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Evidence has accumulated during the last few years
which strongly supports the description of the reac-
tions catalysed by a number of hydrolytic enzymes
in terms of the three step mechanism, eq. (1), involv-
ing the intermediacy of an enzyme-substrate complex
(ES) and an acyl-enzyme (ES’) [1—8]. One of the
enzymes

k1 ky o 3
E+S<TC—:>_ ES —>ES — E+P, 1)
— +P1

for which the evidence in favour of this type of ki-
netic mechanism is particularly convincing is papain
(EC 3.4.4.10). Thus Lowe and Williams [8] convinc-
ingly demonstrated that the papain-catalysed hydro-
lysis of methyl thionohippurate invoives the forma-
tion of an acyl-enzyme intermediate in which the
acyl moiety of the substrate is linked to the active
centre cysteine residue by a thiol ester bonu. One of
the major problems in the study of enzyme catalyses
described by eq. (1) is the isolation of values for the
first order rate constants for both acylation (k,) and
deacylation (k3) or at least the assessment of their
relative magnitudes. The recent approaches to the
solution of this problem by Whitaker and Bender [9]
and by Sluyterman [10] yield conflicting results
when applied to papain-catalysed hydrolyses. Whit-
aker and Bender determined &k, and k3 separately
for the papain-catalysed hydrolysis of BAEE * and

* Abbreviations used: BAA, a-N-benzoyl-L-arginine amide;
BAEE, a-N-benzoyl-L-arginine ethyl ester; BGEE, benzoyl-
glycine ethyl ester; CA, chloroacetamide; CAA, chloroacetic
scid; IA, iodoacetamide.

North-Holland Publishirg Company —~ Amsterdam

found that k,/k5 is ca. 3, i.e. deacylation is marginally
rate-limiting. Sluyterman, however, concluded from
his analysis that for the BAEE hydrolysis k5, <k, i.e.
acylation is rate-limiting. In an attempt to interpret
the kinetics of bromelain-catalysed hydrolyses, we
recently applied the analysis devised by Whitaker and
Bender and suggested that the binding of BAA to
bromelain may involve a strong non-productive com-
poneni {11]. This together with the possibility that
non-productive bindin;, may be generally a significant
feature in enzyme-substrate interaction (e.g. [12])

led us to consider the effect of non-productive binding
on the kinetic analyses devised by Whitaker and Ben-
der and by Sluyterman to ascertain whether this

could account for their apparent incompatibility.

We report that if the enzyme binds the substrate
not only in such a way that acylation occurs but also
in a mode that will not permit acylation (non-produc-
tive binding) the anaiysis of the k ,;—K (app) data
by a method analogous to that of Whitaker and Ben-
der yields the correct value for k3 but a low estimate
of k5. Thus non-productive binding would serve only
to enhance the degree io which deacylation appears
from the analysis of Whitaker and Eender to be rate-
limiting in the papain-BAEE system. We report also
that the Sluyterman analysis when modified to take
account of non-productive binding does not now allow
assessment of the relative magnitudes of k and k3.
This extended treatment demonstrates that Sluyter-
man’s findings that whereas BGEE protects papain
from alkylation by CAA, BAEE offers no protection,
may be explained without contradicting the results
of the Whitaker and Bender analysis if BAEE binds

to papain in a non-productive mode.
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Modification of the Whitaker and Bender analysis

Extension of the acyl-enzyme mechanism, eq. (1),
to include the binding of the substrate by the enzyme
in modes which will not permit acylation may be re-
presented by eq. (2) in which SE is the enzyme-sub-
strate complex or complexes which cannot give rise
to the acyl-enzyme ES'.

E+Sek——ES ES’' ———rE+P2 )
+P
killk_q
SE

Application of the steady state treatment to eq. (2)
yields the rate equation (3), in which the various pa-
rameters are defined by eqs. (4)—(6).

Py Py {kaksKy/esKpn kK ko KD} ETIS]

dr ~dt T [S1+k3K K (k3K +hsK HE,KD)
3)
[E1] = [E] + [ES] + [SE] + [ES] “4)
Ky =(k_y thky)lky (5)
Ky =k /K . (6)

The constants of eq. (3) are related to those of the
usual Michaelis-Menten equation (7) by egs. (8) and

©9).

(app)
E+S =25 ES— L E+p )
Keat = Kok /{ (k3K o [K}) + Ry + g } (8)

K (@pp) = k3K [{ (3K /KD + Ky + K3} (9)

Equations analogous to egs. (8) and (9) have been
derived previously [13] for the two-step kinetic mech-
anism, eq. (7). Comparison of eqs. (8) and (9) with
the analogous egs. (10) and (11) which result from
the steady state treatment of eq. (1) demonstrates that
non-productive binding would result in low experi-
mental estimates of both &k, and K, (app) but that the
ratio & ,,/K_ (app) would be unaffected, where
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keat = Kok3l(ky + K3) (10)

(1)

and
K (app) = k3K [(ky + k3) .

When non-productive binding may be neglected
ie. K = 0, eqs. (8) and (9) reduce to egs. (10) and
(11) respectively. If it is assumed that k_; > k,, egs.
(8), (9) and (11) become eqs. (12), (13) and (14),
respectively, in which K is the dissociation constant
of ES, ie. k——l/kl .

Keat = kokes /{3 K JK) + iy + g } (12)
Kin(app) = k3K /{(k3K JK) +hy +k3}  (13)
Ky (app) = k3K /{(ky + k3 )} (14)

Eq. (15) follows both from egs. (12) and (13) and
from egs. (10) and (14).

(15)

If k5 is eliminated from egs. (13) and (15), eq. (16)
results:

kcat/Km(app) = kZ/Ks .

Keat = k3 ~ k3K (app) (Ky + KDIK K, . (16)
This may be compared with the Whitaker and Bender
equation (17) for the system in which non-productive
binding is neglected, which results from elimination of
k, from eqs. (14) and (15).
Keat = k3 — k3K (app)/K a7
If k3 and K are independent of pH, eq. (17) predicts
that a plot of &, against K (app) for data obtained
at various pH’s will be linear with intercepts of k3 and
K, on the k_,, and K, (app) axes respectively. If the
same data were analysed using eq. (16) which takes
account of the possibility of non-productive binding,
the intercept on the k,; axis would still be k3 but
the intercept on the K (app) axis would be
KK /(K +K;) instead of simply K. Thus although
this method of analysis provides the correct value for
k4 it provides a low estimate of K if non-productive
binding is of significance and hence a low estimate of
k, which is obtained by substitution of K into eq. (15).
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Modification of the Sluyterman Analysis

The Sluyterman method of determining whether
acylation or deacylation is rate-limiting in a given
papain catalysed hydrolysis consists in the measure-
ment of the rate of inactivation of papain by alkyla-
tion with CAA of the active centre thiol group, in the
presence of various concentrations of substrate.

According to eq. (1), total active enzyme is pres-
ent in three states E, ES and ES'. In ES’ the thiol group
is linked covalently to the acyl moiety of the substrate
and therefore cannot undergo alkylation by CAA. The
rate of inactivation may be represented, therefore, by
eq. (18) in which k¢ and k_ are the inactivation rate
constants of E and ES respectively and & is the exper-
imentally determined pseudo first order rate constant
for the inactivation divided by the concentration of
CAA.

Rate = k[Eq] = k¢[E] + k [ES] . (18)

Eqgs. (19) and (20) which result from the steady state
treatment of eq. (1), the conservation eq. (21), and
eq. (18) may be combined to yield eq. (22).

[ES'] ={ky/k3 }[ES] (19)
[E] = [ET]1K,(app){ [S] + Ky (app)}  (20)
[Ex] = [E]+ [ES] + [ES] (21)

k.k K (app)
k= ke c3 m + c3(22)
kytks| [S] + K, (app) kytky

In egs. (20)—(22) K, (app) is defined for eq. (1) by
eq. (11). Eq. (22) predicts that a plot of k against
K . (app)/ {[S] +K (app)} will be linear. This was
observed when both BAEE and BGEE were used as
substrates. It follows from eq. (22) that when [S] =0,
k is given by eq. (23) and when [S] = oo, k is given by
eq. (24).

k=k¢ (23)

k=keks/(ky+k3) . oLy
When BGEE is used as substrate the straight line ob-
tained in the plot of k against K | (app)/{ [S] +Km(app)}
extrapolates at [S]=0 to a value of k¢ which is closely
similar to that measured in the absence of substrate.
The extrapolation of the plot to
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K (app)/ {[S] +Km(app)} =0,

ie. [S] = oo, yields k k3/(k, + k3) = 0. From this re-
sult Sluyterman concluded that k, > k5 for the BGEE
hydrolysis. He rejected the alternative possibility, that
k. =0, because his interpretation of his analysis for the
hydrolysis of the larger substrate BAEE (see below)
provides a value for k;, for this system which is equal
to kf.

For the BAEE hydrolysis the plot of k against
K (app)/ {[S] +K (app)} gives a straight line paral-
lel to the K, (app)/1 [S] + Km(app)} axis and the
mean value of X is closely similar to that of k; meas-
ured in the absence of substrate. Because the line is
horizontal, extrapolation to zero and infinite sub-
strate concentrations yield equal values of %, i.e.,
k¢ =k k3/(k,+k3). Sluyterman rejected a fortuitous
compensation of k, by k3/(k, + k3) which would
make the whole expression equal to k; and concluded
instead that &k = k; which implies that k, <kj.

The result of this analysis i.e. k, = k; seems to us
to be most unlikely if ES represents an enzyme-sub-
strate complex which leads to acylation as shown in
eq. (1). Since BAEE is a trifunctional substrate, bind-
ing of the benzoylamino group and the guanidine side
chain to the p; and p, sites of papain will result in the
alignment of the carbethoxy group of BAEE with the
p3 site which contains the reactive thiol group. Thus
the reactivity of this thiol group towards CAA when
BAEE is bound with its carbethoxy group in close
proximity to it (reflected in k) would be expected
to be considerably different (probably much lower)
from that of the thiol group of the free enzyme (re-
flected in ky), i.e. as with BGEE. This great difficulty
would not arise if BAEE were bound to papain also
in a non-productive mode, i.e. in such a way that no
large part of the BAEE molecule were aligned with
the reactive thiol group of the enzyme.

The consequences which non-productive binding
would have on the significance of the Sluyterman
analysis may be determined by deriving an equation
analogous to eq. (22) using as a basis eq. (2) instead
of eq. (1). The rate of inactivation previously given
by eq. (18) is now given by eq. (25) in which & is
the inactivation rate constant of the non-productive
complex or complexes (SE).

Rate = k[Ey] = k¢[E] +k,[ES]+k4[SE] . (25)
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Egs. (26) and (19) which result from the steady state
treatment of eq. (2), the conservation equation, (4),
and eq. (25) may be combined to yield eq. (27). Eq.
(26) takes the same form as eq. (20) but in eqgs. (26)
and (27), K (app) is defined for eq. (2) by eq. (28)
and not by eq. (11).

[E] = [Ex]K(app)/ {[S] + Ky (app)}  (26)

ks [ kks\ [S]  kylS]
k= kf — s — + 7
kytky \kytks/ K K
K k. k
[S1+K(app)  kp +k3

K., (app) = k3K K /(ko Ky + k3K + k3K )
(28)

Eq. (27) predicts, as does eq. (22), that extrapola-
tion to [S] = 0 will provide a rate of inactivation iden-
tical with that measured in the absence of substrate,
i.e., that given by eq. (23). The difference between
eqs. (22) and (27) lies in the expression for the rate of
inactivation obtained by extrapolation to [S]= oe. If
[S]> K, (app), eq. (27) becomes eq. (29) and when
[S] = oo this becomes eq. (30) which gives the value
of k obtained by extrapolation of [S] to .

ml3PP) {161 ~ \k, 5,/ [S] T \k,+k/ K, K,
koks
AT (29)
k=kaKm(app) kcks K. (app) 30)
K ky+tky |” K )

Eq. (30) may be compared with eq. (24) which gives
the value of k obtained by extrapolation of [S] to o
when non-productive binding is not considered.

When non-productive binding may be neglected, i.e.
K~ =, eq. (30) reduces to eq. (24). If non-productive
binding features in the interaction of enzyme and sub-
strate, however, eq. (30) does not readily allow an es-
timation of the relative magnitudes of k and k5.

We have shown that non-productive binding of
BAEE by papain would not affect the value of k3
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obtained by the method of Whitaker and Bender but
would result in a low estimate of k, obtained by this
method. We would like to propose an alternative in-
terpretation of Sluyterman’s data in terms of eq. (30)
which is not in conflict with the result of the Whit-
aker and Bender analysis of the papain-catalysed hydro-
lysis of BAEE.

When BAEE binds to papain in a productive mode,
i.e. in such a way that acylation of the reactive thiol
group of papain occurs, it seems likely that the car-
bethoxy group of the substrate would protect the thiol
group from alkylation by CAA, i.e. k. <ky. If £, =0,
eq. (30) becomes eq. (31).

k=kyK,, (app)/K} . 31

If this condition obtains, the inactivation at infinite
substrate concentration consists entirely of reaction of
CAA with papain carrying substrate bound in a non-
productive mode. Since the rate of inactivation at in-
finite substrate concentration is equal to k¢, eq. (31)
becomes eq. (32).

k¢ = kyK, (app)/K . (32)

Since it can be shown from eq. (28) that K must be
greater than or equal to K (app), the implication of
eq. (32) is that k4 must be greater than or equal to
k. If k4 = k¢, the non-productive binding of BAEE
to the enzyme does not change significantly the reac-
tivity of the thiol group towards CAA. If this is the
case, Ky =K (app) i.e. the binding of BAEE is very
largely non-productive. If k4 > k; by the ratio
K¢ /K, (app), the non-productive binding of BAEE
has resulted in an increase in the reactivity of the
papain thiol group. It is of interest in this connection
that the reactivity towards alkylation by CA and 1A
of the reactive thiol group of the closely related en-
zyme ficin (EC 3.4.4.12) was found to be increased
by the presence of substrates and products [14].
Such an effect is possible if the binding results in a
change in the nature of the environment of the thiol
group by conformational changes. Eq. (30) shows
that if K = K, (app), it is not necessary to assume
that k. = 0 to obtain the result that k (= k¢) = ky4..

In the case of the papain-BGEE system, we sug-
gest that non-productive binding as defined above
does not contribute greatly to the binding of this
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substrate by papain. Whereas BAEE is a trifunctional
substrate, BGEE is only bifunctional which means
that even “wrong-way binding” can be productive in
the sense that it can sterically align the carbethoxy
group with the thiol group of the enzyme. We have
shown above that when non-productive binding may
be neglected, eq. (30) reduces to eq. (24). We sug-
gest that the full protection which BGEE affords
papain towards alkylation by CAA is explained most
readily in terms of eq. (24) if it is assumed that K =0.
In this case, this method of analysis provides no infor-
mation about the relative magnitudes of k5 and k3.
Theoretically there is no need to make the assump-
tion that binding of BGEE does not involve a sub-
stantial non-productive component, if k4 = 0. Since
the above discussion assigns a non-zero value to k
for the papain-BAEE system, however, it seems un-
likely that k4 for the papain-BGEE system would be
ZEro Or near zero.
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