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Abstract: Penicillin-binding protein 2 (PBP2) is an enzyme crucial for cell wall biosynthesis during
cell proliferation of N. gonorrhoeae. In the present work, the crystal structures of wild and mutant type
PBP2 were analyzed to identify structural changes leading to antibiotic resistance. Other than these two
targets, three other targets were generated by analyzing possible hot spots for mutations in PBP2. By
using a reverse screening approach, fifteen molecules were screened and processed for ligand binding
analysis with all five targets. The analysis of the above studies suggested that two compounds
Guanosine 5’-diphosphate and Thymidine 3', 5’-diphosphate show the good binding affinity than
Ceftriaxone and other compounds. Further, we have generated ten novel compounds using Ceftriaxone,
Guanosine 5’-diphosphate, and Thymidine 3', 5’-diphosphate. To identify the novel findings, all novel
compounds were docked against aforesaid five targets. The studies resulted in the finding of three best
molecules that may be considered as suitable, potent, and generic inhibitors against N. gonorrhoeae
other than Ceftriaxone.
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1. Introduction

Penicillin-binding protein 2 (PBP2) is a membrane-bound enzyme involved in the
process of synthesizing cross-linked peptidoglycan, which is a major component of N.
gonorrhoeae cell wall [1]. The biosynthesis of the bacterial cell wall has been extensively
studied as a potential antibiotic target since membrane-based efflux pump systems play an
important role in bacterial pathogenicity and antibiotic resistance in bacteria [2]. Till today,
three classes of PBPs have been identified in N. gonorrhoeae: Class A (PBP1) and Class B
(PBP2), high molecular mass transpeptidases, and Class C (PBP3 & PBP4), low molecular
mass transpeptidases [3]. Previous studies have shown that Class C transpeptidases (PBP3 and
PBP4) have a minor effect on the growth of the bacterium on deletion, whereas PBP1 & PBP2
are essential for cell viability and therefore a fatal target for carbapenems and other B-lactam
antibiotics [4]. B-lactam antibiotics show less minimum inhibitory concentration (MIC) against
PBP2 than PBP1, which makes PBP2 a primary killing target to fight N. gonorrhoeae [5]. B-
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lactam antibiotics are the structural mimics of the peptide substrate, and this is the reason
behind their success against PBP2 [6].

The consistent increase in the prevalence of antibiotic-resistant strains of N.
gonorrhoeae suggests that mutations may exist in PBP2 [7-9]. However, no mutations were
found in the active site residues, whereby the function of the protein was intact, but mutations
nearby active site residues may affect the binding interactions of PBP2 and B-lactam antibiotics
[10]. PBP2 from N. gonorrhoeae is an appropriate system to understand antibiotic resistance
because only a small number of mutations are responsible for conferring antibiotic resistance
[11]. The rapid emergence of antibiotic-resistant strains [12-19] necessitates the urgency to
find new drug molecules; those who can inhibit this pathogen in more efficient ways, in its
native form, as well as mutant form. The need of the hour, in prevailing conditions, is, in silico
approach, which has been very successful in discovering such desired or target drug molecules
[20].

In the present study, wild and mutant type PBP2 of N. gonorrhoeae was chosen for the
designing of putative novel compounds to overcome antibiotic resistance. By using a reverse
screening approach, fifteen best molecules, similar to Ceftriaxone, were screened that may fit
in the binding cavity of PBP2 efficiently. These molecules were further subjected to binding
analysis with PBP2 by docking studies. Based on the docking results, ten novel putative
compounds were designed and further docked against PBP2. Finally, we identified three
potential novel compounds against the wild and mutant types of PBP2.

2. Materials and Methods
2.1. Generation of mutant structures.

The crystal structures of the wild and mutant type (here named as Mut, which has an
insertion of aspartic acid before Asp®*®) of PBP2 of N. gonorrhoeae (PDB ID: 3EQU& 3EQV,
respectively) were taken from the PDB database (http://rcsb.org/pdb/home/home.do). Multiple
sequence analysis (MSA) was performed to identify the position of binding site residues on the
mutant type of PBP2 of N. gonorrhoeae. Identification of hot spots for mutation was made by
utilizing HotSpot wizard (http://loschmidt.chemi.muni.cz/hotspotwizard), a tool for automatic
identification of hot spot sites for the engineering of substrate specificity, activity or selectivity
of enzymes. The strategy implemented in HotSpot wizard involves the targeting of functional
residues located in highly variable positions to alter catalytic properties with reduced risk of
losing catalytic activity. It enlists residues ordered by a suitable mutability score [21]. Protein
stability upon single amino acid substitutions at the hotspot residues was measured using
CUPSAT (http://cupsat.tu-bs.de), a computer program that combines structural information
with statistically derived potentials to predict the changes in protein stability associated with
amino acid mutations [22]. The stable mutants obtained can be chosen for further modeling
studies. Finally, Chimera was used to mutating the residues (using a rotamer tool) at the hotspot
sites [23]. The best possible substitution was finalized using the probability of the existence of
a particular substitution. To remove the bad contacts from the generated mutant structures, the
energy minimization of all the mutants were also undertaken.One hundred steepest descent
steps were used with ten conjugate gradient steps for energy minimization. All other parameters
were kept on default.
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2.2. Drug screening.

To find out potent lead compounds against PBP2 that could have some similar
properties to the only available drug (at the present time) ceftriaxone, its three-dimensional
structure was submitted to PharmMapper (http://59.78.96.61/pharmmapper). PharmMapper is
an open-source platform that uses the approach of ‘reverse’ pharmacophore mapping [24] in
order to predict the potential drug targets against any given small molecule. It predicts the best
mapping for a given query molecule against all the pharmacophore models in PharmTargetDB
using the ligand-protein reverse docking approach [25]. Later, around 300 targets were
annotated with their respective aligned poses. The complexes of all the three hundred targets
were further evaluated to enlist the putative ligand molecules, which have some similarity with
Ceftriaxone. Now, these ligands were further submitted to PharmaGist
(http://bioinfo3d.cs.tau.ac.il/PharmaGist) to find out the best pharmacophore models
considering Ceftriaxone as a pivot molecule. This server is based on the deterministic
pharmacophore detection method [26,27].

2.3. Drug designing.

Ceftriaxone and best-screened molecules have been edited to design novel ligand
molecules with the help of ChemSketch. ChemSketch is a molecular modeling program used
to create and modify the chemical structure in two and three dimensions with a better
understanding of chemical bonds and functional groups [28]. Avogadro is an advanced
molecule editor designed for the cross-platform and also can help to find out the best stable
structure by energy minimization [29].

2.4. Molecular docking analysis.

Molecular docking of all the screened, designed ligands and wild, mutant type PBP2
was carried out using Autodock4.2 software package from The Scripps Research Institute [30].
Initially, all the receptors and ligands are made to undergo a pre-optimization process using the
autodock parameters like atom types, torsion modes, and partial charges. It predicts the bound
conformations of a small, flexible ligand to a nonflexible macromolecular target of known
structure. A grid box of the size 42x52x42 points covering the binding site residues was used
throughout all the docking analysis. A grid spacing of 0.422 A was used to ensure the standard
grid spacing around the binding site. Lamarckian Genetic algorithm (LGA) was applied to find
out the most favorable interactions. During each docking experiment, 100 runs were carried
out, and ten experiments were carried out for each ligand. The confirmation with the most
favorable free energy of binding and the lowest root mean square deviation (RMSD) was
selected.

3. Results and Discussion

In this study, initially, the crystal structures of both wild and mutant (Mut) type of PBP2
of N. gonorrhoeae were analyzed. All the PBPs, including PBP2 contain two domains, an N-
terminal domain and a C-terminal TPase (or penicillin-binding) domain. PBP2 active site is
comprised of three conserved sequence motifs that are observed in nearly all the beta-
lactamases. From the previous studies, the SXXK motif is located at the N-terminal end of helix
02 and contains two residues that are important for catalysis: Ser®° and Lys*'3, The SXN motif,
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comprising Ser%?, Ser3%3, Asn3% is present on the loop connecting 04 and a5. The KTG motif,
comprising Lys*¥, Thr*%8, and Gly**°, is located on strand B3 [11,31,32]. Analysis of both wild
and mutant type PBP2 structure suggests that the insertion of an aspartic acid before the Asp34®
leads to the change in the hydrogen bonding interaction between Ser®®2and Asp34¢ (hydrogen
bond length changes from 3.19 A to 3.41 A for wild and mutant type PBP2 respectively),
further decreasing the vicinity of binding cavity. When the measurements were taken with the
consecutive residues, it was found that Ser®®® slightly moves inside towards Asn®* leading to
the decreasing the size of the binding pocket and the reactivity of the enzyme for pB-lactam
antibiotics without significantly affecting the ability of the enzyme to catalyze transpeptidation
of its natural peptide surface (Figure 1).

L
Figure 1. The binding site of the PBP2 from N. gonorrhoeae is shown. In green, it shows SXXK motif, SXN
motif in yellow and KTG motif in orange. All the seven binding residues: Ser310, Lys313, Ser362, Asn364,
Lys497, Thr498, and Gly499, are labeled. In pink Asp346 is shown, site of the mutation that makes a hydrogen
bond with the middle residue of the SXN motif (mostly Ser363). In light pink, a hot spot found for the mutations
is shown.

Identifying the amino acid for mutagenesis is challenging, and any clue from in silico
analysis greatly reduces the experimental work. So, here an attempt was made to find out the
hot spots for the mutations in PBP2. Three residues were found with a considerable mutability
score. Thr** had the highest mutability score of nine, followed by Tyr®° and His**® with a
mutability score of seven and six, respectively. An amino acid for mutation at a hot spot residue
was selected on the basis of its stability (thermal and denaturant) in the protein after the
mutation and the probability of existence. For Thr3*/, Tyr had the highest probability of the
existence of 53%, whereas, for Tyr®? and His**¢, Phe (51%) and Cys (81%) were selected with
the highest probability of existence, respectively. So, three mutants were generated with the
point mutations of (Thr3*’-Tyr, Tyr®*°-Phe, and His**®-Cys) near the vicinity of the active site.
All three mutations lower the bond length between Ser®®® and Asp®*® suggesting that these
mutations lead to an increase in the size of the binding cavity that further supports the binding
results of the ligand molecules with these three mutant structures (Table 1).

Ceftriaxone, a third-generation cephalosporin antibiotic, is the only potent drug left for
gonorrhea infections due to antibiotic resistance. So, in order to screen other possible ligand
molecules, the three-dimensional structure of Ceftriaxone was submitted to PharmMapper. It
has annotated 300 possible protein targets for Ceftriaxone, which were further processed to
remove redundancy. As many as 198 targets were found with unique PDB ID, and analyzed to
get the ligands with similar activity to Ceftriaxone. After analyzing the above, 117 unique
ligands were found and were further submitted in PharmaGist in twelve sets. PharmaGist listed
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all 117 molecules according to their score and best pharmacophore structure. A cutoff score of
60.696 of best pairwise alignments was set, which yielded around fifteen potential ligand
molecules. The score of a pairwise alignment signified the weighted sum of the matched pivot
features.

Table 1. Summary of Binding results of the ligand molecules with the three mutant structures (Thr347-Tyr,
Tyr350-Phe, and His348-Cys).

Srno Hotspot Mutabilit Stabilizing amino acids Destabilizing amino acids
amino acid y Score Thermal Denaturants Thermal Denaturants
1. Thr347 9 Trp, Tyr, Cys Ala, Val, Leu, Met, Gly, Ala, Val, Leu, Gly, lle, Trp, Gln,
(high) Pro, Ser, Phe, Tyr, His lle, Met, Pro, Ser, Lys, Asn, Glu, Asp,
Phe, GIn, Lys, Asn, Arg, Cys
Glu, Asp, Arg, His
2. Tyrss0 7 Phe, His Gly, Ala, Val, Leu, lle, Gly, Ala, Val, Leu, Ser, Glu
(high) Met, Pro, Trp, Thr, Ile, Met, Pro, Trp,
Phe, GIn, Lys, Asn, Ser, Thr, Gln, Lys,
Cys, Asp, Arg, His Asn, Cys, Glu, Asp,
Arg
3. His348 6 Gly, Leu, lle, | Gly, Ala, Val, Leu, lle, Ala, Val, Pro, Trp, Trp, Phe, Tyr, Asn
(average) Met, Ser, Thr, | Met, Pro, Ser, Thr, GIn, Phe, GIn, Lys, Asn,
Cys Lys, Cys, Glu, Asp, Glu, Asp, Arg, Tyr
Arg

Thereafter, molecular docking studies were performed on Ceftriaxone and the fifteen
screened compounds with PBP2 (wild and mutant) of N. gonorrhoeae. Eighty sets of partial
mono flexible protein-ligand docking were established to screen the best compounds that show
a comparatively low binding energy than the Ceftriaxone at a standard RMSD (0 A).

Ceftriaxone has shown a good binding affinity with all the targets except Mut. This is
because Mut has the natural mutation, an Asp, inserted before Asp®* that leads to decreased
binding affinity with a very significant increase in 1Cso (0.40 to 590.81 uM) compared to wild
type PBP2. In Mut?, replacing Thr3#’ with Tyr, enables the amino group of Tyr to come inside
the binding cavity and interact with the amino group of the thiazole ring of Ceftriaxone by
hydrogen bonding, which increases the binding affinity. In Mut?, replacing Tyr**® with Phe
increase the binding affinity of the substrate due to a slight increase in the volume of the binding
cavity as Phe lacks the hydroxyl group as compared to Tyr. In Mut?, replacing His*® with Cys,
the sulfur molecule present in Cys_increases the binding affinity of the substrate to fit efficiently
within the proximity of the binding cavity (Figure 2).

£
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Figure 2. Binding complexes of Ceftriaxone with all the five targets have shown: (a) Ceftriaxone and wild type
PBP2, (b) Ceftriaxone and Mut, (c) Ceftriaxone and Mutl, (d) Ceftriaxone and Mut2, (e) Ceftriaxone and Mut3.
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Guanosine 5’-diphosphate displayed a very good binding affinity with the natural as
well as mutants of PBP2 (except Mut!), as compared to the Ceftriaxone and other ligand
molecules. Interaction studies of Guanosine 5’-diphosphate with all the targets can explain the
decreased binding affinity with Mutl. As residue Thr3*’ also interacts with the substrate, in the
case of Guanosine 5’-diphosphate, it was deciphered that, generally, both the hydroxyl groups
attached with ribose sugar interact with the carboxyl group of Thr®#’, providing good
interactions in the binding cavity. When Thr®* was replaced by Tyr, the only interaction was
found between the oxygen molecule of purine ring of Guanosine 5’-diphosphate and the amino
group of Tyr, leading to a less interacting Guanosine 5’-diphosphatein the binding cavity.
Whereas, Thymidine 3', 5’-diphosphate showed a good binding affinity with Mut!. Interaction
between a hydroxyl group of the pyrimidine ring of Thymidine 3', 5’-diphosphate and amino
group of Tyr, increased the possibility of favorable interactions, and so the binding affinity
with Mut! (Table 2).

Table 2. Binding analysis of the fifteen potential ligand molecules against PBP2 (wild and mutant) of N.

gonorrhoeae.
Molecule name Binding Energies (kcal/mol) Inhibitory Constant (uM)
PBP2 Mut Mutl Mut2 Mut3 PBP2 Mut Mutl Mut2 Mut3
Wwild T347Y Y350F H348C Wild type T347Y Y350F H348C
type
Ceftriaxone -4.63 -4.40 -4.72 -5.05 -8.67 0.40 590.81 344.73 198.46 0.44
5adenylylbeta,ga -8.32 -8.17 -7.45 -7.59 -9.99 0.00080 1.02 3.46 2.73 0.047
mma-
methylenediphosp
honate
5-iodouracil -8.76 -6.43 -9.17 -6.86 -8.22 0.00038 19.3 0.19 9.41 0.95
17-desmethoxy- -7.30 -6.55 -7.41 -5.1 -8.92 0.0044 15.83 371 181.99 0.29
17-n,n-
dimethylaminoeth
ylamino-
geldanamycin
5guanosinediphos | -8.55 -6.49 -7.15 -4.13 -9.65 0.00053 17.59 5.74 941.64 0.084
phate-
monothiophosphat
e
Flavin -6.16 -8.53 -6.58 -10.29 -11.08 0.030 0.6 14.98 0.028 0.007
mononucleotide
6,7-dimethyl-8- -6.96 -6.77 -7.56 -2.79 -10.31 0.0079 10.89 2.87 896 0.028
ribityllumazine
6,7-0x0-8,7,8- -7.0 -8.13 -6.61 -4.12 -10.39 0.00744 1.09 14.28 961.22 0.024
dihydropteridine-
2,4-dione
Guanosine-3'- -5.24 -6.47 -7.61 -7.34 -9.25 0.144 17.98 2.63 4.17 0.16
monophosphate
Inosine -6.27 -6.77 -6.48 -6.21 -8.58 0.025 10.98 17.94 28.25 0.51
monophosphate
N,o-didansyl-I- -6.87 -6.99 -4.27 -5.81 -8.9 0.0092 7.53 741.04 55.39 0.3
tyrosine
Pyridoxamine -5.22 -6.14 -6.33 -5.69 -8.27 0.150 31.66 23.0 67.3 0.86
phosphate
Adenosine -7.96 -10.08 | -8.31 -9.2 -11.15 2.62 0.01 0.81 0.18 0.067
triphosphate
Thymidine-3',5'- -8.35 -8.38 -9.54 -8.38 -12.97 0.00105 0.72 0.1 0.72 0.0003
diphosphate
Guanosine 5’- | -9.52 -10.89 | -8.73 -11.25 -13.89 0.00758 0.04 0.4 0.0057 0.000075
diphosphate
Guanylyl-imido- -8.33 -7.48 -85 -4.98 -13.63 0.00785 3.28 0.58 224.72 0.0001
diphosphate

When the interactions of Ceftriaxone with PBP2 were analyzed, it was found that it
makes three hydrogen bonds with binding site residues. The amino group of the thiazole ring
interacts with the amino group of Asn®®* with a bond length of 2.59 A. Another two hydrogen
bonds are formed by the amide group and oxygen molecule attached to the B-lactam ring with
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the hydroxyl groups of Ser®? and Ser®!?, respectively. These bonds are shorter in length (1.91
A and 1.68 A, respectively), keeping the B-lactam ring as the most interacting part of
Ceftriaxone. Ceftriaxone was edited by keeping the B-lactam ring as a seed molecule and taking
the best-screened compounds (Guanosine 5’-diphosphate and Thymidine-3', 5’-diphosphate)
to generate ten novel compounds. The molecular formula and the structures of all ten molecules
are shown in Table 3.

Table 3. Molecular details of the ten generated novel compounds obtained by editing Ceftriaxone.

Srno | Molecule Name Molecular Formula Molecular structure
1. Molecule 1 i
OAT\O
N //o
<P\
C18H17N8O14P2S3 o 9
4., HO /O ko
o/
7 )Ni/N\ P NH,
S NH o
2. Molecule2 N
N NH
\ 7/
C12H11N4012P2S2 o L0 ° S%N\CH
. o \P// / 3
S A N
[ole) // o
0 HO
3. Molecule3 o Mo o
N 0
2 H, N
el Q \
C22H23N9010S2 0:$_<N W0 s s
* o\ _on Nf<
Ny N %y O:<,_ N—cHs
H o 5o O// NH
4, Molecule4 o N
o HaC //O N%NH
C19H18NgOsS2 Yy VAR N
o{\>\S NL o
N s —N
\
CH,
5. Molecule5 M
/CH3 N/O
C18H19N8O11PS3 NH—NYS S o N
O?S//K‘ N\ zi I \ S\>-——NH2
[e]
o] HOTR, J
\ O
_PZ
o \O,
6. Molecule6 o O\ _oH o
S /
HZN%\]YM ,/:<§A 4§ o
C17H17N7012P2S3 o= P_OHNH °
o | Hac
\_O
o\
7. Molecule7 o0 o u O
_P < OH
o/\O QH H H NH:.
C20H20N8013P2S3 D N\ No
H
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Srno | Molecule Name Molecular Formula Molecular structure
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Molecule8 P—OH OH
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HO™ » / i
P—0
4 s )—OH
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e
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Molecule10 C14H18N5014P3S3 s N =0 o
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\ \o\ HO HO
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After energy minimization, all the ten compounds were processed for binding analysis
against all the five targets keeping the same parameters as above. Here fifty docking sets were
settled, and the results are shown in Table 4.

Table 4. Binding analysis of the ten novel compounds against PBP2 (wild and mutant) of N. gonorrhoeae.

Sr | Molecule Binding Energies (kcal/mol) Inhibitory Constant (uM)
no name PBP2 Mut Mutl Mut2 Mut3 PBP2 Mut Mutl Mut2 Mut3
Wild type T347Y Y350F H348C | Wild type T347Y Y350F H348C
1. Molecule 1 -7.05 -6.55 -6.42 -1.56 -0.082 -6.81 30.99 19.53 958.39 1268.32
2. Molecule2 -6.81 -9.38 -10.15 -10.8 -8.63 -6.02 0.112 0.036 0.012 0.47
3. Molecule3 -4.26 -6.93 -10.41 -7.51 -5.81 -5.16 8.37 0.023 3.11 55.54
4. Molecule4 -6.02 -11.34 | -10.06 -11.8 -8.77 -6.06 0.008 0.042 0.002 0.96
5. Molecule5 -5.3 -8.69 -8.23 -10.25 -8.21 -5.75 0.427 0.92 0.030 0.37
6. Molecule6 -5.16 -7.29 -5.93 -6.25 -5.27 10.13 4.89 45.23 16.76 136.1
7. Molecule? -0.06 -8.58 -0.84 -0.02 -6.9 35.2 0.515 | 1003.53 1594.09 8.74
8. Molecule8 -6.06 -6.11 -4.38 -3.6 -3.96 165.96 33.26 | 853.96 2280 1250
9. Molecule9 -9.58 -11.02 -7.83 -7.64 -6.9 36.03 0.008 1.82 2.53 8.71
10. | Moleculel0 -5.75 -7.89 -8.41 -6.88 -6.16 61.41 1.65 0.69 9.13 30.47

The analysis indicated that PBP2- Molecule 9, Mut- Molecule 4, Mut!- Molecule 3,
Mut?- Molecule 4, and Mut3- Molecule 4complexes have very less binding energy as compared
to Ceftriaxone and other designed molecules, respectively.

S”{ , .
e 8 v e 4
 ‘ X&H g " I 1"( e A I~
o ‘!j: o \‘ M? e
o ‘ X ¥
g ) wﬁ:

(d) (e

Figure 3. Binding interactions between the complexes are shown in the stick-ball and wire form: (a) Molecule 9
and wild type PBP2, (b) Molecule 4 and Mut, (c) Molecule 3 and Mut1, (d) Molecule 4 and Mut2, (e) Molecule
4 and Mut3.
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According to Figure 3(a), in Molecule 9, replacing the triazine ring with guanine results
in close packing of the molecule in the binding moiety and also, leads to a new interaction
between Thr3*” and C-2 amino group of the guanine with a bond length of 2.98 A. Molecule 4
has shown the best binding affinity with Mut, Mut? and Mut®. As shown in Figure 3(b), 3(d),
and 3(e), Molecule 4 displayed very close interactions with the binding site residues due to its
reduced size compared to Ceftriaxone, as guanine has been directly attached to the B-lactam
ring. Again, reduced binding affinity was analyzed for Molecule 4 and Mut! because of T347Y
mutation, causing loss of the important interaction for the binding, between the amino group
of triazine ring and the amino group of Thr3¥’. Putative ligand binding studies of Molecule 3
with Mut! shows a subtle change in the binding affinity as compared to Molecule 4 (-10.06 to
-10.41 kcal/mol), which can be accounted to the interaction of an amino group of triazine ring
and the amino group of mutated Tyr residue Figure 3(c).

4. Conclusions

In this study, we have chosen wild and mutant type PBP2 to find out novel compounds
to encounter N. gonorrhoeae. Fifteen molecules that may fit in the active site of the PBP2 were
shortlisted and processed for binding analyses. Based on the binding analyses, two compounds
Guanosine 5’-diphosphate and Thymidine 3', 5’-diphosphate were selected, eliciting a better
binding affinity among the fifteen compounds as well as lesser binding energy than the
Ceftriaxone. Ten novel compounds were generated using ceftriaxone skeleton and aforesaid
two novel compounds. In silico analyses also revealed Molecule 3, Molecule 4, and Molecule
9 as potential drug molecules, which show higher binding affinity. These compounds are
promising and could significantly block the activities of wild and mutant types of PBP2 of N.
gonorrhoeae and provide a rationale for therapeutic intervention in the future.
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