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Summary

The antibiotic acylases belonging to the N-terminal nucleophile hydrolase superfamily are key enzymes
for the industrial production of antibiotic drugs, and are targets for engineering to improve their stabilities
and catalytic activities. Cephalosporin acylase (CA) are one of the most intensively studied enzyme
catalyzing the deacylation of -lactam antibiotics. In this study, the substrate binding by native CA and its
mutants was simulated, based on their X-ray crystallographic and computationally-constructed mutant
structures. The docking energies that were obtained by a simple computational method correlated well with

their experimentally determined K, values.

The present study demonstrates the usefulness of

computational approaches for understanding and engineering the enzymatic properties of antibiotic acylases.
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1. Introduction

Since Alexander Fleming discovered penicillin [1], the
first known natural antibiotic produced by fungi, many
antibiotics that kill microorganisms or inhibit their
growth have been found and developed to produce
medicines, by chemical modification of the original
natural compounds. Among the many antibiotic classes,
B-lactam-related compounds containing penicillin and
cephalosporin are the most commonly utilized in
medicine (Fig. 1) [2, 3]. Modifications of the original
compounds produced by microorganisms are essential to
manufacture antibiotic drugs [4]. Several PB-lactam
acylases, which are members of the N-terminal
nucleophile (Ntn) hydrolase superfamily [5], are utilized
to remove the acyl moiety of these compounds to obtain
the common f-lactam nuclei under non-hazardous, mild
conditions, from which various antibiotic drugs are semi-
synthesized [6]. Cephalosporin acylase (CA), or glutaryl-
7-aminocephalosporanic-acid acylase (EC 3.5.1.93), and
penicillin G acylase (PGA) (EC 3.5.1.11) are the most
intensively studied enzymes, and an abundance of kinetic

and other biochemical data have been accumulated [7-13].

In addition, the X-ray crystallographic structures of CA
and PGA have been solved in various forms, with and
without substrate ligands [14-20].

CA and PGA are initially synthesized in vivo as
inactive precursors, composed of a single polypeptide
with a molecular mass (Mr) of 80-90 kDa. The precursor
enzymes are transformed into the active, mature forms
comprising the small (o) and large (B) subunits, with
approximate Mr values of 20 and 60 kDa, respectively,
by the cleavage of a short, intervening polypeptide, called

the spacer sequence [17-20]. The enzyme activation
occurs via either intermolecular catalysis by other
activated acylase molecules [17, 18] or intramolecular
catalysis by catalytic residues within the precursor
enzyme [19, 20]. Thus, the enzyme activation
mechanism is one of the major subjects in acylase
biochemistry.
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Figure 1. Substrate compounds for cephalosporin
acylase (CA). A, glutaryl-7-aminocephalosporanic acid
(GL-7-ACA). B, adipyl-7-aminocephalosporanic acid
(AD-7-ACA). The acyl side chains indicated in red are
cleaved by the hydrolysis reaction with CA.
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Modeling and docking studies of penicillin acylases
were performed to elucidate their substrate specificity
and stereoselectivity [21, 22]. However, no
computational analyses on the structure-based enzymatic
properties of CA have been reported. In the present study,
docking simulations of the wild-type CA and its variants
with substrate compounds were performed, based on the
X-ray crystallographic structures. The docking energies
obtained by our calculations were compared with the
corresponding experimental data.  The results are
discussed in terms of the mechanisms of substrate
selection by antibiotic acylases and of engineering the
enzymes for biomedical purposes.

2. Materials and Methods

The X-ray crystallographic structures of native CA from
Pseudomonas sp. SY-77 (strain GK-16) in the inactive
precursor and activated mature forms (Protein Data Bank
(PDB) codes loqz and 1or0, respectively) [19, 20] were
used as the receptor molecules for the docking simulation.
The X-ray structure of CA in the activated form, 1010,
was also used for constructing 3D models of the CA
mutants analyzed in the present study. The molecular
structures of the substrate ligands for the docking
simulation, glutaryl-7-aminocephalosporanic acid (GL-7-
ACA) and adipyl-7-aminocephalosporanic acid (AD-7-
ACA) (Fig. 1), were computationally constructed with
the ‘Build-Fragment’ tool of Discovery Studio (Accelrys,
Inc.).

Before the docking simulation, hydrogen atoms were
added to the protein and substrate molecules by applying
the CHARMm force field [23], and the molecular
conformations of these ligands were minimized and
refined with partial Momany-Rone charges [24]. The
simulation was performed with the ligand-docking
program CDOCKER [25], which is based on a molecular
dynamics (MD) docking algorithm with the CHARMm
force field. To define the substrate binding site in CA
from Pseudomonas sp. SY-77, the 3D structures were
superimposed on that of another CA from
Brevundimonas diminuta, PDB code 1jvz,in the complex
with GL-7-ACA [16], based on the sequence alignment
[26] between the CA molecules, to minimize the RMSD
between the corresponding backbone atoms. In the
structure of CA from the Pseudomonas sp. superimposed
on that of CA from B. diminuta, a virtual sphere, with a
radius of 15 A from the center of the GL-7-ACA
molecule associated with CA from B. diminuta, was
defined as the substrate binding site of CA from the
Pseudomonas sp. (Fig. 2A). The CDOCKER program
was executed under the computational conditions of 100
random initial conformations.

Generally, many docking poses are obtained from the
simulations of a protein receptor with a substrate ligand.
Each pose yields a 3D structure of the protein in complex
with the ligand, and was evaluated by the CDOCKER
energy [25], comprising the energy terms for the ligand
conformation and for the protein-ligand interaction. In
the present study, the docking poses were examined from
the viewpoint of the catalytic reaction. We defined the
poses as "reactive" when the acyl-side chain was captured
by the substrate-binding pocket in the hydrophobic

.(Figs. 2B and C) [16, 17].

interior of the acylases [16] (see Fig. 2). Unless
otherwise noted, all of the docking energy data are
reported for the reactive docking poses. Only docking
poses with a -CDOCKER energy larger than -1,000
kcal/mol were recorded, and, in the text, NP means that
no docking poses were obtained with a -CDOCKER
energy larger than -1,000 kcal/mol.

3. Results

CA from Pseudomonas sp. SY-77 and its two normal
substrates, GL-7-ACA and AD-7-ACA (Fig. 1), were
selected for the docking simulation, since high-resolution
X-ray crystallographic structures have been determined
for the inactive precursor and activated forms [19, 20].
Furthermore, the enzyme kinetics of native CA from the
same Pseudomonas sp. and its mutants has been
extensively investigated with those substrates [7-9].
Unfortunately, the structures of CA from the
Pseudomonas sp. in complexes with its substrates were
not available. On the other hand, the X-ray
crystallographic structure of the complex with GL-7-
ACA (PDB code 1jvz) was solved for another CA from B.
diminuta [16], although its mutant and kinetic data were
limited. Thus, the complex structure of CA from B.
diminuta was used to define the binding site within CA
from the Pseudomonas sp. (lor0) (Fig. 2A). The
sequence identity between the CAs from the
Pseudomonas sp. and B. diminuta is 98.1%, and the
RMSD between their superimposed main-chain atoms in
the 3D structures is 0.36 A for the 670 overlapping
residues. The detailed procedure for defining the binding
site in CA from the Pseudomonas sp., based on the
complex structure of CA from B. diminuta, is described
in the Materials and Methods. No docking poses were
obtained for CA in the precursor form (loqz) with any of
the ligands, because the spacer chain blocked the access
of the ligands to the catalytic site.

To compare the computational docking energies with
the experimental K, values, we used the enzyme kinetics
data for a series of CA mutants, Phel77()X [7], in
which the Phe residue at the 177th position in the wild
type B chain was replaced with another residue, X. In the
wild-type CA structure, Phe177(8), which is located near
the catalytic residue Serl(f), is one of the residues
forming the binding pocket for the acyl side chain, and
thus it is assumed to be involved in substrate recognition
As for the CA mutants,
F177(B)X, experimental data for their 3D structures were
not available. Therefore, the mutant structures were
constructed from the single X-ray structure of native CA
in the activated form (10r0).

For each mutant, three structural models were
constructed and used for the docking simulation. In
model 1, the conformation of the new residue at the
replaced site remained unchanged; i.e., its rotamer state
was either the same as or the most similar to that of the
wild-type Phel77(B), without any refinement in the
mutant molecule. In model 2, only the side-chain
conformation at the replaced site was minimized for the
refinement by molecular mechanics (MM) calculations
with CHARMm [23], before docking. Except for the
replaced site, the remaining structure of the mutants was
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the same as that of the original, native enzyme. In model
3, the conformations of three residues including the new
residue at the replaced site, X177(8), as well as the two
residues Thr176(B) and Asn68(f) that are -closest to
X177(B), were refined together, before docking.
Furthermore, we performed the docking simulation based
on the “induced fit” method [27]. In this simulation, the
side-chain conformation of X177(8), as well as those of
four other residues, Tyr149(a), Tyr33(B), Arg57(B), and
Phe58(B), which form the substrate binding site together
with X177(B), were minimized during the docking
simulation, starting from model 1 of each mutant, by the
MM calculation.

The docking simulation was performed for all
combinations of either the wild-type or a mutant CA with
GL-7-ACA or AD-7-ACA. Many docking poses were
obtained from the simulation for a protein receptor with a
substrate ligand. Each pose yielded a 3D structure of the
protein in complex with the ligand (Fig. 2), and was
evaluated by the CDOCKER energy [25], comprising the
energy terms for the ligand conformation and the
interaction between protein and ligand. We collected the
ten best poses and report their energy values for both the
minimum (E_;) and the average (E,,) = standard
deviation (SD).

The computationally obtained CDOCKER energies,
expressed as the negative values, -E;, and -E, , for the
protein models were plotted against the experimental data
of -In K, [7] (for model 2, see Fig. 4). The correlation
coefficients and their P-values were estimated from these
plots. The calculated energies significantly depend on
the protein model, suggesting their high sensitivity to the
local protein environment at the binding site. The
correlation data in which statistically significant
relationships were detected; i.e., in the cases of P<0.05,

Figure 2. Docking models of native CA from
Pseudomonas sp. SY-77 (PDB code lor0) with GL-7-
ACA and AD-7-ACA. (A) A docking model with GL-7-
ACA, indicating the docking sphere defined with the
structure of CA from Brevundimonas diminuta in the
complex with GL-7-ACA (1jvz) (see Materials and
Methods). It is represented in sections to allow
visualization of the inside of the protein molecule. The
solvent accessible surface of the protein is depicted in
solid white, and the back side of the surface is transparent
light yellow. (B) Enlarged view of the substrate binding
site of CA, showing the ten best docking poses with GL-
7-ACA. The best ligand pose is depicted by solid sticks,
and the other nine ligands are depicted by thin lines,
colored by atom type (C, green; N, blue; O, red).
Phel77(B) at the mutated site and the catalytic
nucleophile residue, Serl($), are also displayed with
solid sticks colored by an atom type (C, yellow; N, blue;
O, red). (C) Enlarged view of the substrate binding site
of CA, showing the ten best docking poses with AD-7-
ACA. The rendering and coloring of the modes are
similar to those in (B). The conformational variations of
the AD-7-ACA poses is small, in comparison with that of
GL-7ACA (B), and they can almost be superimposed on
the two representative conformations.
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Figure 3. Correlation coefficients between the
computational . and experimental data. All the
combinations of the four computational methods with the
two substrates were tested, and only the data with P
values less than 0.05 are plotted in this graph.
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Figure 4. Plots of calculated docking energy as a

function of experimental K, (mM) values for F177(3)X
mutants of CA with substrate ligands, GL-7-ACA and
AD-7-ACA. Negative values of the minimum and
average CDOCKER energies, -E,;, and -E,, = SD, are
plotted against -In K, for protein model 2 in A and B,
respectively. The capital letters accompanying each data
point in these plots indicate the amino acid residues at
position 177 in the B-chain of the CA mutants. Open
circles and open triangles show the data of native CA; i.e.,
Phe at position 177(8), for GL-7-ACA and AD-7-ACA,
respectively. The closed circles and closed triangles
show the data of mutant CAs, F177(B)X, for GL-7-ACA
and AD-7-ACA, respectively.

were presented in Fig. 3. Among these, model 2, in
which only the substituted residue was refined, gives the
best correlation. The plots of the energies against -In K,
for model 2 and their correlation data are displayed in Fig.
4 and Table 1, respectively. The plots for the substrate
GL-7-ACA showed better correlation than those for AD-
7-ACA. In addition, E,,, exhibits better correlation than
E, ... The best correlation was obtained for the plot of E,;
in model 2 with GL-7-ACA, the best substrate of CA
with K values less than 1 mM.

4. Discussion

In the present work, the substrate binding by CA from
Pseudomonas sp. SY-77 and its mutants was extensively
studied by MM and MD calculations. The 3D structures
of these mutants, in which a single residue close to the
catalytic center was replaced with other amino acid
residues, were constructed based on an X-ray
crystallographic structure of the native enzyme, in
different manners. Among these structure sets for the CA
mutants, one set exhibited the best correlation with the
experimentally obtained kinetic data [7] (Table 1, Figs. 3
and 4). In these mutant structures exhibiting the best
correlation of the calculated docking energies with the
experimental data, only the replaced residues were
subjected to the side-chain refinement, and the remaining
structures other than the replaced site were the same as
that of the native enzyme. This suggests that the residue
replacements at this site actually exert few effects on the
surrounding structure, and that the side-chain refinement
for several residues including the replaced residue cannot
predict their correct conformations in the present
calculation.

The range of experimental K, values, 10*°~10*, on
the x-axis of the plots in Fig. 4 is expected to be the range
of energies estimated from RT In K, approx. 10 kcal/mol,
at 37°C. This energy value is smaller than the range, 30
kcal/mol, for the calculated docking energies on the y-
axis, but is consistent with the order of magnitude. For
the correlation of the docking energy with K, the rate of
acyl-enzyme intermediate formation [13] is assumed to
be faster than its hydrolysis. The docking energy for

Table 1. Correlation coefficients between experimentally

_obtained -In K, and -CDOCKER energy obtained from

docking simulation of CA with substrate ligands, GL-7-
ACA and AD-7-ACA.

1 GL-7-ACA+
Energy GL-7-ACA  AD-7-ACA AD-7-ACA
E 0.599 0.510 0.3170
i (0.007) (0.026) (0.052)
E 0.653 0.504 0.542
£ (0.002) (0.028) (0.0004)

'The data were obtained from the plots of the calculated
energy values against -In K, in Fig. 4. The numbers in
parentheses below the correlation coefficient values are
the P-values for each correlation. Lower P-values
indicate higher statistical significance of the correlation.



GL-7-ACA correlated well with the experimental K,
values, indicating the faster formation of the acyl enzyme
in this case. However, the correlation for AD-7-ACA is
not so significant (Table 1, Figs. 3 and 4), and AD-7-
ACA is a worse substrate with higher K, values. Thus,
the lower correlation for AD-7-ACA may be due to the
slower formation of the acyl-enzyme.

Docking simulations were also performed with PGA
and homology models of aculeacin A, a cyclic
lipopeptide antibiotics, acylase [28-32]. These data are
compared with those of CA, and are discussed for
elucidation of mechanisms of the substrate selection by
the antibiotic acylases, which will be reported elsewhere.
Based on the present results, mutational studies of the
antibiotic acylases with experiments are now in progress.

In conclusion, the docking simulations of the native
and mutant CA were performed with the substrate
ligands, and one of the computational methods was
validated for the enzyme. The present study
demonstrates usefulness of the computational approach
for analyzing and engineering the substrate specificities
of antibiotic acylases.
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