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H.İNFLUENZA’YA AİT FTSW/PENİSİLİN BAĞLAYAN PROTEİN 3
KOMPLEKSİNDE BULUNAN VE ANTİBİYOTİK DİRENCİNE NEDEN OLAN
MUTASYONLARIN ALTERNATİF HEDEF BÖLGELER AÇIĞA ÇIKARMASI

ÖZET

Almotasem Belah Alhamwi

Biyomedikal Mühendisliği ve Biyoinformatik, Yüksek Lisans

Tez Danışmanı: Dr. Öğr. Üyesi Özge Şensoy

Eş Danışman: Prof. Dr. Canan Atılgan

Ocak, 2023

Halihazırda reçetelenen antibiyotikler, ağırlıklı olarak yabanıl proteinlerin katalitik böl-
gesini hedeflemektedir. Bununla beraber, yaşadıkları zorlu çevre koşullarına ayak uydura-
bilmek için bakteriyel proteinlerin katalitik bölgesinde ve/veya civarında bulunan amino
asitlerde mutasyon meydana gelir. Sonuç olarak, bu durum, bakterilerde antibiyotik di-
rencinin ortaya çıkmasına neden olur. Dünya Sağlık Örgütü’nün 2022 yılında yayım-
ladığı rapora göre, antibiyotik direnci gösteren bakteriler yıllık olarak 4.95 milyon kişinin
ölümüne sebep olmaktadır. Bundan dolayı, şu ana kadar ağırlıklı olarak hedeflenen ve
dirence neden olan bakteriyel proteinlerin katalitik bölgesine alternatif bölgelerin belir-
lenebilmesi önem taşımaktadır. Bu da hedef sistemin dinamiği hakkında bilgi sahibi ol-
unmasını gerektirmektedir. Bu doğrultuda, yüksek seviyede antibiyotik direncine neden
olduğu deneysel çalışmalarla belirlenmiş, S385T + L389F + N526K üçlü mutasyon se-
tinin, dirençli organizmalar gruplandırılmasında, öncelikli grupta bulunan ve dirençli bir
patojen olan H. influenzae üzerindeki etkisi hesaplamalı metotlar yardımıyla irdelenecek-
tir. Bu çalışma kapsamında, hücre duvarının sentezini engelleyebilen 𝛽-laktam antibiy-
otiklerine karşı dirençli olan, penisilin bağlayıcı protein 3 (PBP3) ve bu proteinin FtsW
proteini ile yaptığı kompleks kullanılacaktır.

Elde edilen sonuçlar, mutasyonların, PBP3 üzerinde, hem lokal hem de global etkiye
sahip olduğunu göstermiştir. Bu etkiler, FtsW/PBP3 kompleksi için daha belirgindir.
Lokal etkiler kapsamında, PBP3’nin, transpeptidaz domaini üzerinde bulunan aktif böl-
gesini çevreleyen β-yaprak yapılarının membrana göre yönlenmesinin etkilendiği gö-
zlemlenmiştir. Öyleki, mutant PBP3’de, proteinin aktif bölgesi, periplazmik bölgeye
doğru yönlenmiştir. Ayrıca, proteinin katalizinde önemli role sahip olduğu bilinen gate-
keeper ve β3-β4 loop yapılarının oynaklığının, mutant FtsW/PBP3 kompleksinde arttığı
gözlemlenmiştir. Bunun dışında, global etkiler kapsamında, pedestal domainin, özel-
likle çatal yapısının açıklığının, yabanıl ve mutant proteinde farklılık gösterdiği gözlem-
lenmiştir. Mutant FtsW/PBP3 kompleksinde, çatal yapısı hem açık hem de kapalı şek-
ilde bulunabilirken, yabanıl komplekste, yalnızca açık form tercih edilmiştir. Ayrıca,
çatal açıklığının, β-yaprak yapısının yönlenmesine göre farklılık gösterdiği gözlemlen-
miştir. Öyleki, β-yaprak, membrana parallel olarak yönlendiğinde, çatalın kapalı forma,
dik olarak yönlendiğinde ise çatalın açık forma adapte olduğu gözlemlenmiştir. İlginç bir

x



şekilde, mutant komplekste, çatal kapalı formdayken, N-terminal periplazmik modül (N-
t) ile transpeptidaz domaini (TP) arasında olduğu düşünülen allosterik etkileşim şebeke-
sine daha çok amino asit katkıda bulunmaktadır. Son olarak, çatalın kapalı forma uyum
sağladığı durumda, 𝛽-lactam antibiyotiklerinden olan sefiksime karşı olan bağlanma eğil-
iminin daha yüksek olduğu gözlemlenmiştir. Tüm bu sonuçlar, mutant PBP3’de, çatalın
kapalı formunu stabilize edebilen küçük terapötik moleküllerin, antibiyotik direnç prob-
lemine alternatif bir yaklaşım sunma potansiyelinin olduğunu düşündürmektedir.

Anahtar sözcükler: Dirençli Bakteriler, Penisilin bağlayıcı protein 3, Haemophilus in-
fluenzae, 𝛽-laktam antibiyotikler.
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Currently prescribed antibiotics predominantly target the catalytic site of wild type bac-
terial proteins; however, bacteria adopt mutations in/around this site to survive in their
challenging environment, which eventually leads to the emergence of resistant bacte-
ria. Since resistant bacterial infections cause annually 4.95 million deaths as reported
by the World Health Organization (2022), there is urgent need for identifying alterna-
tive drug binding regions on resistance-causing proteins, which requires knowledge of
the dynamics of the system. Towards this end, we set out to investigate the impact of a
high-resistance causing triple mutation (S385T + L389F + N526K) on the dynamics of
a prioritized resistant pathogen, H. influenzae, by computational techniques. We focused
on penicillin-binding protein 3 (PBP3) and its complex with FtsW, which display resis-
tance towards 𝛽-lactam antibiotics that prevent bacterial cell wall synthesis. We showed
that mutations had both local and non-local effects on PBP3, and these were amplified in
the FtsW/PBP3 complex. In terms of local effects, the orientation of the 𝛽-sheet, which
surrounds the active site of PBP3 located on the transpeptidase domain was impacted
such that the catalytic site of the mutant enzyme became exposed towards the periplas-
mic region. In addition, the flexibility of the 𝛽3-𝛽4 loop, which was shown to modu-
late the catalysis of the enzyme, increased in the mutant FtsW/PBP3 complex. As to the
non-local effects, the dynamics of the pedestal domain (N-terminal periplasmic modu-
lus (N-t)), in particular the opening of the fork, was different between the wild type and
the mutant enzyme. Both open and closed forms of the fork were adopted in the mutant
FtsW/PBP3, whereas only the open form was preferred in the wild type complex. We
also demonstrated that the opening of the fork was modulated by the orientation of the
𝛽-sheet such that the open form was adopted when the 𝛽-sheet was aligned perpendicular
to the membrane, whereas the closed fork was adapted when the 𝛽-sheet was aligned
parallel to it. Interestingly, we found that the closed fork caused a higher number of
residues to participate in the hypothesized allosteric communication network that con-
nects the N-terminal periplasmic modulus (N-t) to the transpeptidase domain (TP) in the
mutant enzyme. Finally, we demonstrated that the closed fork conformation results in a
more favorable binding energy with the 𝛽-lactam antibiotics, particularly cefixime, sug-
gesting that small therapeutics molecules that can stabilize the closed fork conformation of
the mutant PBP3 may pave the way for more effective ways to combat resistant bacteria.

xii



Keywords: Resistant Bacteria, Penicillin-binding Protein 3, Haemophilus influenzae, 𝛽-
lactam Antibiotics.

xiii



CHAPTER 1

1. INTRODUCTION

The canonical strategy for developing antibiotics has been targeting the catalytic sites of

proteins which are responsible for mediating metabolic activities of bacteria including

replication and cell wall synthesis [1], [2]. Due to the challenges associated with de novo

design, higher-generation antibiotics have been developed where a core scaffold is sub-

stituted by complex functional groups at each generation [3]. In that way, it has been

proposed that bacteria would not recognize the scaffold that is shielded, and the resistance

would be prevented; however, this strategy does not work out as planned, since bacte-

ria develop novel strategies to resist these antibiotics, which has consequently led to the

emergence of more severe antibiotic resistance [4].

Another level of complexity associated with currently prescribed antibiotics is that they are

designed to target wild type bacterial proteins; however, these biological catalysts contin-

uously undergo mutations, in particular, within/around their catalytic sites, as they reside

in a very challenging environment [5], [6]. As an alternative strategy, allosteric regions,

other than the catalytic sites can be identified, which can be targeted by therapeutics for

modulating function of the mutant protein. This alternative strategy requires developing a

holistic understanding of the interaction network of the protein at the molecular-level [7].

Among the proteins that have been targeted for antibiotic development purposes,

penicillin-binding protein 3 (PBP3) of Haemophilus influenzae (H.influenzae) has been

singled out. H.influenzae has been categorized under the prioritized pathogens according

to the World Health Organization Report (2022). PBPs, which are classified under the ser-

ine acyltransferase enzyme family, are responsible for synthesizing the major component

of the inner cell membrane, peptidoglycan [8], [9]. They are broadly classified into two

groups: high molecular weight (HMW) and low molecular weight (LMW). Class B PBPs
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are members of the former group and they are monofunctional enzymes responsible only

for transpeptidase activities, whereas Class A are members of the latter group which also

perform transglycosylase activities. PBP3 of H.influenzae is a categorized under Class B

HMW PBPs [10], [11].

The PBP3 of H.influenzae consists of three domains, namely, transmembrane domain

(TM), N-terminal periplasmic modulus domain (N-t), and transpeptidase domain (TP)

(See Figure 1.1), each of which is devoted to a specific function. For instance, TM is

involved at the interface formed with FtsW, which acts as a peptidoglycan polymerase.

The N-t, although poorly crystallized, is thought to, i) mediate interactions with divi-

some/elangosome partners, ii) enhance the enzymatic activity of TP, and iii) modulate al-

losteric communication between the domains [8], [12]–[14], yet the molecular mechanism

remains elusive. Lastly, the TP is responsible for the catalytic activity of the protein and

also acts as the penicillin-binding domain which is conserved among class A and B PBPs.

Certain mutations occurring in the TP have been shown to be responsible for development

of antibiotic resistance. For instance, N526K mutation causes low antibiotic resistance

(Low-rPBP3) towards β-lactam antibiotics, whereas additional S385T (Medium-rPBP3)

and L389F mutations further increase the resistance (High-rPBP3). Understanding the

impact of these mutations on structure and dynamics of PBP3 at the molecular level will

aid the development of more effective therapeutics to combat resistant bacteria [15], [16].

For this purpose, we investigated the impact of the high resistance-causing triple mutation

on the dynamics of FtsW-PBP3 complex in H.influenzae, which is involved in the divi-

some and elongasome, by means of computational tools against the background of both

the low-resistance single mutant and the wild type protein. We showed that the mutation

impacted orientation of the active site of PBP3 with respect to the membrane and also the

opening of the fork located on the N-t domain. Moreover, the opening of the fork was

shown to dictate the number of residues participating in the proposed allosteric network

that connects the N-t to the catalytic site. Lastly, covalent docking calculations showed

that the binding affinity of antibiotics and peptidoglycan substrate (D-alanyl-D-alanine)

was lower in the mutant PBP3 than in the wild type enzyme.
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Figure 1.1: Schematic representation of the 3D structure of FtsW-PBP3 complex is shown
in surface and new cartoon representation. The outer membrane (OM) and the peptido-
glycan layer were not included in the molecular dynamics simulations but they are shown
here for presentation of the membrane of gram-negative bacteria. Water and phospho-
lipids are not shown for the sake of simplicity. The TP domain is shown in detail in the
lower panel along with the binding pocket and the positions of the mutated residues.
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CHAPTER 2

2. THEORETICAL PART

2.1. Bacterial Infection Therapy: Antibiotics and Antibiotic Resistance

Antibiotics are named the wonder medicines developed to fight infections caused by bac-

teria [17]. Cellular growth, replication, elongation, sporulation, and survival are the aim

of all living organisms. Toward this end, bacteria use their genetic immune defense reac-

tion in the presence of drugs (antibiotics) to assure their continued existence and this is

assumed to be the natural way of developing “resistance” [18]. On the other hand, There

are external factors that enhance the resistance development such as (mis/over) use of an-

tibiotics, misleading prescription, contamination in the hospitals/clinics, and insufficient

personal hygiene [19]–[21]. In addition, the development rate of new antibacterial agents

plays a key role in the war against superbugs.

Besides genetic natural resistance, bacteria might acquire the resistance by translating,

conjugating, or transporting resistance genes and/or alternations (mutations) in the DNA

[22], [23]. The mechanism is categorized into four groups: i) limiting the drug uptake,

ii) modifying the drug target, iii) inactivating the drug, and iv) extruding (efflux) the drug

outside the cell. Gram-negative bacteria are more likely to limit drug uptake compared

to gram-positive bacteria because they have a double cell membrane and intrinsic lower

permeability. Moreover, modifying the drug target is a well-known mechanism that re-

arranges and/or alters the antibiotic target. Alternations (mutations) in penicillin-binding

proteins (PBPs), which are the 𝛽-lactam antibiotics target, is one of the documented ex-

amples under the present category. Nevertheless, the drug itself might be inactivated by a

chemical group transfer or enzymatic structural distortion via 𝛽-lactamases. Acetyl, phos-

phoryl, and adenyl are all possible chemical groups that can be transferred to prevent the

binding between the drug and its target [24]. Nevertheless, bacteria are able to resist the
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treatment by transporting the agent outside the cell by overexpressing the efflux pump

proteins [25].

𝛽-lactam antibiotics, the most used commercial antibacterial agents worldwide, are de-

creasing the bacterial cell rigidity and cause cell lysis by targeting the synthesis of a major

cellular component called “peptidoglycan” [26], [27]. Peptidoglycan is a mesh-like struc-

ture composed of glycan strands connected by short peptides that maintain the shape of

bacterial cells. Its synthesis is initiated at the cytoplasmic site by producing the lipid II

precursor molecule that is flipped to the periplasmic site where polymerization and cross-

linking of the new glycan strand take place [28]. Gram-positive bacteria have multilayered

peptidoglycan (10 to 40 layers) while gram-negative might have one or two layers [29].

2.2. PBPs (Penicillin-Binding Proteins) and SEDS (Shape, Elongation, Division,
and Sporulation)

PBPs are enzymes responsible for polymerizing (glycosyltransferase) and cross-linking

(transpeptidase) the glycan strands. In addition, some of them might perform a reverse

enzymatic activity and hydrolyze the peptide bond between two glycan strands (endopep-

tidase). They have two main categories: high molecular mass (HMM) and low molec-

ular mass (LMM). The members of the former category are multimodular key players

in peptidoglycan synthesis [8]. Moreover, their main structure is studied to consist of a

cytoplasmic tail, a transmembrane helix, and two connected domains on the periplasmic

space. The domain that comes after the transmembrane helix (N-terminal periplasmic

domain) distinguishes class A and class B HMM PBPs. In class B, it was assigned to

non-enzymatic activities whereas in class A it exhibits catalyzing the elongation of a syn-

thesized glycan strand. The other periplasmic domain is responsible for cross-linking the

polymerized glycan strands to the existing mesh, and it is called the penicillin-binding

domain as it binds to 𝛽-lactam antibiotics. Additionally, it is also known as transpepti-

dase domain due to its enzymatic reactivity. It consists of five core stranded 𝛽-sheet sur-

rounded by a number of 𝛼-helices. Contrary to the N-terminal domain, penicillin-binding

domain is well-conserved among PBPs classes, and it has three motifs that form the cat-

alytic pocket and are involved in the interaction with the substrate: S(active site)XXK,

SXN, and KTG. It is worth to be mentioned that the number of PBPs depends on the

microorganism, Escherichia coli has 12 PBPs, Haemophilus influenzae has 8 PBPs, and
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Neisseria gonorrhoeae has 4 PBPs [30], [31].

For decades, Class A PBPs are assumed the only enzymes responsible for polymerizing

glycan strands (glycosyltransferase) [10]. However, recently, the shape, elongation, divi-

sion, and sporulation (SEDS) proteins family has been introduced with broader structural

conservation [32]. RodA and FtsW are members of this family, playing a key role in cell

elongation and division, respectively. In the absence of RodA, bacteria are still able to

grow, whereas the presence of FtsW is essentially required for septal cell wall assem-

bly [33]–[35]. They consist of 10 transmembrane helix segments which are supposed

to transport the lipid II precursor molecule across the cytoplasmic membrane [36]–[38].

Consequently, RodA-PBP2/FtsW-PBP3 complex working principle is explained by ac-

commodating Lipid II molecule from the cytoplasmic site, then polymerizing and cross-

linking a new glycan strand. It is to be noted that, RodA/FtsW is requiring its bPBP partner

to exhibit glycosyltransferase activities, while PBP2/PBP3 is able to transpeptidase glycan

strands that were polymerized by other glycosyltransferases [35].

Sjodt et al introduced the structures of RodA and RodA-PBP2 complex from Thermus

thermophilus. Comparing the isolated structure with the complex one, the seventh trans-

membrane helix segment (TM7) of RodA shows a shift of approximately 10Å. This shift

formed a membrane-accessible cavity with 15Å width and 30Å height that is proposed to

accommodate Lipid II precursor molecule. However, the complex structure reveals two

main interfaces I and II. Interface I is hydrophobically formed between the transmembrane

helix of PBP2 and transmembrane segments 8 (TM8) and 9 (TM9) of RodA within the

membrane plane. It is proposed to provide most of the required energy for the complex

formation. On the other hand, interface II involved three 𝛽-sheets and a small loop of the

N-terminal periplasmic domain of PBP2 which interact with the extracellular loop (ECL4)

of RodA. The complex adopts a conformation that extends only 45Å above the cytoplas-

mic membrane, while the peptidoglycan layer of gram-negative bacteria is located 120Å

away from the membrane. Accordingly, the complex is assumed to sample a wide range

of conformations that allow adopting “compact” and “extended” states, each of which

locates PBP2 45Å and 100Å away from the membrane, respectively. Compact confor-

mation is required for the allosteric activation of RodA and initiation of polymerization,

whereas extended conformation allows PBP2 to attach the polymerized strand to the ex-

isting layer. The precise regulation of those conformations is essentially required to avoid
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a toxic peptidoglycan synthesis cycle, thus, cellular survival [13], [39].

Divisome and elongasome (Rod system) are multi-protein complexes that regulate bac-

terial cell division and elongation, respectively, thus modulating peptidoglycan synthe-

sis [28]. The signaling cascade of those complexes, although poorly identified, indicates

that RodA/FtsW and PBP2/PBP3 are late-stage contributors in the peptidoglycan synthe-

sis [40]. Accordingly, RodA-PBP2 or FtsW-PBP3 complexes acquire an activation signal

to start their activities. MreC, a bitopic protein that has a large periplasmic domain with

a butterfly-like architecture, is documented to interact with the N-terminal periplasmic

(pedestal) domain of PBP2 and activate the complex [41]. Martins et al. reported that the

recognition of MreC requires opening of the N-terminal periplasmic domain of bPBP. In

addition, they defined two modes of peptidoglycan biosynthesis “on” and “off”. In the

former, the N-terminal periplasmic domain adopts “open” conformation and the MreC-

PBP2 complex is formed, while in the latter, MreC interacts with other partners. MreD is

one of the proposed partners which has an additional impact on conformations sampled

by PBP2 [41].

2.3. Gram-negative Pathogens, In Particular Haemophilus influenzae, Resistance
Development Mechanism

H. influenzae is a gram-negative pathogen that has two types according to the pres-

ence/absence of polysaccharide capsule: encapsulated with six more sub-categories (a-f)

and nonencapsulated (nontypeable) [42]. It can target different parts of the human body

and cause various diseases such as nervous system (meningitis), respiratory tract (pneu-

monia), auditory system (acute otitis media), and cardiovascular system (bacteremia).

Mucosal-associated infections are mostly caused by nontypeable H. influenzae (NTHi)

as it adheres to mucus or cells’ surfaces of the upper airway [43], [44]. Nevertheless, H.

influenzae type b (Hib) was recording annual deaths rate of 386.000 till the introduction

of polysacharide-protein conjugate vaccines [45].

𝛽-lactam antibiotics with different generations, doses, and combinations are used to treat

H. influenzae infections. However, PBP3-mediated resistance that is encoded by ftsI

gene is increasing worldwide [46]. PBP3 is acquiring mutations at different points in

its penicillin-binding (transpeptidase) domain, particularly, around SSN and KTG mo-

tifs. M377, S385, L389, R517, and N526 are mutation points that develop various levels
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of resistance according to their combination. R517H and N526K are mutually exclusive

mutations that cause low-resistance levels [47]; however, adding M377I, S385T, and/or

L389T further increases the level to medium- and high-resistance. For instance, Hasegawa

et al. defined two groups of 𝛽-lactamase nonproducing ampicillin resistant H. influenzae

named low-resistant and resistant which has R517H/N526K and S385T+(R517/N526) in

their PBP3, respectively [48]. Additionally, Skaare et al. introduced two high-resistant

groups that acquire S385T+(R517/N526) in the presence/absence of L389F [15], [16].

In bPBP, 𝛽3 strand and 𝛽3-𝛽4 loop catalyze the acylation reaction by twisting and sam-

pling favorable conformational changes, respectively. Mutations near the KTG motif are

introduced in the 𝛽3-𝛽4 loop region, suggesting that it hinders the flexibility and lowers

the binding affinity toward antibacterial agent by fixing the loop’s state [49]. However,

although poorly understood, resistance mutations ought to i) decrease the acylation rate, ii)

increase the deacylation rate, iii) reduce the binding affinity toward antibiotics or combine

more than one of the mentioned impacts [50]. Fenton et al. define two conformations of

𝛽3-𝛽4 loop namely “extended” and “twisted” with suggested low- and high-binding affin-

ity toward ceftriaxone [51], respectively. In PBP2 of Neisseria gonorrhoeae, wild type

enzyme was sampling both conformations in an equal ratio whereas the resistant enzyme

sampled the extended conformation more preferably. It is also important to mention that,

in a recent crystal structure, the twisted conformation is found only in the acyl-complex

enzyme, not in the apo form [52]. Nevertheless, the extended state is supposed to facilitate

the peptidoglycan substrate entry which considerably requires a larger binding surface area

compared to a cephalosporin antibiotic. Consequently, the transition between extended

and twisted states is essential for peptidoglycan synthesis and transpeptidase activity [51].

Other gram-negative bacteria such as Escherichia coli, Caulobacter crescentus, and Ther-

mus thermophilus are able to acquire mutations in the extracellular loop (ECL4) of their

SEDS proteins. In addition, they might have alternations in the pedestal domain of the

bPBP partner. Accordingly, the complex interaction (interface II) is disturbed and the

activation pathway is accessed. Some of those mutations are proposed to change the phe-

notype to inactive/hyperactive according to the amino acid conservation among the mi-

croorganisms. For instance, in RodA of E. coli, A234T is a highly conserved mutation

that causes hyperactive division phenotype and mapped to be located at residue number

227 of T. thermophilus. Hyperactive phenotype is supposed to bypass its elongasome
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partner-trigger signal [53].

2.4. Computational Methods and Approaches

2.4.1. Homology modeling and protein structures prediction methods

Homology modeling is a structure prediction computational tool that aims to predict the

three-dimensional (3D) structure of a macro-molecule based on its amino acid sequence

and a homologous template. The main concern is to model the structure with an accuracy

matches the best achieved experimental results. It is worth to be mentioned that, experi-

mental techniques such as NMR and X-ray diffraction might fail to crystallize some of the

structures due to different reasons, hence, the only way to obtain structural information

is the models. Since similar sequences tend to fold into similar/identical structures, the

number of aligned residues versus the percentage of identical residues is exponentially

correlated and detects the model accuracy. Homology modeling steps can be summarized

in practice as follow: recognizing the template and aligning the sequences, correcting the

alignment, generating the backbone, modeling the loops regions, modeling the side chains,

optimizing the model, and finally validating the model. The sequence alignment and cor-

rection are based on generating a residue exchange matrix that has x- and y-axises of the

target and the selected template sequences. The values of the matrix depend on the align-

ment criteria. For instance, the similarity in properties of amino acids might (or might

not) be taken into consideration, thus, the scoring criteria is changing accordingly. To

find the best alignment between two sequences, the optimum path is found. Additionally,

during the alignment correction, the target sequence ought to be divided into chunks and

different templates can be used to find the optimum structure, a step that is named “mul-

tiple sequence alignment”. Furthermore, building up backbone and side chains concerns

the identity between the two residues, if they are identical, the coordinates of backbone

and side chain are copied, if not, the coordinates of backbone only are copied. The loop

regions modeling is done to fill out the gaps in the model based on one of two approaches:

searching on PDB for similar loops that have the same endpoints or using ab initio fold

prediction. However, similar to the former approach, modeling the side chains is based

on conserved rotamers library searching. Model optimization and validation are energy-

based calculations used the assigned force field parameters. It is to be noted, homology

modeling depends solely on the user’s choices in each individual step, starting from the
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templates selection to the force field determination [54]–[59].

Nowadays, protein structures, folding, and interactions prediction methods are continu-

ously developed to determine high-accuracy outputs. Baek et al. introduce a deep-learning

based method “RoseTTAFold” [60] that uses neural network analysis to predict protein

structures. Besides, themethod provides insight into the unknown structure proteins’ func-

tions and it can develop protein-protein complexmodels. It shows high accuracy and rapid

model generation as its comparatives do (AlphaFold [61], [62]).

2.4.2. Molecular dynamics (MD) simulations

The Quantum nature of nuclei and electrons is represented by a numberless of biological

events such as electrons rearrangement in biochemical reactions, tunneling of electrons

and protons, and coupled proton-electron transfers. Consequently, Quantum Mechanical

(QM) phenomenon is the core of various biological events including respiration, photo-

synthesis, sensory, and taste. However, describing such processes needs to consider a

high number of atoms (up to 100.000 atoms/molecule) and long time scales (longer than

a second in certain cases), hence, requiring unachievable computations once represented

with QM calculations [63], [64].

In the late 1970s [65], molecular dynamics (MD) simulations are introduced with a set of

approximations and assumptions that reduced the calculations’ complexity. To run MD

simulations, the three-dimensional structure is needed either crystallized experimentally

or predicted by modeling techniques. Thereafter, the forces acting on each atom of the

system are estimated concerning bonded and non-bonded interactions. The bonded in-

teractions consider distances between two points (bonds), angles formed by three points

(angles), and angles formed by four points (dihedrals) whilst the non-bonded concern van

der Waals and electrostatic interactions, each of which is modeled by Lennard-Jones 6-12

potential and Coulomb’s law respectively [66], [67]. The aforementioned terms are pa-

rameterized to fit the real molecule motion with help of a “force field”, a collection of pa-

rameters describing the impact of each atomic force on the simulated system. CHARMM,

AMBER, and GROMOS are all well-known force fields used in MD simulations [68]–

[71]. Furthermore, once the forces calculations are performed, positions of the system’s

atoms are detected based on solving Newton’s equations of motion. Assigning the initial

velocities to each atom is required to initiate the repeating loop of solving the equations
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and detecting the displaced atom position.

2.4.3. Coarse-grained (CG) molecular dynamics (MD) simulations

Coarse-grained (CG) molecular dynamics (MD) simulations have been widely used to

simulate large and complex systems. It can simplify the all-atom (AA) representation,

lower the resolution, speed up the dynamics, and access larger time scales. All-atom (AA)

molecular dynamics (MD) simulations when used for complex systems demand compu-

tations and ought to access limited time scales. Implicit solvent models are introduced

as alternatives to explicit models to deal with the limitations. However, they failed to

capture solute-solvent interactions; consequently, were used only when such details are

not essentially required. CG-MD are used for proteins, peptides, and metals systems. In

particular, they are well-known to study protein/peptide-membrane interactions and lipids

contained systems. Nevertheless, developing CG models and parameterizing them with a

maintained simulation accuracy is a challenging task.

2.4.3.1. MARTINI force field

MARTINI is a CG force field that is named after the nickname of the city of Groningen

where it was developed [72]. It uses a 4:1 mapping scheme which means four heavy

atoms are represented by one center (CG bead) (See Figure 2.1). The bead mass is set to

72 amu which is equal to 4 water molecules. Moreover, small molecules such as benzene,

cholesterol, and selected amino acids are mapped with enhanced resolution ≈ 2:1 and

bead mass of 45 amu. There are four types of interactions that the model considers: polar,

non-polar, apolar, and charged denoted by P, N, C, and Q respectively. In addition, the

degree of polarity is ranged from low (1) to high (5), and the hydrogen bond capabilities

are symbolized as donor (d), acceptor (a), both (da), or none (0).

Nonbonded interactions potential functions inMARTINI describe the relation between the

pair of atoms i and j which separated by a distance of 𝑟𝑖 𝑗 via Lennard-Jones (LJ) equation

(See Equation (2.1)). 𝜀𝑖 𝑗 is the well-depth value that determines the interaction strength

and ranged from 5.6 KJ/mol to 2.0 KJ/mol for strong polar groups interaction and polar-

apolar interaction (hydrophobic effect) respectively. To govern the bead size, LJ parameter

(𝜎) is set to 0.47 nm for normal bead types while for small molecules exception, 𝜎 = 0.43

nm, and the well-depth value is scaled to 75% of its standard.
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Figure 2.1: Illustration of the mapping scheme used in the MARTINI force field for
DPPC, cholesterol, protein helical fragment, water, benzene, and four different amino
acids. The CG beads are represented by transparent van der Waals spheres. In the protein
helical fragment, the AA model is shown on the left and the CG model is on the right for
simplification while combined for the other models. Hydrogens atoms are presented only
in the water model. The figure is used with no modification from reference [73].

𝑉𝐿𝐽 = 4𝜀𝑖 𝑗 [(𝜎𝑖 𝑗 )
12 − (𝜎/𝑟𝑖 𝑗 )

6] (2.1)

Furthermore, the electrostatic interaction of the charged group (Q) is modeled using

Coulomb’s law (Equation (2.2)), where the relative dielectric constant (𝜀𝑟𝑒𝑙) is set to 15

and charge is symbolized by q

𝑉𝑒𝑙 = 𝑞𝑖𝑞 𝑗/4𝜋𝜀0𝜀𝑟𝑒𝑙𝑟𝑖 𝑗 (2.2)

It is worth noting that, the potential energy functions are shifted, LJ potential function is

shifted from 𝑟𝑠ℎ𝑖 𝑓 𝑡 = 0.9 nm to 𝑟𝑐𝑢𝑡 = 1.2 nm, whereas the electrostatic potential function

is shifted from 𝑟𝑠ℎ𝑖 𝑓 𝑡 = 0.0 nm to the same 𝑟𝑐𝑢𝑡 accordingly.

On the other hand, bonded interactions are modeled based on a set of potential functions
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(Equations (2.3) to (2.6)):

𝑉𝑏 = 1/2𝐾𝑏 (𝑑𝑖 𝑗 − 𝑑𝑏)
2, (2.3)

𝑉𝑎 = 1/2𝐾𝑎 [𝑐𝑜𝑠(𝜑𝑖 𝑗 𝑘 ) − 𝑐𝑜𝑠(𝜑𝑎)]
2, (2.4)

𝑉𝑑 = 𝐾𝑑 [1 + 𝑐𝑜𝑠(𝜃𝑖 𝑗 𝑘𝑙 − 𝜃𝑑)], (2.5)

𝑉𝑖𝑑 = 𝐾𝑖𝑑 (𝜃𝑖 𝑗 𝑘𝑙 − 𝜃𝑖𝑑)
2, (2.6)

which concern four interaction sites i, j, k, l separated by an equilibrium distance (𝑑𝑏).

The angle is denoted by (𝜑𝑎) and dihedral angles by (𝜃𝑑) and (𝜃𝑖𝑑). To induce flexibility

of the molecule at CG level which results from the collective motions, force constants K

are generally weak. The bonded potential (𝑉𝑏) and angle potential (𝑉𝑎) are used for the

chemical bonded sites and representing the chain stiffness respectively. For the prevention

of out-of-plane distortion of planar group, improper dihedral angle potential (𝑉𝑖𝑑) is used,

whereas the proper dihedral potential (𝑉𝑑) is used for imposing secondary structure of the

peptide backbone [72], [73].

2.4.3.2. Conversion of (CG) representation to (AA) representation (backmapping)

CG-MD simulations have lower resolution compared to AA-MD simulations. However,

in certain scenarios, the conversion from CG to AA representation (Backmapping) is en-

hancing the analysis and provides more details at the atomic level. Vickery et al. developed

a fragment-based tool “CG2AT2” for converting the CG models to AA ones [74]. It uses

the rigid alignment of CG beads to a set of atomistic fragments that encode chemical and

stereochemical information based on the selected force field. The tool is backmapping

the CG system based on four fundamental steps: conversion, minimization, integration,

and equilibration. Initially, the atomistic fragments are aligned to their corresponding CG

beads based on the center of mass. Thereafter, the bond distances are minimized by rotat-

ing the aligned coordinates. The fragments are treated individually despite the knowledge
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of their neighbors. Once the conversion is done, the system is minimized using steepest de-

scent algorithm for the correction of bond lengths, angles, and steric clashes. Afterward,

the system is reintegrated and minimized. For the detection of any threaded molecules

which rarely present, abnormal bond lengths are used as indicators. finally, the system is

equilibrated using NVT coupling scheme for 5 picoseconds (default time) restraining the

C𝛼 atoms in protein systems. Furthermore, for protein backmapping, the tool is provided

two approaches: de novo and alignment. In the former, the atomistic structure is built up

from the CG beads relying on its coordinates whereas, in the latter, a user-supplied AA

structure is fitted to the CG coordinates. In addition to the structure alignment, sequence

alignment is used for indexing the CG protein sequence according to the user-choice align-

ment group. In the case of missing residues in the submitted AA sequence compared to

CG, both approaches are combined such that it can be modeled with de novo [74]–[80].
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CHAPTER 3

3. EXPERIMENTAL PART

3.1. Homology Modeling and Systems Preparation

The three-dimensional (3D) crystal structure of H.influenzae FtsW/PBP3 is not available

in the protein data bank (PDB). Therefore, Robetta server was used to model the struc-

tures [81]. FtsW (Uniprot ID: P45064) was modeled using RoseTTAFold [60] method

with a confidence score of ≈ 0.8. Moreover, for PBP3 (Uniprot ID: P45059), the cyto-

plasmic part of the protein was excluded (residues 1 - 40) in modeling studies because

it is out of the scope of the present study. The N-t was modeled using RoseTTAFold

with a confidence score of ≈ 0.7, and the TP was modeled with comparative modeling.

Different modeling methods were used based on the availability of homologous struc-

tures in the server confirmed databases. RodA-PBP2 complex crystal structure was avail-

able on the PDB [82] ID: 6PL5. All the structures were prepared using Maestro protein

preparation tool implemented in Schrödinger [83], the missing residues were completed,

and the mutations were introduced therein. The structures were submitted to the orienta-

tions of proteins in membranes (OPM) server [84] to properly align the macromolecules

along the membrane axis. Thereafter, the pre-oriented target protein was submitted to

“Martini maker’s” module of CHARMM-GUI [85], [86] to build up the inner bacterial

cell membrane, which contained 1-palmitoyl 2-cis-vaccenic phosphatidylethanolamine

(PVPE) (90%), 1-palmitoyl 2-cis-vaccenic phosphatidylglycerol (PVPG) (5%), and Car-

diolipin (CDL2) (5%) [87]. We used “ElNeDyn” martini model, which has been devel-

oped to control the conformation of the protein while keeping its internal dynamics [85],

[88] and provided by the “Martini Maker” module of CHARMM-GUI, to model the pro-

tein in the system. In that way, large amplitude domain motions which were observed in

atomistic simulations could be matched [89]. We used non-polarizable MARTINI water
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model [90], where four water molecules are mapped to one water molecule andMARTINI

2.0 [72] force field to model membrane lipids.

3.2. Coarse-grained (CG) Molecular Dynamics (MD) Simulations Protocol

GROMACS [91] simulation package with NPT coupling scheme, which is tuned to gen-

erate constant number of particles, pressure, and temperature, was used to run the coarse-

grained simulations for all systems (see Table 3.1). The simulations were run on a PC

running Ubuntu 20.04.1 LTS on an Intel Core i7-7700 CPU. For the minimization and

equilibration steps, velocity rescaling and Berendsen coupling algorithms were used with

1 ps and 5 ps coupling times to maintain a constant temperature of 310.15 K and a pressure

of 1 bar, whereas the Parrinello-Rahman coupling algorithm was used in the production

step with 15 ps coupling times and semi-isotropic coupling type. The time step for inte-

gration was set to 20 femtoseconds.

Table 3.1: Coarse-Grained (CG) molecular dynamics (MD) simulation lengths.

System // Replicate First Second Third Fourth
(WT PBP3) 2 𝜇s 1 𝜇s 1 𝜇s -
(Low-rPBP3) 1 𝜇s 1 𝜇s 1 𝜇s -
(High-rPBP3) 2 𝜇s 1 𝜇s 2 𝜇s -
(FtsW - WT PBP3) 1 𝜇s 1 𝜇s 1 𝜇s 1 𝜇s
(FtsW - High-rPBP3) 1 𝜇s 1 𝜇s 1 𝜇s 1 𝜇s
(FtsW - Low-rPBP3) 1 𝜇s 1 𝜇s 1 𝜇s -
(WT RodA - PBP2) 1 𝜇s 1 𝜇s 1 𝜇s -
(Hyperactive RodA - PBP2) 1 𝜇s 1 𝜇s 1 𝜇s -

3.3. Analysis

The trajectories were visualized with VMD [92] and the reaction coordinates of the an-

gles/dihedrals were set accordingly. For further analysis, selected replicates of each sys-

tem were converted back to the atomistic resolution with the help of an enhanced frag-

ment based protocol named “CG2AT” [74]. The tool basically worked on a pre-defiend

fragment based fitting criteria of the user-supplied coarse-grained structure. Moreover,

the prediction of the allosteric contribution based on the submitted structure and its ac-

tive site cavity was done with the help of the OHM server [93], [94]. OHM server re-

peats a series of stochastic process of perturbation propagation on a network of interacting
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residues (submitted structure) using the built-in algorithm. The three-dimensional struc-

ture of cefixime and peptidoglycan substrate (D-alanyl-D-alanine) are available on Pub-

Chem [95] under the IDs of 5362065 and 5460362, respectively. The ligands are prepared

and docked covalently to the target structures using “LigPrep” and “CovDock” modules

of Schrödinger Maestro, respectively [96]. The plots of the study were prepared with the

help of VMD [92], MATLAB (version 2018), and Origin (version 2022). Particularly,

MATLAB was used to plot the probability distributions with the shaded area representing

the standard error range while VMD and Origin were used for the 3D structures represen-

tations and histogram plots, respectively. All the plotted data represent statistical averages

over the replicates of the systems studied (Table 3.1).

17



CHAPTER 4

4. RESULTS AND DISCUSSION

In the present work, we have defined more than one descriptor based on selected reaction

coordinates to study the dynamics of the systems comparatively. Table 4.1 provides a

summary of the defined coordinates and the selected residues.

Table 4.1: Summary of the global coordinations defined in the present work.

Descriptor (Reference
Figure)

Residue No.(Domain) Explanation

Angle (Figure 4.1) 53(TM), 71(Nt), and
545(TP)

Mesures the distance be-
tween the TP and CM.

Dihedral Angle (Figure
4.2)

55(TM), 228(Nt),
448(TP), and 565(TP)

Defines the orientation of TP
with respect to CM

Angle (Figure 4.4) 101(Nt), 174(Nt), and
241(Nt)

Describes the opening of the
fork-structured N-t

4.1. The Mutations Impact Orientation of the TP Domain and Flexibility of the
𝛽3-𝛽4 Loop

First, we set out to investigate possible local effects exerted by mutations on PBP3. Sjodt

et al. proposed a model to explain the mechanism used by RodA/PBP2 complex of T. ther-

mophilus for performing peptidoglycan synthesis [13] whereby PBP2 adopts two different

conformations. These are compact and extended, which are required for accessing to the

cellular membrane and newly formed peptidoglycan layer located on top of the cellular

membrane, respectively. Therefore, we examined the generated trajectories to investigate

if the mutations impacted orientation of the TP with respect to the membrane. To do so,

we selected three points on the TM, N-t, and TP to describe an angle that reported on the

proximity of TP with respect to membrane as shown in Figure 4.1a. WT, low- and high-

rPBP3 sampled similar angles when they were in isolation as shown in Figure 4.1b. On
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a) b)

c) d)

Figure 4.1: a) Schematic representation of the angle on 3D structure of PBP3. The CM is
represented with two pink leaflets. The C𝛼 atoms of the residues that were used tomeasure
the angle were shown in yellow spheres with the direction. The probability distribution
pertaining to the angle, which was measured among residues picked up on the TM, Nt,
and TP domains, presented for b) WT and mutant PBP3 in isolation, c) complexes of WT
and mutant PBP3 with FtsW, d) complexes of PBP2 with WT and Hyperactive RodA.

the other hand, WT could adopt both conformations when it was in complex with FtsW

as evidenced by sampling of both lower and higher angles (Figure 4.1c). On the other

hand, low- and high-rPBP3 sampled a narrower range of angles that were between 90-120

degrees when they were in complex with FtsW. It is also important to emphasize that the

respective angle was measured in trajectories pertaining to hyperactive RodA/PBP2 com-

plex and we observed that it adopted similar values to that of FtsW/low- and high-rPBP3

complex (Figure 4.1d).

In addition to the orientation of the TP, the mutation also impacted the positioning of the

𝛽-sheet (See Figure 4.2a) that surrounds the active site of PBP3. It adopted different

orientations, namely conformation 1 and conformation 2, with respect to the membrane,
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a)

b) c)

Figure 4.2: Probability distributions pertaining to dihedral angle that describes the orien-
tation of the TP domain with respect to the membrane. Representative conformations are
also shown. a) The placement of CM is symbolized by two-layered pink spheres. The core
𝛽-sheets are colored in yellow with one of the helix segments for the reader’s orientation
and the active site cavity is represented with surface representation in pink. Probability
plots of the dihedral angle measured for WT and mutant b) PBP3s and c) FtsW-PBP3
complexes.

each of whichwas quantified by a dihedral angle that wasmeasured using residues 55-228-

448-565 located on TM, N-t, and 𝛼-helix 6 and 𝛼-helix 9, respectively. Accordingly, the

𝛽-sheet aligned parallel (140<angle<180) with respect to the membrane in conformation

2, whereas the rest of the angle values represented a perpendicular orientation of the 𝛽-

sheet as depicted in Figure 4.2a. The WT PBP3 and low-rPBP3 adopted lower angle

values whereas high-rPBP3 sampled both lower and higher values when it was in isolation

displaying no preference towards any specific angle (Figure 4.2b). On the other hand,

when WT and mutant PBP3s formed complex with FtsW, the systems adopted higher

dihedral angles as shown inFigure 4.2c. It is important to emphasize that this orientational
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Figure 4.3: Schematic representation of 𝛽3-𝛽4 loop with respect to time. Wild type and
High-r are shown in cyan and red, respectively. The active site (Ser327) is shown in
van der waals representation in yellow. The data for low-r is not shown for the sake of
simplicity.

preference also impacted exposure of the active site of PBP3, where it was exposed toward

the periplasmic site in the mutant PBP3s as shown in Figure 4.2a.

Moreover, we also examined if the flexibility of the 𝛽3-𝛽4 loop was impacted since it was

shown by Singh et al. that it modulated catalytic properties of the enzyme [52]. These

authors showed that the flexibility of the loop decreased in cephalosporin-resistant Neis-

seria gonorrhoeae, which was needed for stabilizing the antibiotics in the active site, thus

promoting acylation reaction in the wild type enzyme. Interestingly, we did not see any

remarkable difference between wild type and mutant PBP3 when they were in isolation.

On the other hand, we observed higher flexibility of the loop in both FtsW/low- and high-

rPBP3 complex as shown in Figure 4.3. It is also important to emphasize that the loop

was able to enter into the active site in trajectories pertaining to mutant FtsW/PBP3 com-

plexes. Lastly, we also investigated the opening of the binding pocket by calculating an

angle using C𝛼 atoms of residues 358/498/550, which were located at the core of the 𝛽-

sheet located on the TP domain and the loop that is known as a gatekeeper residue [14].

The pocket was slightly wider in WT than in mutant PBP3s (data not shown) and the

difference became slightly larger when mutant PBP3s were complexed with FtsW.
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4.2. The Opening of the Fork located on the N-t Differs Between Wild Type and
Mutant PBP3s

The N-t has been shown to modulate the allosteric communication between PBP3 do-

mains; however, the molecular mechanism has remained elusive [12]–[14], [97]. Towards

this end, we examined the dynamics of the domain in trajectories pertaining to the wild

type (WT) and mutant PBP3 as well as its complex with FtsW. The N-t structurally resem-

bles a fork at the side far from the interface formed by the TP domain. We observed that the

opening of the fork, which was described by the angle formed by residues 241/101/174,

differed between WT and mutant proteins. Specifically, high-rPBP3 and low-rPBP3 were

able to sample lower angle values compared to WT PBP3 (Figure 4.4a) when they were in

isolation. The WT PBP3; however, showed tendency to sample higher values which were

populated around 50◦ as shown in Figure 4.4a. In addition to lower angle values, mutant

proteins could also sample higher values as WT PBP3 does, albeit with lower probability.

We also examined the opening of the fork for the FtsW/PBP3 complex and showed that the

angle was decreased in both WT and mutant proteins (Figure 4.4c) where mutant proteins

could sample lower angle values compared to WT PBP3 as in the case of isolated PBP3.

Furthermore, we also set out to investigate if the opening of the fork differs in other bPBP

complexes. Towards this end, we examined the status of the fork by performing sim-

ulations using the crystal structure pertaining to RodA/PBP2 complex (PDB ID: 6PL5)

using corresponding residue triplet, and showed that it could adopt higher angle values

(See Figure 4.4e) than that by the FtsW/PBP3 complex. Moreover, we also examined the

same opening in the mutant RodA/PBP2 complex, which was characterized as constitu-

tively active, since it does not require elongasome activation signals to get activated [13],

[28], [53], [98]. Similarly, we showed that the mutation that caused hyperactivation led to

sampling of smaller angle values than WT RodA/PBP2 complex as shown in Figure 4.4e.

Collectively, these results showed that mutations either causing hyperactivation or resis-

tance tended to reduce the opening at the fork in the mutant PBP2/PBP3 compared to WT

PBP2/PBP3.
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a) b)

c) d)

e) f)

Figure 4.4: Probability distribution of the fork angle measured on the Nt domain of a)
PBP3 in isolation with two resistance level along with the representative 3D model b), c)
FtsW-PBP3 complex along with the representative 3D model d), e) RodA-PBP2 complex
with the hyperactive phenotype along with representative 3D model f). The CM is shown
with the pink leaflets. The C𝛼 atoms used to measure the angle are shown with pink
spheres.
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4.3. The Opening of the Fork Impacts the Proposed Allosteric Network between
N-t and TP Domains

Having examined the dynamics of N-t in trajectories pertaining to WT and mutant PBP3s

and their complexes by FtsW, we further set out to investigate if the preference observed

for fork opening impacted hypothesized allosteric communication between the N-t and

TP domains. Towards this end, we calculated the allosteric coupling intensity histograms

of the systems using the OHM server (See Section3.3 for details). The server requires

an initial conformation and we provided representative conformations in which the most

probable fork angle was adopted. Accordingly, we used the structure with low fork angle

for the low-rPBP3 (around 30◦) whereas two conformations with fork angles of 40 and

50◦ were used for high-rPBP3 since the probabilities pertaining to these angles were close

to each other. On the other hand, we used one conformation for WT PBP3 that adopted

a fork angle of 50◦. The results showed that the number of residues contributing to the

proposed allosteric interaction network connecting the N-t and TP was higher for both

low- and high-rPBP3 compared to WT PBP3 as shown in Figure 4.5. It is also important

to emphasize that we observed a similar pattern forWT andmutant FtsW/PBP3 complexes

(data not shown). To further check if the number of allosteric residues was impacted by

the fork angle, we picked up alternative conformations, other than the representative ones.

For instance, we repeated the calculations using conformations with lower fork angles in

WT trajectories. Interestingly, we observed that the number of the residues was fewer

for conformations that were not representative of the systems. Moreover, we also mapped

these residue clusters on the 3D structure of PBP3 and showed that participation of residues

258-274, 279-286, 292-298, making up 𝛼1, 𝛽1, and 𝛽2, respectively, was relatively higher

in the systems studied (See gray regions in Figure 4.5). In fact, these residues make up

the interaction interface between the N-t and TP domains. Similar region in PBP2a of

methicillin-resistant Staphylococcus aureus was shown to be the target site for binding an

allosteric non-covalent inhibitor [99]. Furthermore, number of such residues was higher

in the mutant PBP3s compared to the WT protein as shown in Figure 4.5. Moreover,

residues 446-458 on 𝛼7 showed higher contribution to the network in the mutant PBP3s

than in the WT protein (See Figure 4.5). Finally, we observed that residues 310-330,

which are located on the loops that connect the core segments of the TP domain, showed

relatively higher contribution to the network compared to other residues.
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Figure 4.5: Allosteric Coupling Intensity Histograms calculated for a)WTPBP3, b)Low-
rPBP3, and c) High-rPBP3 calculated via the OHM server.

Having observed that the mutation both impacted orientation of the 𝛽-sheet and the open-

ing of the fork, we further investigated if certain fork angle values were associated with a

specific orientation of the 𝛽-sheet, in particular in the mutant FtsW/PBP3 complex, since

it adopted two different fork angle values (See Figure 4.4c). To do so, we clustered dihe-

dral angle value/fork angle pairs using the trajectories pertaining to mutant complex and

observed that the open form of the fork was preferred when perpendicular orientation of

the 𝛽-sheet was adopted, whereas the closed form was preferred when the parallel orien-

tation was adopted as shown in Figure 4.6. We further set out to examine if these fork

angle/dihedral angle pairs impacted binding energies of both antibiotics and D-alanyl-D-

alanine. Towards this end, we performed covalent-docking and peptide docking using
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respective pairs that were picked up from trajectories pertaining to mutant and WT tra-

jectories (See Table 4.2). We used cefixime as the antibiotic towards which the mutant

PBP3 was shown to be resistant. We showed that the binding energy of the antibiotic was

lower for the mutant than to the wild type, thus suggesting that the acylation reaction was

more favorable for WT PBP3. It is important to emphasize that the two pairs, namely,

low fork angle/parallel orientation and high fork angle/perpendicular conformation, dis-

played different patterns. The former could bind the antibiotics more favorably than the

latter. Interestingly, the similar pattern was also observed in the binding energy of peptide

substrate, namely D-alanyl-D-alanine.
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Figure 4.6: The 2D plots that show the correlation between the fork and the dihedral angle
a) Wild type, c) single mutant, e) triple mutant PBP3s and their respective complexes
formed by FtsW b), d), and f).
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Table 4.2: Covalent and peptide docking outputs. Conformation*: low fork angle and
parallel orientation. Conformation**: high fork angle and perpendicular conformation.

System // Ligand Cefixime D-alanyl-D-alanine
WT PBP3 -4.21 -4.54
High-rPBP3* -2.41 -4.15
High-rPBP3** -1.03 -2.97

4.4. Discussion

In the present work, we provide an insight into large scale dynamics of 𝛽-lactam antibiotics

resistant bacteria displaying different resistance levels due to bPBP-associated mutations.

We showed that alterations in amino acids caused both local and non-local rearrangements

in PBP3, which became more prominent in the case of the FtsW/PBP3 complex. For in-

stance, the TP domain was positioned at a specific location with respect to FtsW and mem-

brane in the mutant complex. Considering that maintenance of certain interactions formed

between the extracellular region of FtsW and N-t domain of PBP3 is required for proper

functioning of both PBP3 and FtsW, constraining the TP domain at a specific orientation

might trigger peptidoglycan assembly during cell elongation, division, and sporulation. In

relation with this, 𝛽3- 𝛽4 loop, which was previously shown to be responsible for main-

taining the catalytic activity of the enzyme, was more flexible in the mutant FtsW/PBP3

complex. In addition to the TP, we also observed differences in the orientation of the

catalytic site of PBP3. In particular, it was directed towards the periplasmic site, away

from the cytoplasmic membrane in the mutant FtsW/PBP3 complex. Interestingly, we

observed a similar behavior in the hyperactive mutant RodA/PBP2 complex, which did

not require any external signal to activate cell wall synthesis. Moreover, we also demon-

strated that affinity of the mutant PBP3 towards D-alanyl-D-alanine, which is the substrate

that binds PBP3 in transpeptidation, was higher in conformations having exposed 𝛽-sheet

to the periplasmic site.

Besides local rearrangements exerted by mutations, we also observed non-local modula-

tion at the fork located on the N-t domain, at which divisome and elongasome partners,

such as MreC [41], [100], bind. We showed that the closed fork was preferred in mutant

FtsW/PBP3 complexes. Likewise, hyperactive RodA/PBP2 complex displayed similar

behavior where the opening of the fork decreased upon complex formation. The closed

fork was preferred when the active site of the mutant PBP3 was exposed towards the
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periplasmic space. Lastly, we also showed that the opening of the fork modulated com-

munication between TP and N-t domains of PBP3 where closed fork was shown to be

associated with higher number of residues participating in the allosteric interaction net-

work that was hypothesized to be present between the TP and N-t domains.

Cumulatively, the results of the study showed that the N-t of H. influenzae PBP3 emerges

as a potential allosteric site which can be targeted for developing effective molecules that

can modulate the function of mutant bacterial proteins which cause antibiotic resistance.

In particular, the closed fork that is sampled by the mutant FtsW/PBP3 complex, can be

stabilized by means of small therapeutics since it was shown to be associated with favor-

able binding of antibiotics and higher number of allosteric residues that provided commu-

nication between the N-t and TP domains. As such, this study provides a new perspective

for identification of allosteric regions on the mutant bacterial proteins that cause antibiotic

resistance.
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CHAPTER 5

5. CONCLUSION AND FUTUREWORK

In 2019, resistant bacteria killed 1.27 million individuals around the world [101]. One

in five of the deaths was a child under five years old. The morbidity rate is increasing

and there is an urgent call to combat this silent pandemic. Bacteria aimed to survive in all

environmental conditions, consequently, trying to resist any factor that threatens their life.

Resistant bacteria (superbugs) can survive even in the presence of antibacterial drugs. De-

spite the need of developing new agents, understanding the resistance mechanisms might

help in restoring the efficiency of the currently available antibiotics against resistant bac-

teria.

𝛽-lactam antibiotics, the most used antibiotics worldwide, are targeting the enzymes that

catalyze cell wall synthesis namely PBPs. However, bacteria acquire mutations in/around

the active sites of those enzymes to develop resistance. The resistance, although poorly

identified, is supposed to impact enzymatic reaction rate and/or ligand-receptor binding

affinity. Consequently, at a molecular level, emphasizing the effect of resistancemutations

on the dynamics of mutant macromolecules would provide insight into combating resistant

bacteria.

In the present work, we have explored the impact of resistance causing triple-set muta-

tion (S385T + L389F + N526K) and its subset (N526K) on PBP3 of H. influenzae in

isolation and complexed with FtsW. The effects are studied against the backdrop of WT

systems and another SEDS-bPBP system (RodA-PBP2 of T. thermophilus) in either type

WT and Hyperactive mutant. We showed that the triple/single point mutation had local

and nonlocal consequences on PBP3 and FtsW/PBP3. Moreover, in complex, the systems

appeared to have directed behavior when sampling conformational changes in space com-

pared to isolated systems. The resistance mutations impacted the localization/orientation
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of TP with respect to CM. In addition, the opening of the catalytic site and the dynamics

of a surrounding loop region are distinguishable between WT and mutant systems. The

proposed allosteric network shows a higher number of contributors in resistant systems,

hence, preferable communication within PBP3 domains. Furthermore, we investigated

the dynamics of N-t and proposed it can be an allosteric modulator that is able to main-

tain sampling dominant conformations which stabilizes the system and ought to affect the

resistance level. It was able to do so by switching between opened and closed fork angle

states. Importantly, covalent docking and peptide docking studies support the proposed

hypothesis.

In the future, the regions which are highly contributing to the allosteric network might be

targeted after defining hypothesized allosteric pocket. However, in this work, we have

focused on PBP3-associated mutation, while the scope might be extended to include mu-

tation points introduced to FtsW. In literature, the defined mutations of FtsW are respon-

sible for impacting the complex phenotype (active/inactive) by accessing the signaling

cascade of the divisome, but the mechanism is elusive. In contrast, we can maximize the

research scope to study the structural/dynamic consequences of FtsW-associated muta-

tions on SEDS-bPBP complexes.
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