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A structure–activity relationship is presented that satisfactorily predicts the rates of hydrolysis
of a series of acetylglycine derivatives by porcine aminoacylase. It is apparent that the substrate
specificity of aminoacylase is mainly kinetic in origin, the observed correlation with Taft’s Es

parameter supporting the notion that enzymolysis proceeds through a mechanism that is analo-
gous to chemical hydrolysis. It is suggested that the a-CH2CH group of those substrates that
possess this moiety is conformationally immobile upon binding. This lock facilitates rapid
hydrolysis and results from steric interactions between the enzyme and substrate. The incorpora-
tion of a-methyl amino acid derivatives in the structure-activity relationship is consistent with
a flexible active site model and it is concluded that the a-methyl effect in this system is a
binding phenomenon. It is evident that the active center of porcine aminoacylase can comfortably
accommodate amino acid derivatives with side chains containing less than six carbon atoms,
contrary to previous assertions. It is suggested that the binding of bulkier derivatives necessitates
the distortion of the active site. Derivatives possessing b-hydroxyl groups are found to deviate
from expected behavior and a nonproductive binding model is presented. q 2000 Academic Press
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INTRODUCTION

Aminoacylase (N-acetylamino-acid amidohydrolase, EC 3.5.1.14) catalyses the
hydrolysis of peptide linkages with a high specificity (1–3). It is reported that L-
substrates hydrolyse at a rate some 10,000 to 40,000 times that of their D-enantio-
morphs (2) and the purified enzyme is used extensively in preparative organic chemis-
try. For experimental reasons, much attention has been directed towards the hydrolysis
of acetylamino acids (Scheme 1).

It has been concluded that reaction rates conform to Michaelis–Menten kinetics
(4). The mechanism is believed to proceed through nucleophilic attack on the carbonyl
carbon of the acylamino group (4), in a similar fashion to chemical hydrolysis. In
spite of the large number of kinetic data that have been collected; however, little
attempt has been made to draw quantitative conclusions regarding the relationship
between substrate structure and catalytic efficiency. Undoubtedly, this is due to the
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difficulty of applying physical organic methodology to systems where interactions
are complicated by the heterogeneous and topological nature of bioreceptors (5).
Thus, Ötvös has shown that the specificity constants of a series of N-acyl-L-norvaline
derivatives with aminoacylase may be predicted if the spatial orientation of the acyl
substituent is taken into consideration (6).

Of greater interest to this study is Birnbaum’s observation that the rates of hydrolysis
of N-acetylamino acids by hog kidney aminoacylase correlate with a parameter that
measures the polar effect of the amino acid side chain (1). The observed biphasic
relationship is attributed to the dependence of the hydrolysis reaction on both electronic
and steric effects (1). Problems remain with this interpretation, however. It is not
clear why the rate of hydrolysis is reported to rise as the electron-releasing ability
of the side chain increases, contrary to the generally accepted mechanism (4). More-
over, while the a-hydrogen derivatives possessing bulky side chains exhibit an excel-
lent correspondence to the correlation that is ascribed to steric influences, the a-
methyl derivatives exhibit significant scatter (1).

The purpose of this work is to present a revised analysis of Birnbaum’s rate data
that is both in accord with the established mechanism and provides novel insights
into the catalytic mechanism.

RESULTS AND DISCUSSION

An extrathermodynamic approach has been used to correlate the rates of hydrolysis,
v, measured under closely analogous conditions by Birnbaum using the ninhydrin
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method (1,2). Appropriate physicochemical parameters are available for 33 ace-
tylamino acid derivatives 1–4. The rates of hydrolysis of 27 substrates are found to
conform to Eq. [1], determined by multiparameter regression analysis;

log v 5 (1.067 2 0.467 I1) Es 2 3.106 I2 1 0.528 I3 2 0.934 I4 1 4.963

r 2 5 0.989 s 5 0.129 F 5 387.8 [1]

Five parameters are required to ensure a satisfactory correspondence between
experiment and expectation (Table 1). Es is the Taft steric parameter for the R2

substituent (5,7). The four I parameters are indicator variables that can adopt a value
of 0 or 1. In other studies, such variables have been used to code for the key structural
features of a substrate that influence activity (8), facilitating the study of complex
substrate–receptor interactions. This analysis of Birnbaum’s experimental data reveals
that the enzyme discriminates between those substrates that posses the 2CH2CH,
moiety attached to the a-carbon atom (I1 5 1) and those that do not (I1 5 0). This
specificity has not been reported previously and is evident in a plot of log v versus
Es(R2) (Fig. 1). The other indicator variables separate the a-hydrogen derivatives
(I2 5 0) from the a-alkyl derivatives (I2 5 1), the acetyl derivatives (I3 5 0) from
the chloroacetyl derivatives (I3 5 1), and the substrates that possess less than six
carbon atoms in their side chains (I4 5 0) from the other substrates (I4 5 1).

The rate of hydrolysis is dependent on contributions from both binding, Km, and
the chemical steps, kcat, according to Eq. [2],

log v 5 log kcat 1 log [E ]o[S] 2 log (Km 1 [S]). [2]

Km values of 10, 7, 10, and 7 mM have been reported for those acetylamino acid
derivatives with Me, Et, Pr, and Bui as the respective side chains (9). In Birnbaum’s
studies, the concentration of the L-substrates was 8 mM (1,2). As log (Km 1 [S])
remains broadly constant for these substrates, the simplest rationale for the observed
behavior is to suppose that log kcat is linearly related to Es for those a-H derivatives
with less than six carbon atoms in their side chains. In accord with previous work
(10), therefore, we propose that aminoacylase specificity is mainly of a kinetic nature,
with exceptions discussed subsequently. The correlation of catalytic constants with
Es is in accord with the established mechanism (4). Although Taft’s steric parameter
has been criticized for including an electronic component (5), it exhibits an excellent
correlation against minimum van der Waals radii (11), indicating that it is a reliable
indicator of both bulk and shape.

Birnbaum has suggested that interactions between the polar regions of both the
enzyme and substrate are important in establishing the Michaelis complex (1). Accord-
ingly, it has been suggested that the substrate is bound to the enzyme by hydrogen
bonding to the amino group (10). A model of the active site has been proposed in
which the hydrogen bond donor is the thiol group of a cysteine residue (12). This
binding is augmented by an electrostatic interaction between the amido carbonyl
group and a closely bound Zn21 ion that increases the susceptibility of C5O to
nucleophilic attack (Fig. 2) (12). The identity of the nucleophile remains unclear,
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TABLE 1

Enzymolysis Data and Physicochemical Parameters Used to Derive Equation 1 for Acetylamino
Acid Derivatives.

log
(n/mmol h21)

N-acetyl-DL- R1 R2 R3 Es(R2)a I1
b I2

b I3
b I4

b Exp.c Calc.d Resid

1 a Alanine H Me H 21.24 0 0 0 0 3.51 3.64 20.13
b Valine H iso-Pr H 21.71 0 0 0 0 3.22 3.14 0.08
c Alloisoleucine H s-Bu H 22.37 0 0 0 0 2.40 2.43 20.03
d Isoleucine H s-Bu H 22.37 0 0 0 0 2.58 2.43 0.15
e Phenylalanine H Bzl H 21.61 0 0 0 1 2.14 2.31 20.17
f Leucine H iso-Bu H 22.17 1 0 0 0 3.73 3.66 0.07
g Norleucine H Bu H 21.63 1 0 0 0 4.16 3.98 0.18
h Glutamic acid H CH2CH2CO2H H 22.21 1 0 0 0 3.49 3.64 20.15

2 a Alanine H Me Cl 21.24 0 0 1 0 4.06 4.17 20.11
b Valine H iso-Pr Cl 21.71 0 0 1 0 3.70 3.67 0.03
c Alloisoleucine H s-Bu Cl 22.37 0 0 1 0 3.00 2.96 0.04
d Isoleucine H s-Bu Cl 22.37 0 0 1 0 3.08 2.96 0.12
e Tert-leucine H t-Bu Cl 22.78 0 0 1 0 2.48 2.52 20.04
f Aminophenylethanoic acid H Ph Cl 21.01 0 0 1 1 3.65 3.48 0.17
g Phenylalanine H Bzl Cl 21.61 0 0 1 1 2.66 2.84 20.18
h 2-Aminobutanoic acid H Et Cl 21.31 1 0 1 0 4.53 4.70 20.17
i Norvaline H Pr Cl 21.60 1 0 1 0 4.61 4.53 0.08
j Leucine H iso-Bu Cl 22.17 1 0 1 0 4.22 4.19 0.03
k Norleucine H Bu Cl 21.63 1 0 1 0 4.48 4.51 20.03
l 2-Aminoheptanoic acid H Pe Cl 21.64 1 0 1 0 4.45 4.51 20.06
m 2-Aminooctanoic acid H Hx Cl 21.54 1 0 1 1 3.89 3.63 0.26
n 2-Amino-3-cyclohexyl

propanoic acid H CH2cHx Cl 23.22 1 0 1 1 2.54 2.62 20.08
o Glutamic acid H CH2CH2CO2H Cl 22.21 1 0 1 0 4.10 4.16 20.06
p Aminocyclohexylethanoic

acide H cHx Cl 22.03 0 0 1 1 3.66 2.39 1.27
q Glycinee H H Cl 0 0 0 1 0 3.42 5.49 22.07
r Serinee H CH2OH Cl 21.21 1 0 1 0 4.06 4.76 20.70
s Threoninee H CH(OH)Me Cl 21.15 0 0 1 0 2.86 4.26 21.40
t Allothreoninee H CH(OH)Me Cl 21.15 0 0 1 0 3.41 4.26 20.85

3 a Dimethylglycine MeMe Cl 21.24 0 1 1 0 1.04 1.06 20.02
b a-methyl valine Meiso-Pr Cl 21.71 0 1 1 0 0.54 0.56 20.02
c Isovaline MeEt Cl 21.31 1 1 1 0 1.57 1.60 20.03
d a-Methyl norvaline MePr Cl 21.60 1 1 1 0 1.49 1.42 0.07

4 Diethylglycinee Et Et Cl 21.31 1 1 1 0 f 1.60

a Ref. 5.
b Indicator variable, see text.
c Experimental data recorded at pH 7.0 and 38 8C from Refs. 1 and 2.
d Calculated using Eq. [1]
e Not included in the derivation of Eq. [1]
f Not hydrolyzed by aminoacylase under the experimental conditions.
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FIG. 1. Correlation of the rates of hydrolysis by aminoacylase against Es(R2) of a series of amino
acid derivatives; acetyl derivatives 1a–1e (I1 5 0), ●; acetyl derivatives 1f–1h (I1 5 1), V chloroacetyl
derivatives 2a–2g (I1 5 0), n; chloroacetyl derivatives 2h–2o (I1 5 1), M, a-methyl chloroacetyl
derivatives 3a,b (I1 5 0); 3, a-methyl chloroacetyl derivatives 3c, d (I1 5 1), 1, derivatives not
incorporated in the derivation of Eq. [1], m. The solid lines show the predictions of Eq. [1] when I4 5
0. The dashed lines highlight the deviation of those bulky derivatives coded I4 5 1.

although the participation of OH2or water has not been ruled out (13). Indeed, the
observed correspondence of hydrolysis rates with Es in this study, may imply the
involvement of these nucleophiles, by analogy with chemical systems.

As is apparent in Fig. 1 and Eq. [1] in the absence of other influences, those a-
hydrogen derivatives coded I1 5 1 react at enhanced rates when contrasted to those
coded I1 5 0. This dichotomy in substrate activity is not observed in chemical systems
and must arise as a result of interactions between the substrate and enzyme. Previous
studies indicate that hydrophobic bonding between the enzyme and the amino acid
side chain is influential (9,10,14), though the preference for those substrates that
possess the 2CH2CH, moiety is clearly of a steric nature. Thus, the ratio of the
rates of hydrolysis, v(I1 5 1): v(I1 5 0), is observed to increase as the steric influence
of the side chain increases. This ratio is 3 for the 2-aminobutanoic acid derivative
2h and the alanine derivative 2a, 8 for the norvaline derivative 2i and the valine
derivative 2b, and 17 for the leucine derivative 2j and the isoleucine derivative 2d.
This is despite the fact that each pair of side chains have comparable Es values.

We contend that the topology of the active site is such that it may hold a2CH2CH
groups in a fixed conformation, prior to hydrolysis. These derivatives may present a
minimal steric profile of two b-hydrogen atoms to the enzyme active site. This is in
addition to a steric interaction between the g-hydrogen atom and the binding centre
that is necessary to complete the conformational lock (Fig. 2). This substrate immobil-
ity reduces steric interactions between the side chain and the approaching nucleophile.
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FIG. 2. Schematic diagram of the active centre of porcine kidney aminoacylase.

This would account for the relatively low slope parameter of 0.60 against Es for those
derivatives coded I1 5 1.

The derivatives that are coded I1 5 0 are not able to establish the preferred
conformational lock upon binding. They may lack a g-hydrogen atom, as is the case
with the alanine 1a, aminophenylethanoic acid 2f, phenylalanine 2g, and dimethylglyc-
ine 3a derivatives. Alternatively, they posses at least one b-methyl group that projects
from the main chain, as is the case with the other derivatives coded I1 5 0. b-Methyl
substrates may not readily adopt the conformation depicted in Fig. 2 as this would
create a severe steric interaction between the methyl group(s) and the enzyme. The
derivatives coded I1 5 0 offer more resistance to the attacking nucleophile and an
increased slope parameter of 1.07 against Es is recorded, comparable to that for the
esters studied by Taft in the reference system that defines Es (5). It should be noted,
however, that in these esters the variable substituent is directly attached to the carbonyl
group. Here, the variable R2 substituent is 3 s bonds removed from the amidic carbonyl
group, yet an equivalent steric influence is recorded. The Es values defined by Taft
are time-averaged quantities, the esters being able to adopt a variety of conformations
in homogeneous solution, thereby presenting a range of steric profiles to attacking
reagents. In biological systems, however, substituent orientations are determined by
steric effects that are localised and highly directional. The large slope parameter
indicates that some degree of conformational rigidity is imposed on those derivatives
coded I1 5 0 upon binding.

The high reactivity of the chloroacetyl derivatives 2 (I3 5 1) when compared to
the acetyl derivatives 1 (I3 5 0) is attributable to electronic effects, the QSAR
indicating an average rate enhancement of 0.53 log units. The replacement of a
hydrogen atom with a chlorine atom enhances the electrophilicity of the carbonyl
carbon, increasing its susceptibility to nucleophile attack, in accord with the established
mechanism. Contrary to Birnbaum’s analysis (1), however, the electronic effect of
the R2 and R1 groups does not appear significantly to influence substrate activity.
These substituents have a limited range of electronic effects, being primarily alkyl
groups, and are remote from the site of reaction. The diminishment of electron
influences with increasing distance from the amidic carbonyl group during enzymatic
hydrolysis has been reported previously (4).

As is apparent from Eq. [1], those substrates possessing an a-methyl group (I2 5
1) are more resistant to hydrolysis than those with a a-hydrogen atom (I2 5 0).
Previously, our analysis of the rates of both the acid and base catalyzed hydrolyses
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of p-nitroanilide derivatives revealed no corresponding a-methyl effect under nonen-
zymatic conditions (17). It was concluded that a-methyl groups reduce the ability of
aminoacylase to establish an appropriate contact with the substrate. We are in agree-
ment with Birnbaum (1), therefore, that space is severely limited on the upper side
of the enzyme (Fig. 2). It is interesting, however, that the a-methyl derivatives coded
I1 5 0 and I1 5 1 exhibit the same slope parameters against Es(R2) as those observed
for the a-H derivatives. Thus, the rate of the chemical step that follows binding is
affected by the structure of the R2 side chain in an identical manner to that described
previously. It is suggested, therefore, that the enzyme distorts its structure in order
to accommodate a-methyl substrates, ensuring that the side chain can adopt analogous
conformations to the a-hydrogen derivatives. The a-methyl group is then effectively
buried within the active site and offers minimal steric resistance to the approaching
nucleophile. We conclude, therefore, that the a-methyl effect in this system is a
binding phenomenon that results from the flexibility of the active site.

Although the enzyme may distort its binding site to accommodate an a-methyl
group, it is anticipated that it would have difficulty accommodating larger functionali-
ties. Accordingly, the gem-diethyl derivative 4 is not hydrolyzed at all in vivo, contrary
to the prediction of Eq. [1]. Moreover, the lack of flexibility in this region of the
active site also accounts for the stereospecificity of the enzyme. Thus, chloroacetyl-
D-valine is not susceptible to aminoacylase (2). The binding of this substrate would
require the enzyme to distort sufficiently to accommodate an isopropyl substituent,
according to the proposed binding model. We note, however, that chloroacetyl-D-
alanine is hydrolyzed appreciably (2), again reinforcing the notion that methyl groups
may be accommodated in this region of the active site, albeit reluctantly.

In Birnbaum’s original study, the a-hydrogen derivatives bearing Pri, and branched
Bu substituent groups were observed to hydrolyse at reduced rates, compared to the
Pr derivative (1). This observation was attributed to the inability of these substrates
to form a satisfactory fit with the active site(s) due to steric interactions. Accordingly,
it has been suggested that the active site is located within a narrow cleft on the
enzyme (9). In this study, however, the derivatives bearing Pri and branched Bu
functionalities form satisfactory Es correlations which also include the a-hydrogen
derivatives bearing Me, Et, Pr, Bu, and pentyl substituents. Thus, the rate reduction
observed for branched chain substituents containing fewer than six carbon atoms
results from the steric interaction between the side chain and the approaching
nucleophile.

Of the 27 acetylamino acids considered, the five derivatives bearing R2 substituents
containing six or more carbon atoms (I4 5 1) react at relatively reduced rates (Fig.
1). This observation suggests that the active site is located within a recess on the
enzyme that can comfortably accommodate side chains containing 5 carbon atoms
or fewer, contrary to previous suppositions (1,9). Again, however, the need for the
indicator variable I1 to correlate the reactivity of the bulky derivatives implies that
these substrates adopt analogous conformations to the smaller substrates upon binding.
We propose, therefore, that the enzyme distorts its structure in order to bind large
substrates.

Six derivatives do not conform to Eq. [1]. The glycine derivative 2q hydrolyzes
at a rate 100-fold lower than that predicted. The deviation of this substrate provides



212 PHILIP DENTON

further evidence in support of the contention that hydrophobic bonding is important
in establishing the enzyme–substrate complex. Accordingly, relatively large Km values
have been reported previously in the aminoacylase catalysed hydrolysis of dipeptides
containing glycine (10).

The aminocyclohexylamino acid derivative 2p is observed to hydrolyse at a rate
some 300 times greater than that anticipated by Eq. [1]. This may arise because the
side chain adopts an orientation upon binding that is not comparable to those preferred
by the other substrates. Clearly, there is the possibility of a highly specific steric
interaction between a conformationally restricted cyclohexyl functionality and the
enzyme active site. It is interesting that the unsaturated analogue of this derivative,
chloroacetylaminophenylethanoic acid 2f, conforms to the structure–activity relation-
ship when an Es value of 21.01, rather than 23.82, is used for the Ph substituent
(5). These values correspond to the depth and the width of this substituent, respectively.
Thus, it is apparent that the cyclic side chain adopts a conformation upon binding in
which steric interactions between the substrate and the approaching nucleophile are
minimised. This may also be the case for the aminocyclohexylamino acid derivative
and an Es value of between 20.7 and 21.1 for the cHx substituent would ensure
a reasonable correspondence to the structure-activity relationship. Presumably, the
presence of the b-methylene moiety in the four other bulky derivatives gives rise
sufficient side chain mobility for these substrates to conform to the predictions of
Eq. [1].

The serine 2r and threonine derivatives 2s,t hydrolyze at rates lower than anticipated.
In line with the other derivatives, N-chloroacetylserine is coded I1 5 1 as it possesses
a g-hydrogen atom, albeit attached to oxygen, but does not have a b-methyl group.
Clearly, the hydrogen bond donor/acceptor capability of the side chain hydroxyl
functionality could result in nonproductive binding (18). This would account for the
observed reduction in catalytic efficiency. A possible binding model is that the b-
hydroxyl group of these derivatives may participate in hydrogen bonding with the
residue that normally binds the carboxylate moiety (12) (Fig. 3). The substrate would
then be unable to adopt an appropriate orientation for hydrolysis as this would require
the upper side of the active site to distort sufficiently to accommodate a carboxylate
group. Other results indicate that this is a highly unfavourable arrangement.

FIG. 3. Nonproductive binding of N-chloroacetyl-L-serine.
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4. Ötvös, L., Moravcsik, E., and Mády Gy. (1971) Biochem. Biophys. Res. Commun. 44, 1056–1064.
5. Unger, S. H., and Hansch, C. (1976) Prog. Phys. Org. Chem. 12, 91–118.
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