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Abstract

Gram-negative bacteria are generally more resilient than Gram-positive bacteria owing
to the presence of a relatively complex cell envelope. The cell envelope of Gram-
positive bacteria consists of an inner membrane (IM), a small periplasmic space and a
thick peptidoglycan layer. On the other hand, the cell envelope of Gram-negative
bacteria comprises an IM, a large periplasmic space that holds a thin peptidoglycan
layer and outer membrane (OM). This OM is a salient feature of Gram-negative
bacteria which serves as a formidable permeability barrier interrupting the passage of
detrimental compounds such as antibiotics, detergents, toxins, etc. The robust barrier
function of the OM is attributed to its unique macromolecular composition and
arrangement. The inner leaflet of the membrane consists of phospholipids (PLs), while
the outer leaflet possesses lipopolysaccharides (LPSs). Such an organization makes
the OM asymmetric in nature, which acts as a protective shield against the free entry
of antimicrobials. Interestingly, the asymmetric organization of the OM is entropically
unfavorable although it is critical for the barrier function. As a consequence, the PLs
have a tendency to flip back to the outer leaflet from the inner leaflet in order to attain
an entropically favorable state leading to the disruption of the asymmetry and the
barrier function. In order to remove these misplaced PLs and restore the OM
asymmetry, bacteria utilize various two distinct mechanisms involving OM [B-barrel
enzymes, viz. PIdA and PagP during stress. The enzyme PIdA removes the fatty acid
chains, whereas PagP transfers the acyl chain to the lipid A moiety of LPS from the
unwanted PLs, thereby restoring the asymmetry of the OM. Recently, a third
mechanism has been reported, which involves a highly conserved ATP-binding
cassette (ABC) transporter, viz. maintenance of the lipid asymmetry (Mla) system. The
Mla system comprises six proteins - MlaA (OM lipoprotein), MlaB (cytoplasmic protein),
MlaC (periplasmic substrate (solute)-binding protein, SBP), MlaD (IM-associated
periplasmic SBP), MlaE (Transmembrane domain, TMD) and MlaF (Nucleotide-
binding domain, NBD). Interestingly, the outer membrane protein, OmpC, has been
reported to form a complex with MlaA and is critical for the functioning of the Mla
system. Together, these proteins give rise to three inter-membrane sub-complexes —
OmpC-MlaA (OM), MlaC (periplasm) and MlaFEDB (IM). As per initial reports, the Mla
system supposedly follows a unique retrograde movement wherein the misplaced PLs
are flipped from the outer leaflet to the inner leaflet of the OM by the OmpC-MlaA
complex. The PLs are handed over to MlaC, which ferries them to the MlaFEDB
complex for internalization, thereby restoring the ideal PL population in the OM and its
asymmetry. Interestingly, studies have also reported the anterograde movement of PL
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Abstract

wherein the Mla system transfers PLs from the IM to the OM. As a consequence, the
subject of directionally of PL transport by the Mla system remains a debatable topic. In
addition to this, the Mla system does not possess a typical ABC transporter complex.
A canonical ABC transporter (exporter and importer) complex consists of two copies,
each of NBD and TMD. In the case of the ABC importer, an additional component,
SBP, is present that captures ligands and hands them to the TMD for internalization.
The SBPs possess a conserved structure with an N-terminal and C-terminal domain
(NTD and CTD) linked via a flexible linker region. Surprisingly, in the Mla system, two
SBPs — MlaC and MlaD are present. In addition to this, it contains MlaB, which remains
associated with MlaF (NBD) and MlaA, which remains associated with the OM.
Furthermore, MlaB and MlaD possess the highly conserved Sulphate Transporter and
AntiSigma factor antagonist (STAS) and Mammalian cell entry (Mce) domains,
respectively. Such a macromolecular organization has not been observed in the case
of typical ABC transporters. Owing to these unique features, the components of the

Mla system remain poorly characterized.

Hence, this study proposes to characterize the Mla proteins from Escherichia coli so
as to acquire insights into the machinations of the Mla system. For this purpose, we
have utilized in silico as well as experimental approaches for the structural and
mechanistic characterization of the Mla system. In the IM complex, the MlaD protein
(EcMlaD) is considered to be one of the unique components of the Mla system owing
to the presence of the Mce domain. Hence, for the in silico characterization, EcMlaD
is taken as the point of reference. The study reveals that the MlaD domain would
possess diverse architectures but has conserved profiles comprising an abundance of
glycine and hydrophobic residues and a lack of cysteine residues. Furthermore, the N-
terminal region of the domain is well-conserved and possesses a well-preserved
glycine residue that constitutes a motif (MlaD domain motif). Surprisingly, the MlaD
domain of EcMlaD is evolutionarily similar to the MlaD domains from Mycobacterium
tuberculosis rather than from E. coli. Furthermore, interactome analysis suggests that
EcMlaC would serve as a mediator between EcMlaD and EcLptC (transport of LPS),

indicating a synergistic relationship between the Mla and Lpt systems.

The in silico characterization of MlakE from E. coli (EcMIaE) reveals that the protein,
along with its orthologs, has evolved separately from other TMDs. This is further
supported by the presence of an N-terminal interfacial helix (IF1) and the uncommon
EQ loop instead of the EAA loop, as observed in other TMDs. Similar to EcMlaE, the
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MlaF from E. coli (EcMlaB) demonstrates separate clustering, thus, indicating a
distinct evolution from other NBDs. Also, EcMlaF possesses the LSGGM motif instead
of LSGGQ and remains functionally associated with MlaB (EcMlaB). Owing to this, the
EcMlaF-EcMlaB gives rise to additional interfaces that are critical for the functioning of
the Mla system. The study also suggests the presence of DSSG and Walker A-like
motif in EcMIaB, indicating that the protein might be able to bind ATP and undergo
phosphorylation. The study also shows that MlaA from E. coli (EcMlaA) would possess
a doughnut-shaped structure and remain embedded in the OM. Such a localization
would be aided by stable interaction with OmpC/F. Furthermore, the central channel of
EcMlaA is convoluted but extremely flexible, which helps in the passage of PLs. The
analysis also suggests that the C-terminal helix might play a critical role in determining
the orientation of EcMlaA.

After in silico characterization, the proteins EcMlaC and EcMlaD were further studied
using experimental approaches. This study reports the crystal structure of EcMlaC in
a unique quasi-open with an endogenously bound PL at a resolution of 2.5 A in the
space group H3. The tails of the PL remain deeply buried in the hydrophobic core of
EcMlaC while the head remains solvent exposed. Interestingly, the bound PL is present
in an unusual conformation not before observed in any other available structures of
MlaC orthologs. The structural analysis reveals that EcMIlaC does not possess an NTD-
CTD arrangement. Instead, it has two major domains, viz. nuclear transport factor 2-
like (NTF2-like, D1) and phospholipid-binding protein (PBP, D2). Each domain can be
further divided into two subdomains arranged in a discontinuous fashion (D1R1-D2R1-
D1R2-D2R2). The study also suggests that, unlike typical SBPs that can bind to only
one ligand, some MlaC orthologs can bind two PLs simultaneously. Surprisingly, the
binding-pocket volume of MlaC increases proportionally with the number of bound PLs,
leading to the opening of the binding pocket. This is contrary to the binding mechanism
observed in the case of typical SBPs, wherein they make a transition from an open
(unliganded) to a closed (liganded) state upon ligand binding. Also, during double
ligand binding, the binding pocket of MlaC splits into two sub-sites. Analysis of different
liganded states reveals the subdomains contribute significantly to ligand binding,
especially D1R2 and D2R1, that modulate the opening/closing of the protein. Based
on extensive structural studies, we propose a novel mechanism of ligand binding, viz.
“segmented domain movement (SDM)”, which involves a series of inherent structural

changes in order to bind PL. Furthermore, our study establishes that EcMIaC and its
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orthologs have atypical features and ancestries which are different from typical SBPs.
Hence, we have considered EcMlaC and its orthologs to be non-canonical SBPs. This
led us to introduce a new scheme of SBP classification, which consists of two classes
— canonical SBPs (possessing NTD-CTD arrangement) and non-canonical SBPs (not

possessing NTD-CTD arrangement).

This study also reports the crystal structure of the periplasmic domain of protein
EcMlaD protein in three different space groups P41212, 1222 and P21221, at a resolution
range of 2.3-3.2 A. Structural analysis reveals that EcMlaD protomers consist of seven
B-strands adopting a B-barrel fold (MlaD domain) and a C-terminal a-helical domain
(HD). The MlaD domain has a conserved core but possesses local structural variations.
The EcMlaD protomer forms a homo-hexameric ring with a central channel and
possesses six-fold symmetry. This central channel serves as the main translocation
pathway for the passage of PLs during the process of ligand transport. Interestingly,
during the process of PL export, three protomers of EcMIaD hexamer exhibit an upward
movement. This is accompanied by a change in the geometry of the central channel
as well as the outward movement of Pore LooPs (PLPs) that line the channel. These
conformational changes provide the necessary force for orienting the PLs in the
channel meant to be exported. Eventually, EcMIaC would dock and, following the SDM
mechanism, would extract the PLs for the eventual transfer to the OM. By taking into
consideration these observations, we have proposed a novel mechanism of PL
transfer, viz. the “asymmetric protomer movement (APM)” mechanism. This has, in
turn, helped us put forward a working model for the ATP-independent export process
of PL from EcMlaD to EcMlaC. Additionally, the study also highlights that EcMlaD is
structurally homologous to EF/AMT-type beta(6)-barrel and has a unique ancestry,
unlike canonical SBPs. This has led us to further update the SBP classification

scheme.

Additionally, in order to estimate the affinities for various ligands and identify the protein
motions at the global and local scales, molecular docking and molecular dynamics
(MD) simulations were performed on EcMlaC and its orthologues. The docking
experiments performed using 104 ligands clearly suggest that EcMlaC and its
orthologues can bind different ligands in varying conformations. This indicates that
EcMlaC orthologues are multi-specific in nature. Also, the ligands within the binding
cavity can change orientation depending on the availability of space. On the other
hand, the simulation studies performed for 1000 ns on different systems points that
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EcMlaC orthologues are extremely dynamic and the bound PL(s) can change
confirmations. The findings suggest that the unliganded EcMlaC orthologues exhibit
higher motions as compared to their unliganded states. This is because ligand binding
reduces the plasticity of the protein. Also, we have been able to identify a twisting
motion of a7 and a8 that is crucial for protein dynamics. These observations validate
our previously reported SDM mechanism. Based on this, we have to put forward a

working model of PL transport by MlaC that highlights the molecular details.

In summary, the findings of this study firmly establish that not all SBPs would possess
the typical NTD-CTD arrangement. As a consequence, they would not necessarily
follow the most commonly associated mechanism of ligand binding of SBPs, viz.
“Venus Fly-trap” and its derivatives (“asymmetric domain movement”, “one domain
movement” and “subdomain movement”). The in-depth structural characterization of
EcMlaC and EcMlaD led to the identification of two new mechanisms (SDM and APM)
of ligand binding and transport for SBPs. This has helped us present a detailed
molecular picture of the process of PL export. The analysis also highlights the unique
features of the Mla proteins, which altogether suggests the versatility of the Mla system

as compared to other ABC transporters.
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Chapter 1- Introduction

1. Introduction

1.1. Bacterial cell envelope

The bacterial cell envelope is an intricate multi-layered organelle that serves to protect
the organisms from the unpredictable and hostile environment while allowing the
selective passage of nutrients (Silhavy et al., 2010). In addition to this, it gives bacteria
their shape, provides the means by which they generate usable forms of energy for
growth and division, enhances pathogenesis, aids in the horizontal transfer of plasmids
and other mobile elements as well as establishes the interface with their surroundings
(Kleanthous and Armitage, 2015). Thus, the envelope imparts specialized functions
that are crucial for the survival, sustenance and physiology of bacteria (Viljoen et al.,
2020). The bacterial cell envelope can be distinguished into two major types based on
their ability to retain Gram stain, Gram negative and Gram positive. The former is not
capable of retaining the stain, while the latter is able to do so. This difference in property
is due to structural and compositional variations between the two envelopes. The
envelope of Gram-negative bacteria is an assimilation of three layers which consist of
an inner membrane (IM), a large periplasmic space that accommodates a thin
peptidoglycan layer and an outer membrane (OM) (Figure 1.1A). On the other hand,
the envelope of Gram-positive bacteria is relatively simpler in composition as it consists
of an IM membrane, a reduced periplasm but a considerably thicker peptidoglycan
layer (Figure 1.1B) (Henderson et al., 2016). Hence, OM is one of the defining features

of Gram-negative bacteria.

The OM serves as a robust permeability barrier and unlike the IM, it has a unique
macromolecular composition and arrangement (May and Grabowicz, 2018). This is
because the inner leaflet of the OM consists of PL, while the outer leaflet possesses
lipopolysaccharide (LPS) (Kamio and Nikaido, 1976; Nikaido, 2003; Henderson et al.,
2016). Such an organization makes the OM asymmetric in nature, which acts as a
protective shield against the uninterrupted passage of detrimental compounds such as
antibiotics, detergents, toxins, etc. The LPS molecules densely pack the outer leaflet
with acyl chains making it extremely hydrophobic. Also, the saccharide and the lipid
moieties carry a negative charge that facilitates intermolecular bridging by binding

divalent cations and imparts a sealing effect to the OM (Nikaido, 2003). Such a barrier

TH-3163_166106020



Chapter 1- Introduction

(A) ‘ Gram-negative type (B)
LPS Gram-positive type
) g Y U Peptidoglycan layer
_g{;_jﬂ T 0 0 e e
I E@ A L
%MQ@W s Mw ' 2 henneseseseeses
&}
Periplasm Lipoprotein % }imm
o e e W W e
WER I 1k Lk R ST
u .
Peptidoglycan layer g Penpi
@ Integral membrane
Lipoprotein Integral rrtlembrane 0 Lipoprotein protein
protein g
S s s 5 e ‘
e | | i ) || W
Cytoplasm Cytoplasm i

Figure 1.1. Overview of the bacterial cell envelope. (A) Gram-negative type. It
consists of an outer membrane (OM), a large periplasmic space and an inner
membrane (IM). The periplasmic space contains a thin peptidoglycan layer. (B) Gram-
positive type. It consists of a thick peptidoglycan layer, a reduced periplasmic space
and an IM. The OM is asymmetric in nature as it contains lipopolysaccharide (LPS)
and phospholipid (PL) in the outer and inner leaflets, respectively. Both IM and OM
contain lipoproteins. However, outer membrane proteins (OMPs) possessing [B-barrel
architecture is confined to the OM and integral membrane proteins with

transmembrane helices are present in the IM.

function originating from the strict asymmetry has been attributed to the enhanced
resilience of Gram-negative bacteria towards available anti-bacterial interventions. In
addition to PL and LPS molecules, the OM also possesses lipoproteins and 3-barrel
proteins. The lipoproteins remain associated with the inner leaflet of the OM through a
lipid moiety, while the protein component protrudes into the periplasm and does not
span the OM. On the other hand, B-barrel proteins are integral, transmembrane
components that contain sheets wrapped into cylinders. They are referred to as outer
membrane proteins (OMPs) and some of these proteins are involved in the transport

of small molecules via passive diffusion (Silhavy et al., 2010).
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In contrast to the OM, the IM possesses a symmetric PL bilayer organization and is
devoid of LPS molecules. It performs the functions of selective nutrient transport,
protein translocation, lipid biosynthesis and oxidative phosphorylation. Furthermore,
unlike OM, the integral membrane proteins of the IM have transmembrane (TM) helices
that span the membrane (Duong et al., 1997). The IM also accommodates various
membrane-associated proteins that remain embedded via helix while the core
component protrudes into the periplasmic space, which separates the IM and OM while
serving as a multitasking aqueous compartment. It provides a reducing ambience,
thereby facilitating protein oxidation and folding (Miller and Salama, 2018). It contains
various structural elements such as solute (substrate)-binding proteins (SBPs) for
ferrying nutrients and hydrolases that serve a lysosomal function. Additionally, the
periplasm also accommodates a thin peptidoglycan layer which is composed of
covalently cross-linked linear glycan strands linked via short peptides. Each glycan
strand is a polymer of disaccharides containing an N-acetylmuramic acid (MurNAc)
and N-acetylglucosamine (GIcNAc) residue that is linked by (-1,4 glycosidic bonds
(Garde et al., 2021). Among its various functions, this layer provides cell shape and
integrity by withstanding the turgor, serves as a molecular sieve allowing the passage
of selective molecules and acts as a scaffold for anchoring cell envelope components
(Vazquez-Laslop et al., 2001; Vollmer et al., 2008; Garde et al., 2021). Thus, the three
layers of the Gram-negative cell envelope contribute to selective permeability. As most
antibiotics are targeted at intracellular processes, the penetration of all the layers for
effective outcomes is crucial. Due to this, the components of the cell envelope have
garnered significant interest for their potential as novel antibiotic targets. Among them,
the OM has been particularly recognized as a promising candidate as it is responsible
for bacterial sensitivity and susceptibility to antibiotics owing to its sophisticated
macromolecular assembly (Delcour, 2009).

1.2. Molecular assembly of the OM

The OM of Gram-negative bacteria is constituted by four major components, PL, LPS,
OMP and lipoprotein (Figure 1.2A). However, the differential presence of PL and LPS
molecules in the outer and inner leaflets, respectively, makes the OM asymmetric
(Nikaido and Vaara, 1985; Nikaido, 2003). The arrangement of the PL molecules is
such that the polar head groups face the periplasm facilitating interaction with the
aqueous environment while the hydrophobic tails are protected within the core of the

OM. In E. coli, the OM is constituted by three major PLs, viz. phosphatidylethanolamine
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(PE), phosphatidylglycerol (PG) and cardiolipin (CL) (Raetz and Dowhan, 1990;
Sohlenkamp and Geiger, 2016; Hilton et al., 2021). On the other hand, the LPS
molecule is relatively larger than the PL and is exclusive to the OM of Gram-negative
bacteria. It is a large glycolipid molecule that consists of three distinct domains, lipid A,
the core oligosaccharide and the O-antigen (Martorana et al., 2014; Bertani and Ruiz,
2018). The first domain, lipid A is an acylated -1°-6-linked glucosamine disaccharide
that constitutes the outer leaflet of the OM. The glucosamine residues are
phosphorylated at the 1 and 4’ positions and acylated at the 2, 3, 2’ and 3’ positions.
The distal glucosamine also contains two extra secondary acyl chains, making mature
lipid A hexa-acylated. Thus, compared to a typical PL, lipid A contains four additional
acyl chains. This makes the asymmetric OM more hydrophobic and less fluid
compared to a typical PL bilayer. The second domain, the core oligosaccharide, is
branched containing sugars units along with 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo) residue linked to glucosamines of lipid A. The core region is heterogeneous
because of the presence of additional substituents. The third domain, the O-antigen,
is an extended immunogenic oligosaccharide consisting of 1-40 repeating units
(Delcour, 2009; Bertani and Ruiz, 2018). The differential distribution of PL and LPS in
the OM is crucial for the barrier function of the OM (Figure 1. 2B-1.2C).
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Figure 1.2. Organization of the bacterial OM. (A) Architecture of the bacterial OM.
(B) Structures of different PLs present in the OM: phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin (CL). (C) Structure of LPS molecule. (D)
Structures of OMPs: OmpA (Magenta; PDB id: 1BXW), PIdA (Yelloworange; PDB id:
1QD6), OmpX (Green; PDB id: 1QJ8) and OmpF (Cyan; PDB id: 20MF). (E) Structures
of lipoproteins: LptE (Orange; PDB id: 4NHR), BamC (Blue; PDB id: 3SNS) and LolB
(Teal; PDB id: 1IWM).

In addition to this, two different types of proteins, viz. OMPs and lipoproteins are
present in the OM. The first type, i.e. OMPs, are integral membrane proteins that adopt
a signature B-barrel architecture bearing short and long loops on the periplasmic and
extracellular sides, respectively (Figure 1.2D). Such an architecture imparts stability to
the OMP, helping them withstand hostile and unpredictable environments (Rollauer et
al., 2015). They belong to six different protein families, (i) Small B-barrel membrane
anchors (OmpA, establishing linkage between OM and peptidoglycan), (ii) Small -
barrel membrane anchors (OmpX, neutralizing host defense mechanism), (iii)
Membrane-integral enzymes (PIdA, hydrolysis of PLs), (iv) General (non-specific)
porins (OmpF, diffusion pore for ions and small molecules), (v) Substrate-specific
porins (LamB, Maltose and maltodextrin uptake) and (vi) TonB-dependent receptors
(FhuA, uptake of iron-siderophore complexes) (Koebnik et al., 2000). In addition to this,
two other OMPs, LptD (insertion of LPS in the outer leaflet) and BAM complex
(insertion of B-barrel proteins into the OM), are critical for bacterial physiology (Rollauer
et al., 2015).

The second type, i.e. lipoproteins, are OM-associated proteins that remain attached to
the membrane by means of N-terminal lipid attachments (Figure 1.2E). As per previous
reports, in E. coli, around 90 different lipoproteins are synthesized, most of which are
localized in the OM (Tokuda and Matsuyama, 2004; Silhavy et al., 2010; Grabowicz,
2019). They are reported to play significant roles such as the maintenance of cell
shape, biogenesis of the OM, transport of molecules, signal transduction and cell
motility (Miyadai et al., 2004; Narita and Tokuda, 2017). Among the OM lipoproteins,
LptE (assembly of LPS), BamC (assembly of OMPs), LolB (assembly of lipoproteins)
and Lpp (stabilization of the cell envelope via covalent bonding between the C-terminal

lysine residue and peptidoglycan) aid in safeguarding the integrity of bacterial cell
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envelope (Narita and Tokuda, 2017). All these four components of the OM are
synthesized in the cytoplasm and have respective transporter systems that are critical

for OM biogenesis.

1.3. Transport systems involved in the biogenesis of the OM

1.3.1. Lpt transporter

Synthesis of LPS originates in the cytoplasmic leaflet of the IM. Lipid A and core
oligosaccharide are synthesized separately in the cytoplasm and are eventually ligated
together to form rough LPS (Henderson et al., 2016). Further maturation of rough LPS
occurs on the periplasmic leaflet of the IM. The rough LPS is flipped across the IM with
the aid of ATP-Binding Cassette (ABC) transporter MsbA in an ATP-dependent
manner. It is proposed that the nucleotide-binding domains (NBDs) come together
upon binding to ATP, following lipid entry into the cavity, which could force the lipid to
move to the periplasmic side of the IM (Figure 1.3A). O-antigen is then ligated to the
lipid A-Core oligosaccharide complex at the periplasmic face of the IM to form mature
LPS (Bertani and Ruiz, 2018; Giacometti et al., 2022).

The mature LPS molecule is transported from the periplasmic face of the IM to the OM
by the trans-envelope Lpt system. The system can be divided into three sub-
complexes, IM ABC transporter complex LptBFGC, periplasmic spanning LptA and OM
complex LptDE. The IM complex consists of cytoplasmic ATPase (LptB), two TMDs
(LptGF) and an IM-anchored bridge subunit (LptC). The periplasmic component (LptA)
serves as a bridge subunit between the IM and OM. The OM complex consists of a 3-
barrel protein (LptD) and a lipoprotein protruding into the periplasm (LptE) (Figure
1.3A). The IM complex collects the LPS molecules laterally from the periplasmic face
of IM and transfers them to the LptC and eventually to LptA. The energy for the lateral
extraction of LPS is derived from ATP hydrolysis. Eventually, the OM complex LptD/E
transports LPS across the OM and inserts it appropriately into the outer leaflet of the
OM (Chng et al., 2010; Dong et al., 2017; Giacometti et al., 2022).
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Figure 1.3. Overview of the transporters involved in the transport of OM
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components. (A) MsbA and Lpt system (Transport of LPS). Synthesis of rough LPS
(LipidA-core) takes place in the cytoplasmic side and is flipped to the periplasmic side
by MsbA that hydrolysis ATP molecule. The O-antigen component is ligated to rough
LPS, forming the mature LPS. The mature LPS molecule is transported to the OM by
the Lpt system with the help of energy obtained from ATP hydrolysis. The system
consists of seven proteins and gives rise to three sub-complexes, LptBCFG (IM), LptA
(periplasmic) and LptAD (OM). (B) Lol system (Transport of lipoprotein). The
lipoproteins are synthesized with N-terminal signal peptide and are translocated to
periplasm either by Sec (in the unfolded state using ATP as the source of energy) or
Tat pathway (in the folded state without ATP hydrolysis). After translocation, the
lipoproteins undergo maturation while remaining anchored to the IM. Once mature,
they are transported to the OM by the Lol system with the help of energy obtained from
ATP hydrolysis. The Lol system consists of five proteins giving rise to three sub-
complexes, LoICDE (IM), LolA (periplasmic) and LolB (OM). (C) Bam complex (sorting
of OMPs). The OMPs are synthesized in the cytoplasm and are translocated to the
periplasm via the Sec pathway in the unfolded state. To avoid aggregation, the
unfolded OMPs are aided by chaperones and are delivered to the Bam complex for
sorting. The central component of the complex is the OMP BamA, which has a

periplasmic domain. The other four components are BamB-E, which are all
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lipoproteins. The unfolded OMP, on reaching the BAM complex, supposedly binds
BamA and brings about the folding of the OMP with the aid of other components. Once
the folding is complete, the OMP is incorporated into the OM.

1.3.2. Lol transporter

Lipoproteins have both lipids as well as protein components and are synthesized with
signal peptides. At first, the bacterial OM lipoproteins are synthesized as precursors
molecules with N-signal peptides. The signal peptides contain conserved motifs, viz.
lipobox, that serve as a molecular determinant of lipid modification. The motif contains
a preserved cysteine residue that acts as the site of lipidation. The translocation to the
periplasm takes place via Sec (secretory) pathway or Tat (twin-arginine translocation)
pathway based on the presence of signal peptide (El Rayes et al., 2021). The Tat signal
peptides are characteristically longer, have low hydrophobicity and contain an
invariable twin-arginine motif (S/T-RR-FLK) in their N-terminal region. Also, Sec
pathway translocates proteins in their unfolded states in an ATP-dependent manner,
while it is the opposite in the case of the Tat pathway (Adhikari et al., 2017). After the
transportation to periplasmic space is complete, the lipoproteins remain anchored to
the IM via their signal peptide. They undergo several steps of maturation, including
lipidation for anchoring to the OM. After that, the lipoprotein molecule is handed over
to the Lol pathway (El Rayes et al., 2021).

The Lol system is a highly conserved transporter that consists of three sub-complexes,
LolCDE (IM), LolA (periplasmic) and LolB (OM-associated). The IM complex consists
of cytoplasmic ATPase (LolD) and two TMDs (LolCE). The periplasmic component
(LolA) serves as a chaperone for guiding the lipoproteins to the OM. The OM consists
of lipoprotein (LolB) responsible for the insertion of lipoproteins (Figure 1.3B). LoICDE
binds to an OM-targeted lipoprotein, which increases the affinity of LolD for ATP. The
ATP binding to LolD results in the weakening of the hydrophobic interaction between
the lipoprotein and LolCDE. Finally, ATP hydrolysis causes the transfer of lipoproteins
to LolA and opens the hydrophobic cavity of LolA (Ito et al., 2006; Taniguchi and
Tokuda, 2008). Lipoproteins are transferred from LolA to LolB mouth-to-mouth manner
and are then incorporated into the outer membrane (Okuda and Tokuda, 2011).

Lipoprotein sorting to the IM or OM, in general, is based on the presence/absence of
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an aspartate residue at the +2 position with respect to cysteine of lipobox. The
presence of the aspartate residue at the +2 position causes localization of lipoprotein
to the IM, whereas substitution of this position leads to OM localization. The method
by which this IM retention signal from the aspartate residue works is that the ATP-
dependent IM translocator, LoICDE fails to interact with lipoproteins, containing the

aspartate residue (El Rayes et al., 2021).

1.3.3. Bam complex

The OMPs are synthesized in the cytoplasm and the Sec pathway eventually
transports them to the periplasm. Following the Sec-dependent transport, the proteins
to be incorporated in the OM head towards the BAM complex with the help of
periplasmic chaperones. Proteins that have the tendency to form 3-sheets are prone
to aggregation. Hence, in order to check such a development, the unfolded proteins
transverse the periplasmic space with the aid of chaperones and have their signal
peptide cleaved by signal peptidase. The periplasmic chaperones, SurA, Skp, and
DegP, have been shown to transport the bulk mass of OMPs to the OM (Okuda and
Tokuda, 2011; Narita and Tokuda, 2017).

The unfolded OMPSs, upon reaching the OM interact with the Bam complex. The Bam
complex consists of one B-barrel protein (BamA) and four OM-associated lipoproteins
(BamBCDE) (Figure 1.3C). Two of the components of the complex, BamA and BamD,
are essential for protein sorting. BamCE is crucial for the stability of the complex. The
central component of the complex, BamA, is conserved in Gram-negative bacteria. The
soluble domain of all of the proteins in this superfamily contains one or more
polypeptide transport-associated (POTRA) domains. In bacteria, these POTRA
domains are found in the periplasm and receive the translocated OMPs in the unfolded
states (Kim et al., 2012). By binding segments of the unfolded OMP, the POTRA
domains of BamaA initiate the formation of folding and insertion. The process is further
aided by the remaining components of the Bam complex leading to the eventual
insertion into the OM (Konovalova et al., 2017). Thus, to sum up, the molecular details

of the transport of LPS, lipoproteins and OMP are well studied.
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1.3.4. The process of PL transport to the OM and maintenance of PL is poorly
understood

Unlike the other three OM components, the subject of PL transport and their eventual
insertion in the OM is poorly understood. This is because the subject incorporates
multiple aspects, some of which still remain unexplained. These include PL synthesis,
sorting, transport machinery and the molecular mechanism associated with the

maintenance of this asymmetry.

1.3.4.1. PL biosynthesis pathway

The Kennedy pathway of PL biosynthesis in E. coli is considered an ideal model for all
Gram-negative bacteria. The enzymes involved are either intrinsic membrane proteins
or membrane-associated. The precursor molecule, phosphatidic acid, is de novo
synthesized on the cytoplasmic surface of the IM. It is converted to the intermediate
molecule cytidine diphosphate diacylglycerol (CDP-DAG) by the enzyme CDP-DAG
synthase (CdsA) that utilizes cytidine triphosphate (CTP) and releases pyrophosphate.
The pathway then bifurcates based on the requirement of PL that the cell is needed to
synthesize. CDP-DAG functions as a donor of phosphatidyl moieties for the
biosynthesis of phosphatidylserine (PS) and phosphatidylglycerol-3-phosphate (PGP)
with the release of cytidine monophosphate (CMP). The PS molecule formed by
phosphatidylserine synthase (PssA) is decarboxylated by phosphatidylserine
decarboxylase (Psd), producing the abundant PL, i.e. phosphatidylethanolamine. In
the other route, PGP is quickly dephosphorylated by inner membrane phosphatases
(PgpA-C) to form phosphatidylglycerol (PG). Finally, CL is synthesized by the
condensation of PG/PE molecules by cardiolipin synthase (Cls). Both CIsA and B
enzymes form CL by the condensation of two PG molecules. However, CIsC catalyzed
reaction utilizes PE as a phosphatidyl donor to PG to synthesize CL (Figure 1.4). This
hints at an intermingling of the PL synthesis pathway (Tan et al., 2012; Henderson et
al., 2016; Sohlenkamp and Geiger, 2016).
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Figure 1.4. Kennedy pathway for biosynthesis of PLs in E. coli. Phosphatidic acid
molecule serves as the precursor for all other PLs. The enzyme CdsA converts this to
CDP-diacylglycerol. The enzyme PssA converts CDP-diacylglycerol to
phosphatidylserine, which is subsequently converted to phosphatidylethanolamine in
the presence of enzyme Psd. On the other hand, the enzyme PgsA converts CDP-
diacylglycerol to phosphatidylglycerol-3-phosphate, which is eventually converted to
phosphatidylglycerol in the presence of enzymes PgpA-C. Cardiolipin is synthesized
by the condensation of two molecules of phosphatidylglycerol or one molecule each of
phosphatidylethanolamine and phosphatidylglycerol in the presence of enzymes CIsA-
C.

1.3.4.2. PL sorting

The OM-located lipoproteins and B-barrel proteins contain specific N-terminal signal
sequences that direct their transport. In contrast, a strict compartmentalization of the
LPS molecules in the outer leaflet of the OM is observed. However, unlike these three
OM components, no sorting factor(s) specific to PLs transport and any distinguishing
feature of PLs located in the OM has been reported. Also, there is no change in the PL
characteristics between the inner leaflet of the OM and the IM, where PLs remain

scattered randomly (Henderson et al., 2016).

1.3.4.3. OM enzymes involved in the maintenance of PL asymmetry
The maintenance of OM asymmetry is dependent on the regulation of the ideal PL
population in the OM. However, the asymmetric organization of the OM is entropically
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unfavourable, though it is critical for the barrier function. Hence, the PLs have a
tendency to flip back to the outer leaflet from the inner leaflet in order to attain an
entropically favourable state (Chong et al., 2015). But this would result in the
compromise of the barrier function. In order to safeguard the permeability barrier, the
misplaced PLs are required to flip back or be removed so as to restore the OM integrity
(Figure 1.5A). Two distinct mechanisms involving OM B-barrel enzymes, viz. PIdA and
PagP have been reported to maintain the ideal PL population in the OM during stress
conditions (Figure 1.5B-1.5C). The first mechanism involves phospholipase PIdA,
which remains in the inactive monomeric state when the PL asymmetry is intact.
Perturbations in the OM leading to the accumulation of PLs in the outer leaflet induce
the dimerization of the PIdA to attain the catalytically active state. The active PIdA
removes the sn-1 and sn-2 fatty acid side chains from the misplaced PLs and restores
the PL asymmetry in the OM. The second mechanism involves the
palmitoyltransferase PagP which remains in a dormant monomeric state in unstressed
cells. PagP is induced due to the limitation of divalent cations that cause the disruption
of the LPS barrier and accumulation of unwanted PLs in the OM. The enzyme cleaves
a palmitate moiety from the sn-1 position of a PL molecule and transfers it to the lipid
A moiety of LPS (Bishop, 2008). This results in the formation of hepta-acylated LPS
molecules of increased hydrophobicity, resulting in improved quality of the OM.
However, the two mechanisms are destructive by nature and do not explain how PLs

from IM reach the OM and come into play during stress.
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Figure 1.5. Enzymes involved in the maintenance of OM asymmetry. (A) Loss and
restoration of membrane asymmetry. (Top) The asymmetric nature of OM has an intact
barrier function but is entropically unfavourable. The PLs have the tendency to flip and
compromise this asymmetry. (Bottom) Symmetric OM has PL in the outer leaflet
instead of LPS. This is entropically favourable, but the barrier function is compromised.
This leads to the uninterrupted passage of drugs into the bacterial cells. To restore the
barrier function, misplaced PLs need to be removed or flipped back. (B-C) Crystal
structures of PIdA and PagP from E. coli (PDB ids: 1QD6 and 1THQ, respectively).
Both PIdA and PagP are OM B-barrel enzymes involved in the removal of misplaced
PLs.

1.3.4.4. Transporters involved in ferrying PLs between the membranes

Transport of PLs presents a unique challenge in Gram-negative bacteria. Following
synthesis in the cytoplasmic side of the IM, the PL molecules are flipped across the IM
by yet-to-be-identified transporters. Furthermore, for incorporation in the OM, PLs must
be removed from the IM and transported through the aqueous periplasmic space to
the inner leaflet of the OM, where they are primarily found. Two mechanistic models
have been proposed to explain such a transport process. The first model highlights the
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utilization of soluble lipid-protein complexes and continuous physical bridges made of
protein between the membranes. The second model proposes the utilization of vesicle
budding and physical membrane bridges (Shrivastava and Chng, 2019). The discovery
of the maintenance of the lipid asymmetry (Mla) system has provided a new
perspective on PL transport and OM asymmetry (Malinverni and Silhavy, 2009). The
Mla system represents a non-vesicular transport of PL transport which follows the
soluble lipid-protein complex model and is considered to be the third mechanism of
maintenance of OM asymmetry. In addition to the Mla transporter, various other

systems have been reported to be involved in PL transport, which is discussed below.

The Mila system

The Mla system is a highly conserved inter-membrane transport machinery that
consists of six proteins, MlaA (OM lipoprotein), MlaB (cytoplasmic protein), MlaC
(periplasmic SBP), MlaD (IM-associated periplasmic protein), MlaE (TMD) and MlaF
(NBD). The proteins MlaB and MlaF remain closely associated in the cytoplasmic side
(Malinverni and Silhavy, 2009). Eventually, it was reported that MlaA specifically
interacts with OmpC. These interactions are critical for the localization of MIaA in the
OM, even in the absence of a lipid anchor. It was demonstrated that OmpC is an
additional component of the Mla system (Chong et al., 2015). Together, all these
proteins give rise to three distinct components, the IM ABC transporter complex
(MlaFEDB), periplasmic mediator (MlaC) and OM complex (OmpC-MlaA) (Figure
1.6A). Furthermore, the Mla system contains two unique proteins, MlaB and MlaD, that
contain a single copy of the highly conserved Sulphate Transporter and AntiSigma
factor antagonist (STAS) and Mammalian cell entry (Mce) domains, respectively
(Malinverni and Silhavy, 2009). These proteins are not present in the typical ABC
transporters and hence, are considered auxiliary components of the system (Thong et
al., 2016). Overexpression and purification studies of the entire mla operon reveal that
MlaFEDB forms a stable complex wherein MlaB and MlaD are critical for the stability
and ATPase activity of the complex (Thong et al., 2016; Ekiert et al., 2017).

Unlike PIdA and PagP, the Mla system does not chemically modify the unwanted PLs.
As per the proposed mechanism, the surface-exposed PL would be removed by
OmpC-Mla complex and handed over to MlaC, which would ferry the PL to MlaFEDB
for internalization at the expense of ATP hydrolysis (Malinverni and Silhavy, 2009;

Chong et al., 2015). Thus, the Mla system elegantly restores the OM asymmetry by
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relocating the PL via a retrograde movement. All the components of the Mla system
are critical for the proper functioning of the system. Removal of any of these
components results in OM defects and increased permeability as well as susceptibility
(Malinverni and Silhavy, 2009; Ekiert et al., 2017). Although the retrograde transport
model of the Mla system has been extensively supported, recent reports have also
highlighted the anterograde transport of PL. The studies suggest that the Mla system
is involved in the transport of PL from the IM to OM (Hughes et al., 2019; Kamischke
et al., 2019). As a result of this, the subject of the directionality of transport of the Mla

system remains unresolved.

The different components of the Mla system have been structurally characterized. The
crystal structure of MlaC from E. coli (EcMIaC) reveals the presence of an
endogenously bound PL molecule. The tails of the PL molecule remain deeply buried
in the hydrophobic pocket of EcMIaC while the head remains solvent exposed. Also,
some MlaC orthologs can bind two PLs (Ekiert et al., 2017; Yero et al., 2021). On the
other hand, MlaD from E. coli (EcMlaD) undergoes oligomerization to give rise to a
homo-hexameric ring with a central hydrophobic channel. The PLs would pass through
this channel during the process of transport (Ekiert et al., 2017). MIaA is reported to
have a doughnut-shaped structure with a central amphipathic channel for the passage
of PLs (Abellén-Ruiz et al., 2017). The cryo-EM structures of the MlaFEDB complex
from Gram-negative bacteria such as E. coli, Pseudomonas aeruginosa and
Acinetobacter baumannii reveal the different conformations of the complex in
nucleotide-free and —bound states (Kamischke et al., 2019; Coudray et al., 2020; Zhou
et al., 2021). However, in spite of these studies, the detailed molecular picture

associated with the process of PL transport is still not available.

The Pqgi and Yeb systems

Similar to the Mla system, both Pqgi and Yeb systems are inter-membrane transporters.
The Pqi system consists of three components, PqiA (TMD), PqiB (IM-associated
periplasmic protein) and PqiC (OM lipoprotein). On the other hand, the Yeb system
consists of two components, YebS (TMD) and YebT (IM-associated periplasmic
protein) (Nakayama and Zhang-Akiyama, 2017). PqiB and YebT systems contain three
and seven copies of Mce domains, respectively (Isom et al., 2020). Similar to MlaD,
PqiB and YebT systems form a homo-hexameric ring and give rise to a central channel

for the passage of PLs (Figure 1. 6B-1.6C). Thus, both systems represent the physical
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bridge model of lipid transport. Unlike the Mla system, both Pgi and Yeb systems lack
NBD and hence, it has been speculated that the process of transport for both these
systems would not depend upon ATP hydrolysis (Ekiert et al., 2017; Isom et al., 2020).
The deletion of pqiABC and yebST operons leads to an increase in OM susceptibility
and permeability (Nakayama and Zhang-Akiyama, 2017). The detailed mechanism of
action of PL transport, especially the directionality of transport, is not available.
However, structural analysis suggests that the flexible central channel would aid in the
movement of PLs (Isom et al., 2020; Liu et al., 2020).

PbgA

The protein PbgA is involved in the transport of CL from the IM to the OM. It consists
of an N-terminal membrane-spanning domain and a C-terminal globular domain
(Figure 1.6D). Deletion of the globular domain causes OM defects and increases OM
permeability (Dong et al., 2016). PbgA/YejM is required for the enrichment of CL in the
OM in Salmonella Typhimurium. (Dalebroux et al., 2015). The crystal structure of the
globular domain of PbgA is structurally homologous to the arylsulfatase protein family.
It possesses a hydrophobic pocket that accommodates and transports CL. The
opening of the pocket is mainly modulated by loop movement that serves as a lid (Dong
et al., 2016).

Tol-Pal

The Tol-Pal complex is a highly conserved trans-envelope system in Gram-negative
bacteria (Shrivastava and Chng, 2019). Although the physiological role of the system
has remained elusive; recently, it was established that the Tol-Pal complex is involved
in PL transport and OM lipid homeostasis in E. coli (Shrivastava et al., 2017). Cells
lacking this complex exhibit OM defects and increased susceptibility (Shrivastava et
al., 2017). It consists of five proteins, TolQ (TMD), TolR-TolA (IM-associated protein
with the major domains residing in the periplasm), TolB (periplasmic component) and
Pal (OM lipoprotein that binds peptidoglycan). These proteins give rise to two sub-
complexes, TolQRA (IM) and TolB-Pal (OM). In a proton motive force (pmf)-dependent
fashion, TolQR transfers energy to govern conformational changes in TolA, enabling it
to reach across the periplasm and make contact with Pal. Moreover, TolA engages in
interaction with periplasmic TolB, whose role in the complex is unclear (Shrivastava et
al., 2017).
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Figure 1.6. Overview of the transporters involved in the transport of PLs. (A) Mla
system. The system consists of seven proteins that form three sub-complexes,
MlaFEDB (IM), MilaC (periplasmic) and OmpC-MlaA (OM). (B) Pqi system. It consists
of PqiA (IM), PqiB (IM-associated periplasmic) and PqiC (OM-associated). (C) Yeb
system. It consists of YebS (IM) and YebT (IM-associated periplasmic). (D) PbgA. It
consists of a single protein PbgA with an N-terminal transmembrane region (IM) and a
C-terminal globular region (periplasmic). (E) Tol-Pal complex. It consists of five proteins
that form three sub-complexes, TolAQR (IM), TolB (periplasmic) and Pal (OM-
associated). The directionality of ligand transport is depicted by black arrows.

1.4. Mla system does not possess a typical ABC transporter construct

The ABC transporter is a highly conserved superfamily of integral membrane proteins
that couple the transport of a diverse array of substrates (sugars, amino acids,
peptides, vitamins, etc.) across the membrane to the hydrolysis of ATP molecules
(Rees et al., 2009; ter Beek, 2014). They are ubiquitous and are present in all domains
of life. In addition to transport, the members of this superfamily are involved in various
cellular processes such as quorum sensing, signal transduction, bacterial
pathogenesis, virulence and the ability to survive in a different environment, drug or
antibiotic resistance, etc. (Lewis et al., 2012). Based on the directionality of transport,

ABC transporters can be divided into two types,importers and exporters. ABC

TH-3163_166106020 19



Chapter 1- Introduction

importers transport substrates from the extra-cytoplasmic region to the cytoplasmic
region, whereas ABC exporters do the same in the reverse direction (Locher, 2009).
ABC exporters are present in all domains of life, while ABC importers are confined to
prokaryotes, though reports have highlighted their presence in some plants (Terasaka
et al., 2005). Regardless of the directionality of transport or type of substrate, all ABC
transporters share a common structural architecture (Figure 1.7). They are composed
of two copies of integral membrane proteins, viz. transmembrane domains (TMDs) and
two copies of soluble proteins associated with the TMDs on the cytoplasmic side, viz.
nucleotide-binding domains (NBDs). The TMDs constitute the transport channel for the
passage of substrates, while NBDs bind and hydrolyze ATP providing the necessary
energy for the transport. In addition to these functional units, ABC importers, in general,
are dependent on an additional subunit, referred to as substrate(solute)-binding
proteins or domains (SBPs), responsible for substrate capturing and delivering it to the
TMDs (Oldham et al., 2008; Moussatova et al., 2008). Each of the three components

has been extensively studied and categorized under different classification schemes.
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Figure 1.7. General architecture of ABC transporters. (Left, right) The overall
structure of maltose importer from E. coli (PDB id: 4KHZ) and Sav1866 exporter from
Staphylococcus aureus (PDB id: 2HYD). (Centre) Schematic representation of ABC

transporters. SBP, TMD, NBD and ligands are coloured in green-orange, cyan-teal,
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yellow and magenta, respectively. The directionality of ligand transport is represented
by dotted arrows. CTD, C-terminal domain; NBD, nucleotide-binding domain; NTD, N-

terminal domain; SBP, substrate-binding protein; TMD, transmembrane domain.

1.4.1. ABC importers

Although all the ABC importers are involved in the internalization of substrates, they
exhibit significant diversity among themselves. Based on structural and biochemical
evidence, ABC importers can be divided into three types, I, Il and Il (Energy-coupling
factor; ECF) (Rice et al., 2014). Among the three, Type | and Il are dependent on SBPs
for substrate uptake. However, there are distinct structural and mechanistic features of
Type I and Il importers. The Type | importer fold has fewer TM helices and is organized
around a minimal set of five TM helices, though it can increase to six or eight helices.
On the other hand, Type Il importer fold has a larger number (10-12) of TM helices that
are packed together in an intricate topology (Figure 1.8A-1.8B) (Locher et al., 2002;
Rees et al., 2009; Lewinson and Livnat-Levanon, 2017). Also, Type | importers have
low basal ATPase rates and, upon stimulation by SBPs, exhibit high ATPase rates. On
the other hand, Type Il importers, in general, have opposite characteristics (Rice et al.,
2014; Lewinson and Livnat-Levanon, 2017). Type Ill importers are structurally more
diverse and possess a transmembrane ‘S’-component responsible for substrate
binding (Figure 1.8C) (Rice et al., 2014). Even though the Mla system has been
reported to import PLs from the OM to IM, it has never been categorized under any of

the three types.
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Figure 1.8. Overview of ABC importers and exporters. (A-B) ABC importers
belonging to Type | (Maltose importer MalFGK from E. coli; PDB id: 4KHZ), Il (Vitamin
B12 importer BtuCD from E. coli; PDB id: 1L7V) and Il (Cobalamin importer ECF-CbrT
from Lactobacillus delbrueckii; PDB id: 6FNP), respectively. (D-E) ABC exporters
belonging to Type | (Metal-glutathione exporter Atm1 from Novosphingobium
aromaticivorans; PDB id: 4MRV) and Il (Sterol exporter ABCG5/ABCG8 from Homo
sapiens; PDB id: 5DQO7), respectively. The directionality of ligand transport is

represented by dotted arrows.

1.4.2. ABC exporters

Based on structural folds, ABC exporters are divided into two types, | and Il. In Type I,
the TMD communicates with the cytosolic NBD through a large intracellular domain
(ICD) composed of a pair of long hairpin-like loops. Interestingly, this communication
can be of two types. The first type involves domain swapping, wherein the coupling
helix of the TMD of one monomer comes in contact with the NBD of the other monomer.
On the other hand, in the second type, the coupling helix of the TMD of one monomer
comes in contact with the NBD of the same monomer. In type I, there is no domain
swapping, though the NBDs in close contact with the TMDs. These TMD and NBD are
maintained via the coupling helix (Figure 1.8D-1.8E) (Lewinson and Livnat-Levanon,
2017; Banerjee et al., 2021). Interestingly, in spite of being considered an importer, the
Mla system possesses the exporter fold (Coudray et al., 2020). However, it has never
been incorporated into any one of the two ABC exporter types.
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1.4.3. Transmembrane domain (TMD)

TMDs are well-conserved at the tertiary structure level, but they lack conservation at
the primary structure level. This lack of conservation is expected owing to the diverse
nature of substrates, which interact with specific residues during the process of
transport. Interestingly, the translocation pathway constituted by the TMDs exhibits
distinct folds and topologies. Also, the structural data of TMDs have increased
manyfold in recent years. Hence, a new ABC transporter classification scheme has
been proposed in which distinct types, 1-VII transporters, have been identified (Table
1.1). The scheme is entirely based on the structural homology of the TMD fold and
incorporates quantitative analyses performed by using TM-scores obtained by the
structural alignment of TMDs (Thomas et al.,, 2020). Types I-lll are unanimously
composed of importers. Also, the structurally diverse ECF transporters are categorized
as Type lll. Interestingly, Type IV shows significant functional diversity in spite of
possessing a common structural fold. Type V is mainly exporters, though transporters
with importer functions are also included. Types VI and VIl are represented by LptBFG
and MacB, respectively. The TMDs of both systems are comparable to Type V.
However, MacB possesses an amphipathic N-terminal ‘elbow helix’. Also, both the
TMDs differ in the number of TM and coupling helices. Hence, they have been allotted
two different types. Interestingly, MlaE (5 TM helices) is structurally similar to LptFG (6
TM helices) and MacB (4 TM helices). But owing to the difference in the number of
helices, MlaE has not been incorporated either in Type VI or in Type VII and still

remains unplaced (Coudray et al., 2020; Thomas et al., 2020).

Table 1.1. Classification of ABC transporter based on TMD folds in prokaryotes.

TM helix _ ) )
TMD fold o Proteins Function PDB id
organization
Type | (5-6) + (5-6/8) MalFGK2-(E) Maltose import 2R6G
Type ll 10 + 10 BtuC2D2(-F) Cobalamin import L7V

4-8 (TMD) + 6-7 .
Type Il EcfTAA’-FoIT Folate import 4HUO
(S component)
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Type IV 6+6 Sav1866 Multidrug export 2HYD
Type V 6+6 Wzm-WztN O-antigen export 60IH
Type VI 6+6 LptB2FG(C) LPS extraction 5X5Y

Export of macrolides,
Type VI 4+4 MacB polypeptides, 5GKO

virulence factors

1.4.4. Nucleotide-binding domain (NBD)

The NBD is the highly conserved module of ABC transporters that binds and hydrolyze
ATP molecules. It is present in the cytoplasmic side in a dimeric state (homo or
heterodimer) (Figure 1.9A). Owing to their conserved nature, the NBD is considered
the hallmark of the ABC transporter superfamily. Overall, an NBD can be divided into
two structural domains, a helical domain and a RecA-like domain (Figure 1.9B) (Dassa,
2011). An NBD contains conserved motifs, Walker A motif, Walker B motif, signature
motif, D-loop, H-loop and Q-loop (Figure 1.9C) (Moussatova et al., 2008; Dassa, 2011).
ATP binding results in the formation of a tight nucleotide sandwich dimer, whereas ATP
hydrolysis produces the dissociation of the dimer resulting in a nucleotide-free state
(Figure 1.9D). Thus, the NBDs, in general, transition between nucleotide-bound and -
free states. The conformational changes in NBD transfer mechanical energy to TMDs

to drive transport (Moussatova et al., 2008).
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Helical
domain

Figure 1.9. Architecture of NBD. (A) Overview of the dimeric arrangement of NBD
(MalK, PDB id: 4KHZ). (B) Domain arrangement of a monomer of MalK. The NBD can
be divided into two distinct domains, helical (yellow) and RecA-like (wheat). (C)
Organization of conserved motifs in NBD. Walker A motif, Walker B motif, signature
motif, D-loop, H-loop and Q-loop are represented in magenta, blue, cyan, yellow, green
and orange, respectively. (D) Dimeric conformation of MalK in an open state
(nucleotide-free state; PDB id: 1Q1E) and closed state (ATP bound state; PDB id:
1Q12).

NBDs can be divided into three main classes, I, Il and Ill. Class | comprises systems
with fused TMD and NBD. Class Il comprises soluble NBD but no TMD. Class llI
comprises mostly importers with separate TMD and NBD (Table 1.2). These classes
engulf 29 different families, which can be further divided into sub-families on the basis
of similarities between the NBDs in order to distinguish the biological roles of systems.
Phylogenetic tree analysis reveals distinct clustering of these families, indicating their
evolutionary relationship (Dassa, 2011). As per reports, the MlaF protein belongs to
the Mkl family of Class Ill. The Mkl family has been reported to be involved in the
retrograde transport of lipids, organic solvent resistance and steroid uptake (Dassa,
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2011). Furthermore, MlaF orthologs are reported to be involved in the intracellular
spreading of bacteria, adherence and invasion of epithelial cells and safeguarding
outer cell surface integrity (Dassa and Bouige, 2001; Dassa, 2011).

Table 1.2. Classification of NBDs.

Class Characteristics Proteins Function
I Fused NBD and TMD MsbA LipidA export
I Only NBD present UvrA DNA repair and drug resistance

Retrograde transport of lipids,
1] NBD and TMD separate MlaF organic solvent resistance, steroid

uptake

1.4.5. Substrate (solute)-binding protein (SBP)

The SBPs are additional functional domains present in importers that are dedicated to
the internalization of substrates from the extracellular milieu to the cytoplasm through
the membrane bilayer. SBPs are critical for maintaining substrate specificity as well as
selectivity and impart directionality to the process of transport. The substrates include
a wide variety of nutrients or solute molecules such as carbohydrates, vitamins, amino
acids, peptides, etc. which are captured by the SBPs and handed over to the TMDs
(Scheepers et al., 2016). SBPs share low sequence similarity but possess a highly
conserved architecture. They are composed of two a/f domains, viz. N- and C-terminal
domains (NTD and CTD), which are linked by a flexible hinge region. In each domain,
a-helices flank the B-sheets, which vary in number. The binding pocket of SBP is
present in the form of a cleft between the two domains. The hinge region demonstrates
a bending motion resulting in the movement of the NTD and CTD, thus, facilitating the
entrapment of ligands (Figure 1.10A-1.10B)(Fukami-Kobayashi et al., 1999). During
the process of ligand binding, the SBP transitions from open conformation (ligand-free
state) to closed conformation (ligand-bound state). In Gram-negative bacteria, the

SBPs remain confined to the periplasm and remain in a free-floating state. However,
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in Gram-positive bacteria, SBPs are anchored to the cytoplasmic membrane via a lipid

moiety located near their cognate TMD (Figure 1.10C) (Tanaka et al., 2018).

Gram-negative bacteria g

...... %

i e
BHEDRELIAIL

| NBIihElBD

Cytoplasm ’ NB" .i)/
N\

Figure 1.10. Overview of the SBP. (A-B) Crystal structure of ligand-free (PDB id:
1N4D) and VitaminB12-bound (PDB id: 1N4A) structure of BtuF from E. coli (left, right)
along with their schematic representation highlighting the domain movement,
respectively. (C) (Left, right) Schematic representation of SBP organization in Gram-
negative and Gram-positive bacteria, respectively. CTD, C-terminal domain (orange);
NBD, nucleotide-binding domain (yellow); NTD, N-terminal domain (green); SBP,

Substrate-binding protein (green-orange); TMD, transmembrane domain (cyan).

1.4.5.1 Classification of SBPs

Based on the topological arrangement of the B-sheets in the core regions of NTD and
CTD, SBPs have been categorized into three different types, I, Il and IIl. In Type | and
I, the B-sheet organization follows B2B1B3B4Bs and B2B1B3BnP4s (Where n is the cross-
over B-strand) arrangement. Both types possess connecting strands as the hinge
region (Fukami-Kobayashi et al., 1999). However, in Type lll, a single a-helix serves
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as a hinge region that links the NTD and CTD of the SBP (Lee et al., 1999). Since this
report, the structural data on SBP has increased substantially, which tends to exhibit
immense diversity. In order to understand such diverse data, a new classification
scheme of SBP was introduced, which was entirely based on the structural fold and
substrate specificities. As per this scheme, SBPs can be classified into six distinct
clusters (A-F) (Berntsson et al., 2010). This classification was further updated by taking
into consideration the even larger number of SBP structures (504 unique SBP entries)
that were deposited in PDB in due course of time. As per this scheme, the SBPs are
classified into seven clusters (A-G) with additional subclusters (Scheepers et al.,
2016). In recent times, the scheme of classification was again updated by taking into
consideration a higher number of PDBs (764 unique SBP entries). As per the latest
classification, SBPs can be divided into eight distinct clusters (A-H) with new
subclusters (Figure 1.11A-1.11H and Table 1.3). Furthermore, the report also
highlights the subdivision of NTD and CTD into subdomains (N1, N2, C1 and C2),

giving rise to diverse topologies (Chandravanshi et al., 2021).
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Figure 1.11. Structure-based classification of SBPs. Based on the overall topology
and structural features of hinge regions (highlighted in red) SBPs are classified into (A)
cluster A (e.g. BtuF, PDB id: 1N2Z), (B) cluster B (e.g. Ribose-binding protein, PDB id:
1DRJ), (C) cluster C (e.g. OppA, PDB ID: 3DRF), (D) cluster D (e.g. ModA, PDB id:
1AMF), (E) cluster E (e.g. UehA, PDB id: 3FXB), (F) cluster F (e.g. MetQ, PDB id:
4GOT), (G) cluster G (e.g. AlgQ1, PDB id: 1Y3P) and (H) cluster H (e.g.
Serotransferrin, PDB id: 1JNF). For each SBP, NTD and CTD are represented in green
and orange, respectively. The short peptide connecting NTD and CTD in cluster H is

represented in yellow.

TH-3163_166106020 29



Chapter 1- Introduction

Table 1.3. An overview of the SBP classification.

Cluster Subcluster Types of ligands
A-l Metal ions
Metal ions, Fe3* hydroxamate heme,
A Al Ferric vibriobactin, ferrichrome,
Petrobactin, siderophore,
Staphyloferrin A, Vitamine B12
B-I Sugar, sugar alcohols, Autoinducer 2
B-II Amino acids
B-llI Aromatic compounds
B
B-IV Natriuretic peptides
B-V Glutamate, L-glutamine
B (unclassified) n.d.
. (Oligo)peptide, metal ion, sialic acid,
glutathione, heme, Methanobactin
C-li Nickel, peptide, staphylopine
il (Di/oligo)peptides, heme, agropinic
C acid, mannopinic acid
C-lv (Oligo/Tetra)peptide, heme, raffinose
cy (Chito)oligosaccharide, oligopeptide,
phosphate
C (unclassified) Dipeptide
- Maltose, maltotriose, molybdate,
5 glucose, galactose
D-I| Spermidine, putrescine, citrate,
shikimate, phosphate, sodium azide,
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mannopine, agropine

Phosphate, tungstate, sulfate,

D-llla
molybdate, iron
D-lllb Molybdate, tungstate
D-1IvV Iron, aromatic acids, polyamine
D2 Phosphate

Maltose, acarbose, tungstate, thiamin,

D (unclassified) .
polyamine

Sialic acid, D-glucuronate,

E-I galacturonate, succinate, glycerol-3-
E phosphate, 4-hydroxybenzoate
= Glutamate, Aspartate, Oxoadipate,
malate
- Phosphite, bicarbonate, nitrate,
sulfonate, phosphonate
F-11 Methionine
Glycine betaine, proline,
F -1l _
ethanolamine,
£V Amino acids, kainate, octopine,
sulfobetaine
F (classified) Nitrate, sulfonate, thiamine
G G Alginate
H H Iron

Despite being SBPs, both MlaC and MlaD have not been incorporated in the SBP
classification scheme. Interestingly, both proteins have been recognized as lipid

transfer proteins (LTPs). The LTPs are involved in the transfer of lipid components of
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bilayers across the aqueous phase. All LPTs provide an ideal hydrophobic
environment in which the lipids are more stable as compared to in acquires solution.
This is due to the cavity present in the LTPs with a hydrophobic lining that
accommodates the lipid molecule. Owing to its resemblance to a box with an internal
cavity, MlaC is categorized as a box-like lipid shuttle. Such LTPs shuttle between donor
and acceptor compartments following multiple steps, which include docking, lipid
extraction, undocking, cytosolic diffusion and deposition of lipids. On the other hand,
MlaD is categorized as bridge-like LTPs (Wong et al., 2019). Such LTPs have a
continuous opening that extends along their lengths. Such an arrangement creates a
tunnel-like structure through which lipids pass while the LTP remains stationary (Wong
et al., 2017; Wong et al., 2019).

1.5. Mla system shows similarity to the Mce system

Interestingly, the Mla transporter shows similarity to the mammalian cell entry (Mce)
system present in Mycobacterium tuberculosis and other members of the phylum
actinobacteria. The Mce system is responsible for the acquisition of host cholesterol
as well as fatty acids in M. tuberculosis and has been reported to contribute to virulence
and pathogenesis (Klepp et al., 2022). The similarity between Mce and Mla systems is
mainly due to the presence of the highly conserved Mce domain in MlaD and Mce
proteins. The domain is an 81 amino-acid-long sequence with multiple conserved
hydrophobic residues and is the defining feature of Mce proteins (Isom et al., 2017).
The first gene (mcelA) encoding a Mce protein was identified when a fragment of the
M. tuberculosis genome was introduced into a non-pathogenic E. coli strain. The
transformed E. coli cells were able to invade and survive within the non-phagocytic
HeLa cell line and macrophage (Arruda et al., 1993). Eventually, the complete genome
sequencing of M. tuberculosis revealed that it contains four mce operons (mcel-4),
each containing six mce genes (mcelA-1F, mce2A-2F, mce3A-3F and mce4A-4F). In
addition to this, each operon in the upstream contains two yrbE genes (yrbE1A-1B,
yrbE2A-2B, yrbE3A-3B and yrbE4A-4B) (Figure 1.12A). The mce genes encode 24
Mce proteins (McelA-4F), each containing a single copy of the Mce domain and are
orthologs of the MlaD protein from E. coli. On the hand, the yrbE genes encode eight
permeases (YrbE1A-4B) which are the orthologs of the MIaE protein from E. coli (Cole
et al.,, 1998; Casali and Riley, 2007). Similar to MlaD, the Mce proteins remain
associated with the IM of M. tuberculosis through their N-terminals (Fenn et al., 2020).
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Additionally, the mceG gene, situated away from the mce operons, encodes an NDB,
which is the ortholog of the MlaF protein from E. coli and remains associated with YrbE
proteins. Although the basic architecture of mce operons consists of mce and yrbE
genes, various other associated genes such as mceR, (orphaned) Mce-associated
membrane (omam, mam) and lipid uptake coordinator A (lucA) genes have been
reported to play a critical role in the proper functioning of the Mce system (Perkowski
et al., 2016; Nazarova et al., 2017; Wilburn et al., 2018). Although the structural data
of the Mce system from M. tuberculosis is not available to date, it has been proposed
that Mce proteins from each operon would give rise to a hetero-hexameric arrangement
with a central tunnel. The hexamer would rest on the dimer of YrbE permease, forming
a continuous translocation pathway for the internalization of substrates acquired from
the host (Ekiert et al., 2017; Perkowski et al., 2016; Wilburn et al., 2018). This proposed
macromolecular arrangement is overall comparable to that of the Mla system (Figure
1.12B).

A) (B)
yrbE genes qmeegenes Cholesterol and fatty acid

Operon1

yrbE1B mce1C >| mce1D >| mcet1E >-

Operon 2

D EDED
Mce
Operon 3 (1-4)(A-F)

D ED D

Operon4

ST
DD

MceG] lMCeGV

ATP  ADP +Pi

Figure 1.12. Organization of mce operon and Mce system in M. tuberculosis. (A)
Distribution of 4 mce operons (mce1-4) in M. tuberculosis. Each operon consists of six
core mce genes (mcelA-1F mce2A-2F, mce3A-3F and mce4A-4F) that encode
membrane-anchored Mce proteins. These genes are preceded by two copies of yrbE
genes (yrbE1A-1B, yrbE2A-2B, yrbE3A-3B and yrbE4A-4B) that encode integral
membrane proteins. (B) Proposed macromolecular arrangement of Mce system in M.
tuberculosis. The Mce proteins from each operon give rise to a hetero-hexameric ring

with a central tunnel via which fatty acid and cholesterol molecules enter the bacterial
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cell. The energy required for the transport is obtained by the hydrolysis of ATP
molecules performed by MceG (Ekiert et al., 2017).

1.6. Mechanism of substrate translocation by ABC importers

1.6.1. Ligand capture

During the process of ligand capture, the SBP engulfs the ligand and seizes it in the
binding pocket between the NTD and CTD. Thus, SBP in the open unliganded state
transitions to a closed liganded state after ligand capture. Despite the variation in
structural folds and the nature of the transporting substrates, the SBPs capture ligands
by following one of the four main mechanisms, (1) the “Venus Fly-trap” mechanism
(synchronized movement of NTD and CTD), (2) the “asymmetric domain movement”
mechanism (NTD exhibit a movement larger than that of the CTD), (3) “one domain
movement” mechanism (NTD exhibits a prominent movement while the CTD remains
static) and (4) “subdomain movement” mechanism (differential movement of the
subdomain, N1, N2, C1, C2) (Figure 1.13A-1.13D) (Mao et al., 1982; Pandey et al.,
2016; Chandravanshi et al., 2020a; Chandravanshi et al., 2020b).

(A) (8) (©) (D)

Figure 1.13. Overview of the different ligand binding mechanisms of SBP. (A-D)
“Venus Fly-trap” mechanism, “asymmetric domain movement” mechanism, ‘one
domain movement” mechanism and “subdomain movement” mechanism, respectively.

The directionality of domain movements is shown by curved arrows. CTD, C-terminal
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domain (orange) and NTD, N-terminal domain (green). N1/N2 and C1/C2 represent
the subdomains of NTD and CTD, respectively.

1.6.2. Internalization of ligand

The internalization of ligands involves induced conformational changes in the TMDs.
After ligand capture, substrate-bound closed SBP interacts with its cognate TMDs
leading to conformation changes in TMDs. Although the conformational landscape of
TMDs can vary in different importers, the process, in general, involves the transition of
the TMDs from an inward open to an outward open state (Rice et al., 2014). In the
former state, NBD subunits remain in an open nucleotide-free state (Figure 1.14A).
The interaction between ligand-bound SBP and TMDs causes the partial closure of
NBDs (Figure 1.14B). ATP binding to NBD triggers their closure, conformational
changes in TMDs leading to the narrowing of the translocation pathway and attainment
of outward open conformation. Subsequently, the SBP releases the substrate molecule
into the translocation passage (Figure 1.14C). Upon ATP hydrolysis, ADP and
inorganic phosphate are released while TMDs return to their inward open
conformation. The NBDs attain the nucleotide-free open state and the SBP departs the

transport system (Figure 1.14D).

Periplasm

ATP ADP + Pi

Cytoplasm
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Figure 1.14. Schematic representation of substrate translocation by ABC
importer. (A) The Ligand-bound substrate binds to nucleotide-free inward-facing
conformation of the transporter. (B) Partial closing of NBDs due to the interaction
between SBP and TMD. (C) Closure of NBDs due to ATP binding, the collapse of
translocation pathway, attainment of outward-open conformation and the release of
ligand followed by undocking of SBP. (D) Hydrolysis of ATP resets the transporter to
its original conformation. CTD, C-terminal domain (orange); NBD, nucleotide-binding
domain (yellow); NTD, N-terminal domain (green); SBP, substrate-binding protein
(green-orange); TMD, transmembrane domain (cyan). ATP and ligand are represented
as rectangles (black) and circles (magenta), respectively.

1.6.3. Mechanism of substrate translocation by ABC exporters

Based on the available structural data, ABC exporters have been reported to have
different molecular mechanisms than ABC importers for ligand translocation. The
working model for multidrug resistance (MDR) transporter is considered ideal for
understanding the mechanism of ABC exporters. The exporters have a high affinity for
ligands in the nucleotide-free state, which leads to ligand binding (Figure 1.15A).
Ligand binding induces conformational changes in TMDs that result in increased
affinity for ATP in the NBDs. ATP binding leads to the formation of a closed NBD dimer,
which in turn causes a larger conformational change in the TMDs apt for ligand
translocation (Figure 1.15B). This is followed by ATP hydrolysis, which initiates the
dissolution of the closed NBD dimer and further conformational changes in TMDs
(Figure 1.15C). After the release of ADP and Pi molecules, the transporter returns to
the high-affinity state for the ligand (Figure 1.15D) (Linton et al., 2007).
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Figure 1.15. Schematic representation of substrate translocation by ABC
exporter. (A) ABC exporter in the nucleotide-free state has a high affinity for a ligand,
which leads to binding. (B) Ligand binding increases the affinity of NBD for ATP binding,
causing the closure of NBD dimers and conformational changes in TMD, leading to the
expulsion of ligand. (C) ATP hydrolysis leads to the dissolution of NBDs and
conformational changes in TMDs. (D) The release of ADP and Pi restores the
transporter to its original state. CTD, C-terminal domain (orange); NBD, nucleotide-
binding domain (yellow); NTD, N-terminal domain (green); SBP, substrate-binding
protein (green-orange); TMD, transmembrane domain (cyan). ATP, ADP, Pi and ligand
are represented as a rectangle (black), rectangle (orange), triangle (red) and half frame

(magenta), respectively.

1.7. Dilemma of directionality

Unlike typical ABC transporters that are dedicated to substrate translocation in a
particular direction, the Mla system presents an unusual case. This is because the
directionality of substrate transport by the Mla system still remains a debatable subject.
As a result, a definite model describing the mechanism of PL transport is still lacking.
Based on the available reports, the directionality of PL transport of the Mla system can
be speculated from three major aspects, retrograde transport, anterograde transport

and bidirectional/ambiguous transport.

1.7.1. Retrograde transport
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Malinverni and Silhavy laid down the foundation stone for understanding the
directionality of PL transport by the Mla system. They emphasized that the system
would be involved in the retrograde movement of misplaced PL molecules from the
OM to the IM (Malinverni and Silhavy, 2009). Based on biochemical assays, Chong
and co-workers reported that either OmpC would flip the PLs, which would be removed
by MlaA, or MlaA would directly extract PLs from the OM and hand them to MlaC
(Chong et al., 2015). By conducting evolution experiments on LOS-deficient A.
baumannii, it was reported that the Mla system contributes to the retrograde movement
of PLs (Powers and Trent, 2018). Furthermore, mutational along with radioactive
labeling studies have revealed that the Mla system does not have any demonstrable
role in the anterograde PL transport (Powers et al., 2020). This finding was further
supported by a proteoliposome-based study that highlighted the ATP-dependent
retrograde transport of PLs (Tang et al., 2021). Crystal structures have also revealed
that a major portion of MlaA remains OM embedded, which reaches out to the outer
leaflet. As a result, only the misplaced PLs from the outer leaflet and not the PLs from
the inner leaflet of the OM get access to the central channel of MlaA. The PLs from the
outer leaflet would enter the channel and move towards the periplasm with the aid of
MlaC (Abell6n-Ruiz et al., 2017). Also, based on photocrosslinking studies, a
retrograde model of PL transport by the Mla system was suggested. It was proposed
that the Omp-MlaA complex would transfer PL to MlaC without the aid of any ATP
hydrolysis. The high affinity of PL for MlaC would act as a driving force for such a
transfer of substrates. However, this affinity is so strong that additional energy would
be required for the delivery of the bound PL to the MIaFEDB complex (Ercan et al.,
2018). Based on the available structural data of the MlaFEDB complex, Low and Chng,
tried to trace the trajectory of PL movement and put forward a respectable model of PL
retrograde transport coupled with ATP hydrolysis. As per this model, the PL-bound
MlaC would dock on the MlaFEDB complex in a nucleotide-free state and hand over
the PL (Figure 1.16A.1). The initial ATP binding would trigger conformational changes
in the complex that would aid in the rearrangement of PL (Figure 1.16A.2). Eventually,
the complete ATP binding would result in the collapse of the translocation pathway and
extrusion of the PL into IM (Figure 1.16C.3). The final step would involve ATP
hydrolysis so as to restore the MlaFEDB complex to resting state (Figure 1.16A.4) (Low
and Chng, 2021).
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Figure 1.16. Proposed mechanism of PL transport by Mla system. (A) Proposed
mechanism of PL import by Mla system. (A) Docking of PL bound MlaC to nucleotide-
free outward open IM Mla complex. (B) ATP binding causes conformational changes
and re-orientation of PL. (C) The collapse of the translocation pathway and extrusion
of PL into the IM. (4) Hydrolysis of ATP resets the IM complex to its original state (Low
and Chng, 2021). (B) (Left) Cryo-EM structure of MlaFEDB complex from E. coli (PDB
id: 6XBD). (Right) Two PLs bound to the MlaFEDB complex in two different states of
export. (C) Proposed mechanism of PL export by Mla system. The MlaD hexamer
would exhibit a slanting movement and MlaE would undergo conformation changes
leading to the export of PL from the IM to MlaC (Coudray et al., 2020). The proteins

MIaBCDEF are represented in purple, green, pink, cyan and yellow, respectively.

1.7.2. Anterograde transport
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One of the first reports to highlight the export function of the Mla system was made by
Kamischke and co-workers on the pathogenic bacteria A. baumannii (Kamischke et
al., 2019). Using stable '3C-isotope labeling, they were able to monitor the movement
of PL from IM to OM. This work was further supported by the findings of Hughes and
co-workers, who utilized various biophysical and biochemical approaches to establish
that the Mla system is involved in the anterograde movement of PLs in E. coli. PL
transfer assays conducted by using PL free/bound EcMlaC/MlaD clearly showed that
PL transfer from EcMlaD-PL to EcMlaC(Apo) can occur but not the other way around.
By utilizing the quartz crystal microbalance with dissipation monitoring (QCM-D)
technique, they were able to demonstrate the transfer of PL from the MIeFEDB
complex to MlaC, thus, confirming the retrograde movement (Hughes et al., 2019). The
anterograde movement was further supported by the structural studies on the
MlaFEDB complex from E. coli. The cryo-EM structure of the MlaFEDB complex
reveals a slanted confirmation of MlaD hexamer along with the presence of two PLs in
different stages of export in the translocation pathway. As per the report, such a
conformation is possible when the PLs are to be extracted from the IM complex to
MlaC. This, in turn, suggests that the Mla system would be involved in the anterograde
movement of PLs (Coudray et al., 2020). The anterograde transport model was further
supported by Mann and co-workers, who suggested the central translocation pathway
of the MlaFEDB complex to be extremely flexible and accommodating for PLs in A.
baumannii. The conformational dynamicity would aid in the transport of PL to MlaC
from the MlaFEDB complex (Mann et al., 2021).

1.7.3. Bidirectional/ambiguous transport

Interestingly, there are also reports that have either highlighted the bidirectional
movement of PLs or have maintained ambiguity about the directionality of transport.
Owing to the interaction of MlaC with MlaA-OmpF and MIaFEDB obtained through
interferometry, it was suggested that the Mla system might be involved in the
bidirectional movement of PL (Ekiert et al., 2017). The experiments involving “C-
labeled PL tracing reveal that the transfer of PL from MlaC and to the MlaFEDB
complex reconstituted into nanodiscs takes place spontaneously and can be enhanced
with ATP hydrolysis. However, the findings also highlight that MlaC can receive PL
from the MlaFEDB complex, though ATP hydrolysis disrupts such transport (Low et al.,

2021). Based on extensive biochemical and structural studies, Chi and co-workers
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reported that the MlaFEDB complex can release PL via an extrusion mechanism
involving the conformational changes of the central translocation pathway. However,
in the proposed mechanism, they maintained a diplomatic stand when it came to

addressing the directionality of PL transport by the Mla system (Chi et al., 2020).

1.7.4. Auxiliary function

Interestingly, the Mla system in different Gram-negative bacteria is involved in auxiliary
functions. The Mla system is critical for the formation of outer membrane vesicles
(OMV) in Haemophilus influenzae and Vibrio cholerae. The disruption of the Mla
system results in the increased production of OMV in both human pathogens. The
OMV formation is crucial for relieving the selective pressure of the local defense
mechanism during the initial colonization of pathogens in the host body, thereby
facilitating proliferation (Roier et al., 2016). In addition to this, the ortholog of the Mla
system can even participate in the acquisition of nutrients that are essential for survival.
This is evidenced by the existence of the Lin transporter system in Sphingobium
japonicum. Like the Mla system, the Lin system also contains an IM-associated
periplasmic protein containing MlaD/Mce domain (LinM), an IM translocate (LinK), an
ATPase (LinL) as well as a lipoprotein (LinN). However, the system lacks MlaC and
MlaB counterparts. Unlike the Mla system, the Lin system is involved in the

internalization of insecticide y-hexachlorocyclohexane (y-HCH) (Nagata et al., 2007).

1.8. Significance of the study

The asymmetric OM of Gram-negative bacteria serves as a robust permeability barrier
for antimicrobial compounds to breach. As a result, antibiotics are unable to penetrate
the bacterial envelope and enter the bacterial cell. This has contributed significantly to
the emergence of multi-drug resistance (MDR) and the global health crisis. Thus,
systemic disruption of the OM integrity would result in compromised barrier function
and ensure proper penetration of antibiotics. As the Mla system is dedicated to
safeguarding the PL asymmetry of the OM, it has been recognized as an excellent
drug target. This is further supported by the findings that the mutation of Mla
components results in OM defects, reduced permeability and increased susceptibility.
An additional advantage of targeting the Mla system is its transmembrane localization.
This would pose less of a challenge in terms of accessibility as compared to any
cytoplasmic protein/system. Also, aiming the Mla system might enhance the efficacy
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of previously ineffective antibiotics that attack cytoplasmic components but enable
them to penetrate the OM barrier. In spite of being such a promising drug target,
mechanistic insights into the functioning of the Mla system are still scarce. Added to
that, unlike typical ABC transporters, most of the components of the system remain
unplaced in various classification schemes owing to their atypical features. Hence, in
order to characterize all the components and acquire the molecular picture of PL
transport, in this study, the Mla system of E. coli was extensively studied. Structural
data obtained from the study would be used to understand the architecture of the
protein, especially the binding pocket that would lay down the foundation stone for
structure-based drug designing for the development of inhibitor molecules. Thus, the
outcomes would help in the development of targeted therapeutics and expand the
horizon for combating infections caused by other Gram-negative bacteria. The
mechanistic characterization of the proteins would help in the development of working
models that would help understand the directionality of transport of the Mla system.
Furthermore, the information obtained would also contribute to the understanding of
ABC transporter-aided import and export mechanisms.

1.9. Objectives
To get insight into the PL transport mechanism of the Mla system, the following
objectives were designed:

1. In silico characterization of Mla proteins from E. coli.

2. Molecular cloning, overexpression and purification of MlaC and MlaD proteins from

Escherichia coli to homogeneity.
3. Crystallization of the purified proteins to elucidate their three-dimensional structures.
4. Biophysical and mechanistic characterization of the proteins.

5. Molecular docking and molecular dynamics (MD) simulation studies of EcMlaC

protein.
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2. Materials and methods

The general outline of Chapter 2
This chapter describes the different methodologies and experimental designs used for
the structural and functional characterization of the Mla proteins from E. coli. A general

work plan representing the experimental outline is provided below in Figure 2.1.

Mla system
A

In silico approach |

Genomic DNA isolation

| Experimental approach
General work plan

PCR

Data collection

Sequence-based

Structure-based

Protein overexpression

Restriction digestion

analysis analysis and purification and ligation
+ Domain architecture + Structure comparison [ % \
- Protein Protein Molecular docking and
« Amino acid composition + Binding pocket volume characterization crystallization dynamics simulation
» Channel dimensions CA .
+ Multiple sequence alignment o + Data collection * Mole docking
: + Charge distribution
+ Phylogenetic tree 9 . TLC « Structure determination + RMSD and RMSF
R + Protein-protein docking
Interactome . MS + Structure analysis + PCAand DCCM

Figure 2.1. A general work plan of the methodology used to accomplish the objectives.

2.1. MATERIALS

2.1.1. Reagents

The various enzymes used for molecular cloning, such as restriction enzymes, shrimp
alkaline phosphatase, T4 DNA ligase, etc., were obtained from New England Biolabs
(NEB, USA). The different kits used for the plasmid isolation, PCR clean-up and gel
extraction used for recombinant cloning were procured from QIAGEN (Germany),
HiMedia (India) and GCC Biotech (India). The Ni?*-NTA affinity resin and pierce
centrifuge columns used for the purification of the proteins were procured from
QIAGEN (Germany) and Thermo Fisher Scientific (USA), respectively. The Amicon
Ultra-15 and Vivaspin Turbo 15 protein concentrators were purchased from Merck

(Germany) and Sartorius (Germany), respectively, for the concentration of purified
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proteins. The various crystallization buffers, microbatch and hanging-drop plates and
other protein crystallization-related chemicals and tools were procured from Hampton
Research (USA) and Molecular Dimensions (UK). In addition to this, various chemicals
used for the preparation of buffers were obtained from Merck (Germany), HiMedia

(India) and Sisco Research Laboratories (India).

2.1.2. Phospholipid (PL)
The PL, L-a-Phosphatidylethanolamine, dioleoyl was procured from Merck (Germany).

2.2. METHODS

Overall, the work was conducted via two main approaches, in silico and experimental.

2.2.1. In silico approach

2.2.1.1. Sequence-based analysis

2.2.1.1.1. Retrieval of sequences

The nucleotide sequences of the genes of interest were obtained from KEGG and the
Gene database of the National Centre for Biotechnology (NCBI) (Kanehisa and Goto,
2000). The information related to the operonic arrangement was retrieved from the
Gene database of NCBI, EcoCyc database and MycoBrowser (Kapopoulou et al.,
2011; Keseler et al., 2017). The protein sequences and their homologs were retrieved
from the UniProtKB database (The UniProt Consortium, 2023).

2.2.1.1.2. Analysis of domain architecture and amino acid composition

Domains are structural, functional and evolutionary units of proteins. Domain
architecture is defined as the arrangement of its constituent domains in the protein
sequence. In order to study the architectural diversity of the domains present in the
Mla proteins and to classify them, two databases, viz. Pfam and InterPro were used
(El-Gebali et al., 2019; Mitchell et al., 2019; Mistry et al., 2021). The protein domains
often have unique chemical properties owing to their amino acid profiles which in turn
determine their biological functions. Hence, the amino acid composition of the domains
of interest belonging to different architectures was determined by using ProtParam
(Gasteiger et al., 2005). The profiles obtained were visualized as heat maps generated

using the statistical package RStudio (RStudio Team, 2015).
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2.2.1.1.3. Sequence alignment

In order to study the conservation at the residue level, the retrieved sequences were
subjected to pairwise as well as multiple sequence alignments (MSA). For pair-wise
sequence alignment, the web tool BLAST with the default set of parameters was used
(Altschul et al., 1990). The MSAs were performed using the program Clustal Omega
with the default set of parameters (Sievers and Higgins, 2014). The program utilizes a
combination of seeded guide trees and hidden Markov model (HMM) iterations to build
alignments between the multiple sequences. For better visualization and clarity, the
outputs were rendered using the web tool ESPript 3.0 (Gouet et al., 2003). The
consensus motif(s) present was determined using the consensus sequence tool
embedded in the web tool ESPript followed by its visualization using the web server
WebLogo and the program ConSurf (Crooks et al., 2004; Ashkenazy et al., 2016).

2.2.1.1.4. Phylogenetic tree

To determine the evolutionary relationship among the homologous protein/domain
sequences and to understand their ancestry, phylogenetic tree analysis was
performed. The program MEGA version 7.0 was used to generate the phylogenetic
trees (Molecular Evolution and Genetic Analysis, Kumar et al., 2016). Construction of
the phylogenetic trees involved the following three steps: (1) Alignment of the retrieved
sequences with the default set of parameters using the program Clustalww embedded
in the software MEGA 7.0. (2) Generation of a tree using the Maximum-likelihood (ML)
method. The significance of the tree was evaluated using the bootstrapping method,
which defines the confidence level of similarity between the clusters formed. (3) The
generated trees were further rendered for clear clustering and to obtain relevant

information about the evolutionary relationship.

2.2.1.1.5. Interactome analysis

Mla proteins are involved in coordinated interaction among one another in order to
perform the task of PL transport between the IM and the OM. These protein-protein
interactions are highly specific transient physical contacts that are critical for PL
transport. In order to identify such molecular interactions, including the identification of
domain-domain interaction and proteins belonging to different systems yet aiding in PL
transport, an interactome analysis was performed using the STRING database,
followed by their visualization using the tool Cytoscape 3.8.1 (Shannon et al., 2003;

Szklarczyk et al., 2017).
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2.2.1.2. Structure-based analysis

2.2.1.2.1. Data retrieval and structural comparison

Crystal and cryo-EM structures of the proteins of interest were obtained from the
Protein Data Bank (PDB) (Berman et al., 2000). The modeled three-dimensional
structures of proteins were obtained from the AlphaFold database (Jumper et al., 2021;
Varadi et al., 2022). The structural comparisons, including the estimation of root mean
square deviation (RMSD) of the protein structures, were carried out using the software
3dSS (Sumathi et al., 2006) and PyMOL (The PyMOL Molecular Graphics System,
Schrodinger, LLC).

2.2.1.2.2. Analysis of binding-pocket and charge distribution

The binding-pocket volumes of proteins of interest were calculated by using the
program CASTp with the default probe radius of 1.4 A (Tian et al., 2018). In the case
of channel-forming proteins, the channel dimensions were determined using the plugin
CAVER 3.0, available in PyMOL with the default set of parameters (Chovancova et al.,
2012). In order to study the composition of binding pockets and protein surfaces, the
YRB colour scheme was used. The script colors the structures at the atomic level
wherein the carbon atoms not bound to nitrogen or oxygen atoms are highlighted in
yellow, oxygen atoms carrying the negative charges in glutamate and aspartate
residues are coloured in red and nitrogen atoms carrying the positive charges in lysine
and arginine residues are coloured in blue. The remaining atoms are displayed in white
(Hagemans et al., 2015). The YRB script is available in the public domain and runs
using PyMOL.

2.2.1.2.3. Protein-protein docking

For protein-protein docking, the freely available online docking tool ClusPro was used
(Kozakov et al., 2017). In ClusPro, one protein molecule was submitted as a receptor
while another protein molecule was submitted as a ligand by keeping the default set of
parameters provided by the program. From the multiple protein-protein complexes
predicted, the balanced results (providing 10 clusters) were considered, which were
further analyzed so as to obtain the best model. The atomic interactions between the
complexes were identified using the webserver PDBsum (Joosten et al., 2010;
Laskowski et al., 2018). The molecular interactions of docked ligands and other

structural figures were prepared using the program PyMOL.
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2.2.2. Experimental approach

2.2.2.1. Construction of recombinant protein overexpression

Molecular cloning is a collection of experimental procedures used to isolate and
expand a DNA fragment of interest from a genome into a host organism in order to
create many identical copies. In this study, the molecular cloning method was used for
the creation of the recombinant construct. Hence, the genome of interest was first
isolated and the target gene from it was amplified and placed into a proper vector for
propagation. In the presence of the ligase enzyme, the vector and gene were combined
and injected into the host organism, whereupon the planned construct underwent
replication leading to the amplification of the desired recombinant clone (Figure 2.2).
Details of each step of molecular cloning performed in this study are described below.

©

lGenomic DNA isolation

PCR of the gene of interest |
| _A_A_A B |

l Restriction digestion and ligation
Restriction
Digestion

Plasmid Vector Double-digested vector

Transformation
—_——

uonebiq
1

Restriction i Recombinant
- e —— T S construct

Geneinsert  D19€Ston  Double-digested gene

Figure 2.2. Schematic representation for molecular cloning.

2.2.2.2. Preparation of competent cells for gene cloning and protein
overexpression

Using a calcium chloride (CaClz2)-based chemical technique, the competent cells for
several strains of E. coli required for molecular cloning and protein overexpression
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were created. By re-suspending the bacterial cells in a 100 mM CacClz solution during
their log phase, followed by a 30-minute ice incubation at 4°C, the bacterial cells were
made competent. The competent cells were then flash-frozen in liquid nitrogen, re-
suspended in an autoclaved solution of 100 mM CaClz and 15% glycerol and stored at
-80°C. For increasing the cloned plasmid copy number, E. coli DH5a competent cells
were used as they have high transformation efficiency. On the other hand, BL21(DE3)
competent cells were used for the overexpression of target proteins. These cells
possess a chromosomal copy of the T7 RNA polymerase for expression of the protein
under the control of the T7 promoter. Overexpression of the targeted proteins was
achieved by inducing the expression cells with an analog of lactose, i.e. Isopropyl B-D-

1-thiogalactopyranoside (IPTG), which binds to the repressor.

2.2.2.3. Gene amplification

For the amplification of the genes of interest, gene-specific customized primers were
created by taking into consideration factors like GC content, melting temperature (Tm),
restriction digesting sites, etc. Furthermore, the 6x-His-tag required for Ni-NTA affinity
chromatography-based protein purification at the N-terminal was incorporated in the
primers. To evaluate and confirm all the parameters, the primers were examined using
IDT Technologies' web application OligoAnalyzer. For amplification of the genes of
interest, the genome from E. coli BL21(DE3) competent cells were isolated. Using this
genome as the template and the gene specific primers, the genes were amplified by
polymerase chain reaction (PCR). With the help of primers, any N-terminal signal
peptide sequence or N-terminal membrane-embedded helical region was removed
from the genes. The PCR reaction was performed in the following steps: 1) initial
denaturation (95°C, 5-10 min), 2) final denaturation (95°C, 30-40 sec), 3) annealing
(Tm of genes, 45 sec), 4) initial extension (72°C, 50 sec) and 5) final extension (72°C,
10 min).

2.2.2.4. Double digestion of the gene of interest and vector

In order to execute directional cloning, double digestion of the amplified genes was
performed using the respective restriction enzymes before inserting them into the
PET22b plasmid vector. The restriction enzymes Ndel and Xhol were chosen, which
generate the 5' and 3' sticky ends in both the genes and the vector. For restriction
digestion, the genes were added with the required restriction enzymes and allowed to

incubate at 37°C for 3 hours. Simultaneously, the pET22b plasmid vector was
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incubated with the same restriction enzymes and incubated at 37°C for 3 hours. After
incubation, the enzyme alkaline phosphatase was added to the vector reaction mixture
and further incubated for 1 hour at 37°C to remove the 5'-phosphate group. The
double-digested genes and vector were purified using the PCR purification kit
(QIAGEN) and gel extraction kit (QIAGEN), respectively.

2.2.2.5. Ligation of the gene of interest to vector and clone confirmation

In order to obtain the recombinant plasmid, target genes were inserted into a digested
pPET22b vector. The T4 DNA ligase enzyme, which creates a covalent link between the
two DNA pieces, was used to accelerate the ligation reaction. For ligation, double
digested vector and genes with the sticky ends were combined in a variety of ratios
(1:1, 1:2, 1:3, 1:4, and 1:5) and incubated at 22°C for 4 hours with T4 DNA ligase. Each
ligation mixture was first incubated and the E. coli DH5a competent cells were
transformed with the mixture in order to propagate the ligated recombinant clone. By
growing the transformed cells on Luria Bertani (LB) agar plates supplemented with
ampicillin, positive colonies were identified. The fully-grown colonies were inoculated
in LB broth enriched with ampicillin and then subjected to plasmid isolation for further
confirmation. To validate the presence of the desired genes after plasmid isolation, the
expected cloned plasmids were treated with the appropriate restriction enzymes and
then incubated at 37°C for 3 hours. Following validation by double digestion, the clones

were further confirmed by DNA sequencing.

2.2.2.6. Protein overexpression

The genes cloned in the pET22b vector were overexpressed by transforming E. coli
BL21 (DE3) expression host cells with the recombinant plasmid. The overexpression
was optimized at 37°C for different time intervals (1 to 7 hrs) by using different
concentrations of IPTG. Since a higher concentration of IPTG leads to cell death or
unproductive protein formation, the IPTG concentrations (0.1, 0.5 and 1.0 mM) were
also optimized. Once the expression host, optimum temperature, IPTG concentration
and expression time were optimized, the overexpressed proteins were checked for

solubility.

2.2.2.7. Solubility of proteins
The cells containing the overexpressed proteins of interest were harvested by

centrifugation, followed by their resuspension in a lysis buffer for homogenization. In
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order to disrupt the cells, the homogenized suspension was then sonicated at 33%
amplitude for 15 min, maintaining the sonication cycle at 2 s on and 10 s off. The cell
lysate was then centrifuged at a maximum speed of 15,6449 for 40 min to segregate
the pellet and supernatant fractions. The solubility of the protein was analyzed by
running the obtained pellet and supernatant fractions in 12% SDS-PAGE. Once the
solubilized proteins were identified in the supernatant fraction, they were further

subjected to protein purification by using chromatography techniques.

2.2.2.8. Affinity chromatography for protein purification

In order to purify the proteins of interest, the immobilized metal affinity chromatography
(IMAC) technique was used. The N-terminals of the recombinant proteins were tagged
with a 6X-His because IMAC follows the precise coordination geometry between a
transition metal ion (Co?*, Ni**, Cu?*, or Zn?*) and polyhistidine residues, which
coordinate with immobilized Ni?* ions on a matrix. The piercing centrifuge columns
were filled with Ni-NTA resins which are equilibrated using the required buffers. The
packed and equilibrated Ni-NTA resins were subjected to a 2 h incubation period with
the supernatant fraction containing the protein of interest. In order to remove the
weakly bound non-specific proteins, the column was washed with buffers containing
different concentrations of imidazole (10-20 mM). In order to reduce the non-specific
binding of host proteins, imidazole was combined with various additives such as salt
(KCl), a reducing agent (p-mercaptoethanol), and a protease inhibitor,
phenylmethanesulphonyl fluoride (PMSF). In order to elute the protein of interest, a
higher concentration of imidazole (250-400 mM) was used in the elution buffer. This
was done so as to break the coordination bond between the histidine residues (tagged
in the recombinant protein) and the Ni%* ions (present in the resin). The imidazole
molecules competitively bind to the Ni?* ion and dislodge the tagged protein bound to
the resin. The purity of the eluted fraction was then evaluated by running the samples
in 12% SDS-PAGE. To completely remove the imidazole, gradient dialysis was
performed after pooling up the purified elutes. The dialyzed proteins were then
concentrated using protein concentrators up to the desired concentration so as to

perform biophysical and biochemical experiments.

2.2.2.9. Protein characterization

2.2.2.9.1. Circular dichroism (CD) spectroscopy
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In order to determine the secondary structural content and the thermal stability of the
proteins, the biophysical method of CD spectroscopy was used. In the wavelength
range of 260 to 190 nm, CD offers the secondary structural data of proteins, including
a-helix, parallel and anti-parallel B-sheet, turns and random coil. In this study,
secondary structure makeup and unfolding thermodynamics of the chosen proteins
were observed. As a function of temperature, the secondary structural composition of
proteins was examined for a-helices and 3-sheets. The melting temperature (Tm) of
the targeted SBPs is calculated using the thermodynamics of protein unfolding as a
function of temperature. For the chosen proteins, thermal stability experiments were

conducted in a temperature range of 20 to 90°C.

2.2.2.9.2. Thin layer chromatography (TLC)

TLC is a chromatography technique used for the separation of lipids from a mixture
based on the polarity of the components. In order to observe the presence of any
bound PL, a lipid extraction assay of the protein of interest was first performed following
the Bligh-Dyer method (Bligh and Dyer, 1959, Thong et al., 2016). For lipid extraction,
the purified protein sample was mixed with chloroform:methanol (1:2 vol/vol). The
mixture was vortexed and sonicated for 30 s three times, followed by centrifugation at
21,0009 for 5 min. The supernatant was collected and an appropriate amount of
chloroform and buffer were added to form two-phase mixture of
chloroform:methanol:water. In order to separate the organic and aqueous phases, the
mixture was then centrifuged at 4,000g for 5 min. After centrifugation, the organic
phase was gently removed and the organic solvent in it was evaporated at room
temperature. The dried lipids that remained were resuspended in chloroform:methanol
(4:1 viv). The sample was spotted in a TLC plate which was placed in the solvent
system (65:25:4 chloroform:methanol:water) designed to separate PLs based on head
group polarity. The plate was allowed to remain in the solvent system until the solvent
font moved to a required distance. After that, the plate was dried at room temperature

and stained with iodine vapor.

2.2.2.9.3. Mass spectrometric analysis

Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) was used for the
determination of the molecular weight of protein. The purified protein samples were
mixed with the matrix in a (protein:matrix) ratio of 1:2, 1:3 and 1:5. As the theoretical

molecular weight of the selected proteins are more than 10 kDa, sinapinic acid was
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used for analysis. The matrix was prepared in acetonitrile and 0.1% trifluoroacetic acid
in a ratio of 30:70, respectively, to a concentration of 10 mg ml-. Sinapinic acid was
dissolved in this solvent by sonicating the solution for 30 minutes and centrifuging it at
12000g for 10 minutes to get rid of the extra matrix crystals. The samples were also
prepared with varying concentrations of protein (1, 5 and 10 mg mlt). Spots of 2 pL of
the protein-matrix mixture were made on the ground steel MALDI plate grooves and
air-dried. After drying, the drops were ionized in a Bruker autoflex speed and the data
were plotted using an in-built Flex control analysis software.

2.2.2.10. Protein crystallization

2.2.2.10.1. Crystallization of the selected proteins

For the determination of the three-dimensional structures of the proteins, the technique
of X-ray crystallography was used. The purified protein samples were first crystallized
and the crystals were then exposed to an X-ray beam to obtain the diffractions. In order
to obtain diffractable crystals, the protein solutions were screened with a variety of
crystallization screens (buffers) to get an initial crystal hit followed by various
optimizations. The process of protein crystallization progresses through four zones,
viz. undersaturated, metastable, labile and precipitation. Crystal formation occurs at a
supersaturated stage in a metastable zone (Figure 2.3). This supersaturated state of
protein crystallization can be reached by vapor diffusion. This can be done by using
two major approaches, microbatch-under-oil and hanging-drop vapor diffusion. For the
microbatch-under-oil method, a mixture of the protein and precipitant is submerged
under the oil to slow down the evaporation. In this study, a combination of paraffin and
silicon oils was used in order to control the rate of diffusion. On the other hand, in the
hanging drop method, a drop containing a mixture of the protein solution and
precipitant was placed on a coverslip and subjected to equilibration against the
reservoir solution in an inverted position. The crystal screening was initially performed
using the microbatch-under-oil method at 4 and 20°C. Once the initial crystal hits were
obtained, crystal setup was done using the hanging-drop vapor diffusion method.
Additionally, further optimization was done using various strategies such as varying
the concentration of protein as well as crystallization conditions (salt, precipitant, etc.),

incorporation of additives, microseeding, etc.
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Figure 2.3. Schematic representation for the phase diagram of protein crystallization.
(Image is redrawn from Shaw Stewart et al., 2011).

2.2.2.10.2. Data collection

After the successful crystallization of the proteins, suitable protein crystals were
subjected to a monochromatic beam of X-ray to get the diffraction patterns. Owing to
the periodic arrangement of protein molecules in a crystal, exposure to X-rays would
result in scattering either in a constructive or destructive way. Bragg's law defines the
relationship between constructive interference and the geometry of crystal parameters.
According to Bragg's law, the X-ray scattering depends on the incident beam

wavelength (A), the glancing angle (20) and a positive integer (n).

2dsinB = nA

In this study, the X-ray intensity data were collected at a fixed wavelength (A) of the
incident X-ray beam (1.5418 A) and recorded on an image plate (IP) detector. In order
to collect data with all possible diffraction peaks, the angle of oscillation for the crystals
was kept at 1.0° (1.0 degree per image) during data collection. The desired numbers
of images or frames was collected for the complete data set depending on the space

group of the crystals. Since the data were collected at a fixed wavelength (A), other
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parameters such as the crystal-to-detector distance (d) in a range of 80-200 mm and

exposure time (300-600 s) were varied so as to improve the data collection process.

2.2.2.10.3. Data processing

During data processing, the raw X-ray data is transformed into Bragg reflections with
measured intensities. This involves four steps: scaling, integration, merging and
calibrating. Different algorithms are derived for each stage and can be found in
software packages. In this study, the program iMosflm was used to process the raw
diffraction pictures for initial processing and Aimless for scaling and merging (Battye et
al., 2011; Evans and Murshudov, 2013). The CCP4 suite includes the embedded
software iMosflm. The program iMosflm produces an index for each reflection and
preliminary data on unit cell dimensions in a crystallographic symmetry. Data sets were
scaled and merged using the program Aimless in order to determine the potential point
and space groups. The module ctruncate distributed in the CCP4 package was used

to convert the obtained intensities into structure factors (Winn et al., 2011).

2.2.2.10.4. Structure determination

The intensities obtained from the X-ray diffraction methods provide only information
about structure amplitudes and do not give the phase angle information. But for the
calculation of the electron density, information on phase angles is essential (Taylor,
2010). Various methods can be used to obtain the initial phase information. These
include (1) molecular replacement (MR), (2) single- and multiple-wavelength
anomalous dispersion (SAD and MAD) and (3) molecular isomorphous replacement
(MIR). In this study, the MR method was used (Evans and McCoy, 2008). As per this
method, a known molecular structure of the homologous protein is used to solve the
structure of a new target protein using the program Phaser (McCoy et al., 2007). The
program uses multivariate statistics and maximum likelihood probability theory. A
significant similarity (>25%) between the known homologous protein and the targeted
unknown protein is required in order to obtain the initial phase by MR. The obtained
information from the model structure was further utilized to calculate the phases from

the target protein intensities.

2.2.2.10.5. Model building and structure refinement
After obtaining initial phase angles from the target protein reflections, an electron

density map was calculated. This density map helps to build a model structure by
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tracing and modeling the secondary structural elements using the program Coot
(Crystallographic Object-Oriented Toolkit, Emsley et al., 2010). During the process of
model building, various physicochemical parameters, such as bond lengths, bond
angles, torsion angles,atomic overlaps, etc. of the model were analyzed using the
programs such as PDB Goodies (Hussain et al., 2002) and PSAP (Protein Structure

Analysis Package, Balamurugan et al., 2007).

In this study, the program Refmac5 was used for model refinement (Vagin et al., 2004).
The program utilizes Bayesian statistics and maximum likelihood probability. Model
refinement results in the improvement of the agreement between the calculated

structure factors from the model and observed structure factors from the experiment.

Following each cycle of refinement, an agreement between the calculated structure
factors (Fcarc) and the measured structure factors (Fobs) was evaluated. This agreement
is expressed as:

R = (Z(Fobs — Fcalc)/(ZFobs)

Following refinement, the R-factor values and electron-density maps (2Fo-Fc and Fo-
Fc) contoured at 1.0 o and 3.0 o, respectively, were examined to confirm the

improvement in the model.

2.2.2.10.6. Cross-validation

The quality of the model was assessed using statistical cross-validation and the R-
factor (Brunger, 1992). The pre-refinement diffraction data were split into two groups
for cross-validation. While 5-10% of the total data set was discarded as a small
complementary test set, the remaining 90-95% of the diffraction data were employed
as a sizable working set during the refinement process. The accuracy of the predicted
model was determined by calculating the R-free value using the remaining 10% test

data set.

_ thlCT”Fobsl_lecalc”
Rfree -

Ynkicr| Fobsl
Where hKICT represents all reflections belonging to test set T of unique reflections.

2.2.2.10.7. Structure validation
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The reliability of the three-dimensional structures of the proteins was assessed by the
structure validation process. A structural validation procedure typically consists of three
steps: 1) validity of the experimental measurements, 2) consistency in the atomic
model and 3) consistency of the known chemical and physical properties of the atomic
model. For structure validation of the selected proteins, the following aspects have
been considered in this study: (1) geometrical parameters and (2) root mean square
deviation (RMSD) of the refined structures. The assessment of the structures was done
using the online servers PROCHECK (Laskowski et al., 1993) and MolProbity (Chen
et al., 2010).

2.2.2.10.8. PROCHECK and MolProbity

The stereochemical quality of the model structure was evaluated using PROCHECK
after each refinement cycle (Laskowski et al., 1993). The program verifies the geometry
of the model structure residue-by-residue. The following details are provided by
PROCHECK- Ramachandran plot, glycine & proline Ramachandran and Chil-Chi2
plots, main-chain and side-chain parameters, residue properties, main-chain bond
length and angle distributions and RMS distances from planarity and distorted
geometry plots. The geometry of the chosen proteins was estimated using the

Ramachandran plot.

The web server MolProbity is utilized for structural checking (Davis et al., 2007). This
program assesses the three-dimensional structures of proteins both at the global and
local levels. MolProbity optimizes both polar and nonpolar hydrogens, all-atom contact
analysis, covalent geometry, and torsion angles of the protein for a given crystal
structure. It also enhances the local chemical environment due to the resolution of
structures, which include Ramachandran outliers and flipped-branched protein side
chains. In this study, MolProbity was utilized to find the Ramachandran and torsion-

angle outliers.

2.2.2.10.9. Structure analysis

Crystal and cryo-EM structures of the proteins of interest were obtained from PDB. The
modeled three-dimensional structures of proteins were obtained from the AlphaFold
database. The structure-based homology search for proteins was performed using the
web server Dali (Holm, 2020). The structural comparisons, including the determination

of root mean square deviation (RMSD) of the protein structures, were carried out using

TH-3163_166106020 >8



Chapter 2- Materials and methods

the software 3dSS and PyMOL. The secondary structural contents of the analyzed
structures were determined using the web servers DSSP and topology diagrams were
generated using TopDraw embedded in the CCP4 package (Kabsch and Sander,
1983; Bond, 2003). The domain arrangement in protein structures and their ancestral
analysis were performed using the CATH Protein Structure Classification Database
and Structural Classification of Proteins (SCOP) database, respectively (Dawson et
al., 2017; Andreeva et al., 2020). The binding-pocket volumes of proteins of interest
were calculated by using the program CASTp with a default probe radius of 1.4 A. In
the case of channel-forming proteins, the channel dimensions were determined using
the plugin CAVER 3.0, available in PyMOL with the default set of parameters. The
surface areas and analysis of oligomeric interfaces were performed using the web
server PDBePISA with the default set of parameters (Krissinel and Henrick, 2007). In
order to study the composition of binding pockets and protein surfaces, the YRB colour
scheme was used. In order to perform the sequence and structure-based alignments
to generate informative multiple alignments that are consistent with both sequence and
structural information, the online program PROMALS3D was used (Pei et al., 2008).
The orientation of proteins was determined by using the webserver PPM v2.0 and
TMHMM (Krogh et al., 2001; Lomize et al., 2012). The programs Coot and PDBsum
were used to investigate the intermolecular interactions between ligands and proteins.
The programs PyMol, Chimera and Visual molecular dynamics (VMD) were used for
the visualization of the three-dimensional protein structures (Humphrey et al., 1996;
Pettersen et al., 2004). These programs were also used for the generation of molecular

graphic depictions.

2.2.2.11. Molecular docking and dynamics simulation

2.2.2.11.1. Molecular docking

Molecular docking is a computer-based method that is utilized to make predictions
about preferred orientations, affinities and interactions of a ligand with the binding site
of a protein (Tiwari and Singh, 2022). The binding affinities of different ligands to the
protein of interest were estimated by molecular docking analysis performed using the
freely available program AutoDock v4.2 (Morris et al., 2009). The three-dimensional
atomic coordinates of the ligands were retrieved from their protein-bound structures

available at PDB. Where applicable, the hydrogen atoms were added to the protein
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and ligand prior to each docking experiment using the AutoDock module. The
Gasteiger charge algorithm was then used to give the partial charges to the protein
atoms (Gasteiger and Matrsili, 1980). To perform the blind docking of the ligands with
the protein, a grid size of 126x126x126 with a grid spacing of 0.375 A was generated
by taking the center of mass of the targeted protein as the grid center. By maintaining
the flexibility of the ligand atoms relative to the rotatable bonds while maintaining the
rigidity of the protein atoms, rigid molecular docking was achieved. A total of 2000 runs
of the Lamarckian genetic algorithm (LGA) were set up for each molecular docking
experiment. The docked ligand conformations were clustered with an RMSD cut-off of
2.0 A. The atomic interactions between the protein and the docked ligand(s) were
identified using the program Coot and PDBsum. The program PyMOL was used to

prepare the molecular interactions of docked ligands and other structural figures.

2.2.2.11.2. Molecular dynamics (MD) simulation

MD is a computer-based simulation method used for the identification and analysis of
protein motions and other biomolecules over time. The simulations capture the
physical behavior of proteins in extensive atomic detail which help understand their
conformational landscape and dynamicity (Hollingsworth and Dror, 2018). It is based
on the principles of classical mechanics and thermodynamics and involves simulating
the motions of the individual atoms and molecules in a system as they interact with
each other and with their environment. The method incorporates a series of steps,
which involves the preparation of a molecular system where the topological parameters
of a protein are generated from the PDB file. This system is then put into a definitive
box where water or any other solvent is added. The system is then energetically
minimized to remove any steric clashes and reduce the potential energy. This is
followed by the equilibration of the system in order to reach a s