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Penicillin V acylases (PVAs) and bile salt hydrolases (BSHs) have considerable sequence and structural
similarity; however, they vary significantly in their substrate specificity. We have identified a PVA from
a Gram-negative organism, Pectobacterium atrosepticum (PaPVA) that turned out to be a remote homolog
of the PVAs and BSHs reported earlier. Even though the active site residues were conserved in PaPVA it
showed high specificity towards penV and interestingly the penV acylase activity was inhibited by bile
salts. Comparative modelling and docking studies were carried out to understand the structural differ-
ences of the binding site that confer this characteristic property. We show that PaPVA exhibits significant
differences in structure, which are in contrast to those of known PVAs and such enzymes from Gram-neg-
ative bacteria require further investigation.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Choloylglycine hydrolases (CGH, E.C. 3.5.1.24) are a family of
enzymes belonging to the Ntn hydrolase super family, which act
on non-protein amide bonds. This group includes bile salt hydro-
lase (BSH) and penicillin V acylase (PVA) [1]. PVAs cleave the phen-
oxy side chain of penicillin V from the beta-lactam nucleus, and
have great potential for use in the industry, in the manufacture
of semi synthetic antibiotics [2]. BSHs act specifically on glyco
and tauro-conjugated derivatives of cholic acid. They have been
shown to occur in bacteria that normally colonise the human gut
(especially Lactobacillus and Bifidobacterium genera), where they
impart resistance to bile [3] and also lower blood cholesterol level
[4]. BSHs also occur in certain pathogens; for instance, in Listeria
monocytogenes [5] and Brucella abortus [6], they have been shown
to act as a virulence factor involved in pathogenesis. On the other
hand, there is no clear literature on the role of penicillin V acylase
with respect to the habitat or lifestyle of the bacteria, although it
has been hypothesised to act as a scavenging enzyme for degrading
phenolic compounds as alternative carbon sources [7]. However,
Kovacikova et al. [8] have reported that the pva gene from Vibrio
cholerae is repressed by high levels of the quorum sensing-regu-
lated virulence activator AphA which might help the bacterium
to survive better in different environments.

The choloylglycine hydrolases reported so far appear to have
significant differences in their activity and substrate specificity
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from pure BSH to pure PVA [9], with some of them able to hydro-
lyse both substrates. We recently identified a penicillin V acylase
from Pectobacterium atrosepticum, a Gram negative plant pathogen
that causes soft rot in potato. Although the catalytic residues were
conserved, the gene sequence shared low identity with previously
reported BSH and PVAs (25%), which raises the possibility that this
enzyme could exhibit distinct structural and biochemical charac-
teristics. It is also necessary to study the variation in mode of bind-
ing with different substrates and catalytic action of these enzymes
from diverse classes of organisms, which might help us understand
their evolution and in vivo function. In this study we have at-
tempted to characterise the penicillin V acylase from P. atrosepti-
cum and analyse its substrate specificity by experimental as well
as comparative modelling and docking approach.

2. Materials and methods

2.1. Production and purification of penicillin V acylase
from P. atrosepticum

P. atrosepticum DSM 30186 was grown in a minimal medium
containing 0.4% glucose and 0.3% ammonium sulphate as carbon
and nitrogen sources, respectively. A 10% inoculum in nutrient
broth was used and the cells were harvested after 54 h. The
enzyme was purified using a two step-process, with ammonium
sulphate precipitation (50-70%) followed by anion exchange
chromatography on Q-Sepharose. 25 mM NaCl in 1 mM TrisCl buf-
fer, pH 7.8 (containing 1 mM DTT) was used for elution.
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Table 1
Purification of penicillin V acylase from P. atrosepticum DSM 30168.

Purification Volume Total Total Specific Yield Fold-
step (ml) activity protein activity (%) purification
(1U) (mg)

Sonicate 31 60.85 556.45 0.109 100 1

50-70% Ammonium 9.5 58.13 76.93 0.756  95.53 6.94
sulphate

Anion exchange 24 17.66 1.063 16.612  28.38 152.25
chromatography

(Q-Sepharose)

2.2. PVA activity assay

The activity of penicillin V acylase was determined by the meth-
od of Shewale et al. [10], measuring the amount of 6-APA formed at
40 °C, employing 2% w/v (50 mM) solution of penicillin V (potas-
sium salt) in 0.1 M phosphate buffer pH 6. The 6-APA formed
was estimated using 6% (w/v) p-dimethyl amino benzaldehyde
(DAB) in methanol. One unit (IU) PVA activity is defined as the
amount of enzyme that produces 1 pmol 6-APA per minute under
the conditions defined.

2.3. Bile salt hydrolase assay

The hydrolysis of bile salts was estimated using 10 mM sodium
glyco or taurocholate as substrate, in 0.1 M phosphate buffer pH 6
at 40 °C. The amino acid moiety released was quantified using nin-
hydrin reagent [9].

2.4. Biochemical characterisation of P. atrosepticum PVA

The hydrolytic activity of purified PVA towards various penicil-
lins, cephalosporins and synthetic substrates was determined by
incubating the enzyme with the different substrates at appropriate
concentrations. The effect of metal ions, DTT and amino acid mod-
ifiers on PVA activity was checked to ascertain the presence of
important catalytic residues at the enzyme active site.

2.5. Inhibition of PVA activity by bile salts

To study the binding of bile salts, the enzyme was incubated
with increasing concentrations (10-50 mM) of glycocholic acid
(GCA) and taurocholic acid (TDCA), along with the substrate
(50 mM penicillin V) in the enzyme assay.

2.6. Homology modelling of 3D structure of PaPVA sequence

The amino acid sequence of PaPVA gene (YP_051294.1) was ob-
tained from protein database of NCBI (http://www.ncbi.nlm.nih.-
gov/protein). In order to find its closest homolog with known
tertiary structure, the sequence was searched against PDB database
[11] using the program blastp [12]. The best templates identified
were the crystal structure of cholylglycine hydrolases from Bacte-
roides thetaiotaomicron VPI (PDB Id 3HBC) and Bacillus sphaericus
(PDB Id 3PVA). Multiple template based homology modelling ap-
proach of “Prime 3.0” [13] was used for model building. The N-ter-
minal 29 residue periplasmic signal peptide was removed from the
PaPVA sequence before building the model. First, the two
templates were structurally aligned with each other. Secondary
structure of PaPVA sequence was predicted and was used to align
the query sequence with the templates. The model building step
involved copying the coordinates of backbone atoms for the
aligned regions along with side chains of conserved residues. This
is followed by optimisation of side chains, minimisation of

non-template residues and finally building insertions and remov-
ing deletions. OPLS_2005 all-atom force field was used for energy
scoring of protein and Surface Generalised Born (SGB) continuum
solvation model was used for treating solvation energies. The N-
terminal in 3HBC structure starts with residue Cys26. However,
in the PaPVA model, the residues numbering was kept such that
the N-terminal Cys residue gets residue number 1. The stereo
chemical quality and geometry of the final model was evaluated
using model validation programs such as PROCHECK [14], Verify3D
[15] and Prosa [16].

2.7. Prediction of penV, GCA binding modes

The 3D conformation of glycocholic acid (GCA) and penicillin V
(penV) used in the docking study was obtained from PubChem
compound database [17] with their CID 10140 and 6869, respec-
tively. Partial atomic charges of each ligand atom were determined
from OPLS_2005 all-atom force field using LigPrep [18]. Grid based
ligand docking program Glide [19] was used for docking these li-
gands in the binding site of receptor. The binding site was defined
as a grid box of dimension 26 x 26 x 26 A, centered on Cys1 resi-
due. Receptor grid generation was followed by ligand docking
where the ligands were docked flexibly using Glide’s extra preci-
sion. Free energy of binding is roughly estimated by using an
empirical scoring function called GlideScore, which includes elec-
trostatic, van der Waals interaction and other terms for rewarding
or penalising interactions that are known to influence ligand
binding.

3. Results and discussion

The enzymes PVA and BSH have immense potential as commer-
cial enzymes, in the pharmaceutical [2] or food industry [20]. In
addition, these enzymes are also possibly linked to the regulation
of pathogenicity in bacteria. Structures have been solved for PVA
from B. sphaericus (BspPVA, PDB ID 3PVA) [21] and B. subtilis (BsuP-
VA, 20QC) [22], and BSH from Clostridium perfringens (CpBSH,
2RLC) [23] and Bifidobacterium longum (BIBSH, 2HF0) [9]. Even
though these enzymes have appreciable sequence homology, they
exhibit significant variation in substrate specificity. BsuPVA and
BIBSH are exclusively specific for penicillin V and glyco-conjugated
bile salts, respectively. On the other hand, BspPVA and CpBSH show
some cross-activity [9].

Based on this logic, we expected that the penicillin V acylase
from P. atrosepticum, a Gram-negative bacterium, might exhibit
distinct biochemical and structural characteristics different than
the sources reported earlier. Hence we proceeded to characterise
the enzyme and study the substrate binding to explore the unique
nature of this enzyme. The enzyme was purified using ion ex-
change chromatography and observed to be active at pH 5.5 and
40°C. A 152-fold increase in specific activity of enzyme to
16.6 utM/mg/min of protein and 28% recovery of the total activity
was achieved (Table 1). The value for specific activity is less than
that reported for B. sphaericus PVA [24].

3.1. Biochemical characteristics of PaPVA

The activity of PaPVA was not influenced by most metal ions or
chelating agents (data not shown). However, the enzyme activity
was inhibited largely in presence of Ag*, Hg?*, and Cd?* ions. These
cations have strong affinities for -SH groups, indicating that the ac-
tive site of PVA may contain cysteine. There was also a marked
enhancement in activity after treatment with DTT (126% of original
activity at 10 mM), which is in agreement with previous findings
for penicillin V acylases [25]. The enzyme was inhibited to a large
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Fig. 1. (A) Substrate specificity of PaPVA for beta-lactam compounds and bile salts. Activity towards GCA and TCA was measured using BSH assay. (B) Inhibition of PaPVA

activity in the presence of bile salts.

extent by modification with pHMB (0.1 mM), NBS (0.1 mM) and
phenyl glyoxal (10 mM); suggesting the possibility of cysteine,
tryptophan or arginine residues, respectively, in the active site
(Table S1). This indicates that the active site residues are probably
conserved in PaPVA like previously reported enzymes of this family
[21].

3.2. Substrate specificity of PaPVA

Penicillin V was found to be the best substrate for PaPVA since
the enzyme showed highest specificity towards penV. All other
beta-lactam substrates, including penicillin G, ampicillin, cepha-
lexin, cloxacillin and dicloxacillin were hydrolysed by PVA at a rate
less than 10% of that of penV. Pundle and Sivaraman [24] have also
reported high specificity towards penV in the case of BspPVA. Since
PVA and BSH are closely related, we examined if the PaPVA enzyme
could hydrolyse bile salts as well. However, the enzyme failed to
show any activity with glyco- or tauro-conjugated bile salts
(Fig. 1A).

To understand the reason for this variation in substrate specific-
ity towards penV and bile salts, molecular modelling of the PaPVA
sequence was employed, followed by computational docking of
these substrates.

3.3. Homology modelling of PaPVA

Blast homology search of PaPVA sequence against PDB database
identified 3HBC, a cholylglycine hydrolase from B. thetaiotaomicron
VPI, as best template having 44% identity with query sequence fol-
lowed by 3PVA (25% identity), a cholylglycine hydrolase from B.
sphaericus [21]. In the template 3HBC, coordinates of few residues
near the substrate binding site (residues 48-49, 157-162 and 271-
273) were missing. When the query sequence was aligned with
template 3HBC, an insertion of 5 residues (GRKGM) was found in
the query sequence between residues 87 and 88 of template.
Hence any region of the query sequence which could not be mod-
elled by using 3HBC was modelled using the second template
3PVA.

Multiple template based modelling was reliable because both
the templates and target belong to same enzyme family and share

ofpat Ntn hydrolase structural fold (Fig. 2). Majority of the second-
ary structure elements along with the key catalytic residues (Cys1,
Arg17, Asp20, Asn175 and Arg225; Numbering as per 3PVA) are
well conserved [26]. However, a significant difference was ob-
served between the PVA enzyme from P. atrosepticum (PaPVA)
and B. sphaericus (BspPVA). Near the C-terminal, a 20 residue sec-
ondary structural motif (residues 193-213) which is responsible
for the oligomeric association of BspPVA is completely missing in
PaPVA (blue? region in Fig. 2). Another significant difference ob-
served was the physical nature of binding site pocket. The binding
site pocket of BspPVA is large and more hydrophobic compared to
that of PaPVA (Fig. S2). Similarly there is a difference in the electro-
static potential, observed between the active sites of PaPVA and
BspPVA (Fig. S2). The hydrophobic binding site surface area in
BspPVA, as calculated by tool SiteMap [27], is 261.78 A® whereas in
case of PaPVA, it is 145.09 A%, The approximate binding site volume
in BspPVA is 399.59 A3, which is slightly larger than PaPVA where the
binding site volume is 329.6 A3. The model built was of good quality,
as validated by the model validation program such as Recheck, Ver-
ify3D and Prosa. More than 93% of the residues lie in the core and
allowed region of Ramachandran plot as estimated by Procheck
(83.9% in core, 9.7% allowed, 3.7% generously allowed and 2.7% dis-
allowed region). All residues had a Verify3D quality score greater
than zero, suggesting the absence of conformational error. The over-
all Z-score using Prosa (—6.97) was within the range of scores usu-
ally observed for native proteins of similar size, further validating
the quality of modelled structures. The root mean square deviation
(RMSD) of their backbone atoms was 1.39 A.

3.4. Binding modes of substrate penV and GCA

Fig. 3 depicts the binding modes of substrate penV and GCA in
the binding site of PaPVA. The estimated values for free energy of
binding suggested a favourable binding for both the molecules
but penV exhibited higher binding affinity as compared to GCA
(penV: —4.4, GCA:—3.4 kcal/mol). Both molecules interact with
the key catalytic residues such as C1, D22, W23, W87, N183 and

2 For interpretation of color in Figs. 2 and 4, the reader is referred to the web
version of this article.
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Fig. 2. (A) Three-dimensional model of PaPVA represented by cartoon representation. The region shown in red are modelled using BspPVA (3PVA) as template. The region
shown in blue corresponds to the structural motif responsible for the oligomeric association of PaPVA. (B) Same as (A) viewed by 90° clockwise rotation about y-axis, showing
clearly the oo structural fold. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. The mode of binding of penV (left panel) and GCA (right panel) in the active site of PaPVA. The substrate binding site loops of the enzyme, along with the leaving and
tetrahedral intermediate forming groups of each ligand are labelled. Binding site is shown in electrostatic surface.

R215. In the case of penV, the residues C1 and R215 are involved in
hydrogen bonding interaction with its carbonyl oxygen of the
amide bond and the carboxylate group of f-lactam ring. Similarly,
the aromatic residues W23 and W87 interact with the phenyl ring
of penV. GCA also interacts with residues C1 and W87 (main chain
nitrogen atom acts as donor) via hydrogen bonding interaction.
These observations matched well with the results of chemical
modification described earlier, suggesting that these residues are
involved in interaction with the substrate. Further, it could be in-
ferred that GCA can bind to the enzyme at the site where penV
binds, although the enzyme did not show any activity on GCA.
We proceeded to confirm this experimentally by studying the inhi-
bition of PVA activity by bile salts.

3.5. Binding of bile salts reduces PVA activity

The addition of bile salts along with the substrate (penicillin V)
in the enzyme assay led to the inhibition of PVA activity as

anticipated from the docking studies. Both glyco- and tauro-conju-
gated bile salts showed similar patterns of inhibition of the enzyme
activity, leading to almost 85% reduction at equimolar concentra-
tions of the substrate penVand GCA (Fig. 1B).Based on our compu-
tational and experimental data, we could conclude that the
enzyme from P. atrosepticum is active exclusively towards penV,
even though bile salts also bind at the same site as penV to inhibit
the catalytic activity. Rathinasamy et al. [25] have reported a slight
inhibition of BsuPVA activity in the presence of 1 mM bile salts.

A probable reason for such inhibition could be the inverse mode
of binding of substrate penV and the inhibitor GCA (Fig. 3). In penV,
after the cleavage of its amide bond, the putative group which
leaves first, henceforth called the Leaving Group (LG) is 6-amino
penicillanic acid (6-APA) where as in case of GCA it is the glycine
moiety which leaves first. After the LG is removed, the remaining
group which forms a tetrahedral intermediate with the enzyme,
henceforth called Tetrahedral intermediate forming group (TG),
are phenyl acetic acid (PAA) and cholate, respectively in penV



542 V.S. Avinash et al./Biochemical and Biophysical Research Communications 437 (2013) 538-543

Fig. 4. (A) The superposition of CA-trace of PaPVA enzyme with BIBSH (red), CpBSH (magenta), BspPVA (orange) and BsuPVA (blue). The N-terminal catalytic residue Cys1 is
shown in stick representation. (B) Zoom view of the catalytic site showing the differences in the orientation of the four substrate binding site loops. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

and GCA. We observed that the location of LG and TG between sub-
strate penV and inhibitor GCA were interchanged and hence the
direction of amide bond (CO-NH direction) got reversed. Again
the binding mode of GCA in PaPVA is significantly different from
that of CpBSH (2RLGC, Fig. S3). It is likely that this mode of GCA bind-
ing is not optimal for GCA cleavage, hence the absence of catalyt-
icactivity although it binds at the same site as penV.

The structural superposition of the binding site of PaPVA with
other reported 3D structures of BIBSH, CpBSH, BspPVA and BsuPVA
is represented in Fig. 4. A significant difference was observed in the
length and orientation of the four loops near the substrate binding
site between PaPVA and the other enzymes mentioned above. In
PaPVA these loops correspond to the following regions: Loop1:
22-35, Loop2: 61-74, Loop3: 135-150 and Loop4: 263-275. Loop1
and Loop4 are of same length in all the above enzymes. However,
in PaPVA, Loop?2 is about 3 residues larger than the corresponding
loop in BIBSH, CpBSH and BspPVA enzymes and about 4 residues
larger compared to BsuPVA Loop2. This insertion causes the loop
to fold further inwards towards the active site, decreasing its size.
Except BspPVA, all other enzymes have one or two residue shorter
Loop3 compared to PaPVA. It has been suggested earlier that the
variation in specificity towards GCA and penV between BSH and
PVA enzymes is due to these loops [9,28]. In PVA enzymes, these
loops are folded inward forming a closed and reduced size binding
site pocket whereas the pocket is comparatively large and open in
the case of BSH. In PaPVA, due to insertion of 3-4 residues in
Loop2, about 1-2 residues in Loop3 and their orientation, the bind-
ing site pocket was further reduced in its size, preventing GCA to
bind in a mode similar to the mode seen in CpBSH (2RLC).Struc-
tural superposition of PaPVA with 2RLC showed heavy steric
clashes between the bound product cholate of CpBSH and the res-
idues of PaPVA Loop2 and Loop3 (Fig. S3).

In conclusion, we have characterised a penicillin V acylase from
a Gram-negative bacterium (P. atrosepticum), which shows activity
towards penV and related compounds, but fails to hydrolyse bile
salts. Computational docking showed inverse or reverse mode of
binding of the substrate to the enzyme, this probably accounts
for the inhibition of PVA activity in the presence of bile salts. The
orientation of the loops in PaPVA accounts for a reduction in the
size of the binding pocket which makes it highly specific for penV.
Such information on the structural differences in binding can be
particularly valuable to design strategies for protein engineering
to improve the enzyme characteristics. In addition, based on

sequence and structural homology, we observed that PaPVA was
distinct from already reported PVA and BSH enzymes, hinting at
the possibility that PVAs from Gram-negative organisms might be-
long to a different class [28]. It would also be interesting to study
the docking of plant phenolic compounds in the active site of PaP-
VA to ascertain whether such compounds can act as better sub-
strates than penV.
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