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The carboxypeptidase A-catalyzed hydrolysis of O-[trans-(cY-benzoylaminocinnamoyl)]- 
L-mandelate was kinetically investigated under the condition of either S, % E, or S, < E, at 
-4.l”C and pH 7.5. Analysis of the data obtained under both conditions revealed that an 
intermediate (ES’) other than the Michaelis complex (ES) should accumulate in significant 
concentrations compared with S, when S, < E,. The absorbance changes observed when S, 
< E, were analyzed with non-steady-state rate expressions by assuming that the accumulat- 
ing intermediate ES’ is the product of a side equilibrium unrelated to the main reaction path. 
The values of kinetic parameters thus calculated, however, indicate that ES should be 
preferentially converted into the products instead of ES’. Thus, ES’ cannot accumulate if 
the reaction proceeds through this mechanism. On the other hand, analysis of the non- 
steady-state kinetic data on the basis of the productive nature of ES’ showed that ES’ 
accumulates under the present conditions. Therefore, the non-steady-state kinetic data 
indicated that the accumulating intermediate is present on the main reaction path instead of a 
side equilibrium. The possible structure of ES’ of the present reaction is discussed in the 
light of previously reported kinetic and trapping experiments. D 1989 Academic PXSS, IN. 

In the mechanistic studies of carboxypeptidase A (CPA)2 (EC 3.4.17.1), the 
most controversial issue has been whether the Glu-270 carboxylate acts as a 
general base or as a nucleophile (Z-19). 

During the CPA-catalyzed hydrolysis of O-[trans-(a-acylaminocinnamoyl)]-L- 
P-phenyllactate (la, lb), accumulation of stable intermediates in near quantitative 
yields was observed at -2°C spectrophotometrically (4). The first-order rate con- 
stant for the breakdown of the intermediate was identical with k,,, . The k,,, value 
was almost the same for la and 0-[ trans-(a-benzoylaminocinnamoyl)]-L-mandel- 
ate (2) and was independent of pH for both la and 2 (4,5). In addition, the K,app 
values for la, lb, or 2 were much smaller compared with other L-P-phenyllactate 
or L-mandelate ester substrates. The results obtained with la, lb, and 2 were 
explained in terms of the nucleophilic mechanism, assuming that the accumulating 
intermediate is the anhydride formed between the acyl portion of the substrate 
and the Glu-270 carboxylate of CPA (4, 5). 

’ To whom correspondence should be addressed. 
* Abbreviation used: CPA, carboxypeptidase A. 
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la: R = phenyl, n=l 
lb: R = 2-naphthyl, n = 1 

2: R = phenyl, n = 0. 

In the determination of mechanisms of chemical reactions, identification of 
intermediates plays a key role. Even if an intermediate accumulates and is de- 
tected in a reaction mixture or isolated from it, however, this is not conclusive 
proof that it is a true intermediate lying on the path from reactants to products. It 
could well arise from a side-equilibrium, unrelated to the main reaction (20). 

In uni-substrate enzymatic reactions, accumulating intermediate ES’ in Scheme 
I represents a productive intermediate, while that in Scheme II stands for a side- 
equilibrium product.3-5 

Scheme I 

E + S + ES $= ES’ ~E+Pi 
I 

z The following schemes may be regarded as alternative forms of Scheme II: 

E+S 

E + S + ES + 
I 

kz 

ES’ 

If  ES and ES* are in rapid equilibria with E and S,“ these schemes are kinetically identical with 
Scheme II. Alternatively. complexes (e.g., EP,PJ formed between the enzyme and the products may 
exist on the reaction course of transformation of ES’ (Scheme I) or ES (Scheme II) into the product. 
However, it is easy to judge whether such complexes can accumulate under the experimental condi- 
tions. When such complexes do not accumulate in significant amounts as in the reaction of CPA 
presented in this article, it is not necessary to include such complexes in the reaction scheme. 

4 In the study of the pre-steady-state kinetics under the conditions of S, + E, for the CPA-catalyzed 
hydrolysis of dansyl-containing ester and peptide substrates using spectrofluorometry at sub-zero 
temperatures (14). it was established that the equilibrium between S, E, and ES is reached within the 
mixing period of the stopped-flow apparatus (14). When analyzed according to Scheme I. the pre- 
steady-state kinetic data indicated the presence of the k-? step. Analysis of the pre-steady-state kinetic 
data for the formation and breakdown of ES’ led to the values of K, (= k-,/k,), k2, k-*, and k, of 
Scheme I. The kinetic data are. however. also compatible with Scheme II. The pre-steady-state kinetic 
data, therefore, cannot differentiate Scheme I and Scheme II. 

’ The peculiar behavior manifested by the steady-state kinetic data for the CPA-catalyzed hydrolysis 
of la, lb, and 2 which have been explained (4.5) in terms of Scheme I may be also accounted for with 
Scheme II by making some necessary assumptions. 
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Scheme II 

E+S 

ES’ 

In the CPA-catalyzed reactions or in any other chemical reaction in general, the 
accumulating intermediate does not provide any decisive information on the 
mechanism of the main reaction path, unless it is clarified that the intermediate is a 
productive one. In the present study, non-steady-state kinetics6 of the CPA-cata- 
lyzed hydrolysis of 2 are investigated. As is presented in this article, the kinetic 
data are compatible with Scheme I, but are inconsistent with Scheme II. The 
present results, therefore, reveal that the accumulating intermediate is a produc- 
tive one. 

EXPERIMENTAL PROCEDURES 

Materials. Substrate 2 was prepared as described previously (5). Carboxypepti- 
dase A, was purchased as a suspension in tolueneiwater from Worthington 
(Cooper Biomedical). Preparation of the stock solutions and the assay of the 
enzyme activity were performed as reported previously (4). 

Kinetic measurements. Reaction rates were measured with a Beckman 5260 
UV/Vis spectrophotometer by following the absorbance changes at 310 nm. At 
this wavelength, CPA (<2 x 10e4 M) and L-P-phenyllactate (<3 X 1O-4 M) do not 
absorb and the absorbance changes observed during the CPA-catalyzed reaction 
of 2 are attributable to the substrate, the enzyme-substrate complexes, and trans- 
(a-benzoylamino)cinnamate. The extinction coefficient of 2 at 310 nm was greater 
than that of truns-(tr-benzoylamino)cinnamate by about 4500 M-* cm-’ under the 
experimental conditions. When S, , the initially added concentration of 2, was 
22.9 x lop5 M (Table l), the reaction rates were followed by using cuvettes with a 
l-cm light path. When S, was 0.61 x 10e5 M, however, a specially designed 
cuvette with a 4-cm light path was employed. Temperature was controlled at -4.1 
? 0.2”C with a Lauda Brinkman T-2 circulator. The pH of the reaction mixtures 
was adjusted at 7.50 with 0.05 M N-2-hydroxyethylpiperazine-N’-Zethanesulfonic 
acid, and the ionic strength maintained at 1.0 M with sodium chloride. pH mea- 
surements were carried out with a Dongwoo DP-215 pH meter. 

RESULTS 

The steady-state kinetics of the CPA-catalyzed hydrolysis of 2 were measured 
at -4.l”C under the condition of S, + E, (S, ; 0.4 - 3 x low4 M, E, (total enzyme 
concentration); 1.45 x 1O-6 M), as described previously (4). From the linear plot 

6 The term “non-steady-state kinetics” refers to the systems in which the kinetic data cannot be 
analyzed either by the pre-steady-state rate expressions or by the steady-state rate expressions. 
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TABLE 1 

Conditions of the Non-Steady-State Kinetic Measure- 
ments for the CPA-Catalyzed Hydrolysis of 2 and the 

Values of the Pseudo-First-Order Rate Constants 

EO 
(10-T M) 

E,” 
(lo-’ M) 

SO 
(IO-5 M) 

k 
(lo-’ s-,1 

17.6 16.3 (16.6) 
13.5 12.5 (12.7) 
10.5 9.73 (9.88) 
8.20 7.63 (7.73) 
7.03 6.57 (6.66) 
5.88 5.80 (5.81) 
5.86 5.48 (5.54) 
3.92 3.86 (3.87) 
2.94 2.89 (2.90) 
1.96 1.93 (1.93) 
0.98 0.96 (0.96) 

5.15 14.5 
4.64 11.4 
4.06 9.28 
3.48 6.66 
3.09 6.49 
0.61 4.99 
2.90 5.60 
0.61 3.21 
0.61 2.57 
0.61 1.51 
0.61 0.91 

0 The values indicated outside the parentheses were 
calculated as mentioned in footnote 7. The values in 
parentheses were obtained as E, = (E, - [ES’],,/2) 
for which [ES’],,, , the maximum concentration of ES’ 
accumulating during the reaction, was calculated by 
using the values of F and G estimated from the non- 
steady-state kinetic data shown under Discussion and 
in Fig. 5. 

of E,/u, vs l/S, which is illustrated in Fig. 1, the k,,, value of (1.32 + 0.07) x lo-? 
s-r and the K,app value of (1.54 ? 0.09) x 10e4 M were obtained. 

The absorbance changes at 310 nm were also measured under the conditions of 
S, < E, at -4.l”C. The values of E, and S, for each run are listed in Table 1. The 
absorbance change of a typical reaction is illustrated in Fig. 2. The plots of log Abs 
against time (t) (Abs; absorbance value at each t minus that at t = 03) were linear 
for at least two half-lives in the reactions measured under the conditions of S, < 
E,, and the pseudo-first-order rate constants (k,) were calculated from the loga- 
rithmic plots. 

For the simple Michaelis-Menten scheme of Eq. [I], pseudo-first-order reac- 
tions are observed under the conditions of [E] = E, when steady states are 
attained and the corresponding pseudo-first-order rate constants are represented 
by Eq. [2]. The linear transform of Eq. [2] is Eq. [3]: 

k, = kat[EIW,wp + [El1 PI 

Ilk = K,mp~kd(~~[El) + Ilkat. [31 

The value of [E] can be maintained constant at E, during the reaction if E, + S, . 
However, the spectral property of 2 did not allow kinetic measurements at very 
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FIG. 1. Plot of E,/v, against l/S, for the CPA-catalyzed hydrolysis of 2 under the conditions of 
S, a E,. 
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FIG. 2. Absorbance readings at 310 nm and -4.l”C (light path; 4 cm). (A) The absorbance observed 
for la and 2 (S, = 0.61 x 10m5 M) in the absence of CPA; (B) the absorbance change observed after 
mixing 2 (S, = 0.61 x 10-j M) with CPA (E, = 3.92 x 10m5 M) (the solid line represents the data fitting 
according to pseudo-first-order kinetics); (D) the absorbance observed immediately after mixing la 
(S, = 0.61 x 10e5 M) with CPA (E, = 3.92 x 10e5 M); (C) the absorbance of the hydrolysis products for 
la or 2 ([PJ = 0.61 X 10m5 M). 
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FIG. 3. Plot of Ilk, against l/[E] for the CPA-catalyzed hydrolysis of 2 under the conditions of S, < 
E,, (0, data points obtained by using [El, as [El; 0, those obtained by using E, as [El). Line A 
represents the line obtained by the linear regression of data points, 0. Line B is the hypothetical line 
constructed by assuming that the reaction proceeds through the mechanism of Eq. [l] and by using the 
k,,, and &app values obtained from the steady-state kinetic data. Lines C and D are the hypothetical 
lines constructed by assuming that the mechanism of Scheme II is operative and by using the k2/k3 
values of 0.3 and 0.2, respectively, as indicated under Discussion. 

small S, concentrations. The upper limits ([EX],,,) for the concentrations of the 
enzyme species containing substrate or products was calculated by using the 
observed value of K,app.7 The median value (E,) of [E] obtained by correcting E, 
with this upper limit concentration (E, = E, - [EX],,,/2) are indicated in Table 1 
for each run measured under the conditions of S, < E, . Comparison of E, and E, 
indicates that [El is kept at E, within +2 - 6% during the courses of the reaction 
under the present conditions. 

The values of l/k, measured under the conditions of S, < E, for the CPA- 
catalyzed hydrolysis of 2 are plotted against l/[E] in Fig. 3. Line B of Fig. 3 
represents the theoretical line constructed according to Eq. [31 by using the k,,, 
and K,app values which were obtained from the steady-state kinetic data mea- 

7 The maximum amount of ([ES] + [ES’]) is calculated by assuming that ES’ as well as ES reach 
steady states immediately after mixing 2 with CPA. Binding of L-mandelate (K, = ca. 2 mM) (9) can be 
ignored under the present conditions. 
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sured under the conditions of S, % E,. The values of k,,, and K,,,app calculated 
from line A of Fig. 3 according to Eq. [3] are about 10 times greater than the values 
of kcat and K,,,app calculated from the steady-state kinetic data. The absorbance 
changes measured under the conditions of S, < E,, therefore, do not represent 
steady-state kinetics. 

Since it is highly unlikely that the formation of the ES complex does not reach 
equilibrium or a steady state within several minutes4 the simple Michaelis-Men- 
ten scheme of Eq. [I] does not adequately describe the reaction. Instead, the 
analysis of the kinetic data measured for the CPA-catalyzed hydrolysis of 2 under 
the conditions of S, < E, requires the presence of the ES’ complex as in Schemes 
I and II. In addition, the formation of ES’ is not to reach a steady state for the 
CPA-catalyzed hydrolysis of 2 under the present conditions of E, > S,. If a 
steady-state is attained for ES’ of Scheme I or Scheme II, the kinetic data should 
obey Eq. [3] for which kcat and K,app are expressed by the equations summarized 
in Table 2. Furthermore, ES’ must accumulate in significant concentrations in 
comparison with S, during the course of the reaction in order for the absorbance 
change to manifest noticeably anomalous behavior. 

TABLE 2 

Expressions of k,,, and K,,,app for Schemes I and II 

Scheme Parameter Expression Condition Eq. No. 

fLaw 

Kapp 
Kmp 

k2k3/(k2 + k3 + km2) 

k, 
(kzks + k-,k3 + k-,k-J 

kdk2 + k3 + k-2) 

K,lr,+--- k-,k-* 

k2 k&2 

K(k, + k-dlh 
<K, = k-,lk, 

k,l(l + kJk_,) 

k3km2/k2 

U-, + k3) 
k,(l + k,lk-*) 

= K,,,/(l + k21km2) 
where K,,, is (k-, + k3)lk, 

K,,,km2/k2 

Kskmzlkz 
where KS = k-,lk, 

kz + (k3 + k-J 

kz 9 (k, + k-# 

and k-, % kzb 

k2 % k-y 

k2 s ke2” 

k2 + km2” 
and km, %- k3b 

141 
151 

161 

l71 

181 

191 
[lOI 
1111 

1121 
]I31 

a For ES’ to accumulate, [ES’] + [ES] at a steady state, since [ES] is negligible 
compared with S, in the CPA-catalyzed hydrolysis of 2 under usual experimental condi- 
tions. Then, k2 % (k3 + k-J for Scheme I and k2 9 km2 for Scheme II. 

b See footnote 4. When rapid equilibrium is attained among E, S, and ES, K, = Km. In 
the case of the rapid equilibration, k-, % k2 for Scheme 1 and km, % (k, + k,) for Scheme 
II. 
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TABLE 3 

Expressions of Non-Steady-State Kinetic Parameters and 
Their Relationship with Steady-State Kinetic Parameters 

for Schemes I and II 

Parameter Scheme Expression 

A I, II {G + (G* - 4FP}/2 
B I, II {G - (G* - 4F)“*}/2 
c I, II (WK)MEl~(B - A)(1 + [El/K) 
D I k-? + k, 

II km2 
FO I. II IIEl41 + WKJ 
Gb 1. II J[E]I(I + [El/K,) + D 
I I kzklK., 

II km,k,lK, 
J I k21K, 

II (k, + k?)lK, 
k cat I IIJ’ 

II Il(J - IID)< 

Ksp I DIJC 

II Dl(J - l/DY 

kc,,lKmapp I, II IID< 

d F is (A x BL 
h G is (A + B). 

( Derived under the conditions of k2 % (k, + km2) and km, % 
kz for Scheme I and those of kz % km2 and km, % 6, for Scheme 
II. See footnotes of Table 2. 

The non-steady-state expressions of [S], [ES], and [ES’] for Schemes I and II 
are Eqs. [14]-[16] which are derived as indicated in Appendix. The expressions of 
A, B, C, and D contained in Eqs. [14]-[16] are given in Table 3. 

[S] = (K,I[E])(-CIkJ{(A - D)eeA’ - (B - D)eeB’} [I41 

[ES] = (-ClkJ{(A - D)eeA’ - (B - D)eeB’} [151 

[ES’] = C(ePAf - eeBt). iI61 

The expression of Abs of the reaction mixture for Schemes I and II is given as 
Eq. [17]: 

Abs = AES[S] + A&&ES] + AEES*[ES’] 

= [Abs,l(A - B)X(A - H)eMA’ - (B - H)emB’} [I71 

H = D + (kZIKs)[E]A~~s*l{A~s + A.T&E]/K,~}. [If31 

Here, Abs, is Abs at t = 0, and AQ, AeES, A&W, are the molar extinction 
coefficients of S, ES, and ES’, respectively, relative to that of Pi. 

The absorbance changes observed under the conditions of S, < E, can be 
analyzed in terms of Eq. [ 171, leading to the values of parameters Abs,, A, B, and 
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H when the absorbance changes deviate significantly from pseudo-first-order ki- 
netic behavior.* Then, from the dependence of F (= AB), G(= A + B), and H on 
[El (Table 3), the values of D, I, and J are obtained. As summarized in Table 3, 
comparison of Z/J or Z/(J - Z/D) (estimated from the non-steady-state kinetic 
data) with kcat (estimated from the steady-state data) and comparison of D/J or Dl 
(J - Z/D) (estimated from the non-steady-state data) with K,app (estimated from 
the steady-state data) can differentiate Scheme I from Scheme II, unless Z/D is 
negligible compared with J. 

When either A = H or B = H,8 Eq. [17] becomes an expression for a pseudo- 
first-order process with k, representing either B or A, respectively. In this case, A, 
B, and H are not separately estimated, and the analysis of the non-steady-state 
kinetic data reveals only k, values. 

Under these conditions, F and G are related to k, and H by Eqs. [19] and [20]: 

k, = ABIH = F/H iI91 

k,+H=A+B=G. PO1 

From Eq. [19] and the definitions of H and F, 

Ilk, = D{l + [El/K,}/Z[E] + (1 + [El/K,}L/{l + AE~~[EI/AEsK~} PII 

L = (k21Ks)A~sS~/ZA~S. w 

When [El e KS and [El+ K,(A.ss/A~ss),~ Eq. [21] becomes 

Ilk, = (D/Z)(l/[E]) + L. WI 

As indicated by Eq. [23], l/k, is linearly related to l/[E] (Fig. 3). When E, was 
taken as [El, D/Z of (1.09 ? 0.04) x low2 s M and L of 8.7 -t 15 s were obtained 
(10). 

From Eq. [20] and the definitions of G and H, 

k, = {J/(1 + [El/K,) - IL/(1 + A.sss[El/A~sKs)}[E]. 1241 

When [E] + KS and [El < K,(A&slA~ss),~ 

k, = (J - ZL)[E]. La 
As predicted by Eq. [25], k, is proportional to [El (Fig. 4). When E, was taken as 
[El, J - IL of 90.8 + 2.5 s-i M-I was obtained and, therefore, J can be expressed 
as (90.8 + 2.5) + (8.7 2 15)Z s-i ~-t.tO 

* Whether the absorbance changes deviate significantly from the pseudo-first-order behavior or not 
depends on the relative magnitudes of Aes, BE as, and Asas. as well as the kinetic parameters included 
in Schemes I and II. 

9 Considering the K,,, values (5,9) of other mandelate ester substrates, K, of 2 can be estimated as >l 
mM. If the spectral properties of 2 are not altered greatly upon complexation with CPA, Asas would be 
similar to Aas. The linearity seen with the plots (Figs. 3 and 4) of k, against [El and l/.4, against l/[E] 
validates the assumptions of [El a KS and [E] 4 A.ssKsIA~aS. 

lo When E, was taken as [El, the analysis of the linear lines of Figs. 3 and 4 led to D/I of (1.10 ? 0.04) 
X lo-* s M, L of (14 f  14) s, and J of (83.1 + 2.1) + (14 + 14)1 s-r M-I. 



NON-STEADY-STATE KINETICS FOR CARBOXYPEPTIDASE A 73 

10sCEl , M 

FIG. 4. Plot of k, against [El for the CPA-catalyzed hydrolysis of 2 under the conditions of S, < E, 
(0, data points obtained by using [El, as [El; 0, those obtained by using E, as [El). The line is 
obtained by the linear regression of data points 0. 

DISCUSSION 

As indicated under Results, the anomalous absorbance changes observed for 
the CPA-catalyzed hydrolysis of 2 under the conditions of S, < E, requires the 
existence of an additional enzyme-substrate complex (ES’), as in Schemes I and 
II, and its accumulation in a significant concentration during the reaction.” 

Values of various parameters estimated from the analysis of both the steady- 
state and non-steady-state kinetic data in terms of Scheme I or Scheme II are 
summarized in Table 4. For both Scheme I and Scheme II, Z/D represents k,,J 
K,app. The good agreement between the value of Z/D obtained from the non- 
steady-state kinetic data and the value of k,,,lK,app obtained from the steady- 
state-kinetic data indicates the validity of the analysis of the non-steady-state 
kinetic data presented under Results. 

As summarized in Table 3, J - Z/D is Ilk,,, for Scheme II. Then, J - Z/D is 
calculated as -1.0 + 4.2 s-l M-’ as summarized in Table 4, if Scheme II is 
operative.i2 Then, J (91 f 5 s-i M-I) is almost identical to Z/D (92 ? 3 s-l M-t). 
For Scheme II, J and Z/D represent (k2 + k3)lKs and k3/Ks, respectively (Table 3). 
Then, the results of the non-steady-state kinetic measurements indicate that k3 B 

ii In the CPA-catalyzed hydrolysis of la, the substrate is converted into ES’ right after mixing with 
an excess of the enzyme (Fig. 2). This is attributable to the very fast rate of the formation of ES’. In 
addition, ES’ accumulates quantitatively as the rate of its formation is much faster than the corre- 
sponding breakdown process. 

I2 When E, is taken as [E] in the analysis of the plot of Ilk, against l/[E] and the plot of k, against 
[E], the following parameter values are obtained. lo For Scheme II, IID = 91 ? 3 s-r M-’ and J = 81 5 6 
s-i Mm’. For Scheme I, D = 0.014 5 0.003 s-r, Z = 1.3 t 0.3 S* Me’. and J = 100 * 20 s-’ M-I. Thus, 
essentially identical results were obtained when either E, or E, was used as [El in the analysis of the 
non-steady-state kinetic data. 
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k2 if Scheme II is operative. When k3 B k2, ES is converted preferentially into Pi 
instead of ES’, and ES’ cannot accumulate. The non-steady-state kinetic data, 
therefore, are not compatible with Scheme II. 

For Scheme II, I = k,t(k,,tllY,app)(k*/k3), J = (k,,,lK,app)(l + k2/k3), and D = 
kc,,(kz/k3). Thus, I, J, and D may be calculated for each assumed value of k2/k3 by 
using the values of kc,, and k,,,JK,app, if the reaction proceeds through the mech- 
anism of Scheme II. From the slope of the plot of k, against [El, L is expressed as 
(J - 91)/Z s. Based on the I and J values estimated for each k2/k3, L of 53 s is 
expected when k2/k3 = 0.2 and that of 69 s when kllk, = 0.3. By using these L 
values as the intercept and the D/Z value (estimated as lI(K,,,IK,,J) as the slope 
(Eq. f23]), the plots of l/k, against l/[E] expected when kz/ks = 0.2 or 0.3 are 
illustrated in Fig. 3. I3 Thus, if Scheme II is operative, the steady-state kinetic data 
and the plot of k, against [E] obtained from the non-steady-state kinetic data are to 
be associated with a linear line of the plot of 1 Jk, against 1 /[El for the non-steady- 
state data which should be remarkably different from the observed one in order for 
ES’ to accumulate. 

When the accumulating intermediate corresponds to ES’ of Scheme I, J is Z/k,,, 
(Table 3). Then, as summarized in Table 4, the analysis of the non-steady-state 
kinetic data leads to Z = 1.3 + 0.3 S* M-’ and J = 100 f 20 S-I M-I. Consequently, 
from the values of Z/D and kcat, k-2 is estimated as 0.001 +- 0.003 s-l, being 
considerably smaller than k3. The linearity observed in the plots of Ilk, against I/ 
[B] (Fig. 3) and k, against [El [Fig. 4) indicates that K, + 2 x 10e4 M. If K, is 
assumed to be > 1 x 1O-3 M, kz (= KS J; Table 3) is estimated as ~0.1 s-l. Thus, the 
analysis of the non-steady-state kinetic data in terms of Scheme I reveals k2 P 
(k3 + k-*). Under these conditions, ES’ is expected to accumulate (Table 2, foot- 
note a), The non-steady-state kinetic data are, therefore, compatible with 
Scheme I while they are inconsistent with Scheme II. 

Using I, J, and D values estimated from the non-steady-state kinetic data ac- 
cording to Scheme I (Table 4), A, B, and C can be calculated for each [E] (Table 
3).14 Based on these values, [ES’],,,JS, is estimated as 31% when [E] = 1 x 10e4 
M and 20% when [E] = 0.5 X 10e4 M. In addition, mole fractions [SIR&, [ES’]/&, 
and [P]/S, thus calculated are plotted against time under the conditions of [E] = 
1 x 1Om4 M and S, < E, in Fig. 5. 

I3 Based on the values of .I, I, D, and kzlK, (= J/(1 + k,lkz)) which are calculated for each kJk, by 
using the k,,t and k,,lK,app values obtained from the steady-state kinetic data, A, B, and C were 
estimated for Scheme II. With these values, [ES’],,, was estimated for each ktlk,. Ratio [ES’],,,/&, 
thus obtained when kzlk, = 0.2 is 8.5% for 0.5 x 10e5 M [E] and 10.7% for 1.0 X lo+ M [El. Therefore, 
even when [ES’],,,& is only about lo%, the plot of Ilk, against l/[E] should be different markedly 
from the observed results if Scheme II is operative (Fig. 3). 

I4 For Scheme I, (H - D) was calculated as (11 f  20) [El, by using the values of k3 (= kc,,), L, and J. 
Then, (H - D) (the second term of Eq. [18]) is estimated as (1.1 ? 2.0) x lo-) s-l when [E] = 1 x lO-4 
M, while D (the first term of Eq. [18]) is (14 rt 3) x 10-j s-’ regardless of [El. Then, H does not differ 
appreciably from D and the second term of Eq. [18] appears to be considerably smaller than the first 
term. The value of B (0.0083 s-’ when [E] = 1 x 10m4 M and 0.0045 s-I when [E] = 0.5 x low4 M) 
calculated for each [El was similar to the k, values experimentally observed at the corresponding [El. 
The calculated value of A (0.0157 s-l when [EJ = 1 x 10m4 M and 0.0145 s-I when [E] = 0.5 x lO-4 M) 
was very close to the estimated value of H. Thus, His similar to A instead of B under the experimental 
conditions. 



TABLE 4 

Values of Various Kinetic Parameters Estimated by Analysis of Both the Steady-State and the 
Non-Steady-State Kinetic Data According to Schemes I and 110,~ 

Entry 
No. Parameter Scheme I Scheme II Source< 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 
(13) 
(14) 
(15) 
(16) 
(17) 
(18) 

kc,, (s-9 
K,app CM) 
k,,lK,,,app (s-i M-‘) 

IID (SS’ M-‘) 

L (s) 
J - IL (S-’ M-‘) 

J (S-I M-l) 

J - IID (s-’ M-l) 

Ilk,,, (s-’ M-‘) 

I (s-2 M-1) 

J (S-I M-‘) 

D (s-l) 

k, (ss’ 
km2 (s’) 
kz (s-l) 

AQ~JAE~ 
H - D (s’) 

k,lk2 

(1.32 + 0.07) x 10-‘d Fig. 1 
(1.54 2 0.09) x lo-4d Fig. 1 

86 k 5d Fig. 1 
92 2 3“ Fig. 3 

8.7 k 15d Fig. 3 
90.8 + 2.5d Fig. 4 

(90.8 + 2.5) + (8.7 2 15)Id (5). (6) 
(-0.9 t 4.2) + (8.7 + 15)Id (4). (7) 

(76 2 4)1” (1) 
1.3 * 0.3 -0.013 k 0.061 (7). (9)< or (8). (9)f 
100 f  20 91 2 5 (7). (1W 
0.014 + 0.003 (-1.4 2 6.6) x 10-d (4). (10) 
0.013 k 0.001 - (1) 
0.001 + 0.003 (-1.4 + 6.6) x 10-d (12). (13)e or (12)’ 
(100 ? 2O)K, (11) 
0.11 * 0.20 - (1). (5) 
(11 f  20)[E] - (II). (16) 
Gl *1 (13) (15)e or (4). (II), 

0 Standard deviations are estimated according to the law of propagation of precision indexes (2/). 
Thus, even if a parameter value is obtained by multiple stepwise calculations, the reliability of the 
value is reflected in its standard deviation. 

b Non-steady-state kinetic data were analyzed by using E, as [El.” 
L The numbers in parentheses are those of the entry numbers indicated in the first column. 
d These values are the same for Scheme I and Scheme II. 
p For Scheme I. 
f  For Scheme II. 
p Parameter J may be also calculated from (1) and (10) in the case of Scheme I. 

time, s 
FIG. 5. Mole fractions [S]/S,, [ES’]/S,, and [PI/S, calculated at various reaction time by using the 

parameter values (Table 4) estimated from the analysis of the non-steady-state kinetic data measured 
for the CPA-catalyzed hydrolysis of 2 in terms of the mechanism of Scheme I. Concentration [P] 
represents that of trans-(cr-benzoylamino)cinnamate. The calculation was performed under the condi- 
tions of E, (= 1 x 10m4 M) > S,. 

75 
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Intermediate ES’ that accumulates during the CPA-catalyzed hydrolysis of 2 is 
a productive one leading to the products, and the possibility that it is the product 
of a side equilibrium is excluded on the basis of the non-steady-state kinetic data. 
This alone, of course, does not provide concrete evidence that Glu-270 acts as a 
nucleophile, unless the structure of the accumulating intermediate is deter- 
mined.15 

Covalent intermediates in which the acyl portions of the substrates appear to be 
incorporated into Glu-270 have been trapped during the CPA-catalyzed hydrolysis 
of 0-(truns-p-chlorocinnamoyl)-L-@-phenyllacate, 0-hippuryl-glycolate, or N-hip- 
puryl-L-Phe at -60 or -75°C (7, 8).i6 Success of the trapping experiments re- 
quires the accumulation of the intermediates in significant concentrations. Al- 
though the conditions of the present study (at -4°C and in the absence of organic 
solvents) and the trapping experiments (at -60 or -75°C and in 50% (v/v) ethyl- 
ene glycol-25% (v/v) methanol) differ greatly, it is probable that the accumulating 
intermediate of the present study is also a covalent acyl-CPA intermediate.” 
In addition, the pH independence of k,, of la, lb, and 2 is also consistent with 
the accumulation of anhydride acyl-CPA intermediates as discussed previously 
(4, 5).'8 

As discussed in the introduction the detection, isolation, and characterization of 
intermediates play a key role in the determination of mechanisms of chemical 
reactions in general. Even when the presence of an intermediate is proved, how- 
ever, it remains to be resolved whether it is a productive one or a side-equilibrium 
product. The present study is a rare instance in which this has been achieved by 
utilizing non-steady-state kinetic data, and can be used as a guideline in future 
mechanistic studies of both enzymatic and nonenzymatic reactions. 

APPENDIX 

Derivation of Eqs. [14]-[16] for Scheme I. For Schemes I and II, 

Ks = MEl~[E~l b-11 

is Since la and lb produce (4) very stable (in terms of both the thermodynamic and kinetic stabili- 
ties) intermediates, the structures of the intermediates may be determined by X-ray crystallography or 
by other physical methods. 

I6 Credibility of the results of the trapping experiments, however, has been recently questioned (22). 
I7 Isokinetic relationship was observed for the AH8 and ASS values of k,,, for the CPA-catalyzed 

hydrolysis of 1 measured in the presence of various amounts of organic cosolvents (6). Thus, the 
addition of large amounts of organic cosolvents to the reaction media does not appear to alter the 
reaction mechanism. 

is The pH independence of k,,, o f  la, lb, and 2 is also compatible with the accumulation of a 
tetrahedral intermediate. The tetrahedral intermediate might be formed either by the nucleophilic 
attack of Glu-270 or by the addition of a water molecule with the general base assistance of Glu-270. 
When the tetrahedral intermediate accumulates, k,,, represents the rate constant for its breakdown. 
Then, the identical k,,, values of la, an L-/3-phenyllactate ester, and 2, a much less specific L-mandelate 
ester, are not easily accounted for by the accumulation of the tetrahedral intermediate. Furthermore, 
the thermodynamic and kinetic stability of the accumulating intermediate is hardly attributable to 
tetrahedral intermediates considering the instability of tetrahedral intermediates. Therefore, assign- 
ment of the accumulating species as a tetrahedral intermediate is much less reasonable than that as the 
anhydride intermediate. 
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So - [Pi] = [S] + [ES] + [ES’]. [A-21 

For Scheme I, 

d[Pi]ldt = k3[ES’] [A-31 

d[ES’]ldt = k2[ES] - (k-2 + kj)[ES’]. [A-41 

From Eqs. [A-l], [A-2], and [A-4], 

d[ES’]/dt = kl(S, - [Pi])l(l + KsI[E]) - {kz + (k-1 

+ k3)(1 + K~[El)HEWU + KIM 
= a(!$, - [Pi]) - b[ES’]. [A-5] 

Here, a = kzl(l + K,I[E]) and b = (a + km2 + k3), and they are constant values 
when [E] is maintained constant during the reaction. 

From Eq. [A-5], 

d2[ES’]ldt2 = -ad[Pi]ldt - bd[ES’]ldt. 

From Eqs. [A-6] and [A-3], 

[A-61 

d2[ES’lldr2 + Gd[ES’]ldr + F[ES’] = 0. IA-71 

Here, G = b and F = ak3. Differential Eq. [A-7] can be solved according to the 
method described (23) in the literature, leading to Eq. [16]. From Eqs. [A-4] and 
[161, Eq. [15] is derived. From Eqs. [A-l] and [15], Eq. [14] is obtained. 

Derivation of Eqs. [14/-[I61 for Scheme II. For Scheme II, 

d[PJldt = k,[ES] IA-81 

d[ES’]/dr = k2[ES] - kmz[ES’]. LA-91 

From Eqs. [A-l], [A-2], and [A-9], 

d[ES’],& = kdSo - [‘iI) 

(1 + f&W) 
- {kzl(l + K,I[E]) + kp2}[ES’] 

= u(S, - [Pi]) - b’[ES’]. [A-lo] 

Here, a = kzl(l + Z&/[E]) and 6’ = a + k-2, and they are constant values when [E] 
is maintained constant during the reaction. 

From Eq. [A-lo], 

d2[ES’lldr2 = -ad[PJdr - b’d[ES’lldr. 

From Eqs. [A-8] and [A-11], 

[A-l I] 

d2[ES’]ldr2 = -akJES] - b’d[ES’]ldr. [A-12] 

From Eqs. [A-9] and [A-12], 

d2[ES’]ldr2 = -a(k31kz){d[ES’]ldr +ke2[ES’l} - b’d[ES’lldr. [A-13] 

Thus, Eq. [A-7] is obtained from Eq. [A-13], although F and G are defined differ- 
ently compared with Scheme I. Then, Eq. [A-7] is solved to lead to Eqs. [14]-[16] 
as indicated above for Scheme I. 
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Derivation of Eq. [17]. From the definitions of Abs, Abs,, and KS and from Eqs. 
[14]-[16], the following equations are derived. 

Abs = AQ[S] + AeES[ES] + AE&ES’] 
= (AQ + AE~~[E]IKJ[S] + AE&ES’] 
= {(A&s + AE~~[E]IK&,I(~ + [E]IK,)(A - B)}{(A - D)emA’ 
- (B - D)eeB’} - k&Ac&e-At - emB’)l(A - B)(l + K,/[E]) IA-141 

Abs, = AE~[S],=,, + AEE~[ES],=O 
= (AQ + AE~~{E]IKJS~I(~ + [El/K,). 

From Eqs. [A-14] and [A-15], Eq. [17] is obtained. 

[A-15] 
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