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For many years, penicillin acylase from Escherichia coli has been considered first of 
all as a practically important enzyme of industrial use for modification of p-lactam 
 antibiotic^.'-^ During the last years, penicillin acylase has become a subject of new 
attentive interest from both fundamental and practical points of view! The crystal 
structure of penicillin acylase at 1.9-A resolution has been reported and, principally, 
a new mechanism to endow the enzyme with its catalytic properties has been 
~uggested.~ Penicillin acylase has been used for deprotection of the amino groups in 
amino acid  derivative^,^.^ for enzymatic resolution of enantiomers of fluoro- 
substituted a-amino acids? secondary alcohols, and a-substituted phenylacetic ac- 
ids,”l and for enantioselective acylation during synthesis of loracarbef.I2 In contrast 
to all other acylases, penicillin acylase has been shown to be an effective biocatalyst 
for resolution of enantiomers of aminoalkylphosphonic acids,13 aminoalkylphospho- 
nous acids,14 and p-amino acids15J6 (FIGURE 1). One can thus see that penicillin 
acylase is an enzyme of wide substrate specificity. Nevertheless, the reported studies 
on the substrate specificity of penicillin acylase have been done so far mainly on a 
semiquantitative level or only for a very limited number of  substrate^.'^-^^ Benzylpeni- 
cillin, which is often claimed as the preferred substrate of penicillin acylase from E. 
coli,1-3 is not, for example, one of the five most reactive substrates characterized so 
far (TABLE 1). Stereospecificity of this enzyme in practice was not studied. 

Let us consider the specificity of penicillin acylase to the substrate of the general 
formula (FIGURE 2). The following problems have been studied: capacity of acyl 
group binding pocket pl; specificity of p2 and p3 subsites; and chiral discrimination of 
the substrate in the penicillin acylase active center. 

ACYL GROUP BINDING POCKET 

Topography of the acyl group binding pocket (subsite p l )  was studied by the 
bifunctional inhibitors, alkylboronic acids, with a changing length of the alkyl chain;*’ 
penicillin acylase specificity to the acyl group of the substrate was also investigated 
for the series of N-acylated glycinesZ2 (FIGURE 3). There is a remarkable increase of 
inhibition with a growing alkyl radical, but the capacity of the binding pocket is 
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FIGURE 1. Structures of the organoelement analogues of natural amino acids and nonconven- 
tional amino acids prepared in optically pure form using penicillin acylase (PA). 

limited by the amyl radical (the length of the amyl radical most closely corresponds to 
the length of the benzyl radical, as in the best substrates of penicillin acylase). 
Further increase of the alkyl chain leads to the distinguished decrease of the 
inhibition. Practically, the same kind of dependence is observed in the case of 
penicillin acylasexatalyzed hydrolysis of N-acylglycines. The important similarity 
between these two dependencies is that the slope of the dependencies is close to a 
value of two; thus, the binding of the alkyl chain is not just a simple extraction of the 
alkyl chain from water to the hydrophobic pocket of the enzyme, but also an 
elimination of some thermodynamically unfavorable contacts with water in the 
enzyme active center-or, in other words, an expulsion of some water molecules 
from the binding pocket. As an illustration, a model "knife-scabbard" can be used. 

TABLE I. The Most Reactive Substrates of Penicillin Acylase 
Substrate 

Phenylacetyl- Abu" 
Phenylacetyl-Phe 
Phenylacetyl- Ala 
Phenylacetyl-AlaPH 
Phenylacetyl-Gly 
Benzylpenicillin 
Phenylacetyl-Gly-Val 
Phenylacetyl-Gly-Leu 
Phenylacetyl-Gly-Phe 
Phenylacetyl-AlaP 

k,,,lKM (M-' . S S ' )  

4.6 . 107 
3.7.107 
2.1 . l o 7  
2.0 . 107 
2.0 . 107 
1.7.107 
1.5 . l o 7  
1.1 ' 107 
0.9.107 

0.64.107 

% 

100 
80 
46 
43 
43 
37 
33 
24 
20 
14 . .  

'Abu = alpha-aminobutyric acid. 
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FIGURE 2. Schematic representation of the penicillin acylase substrate and location of its 
structural fragments in the corresponding subsites of the enzyme active center. 
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FIGURE 3. Penicillin acylase inhibition by alkylboronic acids ( a )  and penicillin acylase- 
catalyzed hydrolysis of N-acylated glycines (h): dependencies of the inhibition constants ( a )  and 
of  the second-order rate constants of the hydrolysis (h) on the hydrophobicity of the alkyl 
radical. 

R 

R W O H  nR P O H  &OOH 

where R= H, OH, F, Cl, Br, N H 2 ,  NO2,0CH3 
FIGURE 4. Structures of penicillin acylase inhibitors-phenylacetic acid derivatives. 
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FIGURE 5. Penicillin acylase inhibition by phenylacetic acid derivatives: two-parameter corre- 
lations of the inhibition constants with the hydrophobicity and molecular volume of the 
inhibitor-(a) forp- and rn-substituted PAA derivatives (equation 1); (b) for 0- and a-substi- 
tuted PAA derivatives (equation 2). 

TABLE 2. Specificity of Penicillin Acylase to N-Phenylacetyl-a-Amino Acids 

OR in RCH(NHCOCH2Ph)COOH. 

TABLE 3. Specificity of Penicillin Acylase to N-Phenylacetyl-P-Amino Acids 

CF3 
CH3 
C3H7 
i-C3H7 
i-C.+Hy 
Ph 

3,4,5-(Me0)3-Ph 
4-F-Ph 

3.1. 105 
2.8. 106 

740 
3.104 

1.1 ' 106 

1 .lo6 

1.3'105 

9.105 

"R in RCH(NHCOCH2Ph)CH2COOH. 
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TABLE 4. Stereospecificity of Penicillin Acylase to a-Amino Acid Derivatives 

( k c a t / K M ) L  

Substrate (kca t /KM)D 

Phenylacetyl-AlaP 58,000 
Phenylacetyl-AlaPH 1400 
Phenylacetyl- Ala lo00 
Phenylacetyl-AlaOMe 280 
Phenylacetyl-Ala-D-Ala 65 

X-ray structures of the penicillin acylase modified by phenylmethylsulfonylfluoride 
and of the enzyme complex with phenylacetic acid, published recently, confirmed this 
observation.s 

For a more detailed characterization of the acyl group binding subsite p l ,  
penicillin acylase inhibition by 30 substituted phenylacetic acid (PAA) derivatives 
was studied (FIGURE 4). The competitive inhibition was found in all cases. 

The best inhibitors were PAA and their derivatives with hydrophobic substitu- 
ents (Cl-, Br-, etc.) in the m-position. The specificity was as follows: m-PAA > 
p-PAA > 0-PAA. T'ie derivatives of PAA with the polar substituents (-OH, -NH2) 
in the a-position showed the lowest inhibition effect. No significant stereospecificity 
to the a-substituted derivatives (with an asymmetric a-carbon) was detected. A 
two-parameter correlation of the inhibition constants with the hydrophobicity (log P) 
and molecular volume (MolVol) of the inhibitor was shown. Two correlation series 
with different roles of the hydrophobicity were obtained: (i) forp- and m-substituted 
derivatives (FIGURE Sa), 

-lOgKi = 1.2(kO.l). log P - 5.4(20.9) . 104.  MoIVOI + 6.5(20.8); (1) 

(ii) for 0- and a-substituted inhibitors (FIGURE 5b), 

-log K, = -0.4( 20.04) . log P - 3.3( 20.2) . lo4 . MolVol + 8.0( k0.3). (2) 

Thep-OH and m-NOz derivatives did not fit the correlation. The following conclu- 
sions can thus be made based on the correlations obtained: despite the strongly 
limited capacity of the hydrophobic pocket p l  in the penicillin acylase active center 
(FIGURE 2), there is a possibility of additional hydrophobic interactions at the 
m-position of the benzyl radical and of H-bond formation at the p-position ( = 6  
kJ/mol); also, the hydrophobic pocket is covered by the polar narrow crack, which is 
not wider than 1.4-1.8 A. 

TABLE 5. Stereospecificity of Penicillin Acylase to Lysine Derivatives 

(kcat  I K M )  

Substrate ( k c a t / K M l L  ( k c a l l K M ) D  ( k c a l / K M ) D  

a-N-Phac-Lys 2.0 . 106 13 150,000 
di-a,€-N,N-Phac-Lys 5.9 ' 106 2.4. lo3 25 
E-N-Phac-Lys 6.7 ' 106 4 . 6 .  104 1.5 
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P hac-D, L-p-F-P hg 

/ A ,  

+ Phac-D-p-F-Phg 

ee>98% f ~ o ~ p ~ v  \acid hydrolysis 

ee>98% ee 80% 
FIGURE 6. Biocatalytic preparation of D-p-fluorophenylglycine. 

SPECIFICITY OF THE SUBSITE p2 

Penicillin acylase has a wide substrate specificity to the a-amino acid side chain 
(TABLE 2). N-Phenylacetyl-P-amino acid derivatives (TABLE 3) are much less reac- 
tive substrates in comparison with the corresponding a-amino acid derivatives. The 
most remarkable decrease in the penicillin acylase catalytic activity is observed in the 
case of a- and p-amino acids with a branched alkyl side chain. Thus, sterically 

Me Me 

- + F 3 C 4  ,o. 

0 9 0  
PhCH PhCH 

Hydrolysis, 
Purlllcation of diartereomrrs 

F 3 c A H  ! F3CJ,fH 

N H 2  0 NH, 0 

(2 R*, 3R*) f2R*,3s*) 
FIGURE 7. Scheme of the stereoselective synthesis of diastereomers of a-methyl-@ 
trifluorornethyl-P-alanine. 
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Me 

F3C*H 

P h . 2 "  O 
(2 R*,3s*) 

Me 

(2R*,3R*) 

FIGURE 8. Scheme of the penicillin acylase-catalyzed preparation of the four isomers of 
cr-methyl-~-trifluoromethyl-~-alanine. 

controlled interactions are the most important factor governing substrate specificity 
at subsite p2. 

INTERACTIONS AT SUBSITE p3 

Interaction of the negative charge of the substrate at subsite p3 is the most 
important factor for chiral discrimination in the penicillin acylase active center 
(TABLE 4). The highest stereospecificity, equal to 58,000, is observed in the case of 
1-N-phenylacetylaminoethylphosphonic acid (phosphonic analogue of alanine); hy- 
drolysis of 1-N-phenylacetylaminophosphonous acid (phosphonous analogue of ala- 
nine) is characterized by about the same stereospecificity as for N-phenylacetylala- 
nine hydrolysis. However, when the negatively charged group of the substrate is 
blocked, the penicillin acylase stereospecificity is remarkably decreased. Thus, it is 
reasonable to suggest the presence of a positively charged group in the subsite p3 that 
is responsible for a rather effective electrostatic interaction with the negatively 
charged group of the substrate. Experimental data on the hydrolysis of the different 
N-phenylacetylated derivatives of lysine strongly support this suggestion (TABLE 5). 
Penicillin acylasexatalyzed hydrolysis of a-N-phenylacetyl-L-lysine (the positively 
charged side chain group is located in subsite p2 and the carboy group is in subsite 
p3) proceeds with the same second-order rate constant, 2 .  lo6 M-I . s-I, as N-  
phenylacetyl-L-norleucine hydrolysis. Therefore, the positive charge in this case does 
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not have any significant influence on the catalytic properties of the enzyme. In the 
case of the D-enantiomers (where the side chain should be located at subsite p3 and 
the carboy group at subsite p2), hydrolysis of a-N-phenylacetyl-D-lysine proceeds 
with a second-order rate constant of 13 M-1 . s-1, which is 380 times lower than the 
second-order rate constant for hydrolysis of N-phenylacetyl-D-norleucine. When the 
amino group of the side chain radical is acylated and the positive charge is 
extinguished, the second-order rate constant for di-a,€-N,N-phenylacetyl-D-lysine 
hydrolysis is increased by more than 18,000-fold. 

Hence, the chiral discrimination of the substrate in the penicillin acylase active 
center is based on the balance of the electrostatic interactions of the substrate with 
the positive charge in subsite p3 and sterically controlled hydrophobic interactions at 
subsite p2. 

PENICILLIN ACYLASEXATALYZED PREPARATION OF ENANTIOMERS 

In general, penicillin acylasexatalyzed hydrolysis of N-phenylacetylated a- and 
p-amino acids is characterized by a rather high stereospecificity (TABLE 6). It should 
be mentioned that the stereospecificity in enzymatic hydrolysis of N-phenylacetyl-p- 
amino acids is lower, with the exception of N-phenylacetyl-P-phenylalanine and its 
derivatives. Because of the high stereospecificity, penicillin acylase can be used for 
preparative synthesis of the enantiomers of different amino acids. 

In some cases, penicillin acylase possesses high stereospecificity and good 
catalytic activity in the hydrolysis of both enantiomers of the substrate. It is especially 

I -  I 

FIGURE 9. Structures of nucleo-amino acids prepared in optically pure form using penicillin 
acylase. 
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important when acidic hydrolysis of the D-enantiomer of the substrate proceeds with 
remarkable racemization (FIGURE 6). 

The combination of the stereoselective synthesis of diastereomers and the 
consequent biocatalytic resolution of pure diastereomers into the pair of enantio- 
mers provided a basis for the synthesis of each of the four isomers of the compounds 
with two chiral centers. a-Alkyl-P-fluoroalkyl-substituted p-amino acids represented 
a visual example for such a chemoenzymatic approach.23 Diastereomers of free 
a-methyl-P-trifluoromethyl-P-alanine were synthesized and isolated in diastereomeri- 
cally pure form by recrystallization (FIGURE 7). Phenylacetyl derivatives were 
synthesized with a good yield and the preparative enzymatic resolution of the four 
isomers was performed (FIGURE 8). 

Ioop-r- 80 

60 

40 

20 

0 5 10 15 20 
- 

25 0 5 10 15 20 
time, h 

FIGURE 10. Progress curves of penicillin acylase-catalyzed hydrolysis of D,L-N-phenylacetyl-P- 
(Cytozinyl-N')-a-alanine ( a )  and accumulation of L-enantiomer (b)  and D-enantiOmer (c) of the 
nucleo-amino acid. Conditions: pH 7.5,O.l M phosphate, 25 "C. 

Nucleo-amino acids represent a new field for application of penicillin acylase in 
preparation of enantiomers (FIGURE 9). Enzymatic hydrolysis of N-phenylacetylated 
nucleo-amino acids is quite a stereospecific reaction, leading to the consequent 
hydrolysis of both enantiomers (FIGURE 10). Enantiomers of four synthetic nucleo- 
amino acids and the natural nucleo-amino acid, 3-(6-benzylaminopurin-9-yl)alanine, 
were prepared with high optical purity." 
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