge of the
ionized hydroxynitrobenzyl reporter group
bound to Trp-177 in the modified enzyme. A
similar reversal in reactivity of the thiol
groups of cysteine and glutathione is ob-
served: whereas the ratio of second-order
rate constants for cysteine:glutathione is
2.6:1 and 2.3:1 for reactions with chloroacet-
amide and NEM, respectively, at pH 6.5,
the corresponding ratio for reactions with
chloroacetate is 0.53:1. The ratio observed
for HNB-papain:papain with chloroacetate
is 0.56:1. Thus, it appears that relative reac-
tivities with ionically charged alkylating
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agents do not provide a direct measure of
relative nucleophilicities, whereas reactiv-
ities with neutral molecules can provide a
good index of nucleophilic character.

It is concluded that hydroxynitrobenzyla-
tion of Trp-177 in papain enhances the nucle-
ophilic strength of Cys-25, which accounts
for the improved catalytic efficiency of the
modified enzyme toward various ester and
oligopeptide-amide substrates. Superim-
posed on this general effect is an added
inerement of enzymatic enhancement speci-
fically observed with BzArgNan, which
seemingly results from blocking one or more
nonproductive binding modes available to
this small substrate (containing two aro-
matic moieties) in the unmodified enzyme
(21, 25).

Fluorescence of Papain and HNB-Papain

If Trp-177 were acting as a chromophore
but not as a fluorophore, then the loss of in-
dole resonance in this residue through
chemical modification would result in a 0 to
20% decrease in fluorescence intensity of
the enzyme.* The observed 40% decrease
in fluorescence emission of papain upon hy-
droxynitrobenzylation of Trp-177 (6) is thus
inconsistent with such a model. Lowe and
Whitworth (5) concluded that Trp-177 con-
tributes 46% of the protein’s fluorescence,
based on studies of N-bromosuccinimide-
oxidized papain (four equivalents yielding a
derivative modified at both Trp-69 and Trp-
177); the present observations with HNB-
papain (modified only at Trp-177) confirm
the interpretation that Trp-177 is a domi-
nant fluorophore in the native enzyme.
Since hydroxynitrobenzylation renders
tryptophan nonfluorescent (27), the fluores-
cence of HNB-papain must arise from the
four remaining Trp residues.

Although Trp-177 can now be identified
as the dominant tryptophan cited by Steiner
(4), whose fluorescence can be “quenched by
protonation of a histidine in its vicinity”
(i.e., His-159), it is also now clear that Trp-
177 is not the principal fluorophore which

* This range reflects the range in extent of energy
transfer from one of five tryptophyl residues in the
papain molecule to the dominant fluorescing residue
(0 to 100%).
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is quenched by the Hg of mercuripapain.
This conclusion is based on the finding that
the fluorescence of HNB-papain is guenched
upon complexing the enzyme with Hg?*, as
is the fluorescence of native papain (Ref. 6,
see Fig. 5a). Thus, it is one of the remaining
Trp residues, present as a contributing
fluorophore in both the native enzyme and
HNB-papain, whose interaction with the
Cys-25-bound Hg ion (either direct or
through some indirect change in environ-
ment) leads to quenching of fluorescence in
mercuripapain.

Implications Regardingthe Role of Trp-177

As noted by Drenth et al. (28), the imida-
zole ring of His-159 and the indole of Trp-177
are in close proximity in the crystallo-
graphic structure of papain. A monoproton-
ated species, involving the pairing of Cys-25
with His-159, is the catalytically active form
of papain (29). Although considerable con-
troversy has surrounded the assignment of
pK, values to Cys-25 and His-159 (5, 19, 30),
the fluorescence behavior of active papain
exhibits pH-dependent quenching which
corresponds to the descending or alkaline
limb of the pH-activity curve of the enzyme
(81). Drenth et al. pointed out that one must
conclude that the imidazolium ion of His-159
is the quenching species in activated papain
(28); thus the His-159:Cys-25 couple must be
in the imidazolium:mercaptide ion-pair
form (29).

Such an ion-pair in the active site of papain
could catalyze substrate hydrolysis accord-
ing to the following scheme:

ACYLATION:
+ +
_lm-H im-H m:
& X = E X = HXrED &0
I_ == \o— o
+ 0 R R
R
Enzyme  Substrate Tetrahedral P, Acylenzyme
Intermediate Intérmediate
DEACYLATION:
Am: - mH  HO
Esc® o H(') = E\l:-H’o“‘__‘ E:m + =0
“R “H IC\O- S R/
R
Water P,

SCHEME 1

EVANS, KNOPP, AND HORTON

A charge transfer interaction between Trp-
177 and the imidazolium ring of His-159
would help to stabilize the essential mercap-
tide-imidazolium charge separation in ac-
tive, native papain, and thereby increase
the nucleophilicity of the S atom of Cys-25.
When Cys-25 is alkylated, the effective pK,
of His-159 falls from about 8.5 (in active,
native papain) to about 4.1 (in carboxamido-
methyl-papain) (28). His-159 loses its pro-
ton, thus being converted from the imidazo-
lium ion to an imidazole species at neutral
pH; quenching of fluorescence of Trp-177
is thereby released, as the charge transfer
interaction is disrupted. This model is thus
consistent with the observed enhancement
of fluorescence emission of native papain
which accompanies alkylation of Cys-25.
Indeed, the precise correlation observed be-
tween increased fluorescence intensity and
loss of enzymatic activity (Fig. 3) would be
predicted on the basis of this model.

In the case of HNB-papain, however,
Trp-177 is no longer a fluorophore, and
changes in fluorescence intensity of the pro-
tein are not directly correlated with chem-
ical modification of Cys-25 (Fiig. 6). More-
over, the pH-sensitivity of native papain’s
fluorescence is not exhibited by HNB-papain
(data not shown), nor is it shown by other
derivatives of papain in which Trp-177 is
oxidized (4, 5). By the same token, chemical
modification of His-159 abolishes the char-
acteristic pH-sensitivity of papain’s fluores-
cence (5).

1t is curious that hydroxynitrobenzylation
of Trp-177 in papain increases the measured
nucleophilicity of Cys-25 and thereby in-
creases the apparent acylation rate constant
(7). It would appear that the p-nitrophenox-
ide ion (conjugate base form of the HNB
reporter group) is in a position to interact
with the imidazolium moiety of His-159 so as
to further facilitate charge separation in the
mercaptide-imidazolium ion-pair; our kinet-
ically determined pK, of 6.95 is consistent
with such interaction. Considering the pre-
cision of interactions which are usually asso-
ciated with residues at the active sites of en-
zymes, such fortuitous alteration to enkance
enzymatic efficiency seems surprising, and
is certainly a rare event. However, Drenth
et al. (28) have presented evidence, based



CYSTEINE-25 REACTIVITY IN HYDROXYNITROBENZYLATED PAPAIN

on X-ray analysis of papain derivatives in-
volving chloromethylketones of specific
peptides, that the imidazole group of His-
159 possesses unique rotational freedom,
which does not disturb the rest of the papain
molecule, but permits participation in the
kind of nonrepetitive mechanism depicted in
Scheme 1. Subsequently, cryoenzymology
has led Angelides and Fink to conclude that
conformational flexibility of His-159 is a key
feature of papain’s mechanism of action (32).
Such rotational freedom may provide just
the flexibility needed to accommodate the
activating effect of the hydroxynitrobenzyl
moiety attached to Trp-177 in HNB-papain.
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