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SUMMARY

Chloroacetic acid reacts with the essential thiol group of papain (EC 3.4.4.10)
and inactivates the enzyme. The rate of inactivation, %, at pH 6.0, 25°, was determined
in the absence and presence of the substrates benzoylarginine ethyl ester (BAEE) and
benzoylglycine ethyl ester (BGEE). The rate was found to be independent of BAEE
concentration and to decrease with increasing BGEE concentration. Extrapolation to
infinite BGEE concentration yielded 2 = o. These results indicate that (a) acylation
of the thiol groupis the rate-limiting step in BAEE hydrolysis, (b) deacylation is the
rate-limiting step in BGEE hydrolysis.

The thiol group of papain is 30 ooo times more reactive towards chloroacetic
acid than is the thiol group of cysteine at pH 6.

vmax values were determined for four benzoylarginine derivatives, the methyl,
ethyl and propy! esters and the amide. These values were found to differ by no more
than a factor of three, It is pointed out that caution should be exerted in interpreting
vmax data in terms of rate-limiting steps.

INTRODUCTION

It has been known for some time that chymotrypsin and other esterases exert
their action in three steps, with two intermediates: the enzyme substrate complex and
the acylenzyme. In the latter intermediate the OH group of the serine in the active
site is attached to the acid part of the substrate in an ester linkage. In the case of
papain (EC 3.4.4.10), which carries an essential SH group, an intermediate acylenzyme
had been postulated?, in which the acyl group is linked to the SH group in a thiol ester
linkage. This was definitely established by Lowe AND WILL1aMs?, who used an elegant
spectroscopic method involving methyl thionohippurate as substrate. Similar results
were obtained by BENDER AND BRUBACHER?, using the nonspecific substrate cinna-
moyl imidazole.
miations: BA, benzoylarginine; BAA, benzoylarginine amide; BAME, benzoylargini-

ne methyl ester; BAEE, benzoylarginine ethyl ester; BAPE, benzoylarginine n-propyl ester; BG,
benzoylglycine; BGEE, benzoylglycine ethyl ester; CAA, chloroacetic acid.
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PAPAIN ACTION 179

Values of K, and kcat were determined for a number of esters of benzoylglycine?
and of carbobenzoxyglycined. For most esters in each group the values of kq¢ were
found to be virtually equal. This was interpreted as indicating that the deacylation
of the S-acylpapain intermediate is the rate-limiting step in the hydrolysis. The same
interpretation for benzoylarginine (BA) derivatives was suggested by Smita!, who
observed equal A,y values for benzoylarginine ethyl ester (BAEE) and benzoylargi-
nine amide (BAA) at 37°.

Although the data for benzoylglycine and carbobenzoxyglycine derivatives
seem conclusive, there are some indications that the hypothesis concerning BAEE
and BAA is not the right one. The temperature dependence and hence the activation
enthalpy of kcat at pH 6 are greater for BAAS than for BAEE?. For a common rate-
limiting intermediate these values, of course, should be equal. Furthermore WHITA-
KER AND BENDERS report a kgt value for BAA which is half the value for BAEE at
25°. Finally, it has been reported in a previous paper® that BAEE combines with the
active site of nonactivated papain. The resulting complex has a dissociation constant
equal to the Ky, value of activated enzyme. This has been interpreted as indicating
that the acylation and not the deacylation is the rate-limiting step in the hydrolysis
of BAEE.

In order to find out whether acylation or deacylation is rate-limiting, the usual
procedure of comparing the kcat values of a few esters of BA was first attempted, but
this did not lead to decisive results. It proved to be possible to arrive at a definite
conclusion in a novel manner, by studying the rate of inactivation of papain by chloro-
acetic acid in the presence of various concentrations of substrate.

EXPERIMENTAL

Materials

For all kinetic experiments mercuripapain was employed, prepared by a method
described recently!?. Benzoylglycine ethyl ester (BGEE) was prepared by esterification
of benzoylglycine (BG)!1. Benzoylarginine #-propyl ester (BAPE) was prepared by
transesterification of BAEE, 5 g of which was dissolved in 160 ml dry propanol. At
0° HCI gas was passed through until saturation. The mixture was stored overnight
at 4°. The propanol was removed in vacuo. The residue was dried over potassium
hydroxide pellets. The whole procedure was repeated once more. The dry residue was
twice crystallized from chloroform-ether. Yield 5.0 g, m.p. 146°. Analysis: C, 53.5%;
H,7.2%;N,15.29%;Cl, 10.13%,. Calculated: C, 54.0%; H, 7.1%; N, 15.7%; Cl, 10.0%,.

All other compounds were commercial preparations: BA and benzoylarginine
methyl ester (BAME) (Mann Research Laboratories, New York), BAA and BAEE
(Calbiochem, Lucerne, Switzerland). The purity of chloroacetic acid (CAA), m.p.
61-63° (Brocades and Stheeman, Amsterdam) was checked by titration.

Kinetic measurements

For the reaction of papain with CAA in the presence of substrate, the pH-stat
equipment, the conditions and procedures were those employed in the investigation of
the reaction of papain with cyanatel0. The rate of inactivation in the absence of
substrate was determined by means of a discontinuous method. To a mixture of
approx. 10-% M papain, 5 mM cysteine and 1 mM EDTA, 0.3 M KCl, pH 6.0, 25°, in
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the reaction vessel of the pH stat, a 0.1-ml aliquot of 5.2 mM CAA (adjusted to pH 6.0)
was added. Total volume was 9.6 ml. After the desired interval (o, 2, 4, 6, 8, 10 or 12
min) 0.5 ml of 0.2 M BAEE (also adjusted to pH 6.0) was added. The initial slope of
the progress curve on the recorder of the pH stat indicated the residual activity after
the interval concerned. A semilogarithmic plot of the residual activity versus time
gave a straight line, the slope of which provided the reaction rate constant.

Michaelis—-Menten parameters were measured under the usual conditions of 5
mM cysteine, 1 mM EDTA, 0.3 M KCl, pH 6.0, 25° or 40°, Substrate concentrations
were 15~-120 mM BAME, BAEE, or BAPE and 5-40 mM BGEE. The results were
plotted in Lineweaver—-Burk plots, 12 to 14 points for each plot. Regression lines and
standard deviations were calculated from least squares on a computer.

For vmax determinations the papain solutions were carefully standardized on
120 mM BAEE at 25°, pH 6.0.

Rate measurements on 0.1 M BAA were carried out on a Perkin—Elmer polari-
meter 141, provided with a recorder, adjusted to 0.030° at full-scale deflection, at
A = 578 myu. For activation DL-cysteine was used. Buffer was 0.02 M phosphate (pH
6.0). For extrapolation to infinite substrate concentration, K,, was taken to be 33.3
mM (ref. 8). Rotation at 578 mu 4+ 0.203° 4 0.005 for 0.105 M BAA and +4-0.278 4
0.006 for 0.0536 M BA. From this a change of rotation of 3.26° per mole BAA hydro-
lyzed can be calculated (per dm).

Thiol titrations

In order to check the specificity of the action of CAA on active papain, 5 ml of
approx. 1%, gel-filtered papain solution in 0.02 M acetate (pH 5.0)-1 mM EDTA,
was made 5 mM cysteine and 0.07 to 4 mM in CAA and stored at room temperature.
After 15-30 min, when the desired decrease in activity was nearly obtained, the reac-
tion mixture was gel-filtered once more, in order to remove activator and CAA. The
resulting solution of partially inactivated papain was used for activity assay (0.1-ml
aliquots) and for thiol titration (z-ml aliquots), both in duplicate. For the thiol titra-
tions a small amperometric apparatus was used'®. The titration medium contained
50 mM imidazole (pH 7.0)12, o mM KCl, 1 mM EDTA and 5 mM Na,SO,. Protein
concentration was 0.2-0.5%,. Total volume about 3 ml, titrated with 2.0 mM AgNO;.

RESULTS

M aximum velocity of a few BA dertvatives

The kinetic parameters of BAA and three esters of BA are given in Table L.
If the deacylation were the rate-limiting step, all &cat values should be equal. In fact
they are not. Although the differences between the esters are small, they are experi-
mentally significant, especially the difference between the kca; values of BAME and
BAPE. The interpretation, however, is uncertain, since the results might be inter-
preted to indicate that the rates of acylation and deacylation are about equal in the
case of BAA and that the rate of deacylation is almost rate-limiting in the case of the
esters.

More decisive results were obtained by the experiments to be described in the
next section.
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TABLE I

KINETIC CONSTANTS OF PAPAIN-CATALYZED HYDROLYSIS OF BA DERIVATIVES aT pH 6.0, 25°

Substrate Fkeqs Ky (mM)

BAME* 1.15 -+ 0.03 6.8 4- 0.4
BAEE* 1.00™4 0.02 18.0 4~ 1.0
BAPE 0.83 -+ 0.025 19.0 4 1.6
BAA 0.5 —0.6"" 33.3 4 3.4™"
BAA 0.41 4 0.04 —

* cf. ref. 13.
** By definition.
*** At pH 5.2, Table I of ref. 8 (¢f. ref. 6).

Reaction with chloroacetic acid

Halogenacetic acids and amides are known to be particularly reactive with thiol
groups of proteins. Papain has been subjected to reaction with bromoacetic acid and
iodoacetic acid!* and the related enzyme ficin to reaction with chloroacetamide and
iodoacetamide!®. In all cases specific reaction with the essential thiol group has been
established. One may therefore expect the same specificity for chloroacetic acid and
papain. A virtually proportional decrease in activity (towards BAEE) and in thiol
content (estimated by amperometric argentometric titration) has indeed been found
(Fig. 2, inset). It may therefore be concluded that the main reaction occurs according
to:

ESH - Ci-CH,~COOH —» ES-CH,-COOH + HCl (1)

and that any other reaction, if present, is either much slower or occurs at non-essential
parts of the enzyme.

Since the concentration of the reagent considerably exceeded the enzyme con-
centration in all experiments, a first-order reaction is to be expected:

In [EL}{[E,] = —K[C]¢ (2)
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Fig. 1. Curve A. Copy of a progress curve of the hydrolysis of BGEE (10 mM) by papain pre-
vious to and after addition of 0.1 ml 0.316 M CAA (moment indicated by arrow). Conditions:
approx. 10~% M papain, 0.3 M KCl, pH 6.0, 25°, total volume 10 ml. Curve B. Semilogarithmic
plot of the data of Curve A.
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in which [E,], [Ea] and [C] denote the concentrations of initial enzyme, active enzyme
and CAA, respectively. The following convenient procedure for studying the rate of
inactivation of papain in the presence of various concentrations of substrate was
adopted (¢f. ref. 10). The desired concentrations of substrate (BAEE or BGEE), papain
and activators were put into the reaction vessel of a pH-stat and the progress of the
hydrolysis at pH 6.0 traced on the recorder. After the reaction had proceeded for 2
min, 0.1 or 0.2 ml of CAA solutions, previously adjusted to pH 6.0, was added (final
concentration 1.6-6 mM). Inactivation was evident from the gradual decrease in slope
of the progress curve (Fig. 1, Curve A). Tangents on the progress curve were drawn
at 0.25-min or 0.5-min intervals. The slopes of these tangents, proportional to the
concentration of active enzyme E, at the moments concerned, were (if necessary)
corrected for the decrease in substrate concentration during the run in the manner
described in an earlier paper®. Plots of log [Ey)/[E,] versus time were found to be
linear, as shown by the example in Fig. 1, Curve B. The adherence to Eqn. 2 was further
checked by examining the effect of CAA concentration. Values of 2 were found to be
independent of reagent concentration in the range of 6—40 mM in the presence of 0.04
M BGEE and in the range of 2-12 mM in the presence of 0.015 M BGEE.
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Tig. 2. The cffect of substrate concentration on the inactivation rate constant. O, BAEE; A,
BGEE; x. in the absence of substrate. Inset: proportionality of activity and thiol content; as a
percentage of initial values.

Fig. 3. Plot of inactivation rate % versus Kn/([S] 4 Ky). O, BAEE; A, BGEE; X, in the ab-
sence of substrate; the bar on the right-hand ordinate indicates the mean value and standard
error of all values in the presence of BAEE.

Inactivation in the absence of substrate was determined by a discontinuous

method described in the experimental part.

Values of £ were determined at a number of substrate concentrations: 5-120
mM BAEE and 2.5-44 mM BGEE. The results show a striking difference between the
two substrates (Fig. 2). BAEE does not affect the inactivation rate”, BGEE strongly

inhibits the reaction.

* A few measurements were carried out at pH 5 and pH 7. Rate constants were equal to
those at pH 6 and independent of BAEE concentration.
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The following considerations show how to extrapolate to infinite substrate con-
centration. As mentioned in INTRODUCTION, the papain-catalyzed hydrolysis pro-
ceeds according to the three-step mechanism

1 2 3

E4 SeES >ES' 4+ P, >E + P, (3)
in which ES denotes the enzyme substrate complex and ES’ the acyl enzyme. Total
active enzyme F, is thus present in three states: E, ES and ES’. In ES’ the thiol

group is covalently linked to the acyl part of the substrate and therefore cannot take
part in the reaction with CAA. Hence the overall reaction consists of two terms:

R{Ea] = Ef[E] + ko[ES] {4)

in which %¢ and k. denote the inactivation rate constants of E and of ES.
It can be calculated from a steady-state treatment of Eqn. 3 that:

[ES'] = (Ry/ky) (ES] and [E] = [Eu]Kn/([S] + Km)

These equations, combined with the conservation equation [E,} = [E]+[ES]+[ES'],
introduced into Eqn. 4 yield:

ke R K ke k
o oty _Ke teh 9
Ryt ks [SI+ Km | Ryt ko

Eqn. 5 shows that a plot of % versus Kp/([S]+Km) should yield a straight line, as was
in fact observed (Fig. 3). Extrapolation to [S]—>0 (i.e. Ku/([S]+Kum) = 1) yields
k = kg, extrapolation to [S]—sco (f.e. Kn/([S]+Km) = 0) yields k = keky/(ky+ks).

In the case of BAEE (K, = 18 mM) the line is a horizontal one (Fig. 3). The
mean value of all £ values determined in the presence of BAEE, 2 = 17245, is in
excellent agreement with the value determined in the absence of substrate, &y = 171.

Since the line is horizontal, extrapolations to zero and to infinite substrate con-
centrations yield equal % values, 7.e. &y = kcky/(Ry+ks). A theoretically possible ex-
planation is that & is higher than %; by a factor which is exactly equal to (ky—+%,)/%s.
Such a compensation is very unlikely. Therefore one may conclude that k&, = k¢ and
that k,< %, 1.e. the acylation step is rate-limiting and not the deacylation step.

In the case of BGEE (K, = 13 mM) the straight line extrapolates at {[S] = o
to virtually the same value of k¢ reported above. At [S]—o0, however, extrapolation
yields kckg/(Ry+kg) = 0. Theoretically this might indicate that k. is zero. However,
this explanation is very unlikely because in the case of the larger substrate BAEE k.
is certainly not zero, as shown above. Hence one may conclude that k,>>k,, .. in the
case of BGEE the deacylation step is rate-limiting and not the acylation step. This is
the same conclusion arrived at by LowE aND WILL1AMS? (cf. INTRODUCTION). Thus
two completely different experimental approaches lead to the same conclusion as far
as BGEE is concerned.

Qualitatively the effects of BAEE and BGEE can be most readily understood
as follows. Active enzyme molecules can be present as E, ES and ES’. At [S]—o0
[E] = o with both substrates. At [BAEE]—oo virtually all enzyme molecules are
present solely as ES (which happens to be as reactive towards CAA asis E), because
ES’ immediately decomposes into E plus P, and therefore is not present in a percepti-
ble concentration. Hence ky>>k,, for BAEE. At [BGEE]—co all enzyme molecules are
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present solely as ES’ (which is unreactive towards the reagent) because ES is too
quickly converted into ES’ to be present in a perceptible concentration. Hence &, >>-%,
for BGEE.

In order to compare the reactivities of the thiol groups of papain and of cysteine
the reaction rate of the latter was measured in the pH-stat, by titration of the HCl
evolved during the reaction (¢f. Eqn. 1). The conditions were again pH 6.0, 25° and
0.3 M KCl. Both cysteine and CAA were 50 mM, titrated with 0.1 M NaOH, The rate
constant derived from the initial reaction velocity was found to be £ = 5.3 103+
0.3-1073 M~1-min~1. Hence the reactivity of the thiol group of papain towards CAA
is 32 000 times greater than is the reactivity of the thiol group of free cysteine. This
ratio apparently is even more marked than in the reaction of KCNO (ref. 10).

DISCUSSION

There are now two sets of data available from which one may conclude that
with BAEE the acylation is the rate-limiting step: (1) the equality of the rates of
inactivation of papain by CAA in the presence of BAEE and in the absence of it, as
discussed in this paper; (2) the equality of K, of the active enzyme and K; of the
binding of BAEE to inactive papain, both at pH 6 and at pH 4, as discussed in a pre-
vious paper® (c¢f. INTRODUCTION to this paper).

In each case separately one might argue that these equalities are due to coin-
cidental cancellation of opposing effects. However, it is extremely unlikely that such
cancellations occur in both cases, especially as two different types of reaction were
studied : an irreversible reaction in the first case and an adsorption equilibrium in the
second case.

Two more sets of data fit nicely into the present picture and thus tend to confirm
the conclusion:

(1) The effect of temperature (Table II). The K, value of BAEE increases only
slightly with temperature, as is to be expected of an ES complex which has an only
slightly lower energy content than its component parts. The K, value of BGEE, on
the other hand, increases markedly with temperature. A similar observation has been
made by LowE AND WiLLIAMS? on the methylester of benzoylglycine. In the case of
BAEE K, = k.,/k; = K, but in the case of BGEE, where #; is rate-limiting, K, =
Kgks/k,. Thus in the latter case the temperature dependence of %, and %, is also in-
volved. If it is assumed that the temperature dependence of Kj, %, and kg is approxi-

TABLE I1

EFFECT OF TEMPERATURE ON MICHAELIS-MENTEN PARAMETERS AT pH 6.0

Substrate Temp. Ky, keat Reaction
(mM) step
BAEE 25° 18 1.0* kq
BAEE 40° 20 1.75 Ry
BGEE 25° I3 0.165 kg
BGEE 40° 21 0.39 kg

* By definition.
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mately the same for both substrates, one can calculate Ky, of BGEE at 40° with the
equation:

e — (e i (i (i

B (KA (S (R)A

The superscripts A and G denote the parameters of BAEE and BGEE, respectively,
and the subscripts the temperature. Using the data of Table II, one calculates (Kp)$
= 19.5 mM; the value actually found was 21 mM. This is a fair agreement.

(2) It has been observed that in 15%, (by vol.) methanol the maximum velocity
of the hydrolysis of BAEE is 339, lower than in water!®. Taking into account that
methanol is 5.6 times more reactive than water in the papain-catalyzed conversion
of BAA, one can calculate* a decrease in vpyax of the hydrolytic reaction of BAEE of
319%, if ky<ky or 159, if ky>> ks, The former value is very near the observed one.

Another example of a different rate-limiting step for the esters of two substrates
with a different acyl residue, is thrombine. For benzoylarginine esters deacylation is
probably rate-limiting, for toluenesulphonylarginine esters the acylation??.

WHITAKER AND BENDER® determined K,, and k¢4t of papain-catalyzed hydro-
lysis of BAEE and BAA as a function of pH by difference spectroscopy. They conclu-
ded from their results that %4 is rate-limiting in the case of BAEE and £, is partially
so in the case of BAA. Their main argument for a different rate-limiting step in the
two cases is that the alkaline branches of the keat versus pH curves for the two sub-
strates seem to be governed by different pK values. However, the limited accuracy
of their data, especially those of BAA above pH 7 (Fig. 3 of ref. 8), does not warrant
such a conclusion.

Furthermore they assume that from pH 5 upwards K; and %; are pH-indepen-
dent. They ascribe changes in K,, and keat entirely to pH dependence of k,. In doing
so they derive certain values for K, %y, &4 and a pK value for £,. However, within
experimental error a pK value of 8.7 for K, (lim. 13 mM) and of 9.3 for k¢t (lim. 15.5

* In a mixture of water and methanol the last step of Eqn. 3 is replaced by the two com-
peting reactions:

ky' [Hy0O]
— E 4 acid
ES'—

o> FE | ester

k," [methanol]
Steady state calculation shows that the maximum rate of acid liberation as measured by the
pH-stat (cf. ref. 25) is:

kaky'[H,0]
ky -+ kg’ [HyO] + &, [methanol]

kcat =

The ratio R of k¢at in water—methanol mixtures and in pure water (concentration [H,0],) is:
| [H,0] ks -+ ks THLOl,
[H,Oly ks + £4'[H,O] + k,’[methanol]
This reduces to R = [H,0]/[H,0], = 0.85 in 15 vol.%, methanol if Steps 3 plus 4 are rate-limiting
(i.e. ky > kg’ [H,0] 4 R, [methanol}) and to R = [H,0]/([H,O] + (k,'/k;") [methanol]) if Step 2

is rate-limiting. In 15 vol.% methanol [methanol] = 3.7 M and [H,0] = 47 M. In the hydrolysis
of BAA the ratio of ,/k;" is 5.6. This yields R = 0.69 in 159, methanol if Step 2 is rate-limiting.
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sec™l) fit their data just as well”, without any further assumptions regarding these
experimental parameters. Hence these experimental data alone do not allow any
conclusion about the identity of K, and keat and hence no conclusion about which
step is rate-limiting. Therefore the experimental data of WHITAKER AND BENDER do
not actually conflict with our results.

It may at first seem surprising that there is so little difference in the %, values
of the four BA derivatives of Table I, since in OH—-catalyzed hydrolysis of esters and
amides there are large differences in rate of hydrolysis, as shown by the examples of
Table III, second column. However, two points are to be considered. First of all, in

TABLE III

RATE CONSTANTS OF ACID- AND BASE-CATALYZED HYDROLYSIS OF ESTERS AND AMIDE OF ACETIC
ACID AT 25°

OH~-catalyzed H~*-catalyzed

k Ratio Ref. k Ratio Ref.

(M-1-sec™1) No. (M-1-sec™1) No.
Methyl 15.2-1072% 1.6 18 1.35-107%" 1.2 20
Ethyl 9.8-1072" 1.0 19 1.12-107% 1.0 22
Amide 4.7 107%" 5.0-107% 21 6.6-1076 0.06 20
Benzyl** 7.0:1072 1.0 23 3.1-107% 1.0 23
Phenyl** 0.54 8 23 2.8-107% 0.9 23
m-Nitrophenyl** 5.5 8o 23 1.9-1075 0.6 23

* Calculated for 25° from the available data.
** In 609, (by vol.) acetone.

papain the attacking agent is not the nucleophilic OH-, but a thiol group is involved
(possibly in non-ionized state). Secondly the activation energies in enzyme reactions
are generally lower than those of nonenzymic reactions. Since differences in rates
between related compounds like esters are the result of a delicate balance between the
effects of activation energy and activation entropy, one cannot make any certain
predictions, if at least one of these factors is changed, on comparing different types of
catalysis. This is illustrated by the data in Table III. In acid-catalyzed hydrolysis the
differences are considerably smaller than in base-catalyzed hydrolysis. Other such
examples can be given?. The data in the lower half of Table III even show a reversal
of the differences. Therefore one need not be surprised that papain, in the case of
specific substrates, may not always “mind”’ very much which derivative it hydrolyses.
The data suggest that papain action has something in common with H+-catalyzed
hydrolysis. The inference is that, in comparing ket values of various esters and amides
of one acid, even small differences may be significant. Strictly speaking, even com-
plete equality of keat values does not absolutely prove that deacylation is rate-limiting,
although such a conclusion is the most likely one and therefore is justified in most
cases.

In a previous paper a similar kind of investigation, of the reaction of papain

* Including an almost straight line in their 1/K, versus keat/Km plot (Fig. 5 of ref. 8).
Hence the interpretation of such a plot proposed by WHITAKER AND BENDER should be regarded
with caution.
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with cyanate was reported!®. This (reversible) reaction too occurs with the thiol
group. In both cases the thiol group of papain is far more reactive than is the thiol
group of cysteine: 3000 times in the case of cyanate and even 30000 times in the case
of CAA. Most remarkable is the effect of BAEE in these two cases: a partial protection
of papain against cyanate and no protection against CAA. This difference is not simply
a matter of charge, since both reagents are ionized at pH 6, nor of size, since the larger
molecule (CAA) is not hampered by substrate whereas the smaller one is. A different
type of reaction mechanism is possibly involved. These phenomena deserve further
investigation.
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