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ARTICLE HISTORY ABSTRACT

Received on: 02/01/2024 Penicillin-derived antibiotics such as amoxicillin are one of the antibiotics that are widely used. Amoxicillin is
Accepted on: 06/04/2024 synthesized through the availability of raw materials, 6-aminopenicillanic acid (6-APA), with penicillin-G acylase
Available Online: 05/05/2024 (PGA) as the catalyst. Previous studies revealed a recombinant PGA through the utilization of expression hosts.

However, the low activity of the expressed enzyme is still an obstacle to the optimum utilization of its enzyme. In
this study, we applied site-directed mutagenesis computationally for initial prediction by creating 36 PGA mutants
through homology modeling and predicted their binding affinity as well as bounding interaction mode to penicillin-G
through molecular docking. Our research found that four mutants had better potential activity than wild-type PGA.
In the first experiment, only the BThr68Tyr PGA mutant was selected to be explored further. The mutant PGA gene
inserted into pET-22b plasmid was transformed to Escherichia coli BL21(DE3) by heat shock method. For enzyme
expression, IPTG and arabinose were used as inducers. As a result, the specific enzyme activity of mutant PGA
showed insignificantly lower values in comparison to wild-type PGA. This activity appeared to be influenced by the
formation of inclusion bodies during post-translational protein maturation, as described in this paper.
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INTRODUCTION various substrates and semisynthetic antibiotics, respectively,
make the development of PGA is essential.

Chemical production of antibiotics in the past has
been replaced by a safer and more environmentally friendly
method, which is through the production of recombinant protein
by microorganisms as the host expression system. Several
researches have been carried out through various phases to
develop the potential of PGA including recombination, gene
expression, enzyme isolation and purification, and enzyme

Amoxicillin, a penicillin-derivative antibiotic, is one of
the drugs that plays a vital role in overcoming bacterial infection.
The synthesis of amoxicillin is possible through the production
of the precursor, 6-aminopenicillanic acid (6-APA), from the
catalysis reaction of an enzyme called penicillin-G acylase
(PGA). This enzyme catalyzes the hydrolysis of penicillin such
as penicillin-G by releasing the acyl group to generate 6-APA

and side product phenylacetic acid (PAA) [1]. On top of that, activity tests by different recombinant hosts. The cloning and
PGA could not only hydrolyze p-lactam antibiotics, but also production of recombinant PGA from Escherichia coli and
able to synthesize the other penicillin derivatives thus forming Bacillus megaterium through host cells E. coli BL21(DE3)
semisynthetic antibiotics [2]. The wide application and great and DH5a with many optimizations were reported. The gene

potential of PGA in catalyzing hydrolysis and synthesis of ~ expression and isolation of PGA were satisfactory, but the
activity of the enzyme in enzymatic reaction is considered
low and not optimal yet [3]. The low enzyme activity of

PGA is likely influenced by the weak binding of the enzyme
*Corresponding Author and substrate. This hypothesis led us to a further approach to
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As mentioned above, one of the factors that influence
the enzyme activity is the binding of the enzyme and its
substrate where the optimal binding of them could potentially
improve the enzyme activity. PGA’s active site consists of
catalytic and substrate-binding domains with specific residues
function in each domain. Its substrate-binding domain consists
of subdomain 1 (S1) which binds to the acyl group of substrate
and subdomain 2 (S2) which interacts with nucleophiles [4].
Many researchers tried to mutate the residues in the active
site through site-directed mutagenesis and many mutants were
found to be able to improve the enzyme activity and prove the
role of the residues in enzymatic reaction [5,6].

The earlier screening through an in silico approach
could serve as an effective way in terms of time, energy, and
expense consumption to predict the potential of mutants before
conducting the laboratory research. This research intended
to find potential PGA mutants by computationally mutating
some amino acid residues in the S1 domain that have not yet
been widely discussed or mutated. Residues fPro22, Ser67,
BThro8, BTrpl54, PLeu253, and PPhe256 were substituted by
other six residues to create 36 PGA mutants with single amino
acid substitution, and the effect of mutation on the enzyme-
substrate binding was studied.

The purpose of this research was to study the
interaction of PGA mutants with penicillin-G and select the
potential mutant based on the affinity strength which will be
investigated deeper. The effect of site-directed mutagenesis
was studied by conducting the transformation of recombinant
plasmid, gene expression with different inducers, protein
isolation from different cell fractions, and enzymatic activity.

MATERIALS AND METHODS

Homology modelling

The amino acid sequence of o and B subunits were
extracted from the PGA amino acid sequence originating
from E. coli in NCBI with accession number AAA24324.1 [7].
This sequence serves as the control model and template for
mutations. The sequence for mutants was generated by BioEdit
[8] by replacing target residues with other residues displayed
in Table 1. All protein models were built based on PGA model
1K7D [9] as the template. The o and B subunits of each mutant
were built separately in SWISS-MODEL [10] before being
combined into a complex by PyMOL [11].

Protein and ligand preparation

Each wunited protein model was prepared by
AutoDockTools 4.2 [12] including the addition of polar
hydrogen, a merge of nonpolar hydrogen, the addition of
Kollman charge, and the assignment of AD4 type atom. Ligand
was prepared by extracting penicillin-G from crystal structure
1FXV [13] by PyMOL and minimizing the energy by PyRx
[14]. The preparations included the addition of polar hydrogen,
the addition of Gasteiger charge, the assignment of AD4 type
atom, and the setting of rotatable bond (five bonds) and active
torsion (four torsions).

Molecular docking

Docking validation was performed by AutoDockTools
4.2 with crystal structure 1FXV and by a similar protocol,
molecular docking for all PGA mutants was proceeded. To
conduct the molecular docking, a grid parameter file (GPF)
was first prepared with grid box dimensions 80 x 80 x 80,
spacing 0.375 A, and a grid box centered on the ligand. Then,
the docking parameter file (DPF) was also prepared with the
rigid file of the macromolecule, genetic algorithm as the search
parameter and Lamarckian genetic algorithm as output. Using
these GPF and DPF, molecular docking was conducted and the
result in the form of binding affinity can be observed from the
output file. The conformation from the lowest binding affinity
that indicates the best binding energy was further compared
between each mutant [15].

Transformation of mutant recombinant plasmid

This research used the wild-type PGA gene
optimized in previous research [16] by GenScript through
its OptimumGene™ codon optimization analysis algorithm.
The gene codon was optimized based on the codon usage
bias and many other optimization parameters for expression
in E. coli. Using the optimized gene sequence, the mutant
gene pgaEcPThr68Tyr was created (Supplementary Fig.
S1) and constructed in pET-22b(+) plasmid by GenScript.
The recombinant plasmid was then transformed into E. coli
BL21(DE3) by 42°C and 45 seconds of heat shock.

Escherichia coli BL21(DE3) was first made competent
by MgCl,—CaCl, 0.1 M and CaCl, 0.1 M [16]. Then, the amount
of 100 pl of transformant culture was spread on an LB plate
containing 50 pg/ml ampicillin. The plate was then incubated at

Table 1. 36 PGA mutants generated from the substitution of 6 target active site residues into 6 residues representing each amino acid group.

PGA mutants based on amino acid groups

Target residue h}lji(;zll))(l)ll(;‘gic hy drolzl?:ll;i(llzzlphur Amide, uncharged Acidic, charged Basic, charged Aromatic
aliphatic

BPro22 BPro22Val BPro22Met BPro22Gln BPro22Glu BPro22Arg BPro22Tyr
BSer67 BSer67Val BSer67Met BSer67GIn BSer67Glu BSer67Arg BSer67Tyr
BThr68 BThr68Val BThr68Met BThr68GIn BThr68Glu BThr68Arg BThr68Tyr
BTrpl54 BTrpl54Val BTrpl54Met BTrp154GIn BTrpl154Glu BTrpl54Arg BTrpl54Tyr
BLeu253 BLeu253Val BLeu253Met BLeu253GIn BLeu253Glu BLeu253Arg BLeu253Tyr
BPhe256 BPhe256Val BPhe256Met BPhe256GIn BPhe256Glu BPhe256Arg BPhe256Tyr
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37°C overnight to form bacterial colonies. Colony polymerase
chain reaction (PCR) was carried out by T7 Promoter and pgaEc
specific (5’-GTA CCA ACA AAG ATC ATC G-3’) primer as
forward and reverse primers, respectively. Each PCR reaction
was conducted in a final volume of 20 pl, containing 100 uM
of dNTPs, 2.5 u of DNA Taq polymerase, and 2 mM MgCl,
obtained from the ready-mixed Promega’s Gotaq Green Master
Mix. The PCR reaction also contains 0.4 pM forward primer,
0.4 uM reverse primer, 100 ng of DNA template, and finally
nuclease-free water to add up to the final volume of the reaction
mixture. The PCR program included a pre-denaturation step at
95°C for 4 minutes followed by 27 cycles of denaturation at
95°C for 30 seconds, annealing at 47°C for 30 seconds, and
extension at 72°C for 1 minute before the final extension at
72°C for 5 minutes. Amplicons were observed on 1% of gel
agarose electrophoresis.

Isolation of mutant recombinant plasmid

Plasmid isolation from transformant culture was
implemented by FavorPrep™ Plasmid Extraction Mini Kit.
By forward T7 Promoter and reverse T7 Terminator primers,
PCR was performed with the plasmid isolate as the DNA
template, using the same PCR condition stated in the section
“Transformation of mutant recombinant plasmid,” which was
followed by the separation of PCR products through 1% of gel
agarose electrophoresis.

Expression of mutant recombinant PGA

A volume of 1 ml of starter culture of transformant
was inoculated to 50 ml LB broth containing 50 pg/ml of
ampicillin. Next, the bacterial culture was incubated and shaken
at 170 rpm and 37°C to obtain the OD600 of 0.5-0.7. After
reaching the OD value, 0.05 mM IPTG [3] and 1.5% arabinose
[16] were added to different culture replicates. Then, incubation
was continued in a shaker incubator at 150 rpm and 37°C for
17 hours.

Recovery of mutant and wild-type recombinant PGA

After gene expression, the transformant culture was
centrifuged at 3,500 rpm and 4°C for 30 minutes. The pellet was
resuspended with 5 ml of 0.1 M potassium phosphate pH 7.8
buffer before centrifuging again for 15 minutes. Resuspension
of the pellet was repeated once and sonication was performed
on the bacterial suspension for 10 cycles with 30 seconds of
start and stop duration each. The sonicated suspension was then
separated through 5,000 rpm of centrifugation for 20 minutes
at 4°C. The supernatant and pellet were recovered as S1 and
P1 fractions, respectively. Then, 3 ml of N-laurylsarcosine
solubilization buffer (5% n-propanol, 5% dimethyl sulfoxide,
and 0.2% N-laurylsarcosine) was added and the suspension
was incubated at 4°C for 90 minutes. After solubilization, the
suspension was separated through 5,000 rpm of centrifugation
for 20 minutes. The pellet (P2) was resuspended by buffer and
the supernatant was filtered through the 15 ml Amicon® ultra
centrifugal filters (MWCO 10,000) before the filtrate (S3) was
obtained. The concentration of total protein was measured
from all cell fractions by bovine serum albumin as standard. In
addition, the uniform concentration of these protein fractions

was prepared by an SDS sample buffer before the SDS-PAGE
running in 12% resolving and 5% stacking polyacrylamide gel.

Determination of enzymatic activity of mutant and
wild-type PGA

An amount of 1 ml of protein fractions S1 and S3 with
similar concentration (1 mg/ml) was reacted with 1 ml 4.5%
K penicillin-G in 0.1 M potassium phosphate pH 7.8 buffer
for 30 minutes in a shaker incubator at 37°C of temperature.
After the enzymatic reaction, 1 ml of 99% acetonitrile and 1%
acetic acid were added to stop the enzyme reaction followed
by centrifugation for 2 minutes at 4,500 rpm. The amount of
1 ml of supernatant was moved to a test tube that contained
3 ml of para-dimethylaminobenzaldehyde (p-DAB) reagent
(0.5% p-DAB, 2% of 20% acetic acid, 1% of 0.05 M NaOH).
After leaving the mixture for 4 minutes at room temperature,
the solution was measured by a spectrophotometer at 415 nm
of wavelength.

RESULT AND DISCUSSION

Homology modeling

All of the constructed mutant PGA models have global
model quality estimate values ranging from 0.93 to 0.96. The
score represents the quality of the models built when compared
to the template model and the score approaching 1 indicates a
good model [10,17]. The QMEANDIsCo global scores of all
models that evaluate the atomic distance consistency between
the target model and ensembled experimental models are close
to 1, which is between 0.82 + 0.06 and 0.88 £ 0.05 which also
indicates good models [10,18]. The quality of the protein models
is also supported by the QMEAN Z-score which is located in
the <1 area, indicating the closeness of the models with other
experimental crystal proteins.

Docking validation

Docking validation was performed to ensure the
validity of the docking protocol before the docking of the
constructed models. This step includes the re-docking of the
native ligand with its native protein from the experimental
structure. The deviation of the result then could be assessed
based on the root mean square deviation (RMSD) value [19].
The crystallized structure of PGA, that is 1FXV, was used in
this validation because it is the crystallized PGA model that
existed with a similar ligand intended for this research. The re-
docking of the complex resulted in ten ligand conformations but
the lowest RMSD value was chosen to be considered regardless
of the energy rank [20].

Among all of the docked conformations, the lowest
RMSD (1.29) was shown by conformation 3 with a binding
affinity of —4.99 kcal/mol. The RMSD value is used to compare
the pose between the docking result and the existing crystal
structure. The value of 1.5 A as the maximum RMSD value for
a docking method is recommended [20]. However, this value
which is set for the ligand with a low number of rotatable bonds
is 2. However, the ligand in this study is penicillin-G which
is highly rotatable with five rotatable bonds and four active
torsions which makes this RMSD value more than sufficient
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Figure 1. The superimposition of penicillin-G from the re-docked structure
(grey) and crystal structure 1FXV (black). The structure of the re-docked
penicillin-G deviated from its experimental crystal structure in RMSD 1.29,
which is an acceptable value for docking to be considered validated.

to be validated. It was also stated that 1.5-2 A is acceptable
depending on the ligand. Therefore, the docking protocol used
in this research was validated, proven by the low deviation of
docked conformation from the experimental structure (Fig. 1).

Molecular docking

The lowest binding affinity from all models varied,
ranging from —6.46 to —4.27 kcal/mol (Fig. 2). When compared
to the wild type as a control model, only six mutant models
resulted in the lower or better binding affinity than control
(BPhe256Met, PBPhe256Arg, PPhe256Tyr, PBLeu253Met,
BThr68Arg, and PThr68Tyr) whereas the rest 30 models had
higher or lower binding affinity than control. The variety of
values was expected as the change in even a single amino acid
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could cause a change in the protein structure and lead to different
modes of interaction between the protein and its ligand.

The target residues were substituted into other six
residues that represent six groups of amino acids as stated in
the methods (Table 1). The categorization was based on the
standardized classes of amino acids from Immunogenetics
(IMGT), the international IMGT information system useful for
mutation and protein engineering purposes (https://www.imgt.
org). It would be more time-consuming and less effective if all
19 amino acids were used to replace the target amino acid. These
amino acids (Val, Met, Gln, Glu, Arg, and Tyr) were chosen
from each group because these amino acids are structurally the
largest amino acids that are predicted to lead to a significant
change in protein structure and interaction.

There was no uniform pattern that represents how
the size of amino acid could influence the binding between
enzyme and substrate from previous studies. The mutation
of aMetl42 and oPhel46 into alanine has been known to
reduce the hydrolysis of PGA on penicillin-G [21]. Based on
the IMGT database, methionine, phenylalanine, and alanine
are categorized as large, very large, and very small residues,
respectively, which indicates the high difference in the size
of amino acids. In addition, the mutation of aArgl45, a large
amino acid into lysine which is also a large amino acid results in
significant results where the hydrolysis of penicillin-G is lower
than wild type [22]. The change of aPhe146 into tyrosine, which
is in the same size category as aPhel46, leads to the increase
of affinity between PGA and phenylglycinamide in ampicillin
synthesis [23]. However, to maximize the change of structure in
the protein and potentially generate significant observation, the
biggest amino acid was considered to be used in this study [24].
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Figure 2. Comparison of binding affinity among PGA mutants and with wild-type PGA. Out of 36 PGA mutants, 6 of them (BPhe256Met, BPhe256Arg, fPhe256Tyr,
BLeu253Met, pThr68Arg, and BThr68Tyr) generate binding affinity that is lower than that of the control (wild-type PGA) when binding to the penicillin-G.
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Each molecular docking result of six mutants showed
that penicillin-G interacts directly with various residues in
the active site of the PGA model, leading to the alteration of
structure (Table 2). The control model from wild-type PGA
interacts with seven residues. Theoretically, although there are
many important residues in active sites of PGA, residues that
have function catalytically in enzyme reactions are Serl, GIn23,
Asn241, and Ala69. The nucleophile of the hydroxyl group of
Serl attack C carbonyl on the amide bond of penicillin-G. The
GIn23 indirectly interacts with the substrate to help enhance
the nucleophilicity of Serl. Oxy-anion tetrahedral intermediate
will be formed and then will be stabilized by Asn241 and Ala69
by a hydrogen bond. Then, an acyl-enzyme complex will be
produced and 6-APA will be released from the active site before
deacylation takes place and PAA and enzyme are released [25].

The interaction in the control model with the ligand
displays interaction with all residues needed except for Asn241.
The BAsn241 residue plays a crucial role in not only balancing
the negative charge in the tetrahedral reaction intermediate but
also helping in determining the position of ligand and active
site Serl [26]. This residue together with Ala69 binds with O16
of penicillin-G (Fig. 3) after the formation of an intermediate
state after a Serl nucleophilic attack. The interaction of control
shows that Serl interacts with O8 instead of O16. Based on the
catalytic mechanism mentioned, there is a possibility that the
interaction conformation captured in the docking consists of the
step before the nucleophilic attack, which explains the absence
of a reaction of BAsn241 with the O16 that binds to C15. The
crystal structure of PGA, 1FXV also shows no interaction
with BAsn241. However, when the interaction visualization is
expanded, fAsn241 is seen to interact indirectly with ligand
where it interacts with Serl. Based on the presence of direct
interaction with catalytic residues Serl, Ala69, and BAsn241
and indirect interaction with GIn23 through hydrogen bond
with Serl, mutant fPhe256Arg, fPhe256Tyr, BLeu253Met, and
BThr68Tyr are catalytically possible.

Other than the residues that function catalytically,
many other residues in active sites function in the substrate-
binding domain. Residues aMetl42, oPhel46, BPhe24,
BPhe57, PTrpl54, Bllel77, BSer67, PPro22, BGIn23, BVals6,
BThr68, pPhe71, fLeu253, and BPhe256 in S1 subdomain plays
arole in interaction of hydrophobic pocket with substrate’s acyl
group. In addition, residues aArgl45, aPhel46, fPhe71, and
BArg263 in the S2 subdomain are important in the binding of
the nucleophilic group [4]. All of the ligands in PGA models
interact with most of the residues mentioned, mostly through a
hydrophobic bond with the acyl part of the substrate and a pi-
sulfur bond with sulfur on the thiazolidine ring of penicillin-G.
There is an exception for Ser386 in the wild-type model and
Ser386 and Asn388 in BThr68Tyr models because these
residues have never been determined as active sites. A study
that mutates aAspl148, a site that is not known as an active
site in penicillin acylase discovered its important function in
transitions in conformational changes because of its position
in the catalytic loop of the protein [4]. Based on the position
of these Ser386 and Asn388 residues which are on the surface
of the enzyme’s inner side, these residues are in direct contact

with the substrate and possibly play an important role in the
conformational change of protein and binding of the substrate.

The mutant PGA with the lowest binding affinity,
BThr68Tyr, has three potential conformations with binding
affinity —6.46, —6.29, and —5.65 kcal/mol. It indicates the
strongest binding affinity among other mutants. However,
when considering the number of residues interacted, this mutant
does not interact with the highest number of residues (Table 2).
However, the number of residues does not mainly determine
the strength of enzyme-substrate binding, but it is determined
by the binding mode in which the molecule interacts with
the ligand. An ideal scoring function will result in the lowest
binding energy and at the same time a similar binding mode as
in crystal structure but for a precaution, binding mode should be
considered more than the binding affinity [27].

The BThr68Tyr mutant results in the best binding
affinity which indicates a stronger bond between enzyme
and substrate during enzymatic reaction. Moreover, the
three available conformations from this mutant represent
more favorable poses when the ligand interacts with PGA.
This mutant also shows interaction with residues for binding
of ligand to be possible and catalysis reaction to occur.
Nevertheless, the mutants BPhe256Tyr, BPhe256Arg, and
BLeu253Met should not be ignored since these mutants also
interact with ligands through catalytic and substrate-binding
residues other than the fact that these mutants have better
binding affinity than the control does. However, due to the
relatively slight difference in their binding affinity compared
to that of in control, there is less possibility that the enzyme
activity would change significantly.

Transformation of mutant recombinant plasmid

The transformation of mutant recombinant plasmid
pET22b-pgaEcfThr68Tyr into competent E. coli BL21(DE3)
results in the formation of bacterial colonies on the LB agar
plate (Fig. 4). The principle of transformation still applies to
the mutant plasmid used in our research where the application
of divalent Ca*" could reduce the repulsion between bacterial
cell and plasmid by neutralizing the charge hence facilitating
the plasmid to be absorbed by the cell [28]. In addition, the
additional divalent such as Mg*" that was applied to generate
competent cells could increase the efficiency of transformation
just like what has been reported [29]. It explains the plentiful
transformant colonies formed on the agar plate. Nevertheless,
single colonies were still able to be distinguished and isolated
from the agar media.

The colonies were confirmed to contain the mutant
PGA gene, indicated by the appearance of DNA bands on
electrophoresis gel after a colony PCR. As represented by
Figure 5, DNA bands appeared within the targeted band size
which is 537 bp from all colonies (A, B, and C) that were used
as PCR templates. The appearance of these bands is similar
to the size of the DNA band from positive control (+), which
indicates the ability of the transformation method applied to
transform the mutant recombinant plasmid and the cell host to
grow on media while carrying the plasmid.

The bacterial colonies were also assured to carry
the mutant plasmid pET22b-pgaEcpfThr68Tyr, based on the
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Table 2. The conformation and interaction of PGA models and penicillin-G.

PGA models 3-D binding mode 2-D binding mode Residues mter.a c.te.d directly with
penicillin-G

. aPhel46, BSerl, BGIn23, BPhe24, BThr68,
Wild type BAIa69, BSer386
aPhel46, BSerl, BGIn23, BPhe24, BThr68,
Phe256Met BALa6O
- ol oPhe146, Serl, fPhe24, BThr68, BAlaco,
PPhe256Are Eg:(\ & BPhe71, Blle177, BAsn241, PArg263
’ K:Ha
- Ara \By
aMet142, aPhel46,
BPhe256Tyr BSerl, BPhe24, PThr68, PAla69, pPhe7l,
Blle177, PAsn241
¢ -
BLeu253Met j:( : aMet142, aPhel46,
\\,.,...@' ., BSerl, PPhe24, BAla69, BPhe71, BAsn241
i &7 e
> . (824
APTAES ]
BThr68Arg

/¢
fﬁ( oPhel46, BSerl, BPhe24, BAla69, fPhe71

(Continued)
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Residues interacted directly with

PGA models 3-D binding mode 2-D binding mode penicillin- G
5
"""""" BSerl, BPhe24, PAla69, BPhe71, PAsn241,
PThr68Tyrl BArg263, BAsn388
6)
\‘ (  AsN2a1

aMet 142, oPhel46, BSerl, BGIn23, fPhe24,

PThr68Tyr2 BAIa69, BPhe71, Ble177, BAsn241
i oPhel46, Serl, BGIn23, BPhe24, PAla69,

BThr68Tyr3 i & BSer386

I penicillin-G,
bond, Pi-Sulphur bond.

PGA residues that interact directly with penicillin-G, Il hydrogen bond,

Pi stacking bond, Il Pi-Alkyl bond, Pi-Sigma

Cleavage site

13 j . S .o
P .F"x-ﬁ""\lc,_sr b
W

Acyl group Penam ring

Figure 3. Structure of penicillin-G consists of an acyl group and a penam ring.
The PGA enzyme will cleave the substrate at the cleavage site of the amide
group and then release the acyl group (PAA) and penam ring (6-APA) [25].

appearance of PCR product after the plasmid PCR of plasmid
isolates (Fig. 6). The amplicons possess the targeted size of
the whole PGA gene (2,538 bp). These amplicon bands do not
appear from the negative control, plasmid isolates of E. coli
BL21(DE3), as the cells in the mentioned culture do not contain
recombinant plasmid.

Figure 4. Colonies of E. coli BL21(DE3)-pET22b-pgaEcfThr68Tyr formed
on the LB agar plate with 50 pg/ml ampicillin after a spread plate of 100 pl
transformant culture and an overnight incubation at 37°C.

Expression and recovery of mutant and wild-type
recombinant PGA

Escherichia coli BL21(DE3) as the expression host
of the mutant and wild-type recombinant PGA were fermented
and resulted in the noticeable protein yield regardless of the



150 Aniqah et al. / Journal of Applied Pharmaceutical Science 14 (05); 2024: 143-156

Figure 5. Target DNA bands (537 bp) formed on 1% electrophoresis gel after
colony PCR. Lane 1 (+): pure mutant plasmid pET22b-pgaEcfThr68Tyr, lane
2 (A): colony A, lane 3 (B): colony B, lane 4 (C): colony C, and lane 5 (M): 1
kb DNA ladder.

2538bp 2538bp 2538 bp

v e

pu——

Figure 6. Target DNA bands (2,538 bp) formed on 1% electrophoresis gel
after plasmid PCR. Lanes 1-3 (A): plasmid isolates from transformant E. coli
BL21(DE3)-pET22b-pgaEcBThr68Tyr, lanes 4-6 (—): plasmid isolates from E.
coli BL21(DE3), and lane 7 (M): 1 kb DNA ladder.

level differences in each culture. It indicates a good expression
of both mutant and wild-type PGA by the cultivation condition,
optimized codon, and expression host in this research. The gene
expression process generated different levels of total protein in
each cell fraction (Fig. 7). The total protein concentration in the
insoluble fraction (P1) from all cultures, ranging from 27.97 to
30.26 mg/ml, is obviously higher than the concentration in their
respective soluble fractions (S1) which are between 0.95 and
1.97 mg/ml. The P1 fractions represent insoluble fraction gained
after cell lysis, containing the cell debris from membranes and
aggregated form of protein whereas S1 fractions depict the
cytoplasmic fraction that contains soluble protein [30]. In this
research, the S1 fraction also contains soluble proteins from cell
periplasmic space where mature PGA is present.

Although the total protein concentration values do not
specifically indicate the concentration of PGA, the visualization
of protein bands after separation on SDS-PAGE gel could help
to determine the quality and presence of our protein target from
each fraction. The different value of protein concentration in
P1 and S1 fractions is confirmed by the presence of the thicker
bands of P1 on SDS-PAGE gel when compared to the S1 bands
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Figure 7. The concentration of total protein in cell fractions after sonication
(a: S1 and P1) and after solubilization treatment with N-laurylsarcosine (b:
S2 and P2) from different cell cultures: mutant PGA BThr68Tyr expression
induced by arabinose (mutant-Arabinose), wild-type PGA expression induced
by arabinose (WT-Arabinose), mutant PGA BThr68Tyr expression induced by
IPTG (mutant-IPTG), wild-type PGA expression induced by IPTG (WT-IPTG).
N : soluble fraction in the form of supernatant, [l : insoluble fraction in
the form of pellet.

(Figs. 8 and 9). Arabinose inducer expressed more [ subunits
but fewer inclusion bodies in P1 when compared to S1 (Fig.
8). This might suggest that the absence or low formation of
inclusion bodies during the protein expression was induced
by arabinose. In contrast, SDS-PAGE of the IPTG-induced
culture visualizes the similar quality of the  subunit band from
P1 and S1 but thicker inclusion bodies in P1. This observation
shows the higher amount of inclusion bodies caused by IPTG,
especially when expressing BThr68Tyr mutant results in a
noticeably thicker band of inclusion bodies (Fig. 9). We assume
that the higher concentration of proteins in P1 from arabinose
induction was contributed by PGA proteins while that of from
IPTG induction was contributed mainly by the formation of
inclusion bodies. The a subunit band of PGA was not observable
in both gels (Figs. 8 and 9) which is probably due to its low
concentration.

The higher protein concentration in P1 indicates the
high formation of aggregated proteins with higher density,
hence, settled in the base of the microtube after centrifugation.
This is a common occurrence in protein overexpressions due
to the incomplete folding of protein where the formation of
inclusion bodies is expected [31]. Other than because of the use
of strong promoters such as T7 that boosts the heterogenous
expression, the application of optimized codon and E. coli
as expression hosts could lead to the imperfect folding of
proteins that will aggregate to form inclusion bodies [32]. It
is also possible that the cell host could not withstand the high
expression stress when fulfilling the metabolic prerequisite,
especially after the translation where proteins are attempting to
be modified through folding [33].

Our study used a codon-optimized gene along with a
T7 promoter provided by the construction of pET22b-pgaEc
recombinant plasmid that was transformed and expressed in E.
coli, which led to the formation of inclusion bodies. However,
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this approach helps better the expression of synthetic PGA
genes in the cell host after many optimizations [3,16]. We had
anticipated the formation of aggregates hence we increased the
number of cycles and duration during sonication. The 10 cycles
with 30 seconds of sonication in each cycle have increased the
soluble total protein yield compared to the previous reports in
the same series of research [16]. It was also revealed that cell
sonication could physically affect the structure of aggregates by
breaking them into the desired size favored for better dissolution
[34]. Furthermore, we attempted to apply low temperature
(20°C) for induction and fermentation conditions to slow down
the expression process so that an optimal modification and
folding of proteins could take place after the translation [35].

Because there is a presence of proteins in aggregated
form in P1, further steps should be carried out to extract more
bioactive proteins from the insoluble fraction. The inclusion
bodies are not meaningless as they have their potential as
bionanomaterial and even their formation is intentionally
induced in protein production [36]. Since the aggregates
in inclusion bodies usually consist of a similar type of
polypeptides and still possess a secondary structure close to its
native, the recovery of the structure is possible through a mild
solubilization treatment [37].

The S3 fractions which are the filtered soluble fraction
obtained after the solubilization of the insoluble fraction (P1)
with N-laurylsarcosine buffer showed an increase in protein
level (1.49-5.82 mg/ml) when compared to S1 (Fig. 7). It is
in accordance with the thicker visibility of B subunit from S3
compared to S1 in both WT and mutant PGA expression induced
by arabinose and IPTG (Figs. 8 and 9). The increase of total protein
concentration in the filtrate of solubilized insoluble protein (S3)
might be contributed mainly by the increase of protein level after
solubilization treatment using N-laurylsarcosine which was able
to release the protein from its aggregate form thus solubilizing
it. Sarcosyl is a mild detergent that benefits the recovery of
protein from the inclusion bodies since the treatment assists the
solubilization process better by not denaturing it completely
hence the folding process will not be complicated [38]. Then,
the removal of denaturant, which in this research was conducted
through additional washing and filtration of solubilized insoluble
protein, could help refold and generate active protein [39].

The total protein content in P2 fractions (29.48-30.47
mg/ml) which are the solubilization debris mostly show an
increase compared to that of P1 (Fig. 7). This phenomenon is
due to the increase of B subunit represented by the thicker §
subunit and the rise of inclusion bodies indicated by the thicker
inclusion bodies in arabinose-induced expression (Fig. 8). It
indicates the increase of active protein level, considered from
the more visible B subunit of PGA but also the lead to more
aggregation showed by the visibility inclusion bodies. Similarly,
another research found that solubilization and refolding of
inclusion bodies is not an easy task and even though most
proteins could be released from their aggregates, most faced the
challenge of achieving accurate structure and because of that, the
protein could aggregate again [40]. Nevertheless, considering
the presence of the B subunit which represents the active form
of PGA in the P2 fraction, if further washing and additional
centrifugation steps were taken after the solubilization, the
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Figure 8. SDS-PAGE of protein fractions recovered from culture expressed
by inducer arabinose. S1: supernatant after cell sonication, P1: pellet after
cell sonication, S3: filtrate of solubilized insoluble fraction, P2: solubilization
insoluble debris, Mutant: mutant PGA BThr68Tyr, WT: wild-type PGA.
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Figure 9. SDS-PAGE of protein fractions recovered from culture expressed
by inducer IPTG. S1: supernatant after cell sonication, P1: pellet after cell
sonication, S3: filtrate of solubilized insoluble fraction, P2: solubilization
insoluble debris, mutant: mutant PGA fThr68Tyr, WT: wild-type PGA.

active form of protein in P2 would be recovered and might be
included in the soluble fraction (S3).

In IPTG-induced expression, the relative similarity of
B subunit from P1 and P2 in WT and mutant PGA indicates
the increase of protein concentration is mainly contributed
by the rise of inclusion bodies, indicated by thicker P2 bands
when compared to P1 (Fig. 9). This observation is consistent
with those in arabinose-induced expression where the presence
of inclusion bodies and [ subunit in solubilization debris (P2)
shows the incomplete denaturation or re-aggregation and failure
of the released active PGA to complete its accurate structure to
be soluble. However in mutant PGA expression, even though
the inclusion bodies from P2 are noticeably thicker than P1,
the concentration of total protein in P2 does not increase from
P1 (Fig. 7). This might relate to the increase of protein content
in S3 indicates more proteins from Pl was solubilized from
inclusion bodies.

Specific enzyme activity of mutant and wild-type PGA

The enzyme activity of mutant and wild-type PGA was
carried out by the soluble fraction represented by the supernatant
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Figure 10. The specific enzyme activity of PGA from soluble fraction (S1)
and solubilized insoluble fraction (S3) from different cell cultures: mutant
PGA BThr68Tyr expression induced by arabinose (mutant-Arabinose), wild-
type PGA expression induced by arabinose (WT-Arabinose), mutant PGA
BThr68Tyr expression induced by IPTG (mutant-IPTG), wild-type PGA
expression induced by IPTG (WT-IPTG). Each sample data represents the
average of three replicates. The ANOVA analysis displays insignificance (p >
0.05) with p-value = 0.165 between mutant and wild-type PGA and p-value =
0.071 between inducer treatments.

obtained after sonication (S1) and the filtrate of solubilized
insoluble fraction (S3) by reacting the recovered enzyme with
its substrate, penicillin-G. The specific enzyme activity of PGA
from S1 fraction (1.38-1.93 U/mg) is noticeably higher than
that of from S3 fraction (0.45-0.95 U/mg) for both mutant and
WT protein expression induced by IPTG (Fig. 10). A similar
pattern is also observed from those induced by arabinose where
the specific enzyme activity of PGA from S1 fraction (1.73—
2.67 U/mg) is higher than that of from S3 fraction (1.7-2.4 U/
mg) but the difference is not as remarkable as in IPTG-induced
expression.

The PGA is a hydrolase enzyme that has the ability
to break down penicillin-G into 6-APA as the main product
and PAA as the side product by cleaving the acyl group on the
substrate [1]. The specific enzyme activity values presented
in Figure 10 indicate that the PGA obtained from the soluble
fraction has a better ability to hydrolyze the enzymatic reaction
in comparison to the solubilized insoluble fraction. As we
know, an enzyme’s function depends mainly on its structure
which is usually developed through processing steps after its
translation before it can be mature and functional [41]. PGA
is translated in the form of its precursor first before being
exported to periplasm. Some subunits including signal peptide,
a subunit, spacer peptide, and § subunit made up this precursor
that will be modified later. The signal and spacer peptide will
then be removed in the periplasm hence generating the bioactive
heterodimer of PGA consisting of o and 3 subunits [42].

The higher protein concentration (Fig. 7) which might
represent the higher PGA value and the presence of B subunit
(Figs. 8 and 9) which indicates the presence of the active form
of PGA in S3 is in contrast with the lower specific enzyme
activity when compared to S1 (Fig. 10). This may relate to
the implementation of solubilization and refolding steps on
insoluble fraction P1. Although more soluble proteins were

restored after the solubilization, the released PGA might not
have the accurate structure yet due to incomplete refolding. The
maturation of penicillin acylases into catalitically active protein
is indeed a crucial phase that is usually hindered by either
incorrect translocation of PGA precursor, inaccurate folding of
PGA in the periplasm, or proteolytic activity of peptidase that is
not specific [35]. Therefore, it is important to concurrently apply
more than one influential factor as the basis when designing a
protein yield improvement [43].

Other than because of the refolding failure of PGA to
turn bioactive, the insufficient solubilization or separation of
solubilization suspension afterward might also contribute to the
low activity of PGA in the S3 fraction. This is assessed from the
presence of § subunit in the solubilization debris (P2) that failed to
be dissolved in the soluble S3 fraction (Figs. 8 and 9). Using the
same solubilizing agent (N-laurylsarcosine), more complicated
and further solubilization and refolding were implemented but
the solubilized proteins recovered from the inclusion bodies were
not as biologically active as the native proteins in the soluble
fraction [44]. Since there is a possibility of interference from
the solubilizing agent to the protein’s activity, it is suggested to
use a lower concentration of N-laurylsarcosine which is 0.05%.
Moreover, it is also preferred to avoid the use of high-concentration
and strong denaturants such as urea because it would be more
challenging to recover the completely denatured protein [45].

The higher difference in the specific enzyme activity
value between the S1 and S3 fraction obtained from IPTG-
induced expression may have a connection with the higher
content of inclusion bodies settled in the insoluble fraction
P1 (Fig. 9). Particularly for mutant PGA that shows the most
major inclusion bodies demonstrates the lowest specific enzyme
activity (0.45 U/mg) from S3 fraction. The formation of more
inclusion bodies indicates that less active protein is present
in the soluble protein fraction which also could lead to more
challenging recovery and refolding after solubilization. On the
other hand, the difference in the specific enzyme activity of PGA
gained from arabinose-induced expression is not as high and
it is associated with the absence or low presence of inclusion
bodies in P1 (Fig. 8). Since there is less aggregation formed,
more active protein is present in the soluble protein fraction, and
the recovery after solubilization would not be as hard. When
comparing the specific enzyme activity of PGA expressed by
different inducers, those from arabinose induction result in
higher enzyme activity than that induced by IPTG in both mutant
and wild-type PGA in all parallel fractions. In comparison to
IPTG, it was reported that the greater potential of arabinose as an
inducer not only produces low inclusion bodies but also assists
the processing of the translated precursor PGA into matured
PGA [46]. Another study also found that combined induction
using IPTG and arabinose could enhance PGA expression and
activity when compared to the use of IPTG alone [35].

The comparison between mutant and WT PGA in
this study shows higher specific enzyme activity of PGA in
wild-type strains from both types of inducer used (Fig. 10).
However, the decrease in the values of the PGA activity is
proven to be not significant through an unpaired t-test analysis.
We speculate that the lower enzyme activity of mutant PGA
has something to do with the presence of inclusion bodies in



Aniqah et al. / Journal of Applied Pharmaceutical Science 14 (05); 2024: 143-156 153

mutant PGA’s S3 fraction induced by arabinose (Fig. 8) and the
thicker presence of inclusion bodies in mutant PGA’s P1 and
P2 fraction induced by IPTG (Fig. 9). Genetic modification
in PGA expression could lead to the accumulation of proteins
that are misfolded and not mature enough thus resulting in
low stability and activity of the enzyme [47]. Some factors
influence protein aggregation, one of them includes the
hydrophobicity of the residues since it is the hydrophobic
interaction in the proteins that trigger the accumulation of
proteins [32]. The mutant PGA contains a single amino acid
substitution where threonine residue is replaced with tyrosine.
The hydrophobic feature of tyrosine present in mutant PGA
and the hydrophilic feature of threonine maintained in wild-
type PGA could explain the higher aggregation of protein in
mutant PGA. Since the formation of inclusion bodies could
result in improper folding of proteins to the correct structure,
it reduces the activity of mutant PGA. Nevertheless, the
specific activity value of mutant PGA expressed by arabinose
induction is still higher than that expressed by IPTG induction,
which indicates that the use of the same inducer generates the
same pattern.

Many PGA mutants have been made in other research
and the site-directed mutagenesis effects were investigated.
While part of the mutants in these researches have increased
PGA’s hydrolytic activity on penicillin-G, some of the mutants
resultin the decrease of PGA’s activity to hydrolyze penicillin-G.
A study expressed three different PGA mutants recombinantly,
and all of the mutants, especially fLeu24Phe, were able to
increase the catalytic activity of the enzyme until 12-fold [48].
The research implemented the use of expressed chaperone and
additional calcium chloride and thus encountered no trouble
in generating functional PGA after the post-translational
maturation process. In addition, the further purification steps in
PGA recovery and the optimal binding of mutants to its substrate
could be the other factors leading to the success. In contrast
to the increased activity, the formation of three other PGA
mutants in the Lys299 site has significant negative impacts on
its activity due to the nonoptimal processing of PGA precursor
[49]. Furthermore, although PGA mutant BAsn241Ala results
in an activity-impaired enzyme even after optimal binding with
the substrate, the inactive mutant provides more understanding
of the role of the wild-type residue [26]. The low activity of
mutant PGA due to the nonoptimal refolding could provide
more insight into the function of the target residue in wild-type
enzyme processing [50].

Further study on the ability and potential of BThr68Tyr
mutant or the rest three potential mutants should be performed
to confirm its hydrolytic activity, especially through more
effective solubilization, refolding, and purification to recover
more active PGA from inclusion bodies hence the enhanced
enzymatic activity. More specific exploration of the protein
processing and translocation is also important to generate the
best expression condition that targets the complete folding
of the protein thus producing a more soluble and functional
protein. The further comparison between the mutant and wild-
type PGA maturation could give more insight into the role of
the native residue (BThr68) not only in enzymatic reaction but
also in the post-translational folding process.

CONCLUSION

This study found 4 potential PGA mutants out of 36
mutants through homology modeling and molecular docking
analysis. Other than having the stronger enzyme-substrate
affinity, these mutants were predicted to be catalytically
potential. The gene of one of these PGA mutants, BThr68Tyr,
was synthesized and constructed in a pET-22b vector to be
further explored. The transformation of the mutant recombinant
plasmid into BL21(DE3) as the expression host generated
mutant colonies which can grow in media culture and be
induced for gene expression. The result shows that the mutant
and wild-type PGA in soluble fraction obtained from the
supernatant separated from sonicated cell suspension has better
enzymatic activity than the solubilized and refolded PGA from
insoluble fraction. Besides, arabinose has a greater potential as
an inducer in comparison to IPTG based on the lower formation
of inclusion bodies and higher value of enzymatic activity.
Although the BThr68Tyr mutant has lower activity than wild-
type PGA, the difference is not significant and the higher content
of aggregated protein provides a new insight into the role of the
original BThr68 residue in PGA folding and maturation. For a
deeper understanding, optimization that includes the restoration
of protein structure from aggregated form and recovery of
purified PGA should be carried out in the future.
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SUPPLEMENTARY FIGURE S1.

The sequence of mutant PGA (pgaEcfThr68Tyr) gene.
The red arrow is pointing at the amino acid substitute, tyrosine,
coded by the nucleotides at 1069—1071.





