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Abstract

Mammalian Cell Entry (MCE) domain-containing proteins have been implicated in
glycerophospholipid transport, a key component of the gram-negative OM. The model
organism Escherichia coli contains three MCE proteins residing within unique operons; MlaD,
PqiB and LetB, each presenting potential novel targets for innovative antibacterial agents.
Characterising these proteins and their associated complexes within multiple organisms may

provide additional insight into these putative lipid transport systems.

Here, we focus on MCE proteins within Bdellovibrio bacteriovorus HD100, a predatory gram-
negative bacterium, that alternates between free-living growth and predation upon other
gram-negative bacteria. Thus far, we investigated Bd1152, a two-MCE domain containing

protein residing at the centre of a tripartite operon.

The inherent structural plasticity of Bd1152 posed a challenge in obtaining its high-resolution
structure. Nevertheless, we present a crystal structure of Bd1152 as well as a cryo-EM
structure of the Bd1152top MCE ring at 2.6 A and 3.4 A resolution, respectively. Both
structures reveal hexameric assemblies (MCE rings) with a central channel that has been
implicated in phospholipid transport. Furthermore, we utilised the novel Zernike3D and
cryoDRGN algorithms to compute inherent continuous flexibility, subsequently revealing that
Bd1152 possesses high structural plasticity, potentially providing insight into the mechanism

of lipid transport.
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Chapter 1 — General Introduction.



1.1. Antimicrobial resistance.

Multi-drug resistant (MDR) and extensively drug-resistant (XDR) bacteria pose an enormous
and growing global health threat, characterised by limited antibiotic options and high mortality
rates (Chen et al., 2021; Jean et al., 2022; Wang et al., 2021). Indeed, 1.27 million deaths
were attributed to antibiotic resistance in 2019 (Murray et al., 2022), consequently ranking it

as the third leading cause of death.

Antibiotics have been developed to target essential bacterial processes, including cell wall
synthesis (e.g., B-Lactams and vancomycin), protein synthesis (e.g., Aminoglycosides), and
DNA synthesis (e.g., Coumarins) (Hooper, 2001). The efficiency of antibiotics relies on their
ability to reach their target destination within the cell. This is particularly challenging for gram-
negative bacteria due to their complex cell envelope, consisting of three principal layers: the
outer membrane (OM), the periplasm (containing peptidoglycan cell wall), and the inner
membrane (IM). In contrast, gram-positive bacteria have a single lipid membrane and a thick
peptidoglycan layer. The intrinsic double membrane architecture of gram-negative bacteria
confers additional resistance to a variety of antibiotics that are effectively utilised to treat

gram-positive infections (Breijyeh et al., 2020).

The cell envelope of gram-negative bacteria has been extensively studied as a potential
target for antimicrobial development. Despite this, the biogenesis of the cell envelope
remains poorly understood, warranting further investigation to improve our understanding of

this process and potentially identify new targets for antimicrobial drug development.
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1.2.  Architecture of the gram-negative cell envelope

The unique, multi-layer architecture of gram-negative bacteria functions as an effective
permeability barrier against a variety of hydrophobic molecules, including antimicrobial

agents. The general architecture of the gram-negative bacteria cell envelope is depicted in

Figure 1.1.
— LPS
OM B-barrel R
proteins - PL
Lipoproteins
Peptidoglycan
Soluble
proteins
Periplasm Lipoproteins
-helical
" a ellca PL
proteins
Cytoplasm

Figure 1.1. General architecture of the gram-negative bacteria cell envelope.

The inner membrane (IM) is composed of a symmetric arrangement of phospholipids (PLs),
and accommodates both integral membrane proteins and lipoproteins. The outer membrane
(OM) exhibits asymmetry, with lipopolysaccharide (LPS) located in the outer leaflet and PLs
situated in the inner leaflet. The OM accommodates lipoproteins and outer membrane
proteins. The peptidoglycan is composed of alternating N-acetylglucosamine (NAG) and N-

acetylmuramic acid (NAM), cross-linked by short peptides.
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The OM exhibits a unique asymmetric arrangement of lipids, with lipopolysaccharide (LPS)
located exclusively in the outer leaflet and phospholipids (PLs) present within the inner leaflet
(Funahara and Nikaido, 1980). The OM also accommodates both outer membrane proteins

(OMPs) and lipoproteins.

OMPs are typically characterised by a 3-barrel conformation and often form pores, such as
OmpA and OmpC, which allow passive diffusion of small molecules (Singh and Verma,
2008). OMPs also play a crucial role in the folding and insertion of other OMPs (Hagan et al.,
2011) as well as contributing to the overall integrity of the OM (Xie et al., 2016).

Lipoproteins contain lipid moieties that anchor them to the inner leaflet of the OM (Koebnik et
al., 2000). They are involved in variety of cellular functions including cell wall synthesis and

secretion systems (Grabowicz and Silhavy, 2017).

The IM and OM are separated by the periplasm (13-25nm) (Seltmann and Holst, 2002), an
aqueous compartment that accommodates the peptidoglycan cell wall responsible for
maintaining cellular integrity. Peptidoglycan is composed of N-acetylglucosamine (GIcNAc)
and N-acetylmuramic acid (MurNAc), which are cross-linked by short peptides (Wet et al.,

2008) and attached to the OM via the lipoprotein Lpp (Seltmann and Holst, 2002).

The IM bilayer is composed entirely of PLs and accommodates both lipoproteins and inner
membrane proteins (IMPs), typically exhibiting an a-helical conformation. IMPs are required
for essential cellular functions including energy production, lipid biosynthesis and protein

secretion (Luirink et al., 2012).

It is noteworthy that PL composition varies among different bacterial species; nevertheless,

the model organism E. coli predominantly contains phosphatidylethanolamine (PE) (~75%),

phosphatidylglycerol (PG) (~20%) and cardiolipin (CL) (~5%) (Raetz and Dowhan, 1990).
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1.3. Outer membrane biogenesis

1.3.1. Phospholipid biosynthesis

The process of lipid bilayer formation involves the biogenesis of phospholipids and their
subsequent insertion into pre-existing membranes. This process is facilitated by a complex
array of biosynthetic pathways, which rely on the activity of a number of enzymes.

The research of Eugene Kennedy (Kennedy et al., 1976) established E. coli as the model
organism for studying PL synthesis, metabolism and function. Figure 1.2 provides an

overview of the pathways involved in phospholipid biosynthesis in E. coli.
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Figure 1.2. Phospholipid biosynthesis in E. coli

(A) Kennedy pathway for phospholipid biosynthesis in E. coli. PIsB - G3P acyltransferase;

PlsC - Acyl-G3P acyltransferase; CdsA - CDP-DAG synthase; Pss - phosphatidylserine

synthase; Pgs - phosphatidylglycerophosphate synthase; Psd -

phosphatidylglycerophosphate synthase; PgpA-C phosphatidylglycerophosphate

phosphatases that are encoded with three genes, CIsA/CIsB — cardiolipin synthase. (Right)

Chemical formulas of major phospholipid species in E. coli: Cardiolipin (CL),

phosphatidylethanolamine (PE), phosphatidylglycerol (PG). Figure reproduced from Cooper

(2023).
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In E. coli and other proteobacteria, phosphatidic acid (PA) is generated by the two-step
acylation of glycerol-3-phosphate (G3P), utilising acyl-ACP as the acyl chain donor. Firstly,
the acyltransferase PIsB catalyses acylation at the 1-position of G3P, followed by PIsC
catalysed acylation at the 2-position of G3P. PA is the simplest of phospholipids and, hence,
it is a precursor for the synthesis of more complex phospholipids. Nevertheless, PA is kept at
extremely low levels due to the activity of CdsA, which rapidly converts PA into the

intermediate molecule CDP-diacylglycerol.

CDP-diacylglycerol is then utilised to generate both phosphatidylserine (PS) and
phosphatidylglycerol phosphate (PGP) by serving as phosphatidyl donor moieties to L-serine
and G3P, respectively. These reactions are catalysed by phosphatidylserine synthase (Pss)

and phosphatidylglycerol phosphate synthase (Pgs) to generate PS and PGP, respectively.

PgpA, PgpB and PgpC catalyse the rapid dephosphorylation of PGP to generate
phosphatidylglycerol (PG), whilst phosphatidylserine decarboxylase (Psd) catalyses the
decarboxylation of PS to generate phosphatidylethanolamine (PE). Cardiolipin synthases
(ClsB and ClsC) catalyse the formation of cardiolipin (CL) from one molecule each of PG and

PE, while the CIsA forms CL from two molecules of PG (Dowhan and Bogdanov, 2021).
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1.3.2. Transport across the cytoplasmic membrane.

All cell envelope components are synthesised either in the cytoplasm or in close proximity to
the cytoplasmic surface of the IM. That being the case, components must be transported to
various target sites within the cell envelope following synthesis. The two membranes
comprising the gram-negative cell envelope, however, are physically separated by ~220 A of
periplasm. This represents a vast challenge for the intermembrane transport systems as no
cellular energy resources exist beyond the confines of the IM. Furthermore, major
constituents of the OM are strongly amphipathic, hence necessitating periplasmic transport
pathways that shield their hydrophobic portions from the aqueous environment (Shrivastava

and Chng, 2019).

The first step in the OM biogenesis is to flip the targeted components across the IM. The
main passageway that nascent proteins utilise for their transport into or across the IM is
known as Secretion (Sec) pathway. After protein translation at the ribosome, two possible
Sec translocation tactics can be employed. The co-translational signal recognition particle
(SRP) - dependent pathway specifically targets IMPs, whilst the post-translational pathway

(SecB dependent) targets OMPs and lipoproteins.

Furthermore, apart from the Sec pathway, there are two additional systems that facilitate the
transport of proteins across the IM. The twin arginine translocation (TAT) pathway transports
fully folded proteins, whilst YidC is responsible for the membrane insertion of small IMPs.
Figure 1.3. provides an overview of the protein translocation pathways across the IM of

gram-negative bacteria.
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Figure 1.3. An overview of the major protein translocation pathways across the inner
membrane of gram-negative bacteria.

Four different pathways are depicted in the figure. (1) The signal recognition particle (SRP) -
dependent pathway is responsible for transporting inner membrane proteins (IMPs). This
initiates with the recognition of the signal peptide (SP) on the ribosome, forming an SRP-
ribosome-protein complex. This complex interacts with the FtsY receptor and SecYEG. (2)
The post-translational pathway (SecB depended) targets outer membrane proteins (OMPs)
and lipoproteins. SecB binds to the SP of the polypeptide, keeping it in an unfolded state until
it is secreted by the SecYEG pathway. (3) YidC is involved in the membrane insertion of
small IMPs, which are predicted to be targeted by SRP. (4) The twin arginine translocation
(TAT) pathway transports folded proteins across the inner membrane (IM) that possess twin

arginine (TA) motifs.
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1.3.2.1. The signal recognition particle (SRP) — dependent pathway

The SRP pathway is initiated when SRP binds to the first transmembrane segment of the
nascent peptide, subsequently forming an SRP-ribosome-protein complex in a GTP
(Guanosine-5'-triphosphate) - dependent manner (Akopian et al., 2013). This complex then
moves towards the IM, where it interacts with the FtsY receptor (Angelini et al., 2005),
resulting in GTP hydrolysis and dissociation of the SRP. At the IM, the ribosome-protein
complex interacts with the largest SecYEG subunit, i.e., SecY (Gumbart et al., 2009), and
induces the opening of the SecYEG channel (Knyazev et al., 2013). It was suggested that
opening of the SecYEG channel might expose the TM portions to the hydrophobic
environment of the lipid bilayer, allowing the IMPs to be inserted (Lycklama a Nijeholt and

Driessen, 2012), however, the process remains largely enigmatic.

1.3.2.2. YidC facilitated membrane insertion of small IMPs.

YidC is a second IM translocase that is responsible for the membrane insertion of small inner
membrane proteins independently from the Sec pathway (Serek et al., 2004). It was
suggested that some YidC substrates are targeted via SRP, as both the SRP-ribosome-
protein complex and FtsY were shown to interact with YidC in vitro, suggesting a functional

relationship (Kedrov et al., 2016; Seitl et al., 2014).
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1.3.2.3. The post-translational SecB-dependent pathway

OMPs are synthesised with an n-terminal signal sequence that targets them for translocation
across the IM. Such translocation is performed via a post-translational SecB-dependent
pathway that transports proteins across the IM independently of the ribosome. The
cytoplasmic chaperone SecB binds to the polypeptide chains and keeps the proteins in their
unfolded state until there are secreted in a linear fashion through the SecYEG channel. The
energy for translocation is provided by the ATPase SecA, which binds to SecB and SecYEG,
consequently driving protein export (Young and Duong, 2019). This processes is further
enhanced by the proton motif force (PMF) (Shiozuka et al., 1990) and the SecYEG -
associated SecDF-YajC membrane complex (Hand et al., 2006; Tsukazaki et al., 2011).
During or immediately after translocation, signal peptidase SP1 removes the n-terminal

signal peptide, resulting in a mature protein (Dalbey et al., 2012).

1.3.2.4. The twin arginine translocation (TAT) pathway

It is necessary to note that some proteins are folded cytoplasmically; therefore, an alternative
method of translocation has to be utilised. The twin arginine translocation (TAT) pathway was
shown to transport folded proteins carrying signal peptides that contain a highly conserved
twin-arginine motif, into the periplasm (Palmer and Berks, 2012). Despite ongoing research,
the reason why certain proteins are targeted to the TAT system remains poorly
characterised. Nevertheless, it was proposed that some proteins require cytoplasmic
cofactors for proper folding and maturation (Palmer and Berks, 2012). Additionally, certain
proteins might face challenges in maintaining their conformation in an unfolded state,

potentially increasing the likelihood of misfolding and aggregation (Lee et al., 2006).
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1.3.3. Intermembrane transport

Once the components of the OM have been translocated across the IM, they must navigate
through the crowded periplasm to reach their target destinations. Early models of
intermembrane cargo transport proposed the existence of “Bayer bridges” — fusions between
the IM and OM (Bayer, 1968). Several subsequent publications suggested that newly
synthesised LPS and OMPs might be transported to the cell surface via these membrane
fusion events in Salmonella typhimurium (MUhlradt et al., 1973; Smit and Nikaido, 1978).
Nonetheless, the “Bayer bridge” model was met with scepticism due to limitations in sample
preparation and lack of further genetic or biochemical investigation (Kellenberger, 1990). A
more detailed understanding of intermembrane transport emerged with the identification of
LolA — a soluble chaperone that shields lipoprotein acyl chains from the aqueous periplasmic
environment (Matsuyama et al., 1995). This subsequently led to the identification of the
Localisation of lipoprotein (Lol) pathway, as well as other semi-independent highly conserved
transport pathways, including the liposaccharide transport pathway (Lpt) and B-barrel

assembly machinery (Bam) (Figure 1.4).
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Figure 1.4. An overview of the intermembrane translocation pathways in gram-
negative bacteria.

A) MsbA flips the Lipid A core across the inner membrane (IM) followed by O-antigen
attachment, and the mature lipopolysaccharide (LPS) molecule is translocated to the outer
leaflet of the outer membrane (OM) via the lipopolysaccharide transport (Lpt) pathway. B)
Lipoproteins (LPs) are directed to the OM through the localisation of lipoproteins (Lol)
system. C) The translocation of outer membrane proteins (OMPs) occurs via the cytoplasmic
chaperones SurA/Skp, which carry unfolded OMPs to the B-barrel assembly machinery

(Bam) complex. OMPs are inserted through BamA to form a 3-barrel structure in the OM.
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1.3.3.1. The Lpt machinery

LPS has a tripartite structure consisting of Lipid A, a hydrophobic portion that attaches to the
OM, a core oligosaccharide made from non-repeating oligosaccharides and an O-antigen

consisting of repeating oligosaccharide units (Figure 1.5).
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Figure 1.5. The general structure of lipopolysaccharide (LPS).
LPS consists of three main components: lipid A, core polysaccharide and O-antigen (repeats
of polysaccharide chain). Abbreviations: GIcN - 2-amino-2-deoxy-glucose (glucosamine);

Kdo - 3-deoxy-a-D- manno-oct-2-ulopyranosonic acid; P - phosphate.
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All three components of LPS are synthesised on the cytoplasmic face of the IM, where lipid A
and core oligosaccharides combine to form rough LPS. The O-antigen is synthesised
independently and it is attached to a nascent LPS molecule at the periplasm-facing leaflet of

the IM (Bertani and Ruiz, 2018).

Rough LPS is flipped across the IM by the ABC-transporter MsbA (Figure 1.6). The crystal
structure of MsbA shows that it forms a homodimer, with each monomer containing a
transmembrane domain (TMD) and a nucleotide binding domain (NBD) (Ward et al., 2007).
According to the most recent mechanistic model proposed, MsbA functions as a flippase,
alternating between inward- and outward- facing conformations (Voss and Trent, 2018). In
the apo state (no ATP bound), MsbA is open to the cytoplasm, allowing LPS to enter. The
outward- facing conformation is adopted upon ATP binding, resulting in the dimerisation of
the NBDs, which initiates conformational changes of TMDs, allowing LPS to be released in
the periplasm. Once released by MsbA, LPS is anchored to the IM, where the O-antigen is
added. Fully assembled LPS then continues its journey to the OM via the well-defined Lpt

(lipopolysaccharide transport) machinery (Okuda et al., 2016).
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Figure 1.6. The transport of lipopolysaccharide (LPS) across the inner membrane via
the MsbA flippase in E.coli.

The Lipid A core oligosaccharide is transported to the periplasmic face of the MsbA flippase.
The “open” conformation of MsbA (nucleotide free) (PDB:5TV4) allows LPS to enter, whilst
the “closed” conformation (ADP—vanadate-bound MsbA) (PDB 5TTP) allows LPS to be
released to the periplasm. LPS is then anchored to the inner membrane (IM), where O -
antigen is added. The structures are displayed in purple and were visualised with ChimeraX

(Pettersen et al., 2021). Figure adapted from Voss and Trent (2018).
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In E. coli, the LPS transport system is composed of seven proteins organised into two
subassemblies: LptB,CFG and LptDE, located in the IM and OM, respectively, which are
connected through the periplasmic protein LptA. The inner membrane complex LptB.CFG
extracts LPS from the IM, where it is picked up by LptA for periplasmic transfer. Several
copies of LptA assemble to form an intermembrane channel that allows direct interaction with
LptDE, as shown by crosslinking experiments (Freinkman et al., 2012). Nevertheless, it is
currently ambiguous how many LptA copies participate in the construction of this periplasmic
bridge. The B-barrel protein LptD and the lipoprotein LptE, localised in the OM, receive LPS

from the LptA bridge and incorporate it into the outer leaflet of the OM (Figure.1.4, A).
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1.3.3.2. The Lol pathway

Lipoproteins are synthesised in the cytoplasm, containing an n-terminal signal sequence
(SS) known as lipobox (Hayashi and Wu, 1990), which targets lipoproteins for translocation
across the IM by the Sec/Tat translocon. Once a lipoprotein is transported, it remains
attached to the outer leaflet of the IM via its SS moiety, allowing the maturation process to
take place. Phosphatidylglycerol/prolipoprotein diacylglyceryl transferase (Lgt) adds a
diacylglyceryl portion to the sulfhydryl group of the highly conserved cysteine residue located
within the n-terminal SS. Lipoprotein signal peptidase (Lsp) cleaves the SS, subsequently
resulting in a diacylglyceryl-containing lipoprotein with a new n-terminus referred to as the +1
position. Lastly, phospholipid/apolipoprotein transacylase (Lnt) adds another acyl chain to the
amino group of cysteine, resulting in a fully mature triacylated lipoprotein that can be

subsequently recognised by the Lol (localisation of lipoproteins) pathway.

In E. coli, the Lol pathway uses the residue adjacent to the lipidated cysteine to determine
whether the lipoprotein will remain in the IM or be transported to the OM.

If the residue at position +2 is aspartate, the lipoprotein remains in the IM (Gennity and
Inouye, 1991; Terada et al., 2001), however, the position of aspartate residue varies across
bacterial species (Lewenza et al., 2008; Narita and Tokuda, 2007). When the lipoprotein
does not contain the IM retention signal, the Lol pathway translocates it across the periplasm

and inserts into the OM (El Rayes et al., 2021) (Figure 1.4, B).

The Lol pathway is composed of five proteins (LolA-E). In the first step, the lipoprotein is
extracted from the IM by the LoICDE complex and transferred to the periplasmic chaperone
LolA in an ATP dependent manner. LolA delivers lipoproteins to the OM acceptor protein
LolB, itself a lipoprotein, which facilitates OM lipoprotein insertion, although this process is

poorly characterised ( Konovalova and Silhavy, 2015; El Rayes et al., 2021).
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1.3.3.3. The Bam pathway.

OMPs are synthesised in the cytoplasm and translocated to the periplasm via the Sec
pathway. OMPs interact with periplasmic chaperone proteins SurA or Skp through their
hydrophobic moieties. These chaperones facilitate the transport of OMPs across the
periplasm while ensuring they remain in an unfolded state, preventing misfolding and
aggregation (Allen et al., 2009). SurA appears to play a more prominent role, as evidenced
by the significant reduction in OM density upon its deletion. Conversely, the absence of Skp

has no discernible impact on OM composition (Sklar et al., 2007).

DegP, another component required for the correct periplasmic transport of OMPs, is believed
to function as a protease that degrades aggregated or misfolded OMPs in the periplasm,
thereby reducing cellular toxicity (Ge et al., 2014). It is noteworthy that OMPs can
independently fold and insert themselves into synthetic lipid bilayers, however, this process
is extremely slow and thus not biologically relevant (Burgess et al., 2008). In vivo, the -
barrel assembly machinery (BAM) is employed to facilitate assembly and insertion of OMPs

into the OM (Figure 1.4, C).

In E. coli, the core of the Bam complex is BamA, which is composed of an OM spanning 3-
barrel domain and five polypeptide translocation-associated (POTRA) domains that extend
from the barrel into the periplasm. BamA associates with four lipoproteins: BamB, BamC,
BamD and BamE. Although all proteins contribute to the efficient folding of substrates, only
BamA and BamD are essential for the assembly of OMPs into the OM in E.coli (Hagan et al.,
2011). Crystal structures revealed the existence of both “open” and “closed” BamA
conformations that are dependent upon the positioning of the POTRA domains relative to the
BamA barrel (Noinaj et al., 2013). This suggests the presence of a gated channel regulating

access to the interior of the 3-barrel domain.
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A detailed model of the assembly mechanism by Bam has recently been suggested by Shen
et al., (2023). Essentially, the OMP substrate inserts itself into the BamA barrel via its C -
terminus (Figure 1.7, A). The C-terminal 3-strand of the OMP substrate forms an anti-parallel
B-strand with the first B-strand of BamA, proximal to its opening (Figure 1.7, B). The OMP
substrate then continues to fold, subsequently closing into a B-barrel (Figure 1.7, C, D). This
consequently leads to the BamA B-barrel closure, as well as breaking its interactions with the

OMP (Figure 1.7, E).

A B C D E
L..9 .9 BamA 2.0 .9 ) L .0..0 ,\/m ® .0 .9 L..9 L., LPS
oM —_— c — — —
N/C N N M c N/c PL
c
Periplasm BamD \
N
N
=%
c

substrate

Figure 1.7. The proposed model of B-barrel assembly by the Bam complex.

A) The c-terminus of the substrate interacts with BamA. B) The c-terminus of the substrate
interacts with the exposed n-terminus of BamA, consequently forming an anti-parallel 3-
strand. C) The substrate continuous to fold. D) The BamA B-barrel closes, breaking its
interaction with the substrate. E) The OMP is released into the membrane environment, and
its n- and c-terminal ends are joined. For simplicity, only BamA, BamD, and the substrate are

shown. Figure adapted from (Shen et al., 2023)

39



1.4. Phospholipid trafficking between the IM and OM

The first evidence of PL trafficking between membranes emerged in the 1970s, with the
observation that radiolabelled PLs move between the IM and OM (Jones & Osborn., 1977).
Despite ongoing research in this area for almost 50 years and considering that PLs are
fundamental constituents of lipid bilayers, the mechanism and structural basis underlying PL

trafficking across bacterial membranes remain unresolved.

The mechanism of PL translocation in the anterograde fashion (IM-to-OM) remains poorly
understood. Nevertheless, it was suggested that the IM protein PbgA (formerly known as
YejM) may play a role in the transfer of CL to the OM. This is supported by the observation
that a pbgA mutant exhibited normal levels of CL in the IM, but no detectable levels of CL in
the OM (Rossi et al., 2017). The crystal structure of PbgA in complex with two CL molecules
was determined (PDB:6V8Q) (Fan et al., 2020), although the biological relevance of this
complex is unclear. It should be noted that CL was supplemented during the crystallisation

process, which is acknowledged as a limitation of the study by the authors (Fan et al., 2020).

PbgA has since been implemented as a LPS sensor based on several functional studies
(Fivenson and Bernhardt, 2020; Guest et al., 2020) as well as a crystal structure obtained in
complex with a co-purifying LPS molecule (PDB: 6XLP) (Clairfeuille et al., 2020).
Nevertheless, the structure also revealed a potential binding cleft for a single

phosphatidylethanolamine, which leaves the role of PbgA in lipid transport speculative.

The transport of PL between membranes, however, is not limited to anterograde
directionality. The asymmetric organisation of the OM can be disrupted under stress
conditions, such as exposure to antibiotics and chelating agents (Malinverni and Silhavy,

2009). As a consequence, LPS may be lost from the cell surface, forcing PLs to migrate from
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the inner leaflet to the outer leaflet to fill the gaps. The removal of mispositioned PLs in the
OM is essential for maintaining its asymmetry and eliminating perturbations that make gram-
negative bacteria more susceptible to the entry of exogenous compounds (Malinverni and
Silhavy, 2009). Over the last two decades, several systems have been reported to maintain

OM lipid asymmetry, including the PIdA and PagP proteins.

PIdA maintains the membrane asymmetry by degrading PLs that accumulate in the outer
leaflet of the OM. PIdA is an OM phospholipase that exists as a monomer in its inactive state.
The presence of PLs in the outer leaflet of the OM induces PIdA dimerisation, resulting in a
catalytically active protein that removes the sn-1 and sn-2 positioned fatty acid side chains
from PLs (Dekker, 2000). PagP, another protein accommodated within the OM, transfers a
palmitate chain from PLs to the lipid A component of LPS (Bishop et al., 2000). The
modification of lipid A with palmitate increases lipid A acylation, resulting in increased

resistance to host cationic antimicrobial peptides (CAMPs) (Guo et al., 1998).

An additional family of proteins, containing Mammalian Cell Entry (MCE) domains, has been
identified and closely linked to intermembrane phospholipid trafficking in gram-negative
bacteria (Malinverni and Silhavy, 2009). Extensive efforts have been invested in uncovering
the role of MCE proteins in lipid transport and investigating the underlying mechanisms of

bacterial phospholipid trafficking.
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1.4.1. The MCE family of proteins

MCE proteins were first discovered when a chromosomal fragment containing the mce1A
gene in M. tuberculosis was introduced into a non-pathogenic E. coli strain, allowing it to
enter and survive in macrophages (Arruda et al., 1993). This finding led to the designation of
these proteins as “Mammalian Cell Entry (MCE)” and spurred a number of studies further
investigating their potential role in the entry mechanism and virulence of M. tuberculosis.
Shimono et al., (2003) demonstrated that an mce 1A mutant strain of Mycobacterium bovis
bacillus Calmette-Guérin exhibited a reduced ability to enter HeLa cells, whilst E/l-Shazly et
al., (2007) identified that HeLa cells were able to uptake latex beads coated in the purified M.
tuberculosis Mce3 protein, further emphasising the paramount importance of MCE proteins in

bacterial invasion.

The mce genes in Mycobacterium tuberculosis are encoded within four operons (mce1-
mce4), each consisting of six mce genes (ABCDEF). Each of the operons also contains the
yrbE genes as well as genes encoding subunits of the ATPase-binding-cassette (ABC)
transporter and a variable number of “accessory” proteins. Additionally, the function of the M.
tuberculosis MCE transporter relies on the presence of the ATPase MceG (Joshi et al., 2006)
and the integral membrane protein LucA (Nazarova et al., 2017, 2019), which are located

outside the MCE operons.

In addition, studies by Shimono et al., (2003) and Gioffré et al., (2005) reported that M.
tuberculosis strains lacking the mce1, mce2 and mce3 operons exhibited an impaired ability
to survive within mammalian cells. This finding was further supported by the expression
profile of M. tuberculosis, which indicated that the mce operons are expressed later in

infection (Talaat et al., 2004).
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Changes in the expression levels of mce operons have been also shown to occur in
response to stress factors such as hypoxia (Rathor et al., 2016; Rustad et al., 2008),
starvation (Betts et al., 2002), oxidative stress (Gample et al., 2019) and surface stress (e.g.,
SDS) (Manganelli et al., 2001). Furthermore, several studies have suggested that M.
tuberculosis mce operons encode lipid transport systems (Casali & Riley, 2007; Dunphy et
al., 2010; Pandey and Sassetti, 2008). For instance, an altered lipid profile and accumulation
of mycolic acids were reported in M. tuberculosis mce1 mutant strain (Cantrell et al., 2013;
Forrellad et al., 2014; Queiroz et al., 2015). Furhtermore, in M. smegmatis, the Mce4 proteins
have been shown to be essential for cholesterol uptake and utilisation (Klepp et al., 2012).
Nevertheless, experimental evidence supporting the role of M. tuberculosis MCE proteins in
lipid remodelling is scarce, likely due to the complexity of protein expression and purification.
Only recently, Chen et al., (2023) published the cryo-EM structure of the Mce1 machinery
from M. smegmatis, revealing that proteins assemble to form an ABC transporter complex

with a c-terminal coiled-coil long enough to span the periplasm (Figure 1.8).
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McelA/B/C/D/E/F

MceG

Figure 1.8. The cryo-EM structure of the M. smegmatis Mce1 ABC transport complex

(PDB 8FEF).
Green colour indicates the ATPase MceG; blue colour indicates the ATP-binding cassette
transporter YrbE; pink colour indicates the six MCE proteins Mce1A/B/C/D/E/F. The model

was visualised with ChimeraX (Pettersen et al., 2021).
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Nonetheless, the role of MCE proteins in lipid transport has been characterised in more detail
in Proteobacteria, with a number of recent publications disclosing both the structure and
function of these putative lipid transporters (Chi et al., 2020b; Coudray et al., 2020; Hughes
et al., 2019; Isom et al., 2020; Tang et al., 2021). The most functionally and structurally
studied MCE protein from E.coli is MlaD, a key member of the Maintenance of Lipid
Asymmetry (Mla) pathway, which is proposed to remove mislocalised PLs from the outer

leaflet of the OM (Malinverni and Silhavy, 2009)

1.4.2. The Mla system

A system identified to be crucial for the maintenance of outer membrane leaflet asymmetry in
gram-negative bacteria is the Mla-OmpC (Maintenance of Lipid Asymmetry) pathway. In
contrast to PIdA and PagP, the Mla system is believed to transport mislocalised PLs in the
outer leaflet of the OM back to the IM. The components of the Mla pathway were initially
identified by Malinverni and Silhavy (2009), who revealed that E. coli mutants lacking any of
the mlaFEDCB genes were hypersensitive to treatment with sodium dodecyl sulphate

(SDS)/ethylenediaminetetraacetate (EDTA), a hallmark of OM perturbation.

The Mla system is composed of six members, including the OM lipoprotein MlaA, which is

associated with the major porins OmpF and OmpC, the periplasmic chaperone MlaC, and

the IM MlaFEDB ATPase complex (Malinverni and Silhavy, 2009) (Figure 1.9).
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Figure 1.9. The Maintenance of Lipid Asymmetry (Mla) pathway in E. coli.

A cartoon representation of the Mla pathway components in their respective cellular
locations. MlaA (blue) forms a complex with the B-barrel OMP OmpC (grey) in the OM. The
periplasmic chaperone MlaC (pink) transports lipids to the MlaFEDB (MlaF — yellow; MlaE —
purple; MlaD — orange; MlaB — mint green) ATPase complex in the IM. (MlaA-OmpF PDB:
5NUP; MlaC PDB: 5SUWA; MlaFEDB PDB: 7CGE). The models were visualised with

ChimeraX (Pettersen et al., 2021).
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1.4.2.1. MiaA

MlaA, the least understood member of the Mla system, is an a-helical, doughnut-shaped
monomeric lipoprotein located in the inner leaflet of the OM. It forms an amphipathic pore
that is anticipated to provide the path for PL translocation (Abell6n-Ruiz et al., 2017). The
mlaA knockout strain is sensitive to SDS/EDTA in the same manner as the other mla gene
knockouts. Strikingly, a gain-of-function mutant MlaA™ (deletion of residues N41 and F42)
results in considerably increased LPS levels, drug sensitivity, and even cell death during

stationary phase (Sutterlin et al., 2016).

MlaA was also identified as a virulence factor in Nontypeable Haemophilus Influenzae
(NTHi). Inactivation of the mlaA gene resulted in increased fatty acid and phospholipid
content and decreased NTHi resistance to a wide range of hydrophobic molecules,

consequently leading to decreased epithelial infection (Fernandez-Calvet et al., 2018).

MlaA co-purifies with the osmoporins OmpF and OmpC (Chong et al., 2015), however, the
removal of OmpC, but not OmpF, results in the accumulation of PLs in the outer leaflet of the
OM (Chong et al., 2015). This was further supported by the mutation of OmpC residues
believed to interact with MlaA, which resulted in PL accumulation in the OM (Yeow et al.,
2018). Indeed, the crystal structure of MlaA was solved in complex with the OmpC trimer
(Abellon-Ruiz et al., 2017), further reinforcing that OmpC might have an important role in PL
transport via its association with MlaA. Nonetheless, the precise role of OmpC in
phospholipid trafficking is currently unknown. Chong et al., (2015) revealed that the mlaA
mutant lacking its lipobox moiety was still able to localise within the OM, presumably via its
association with OmpC. This suggested that OmpC might be important for MlaA localisation

and its structural stability.
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1.4.2.2. MiaC

MlaC is one of the best studied members of the Mla pathway, likely due to its solubility,
stability, and low molecular weight. It functions as an intermembrane transport protein to
shuttle PLs between the IM and the OM. MlaC adopts mixed a/B-fold consisting of a twisted
four stranded B-sheet and seven a-helices (Hughes et al., 2019). MlaC co-purifies with both
PE and PG (Thong et al., 2016), with some groups also observing CL binding (Hughes et al.,
2019). The crystal structure of MlaC indeed revealed the presence of a hydrophobic pocket,

which has been shown to accommodate acyl chains of PLs (Hughes et al., 2019).

Molecular dynamic simulations conducted by Huang et al., (2016) suggested that the PL
binding pocket of MlaC from R. solanacearum and Acinetobacter would decrease following
PL release. This was experimentally confirmed by Hughes et al., (2019), who revealed that
the lipid free conformation (MlaC-apo) displayed a closed hydrophobic cavity, suggesting that
this unique flexibility allows it to effectively offload PLs upon interacting with either the MlaA-

OmpC or MlaFEDB complex.

Indeed, MlaC has been shown to interact with both the MlaA-OmpC complex and the IM
complex MIaFEDB, both in vivo (Ercan et al., 2019) and in vitro (Low et al., 2021; Tang et al.,
2021). Nonetheless, structural insight into the MlaC/MIaA interaction was only recently
suggested through Alphafold co-folded structures and deep-mutational screening (MacRae
et al., 2022). MacRae et al., (2022) proposed that the MlaA c-terminal tail likely plays a
significant role in the MIaA/C interaction, however, this observation needs to be furthered

supported with structural data of the MlaC/MIaA complex.
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1.4.2.3. MiaFEDB

MlaFEDB forms a stable ATPase IM complex in a 2:2:6:2 stoichiometry, as shown by
biochemical (Thong et al., 2016) and structural (Ekiert et al., 2017) studies. The MlaFEDB
complex is composed of the periplasm-facing MCE protein MlaD, the IM permease MIaE, the
cytoplasmic-facing ATP-binding protein MlaF, and the STAS-domain containing protein

MlaB.

The MlaFE complex exhibits a typical ABC ATPase fold. MlaF interacts with MlaB, a small
~10 kDa protein, that has been shown to be essential for complex assembly and activity
(Ekiert et al., 2017; Kolich et al., 2020; Thong et al., 2016). Each of the MlaF subunits
contains a c-terminal extension (CTE). The CTE wraps around the neighbouring MlaF
subunit forming a “handshake” motif, which also interacts with MlaB (Kolich et al., 2020). The
MlaF mutant with the CTE deletion (MIlaFACTE) failed to restore the MlaF knockout growth
on SDS/EDTA and also failed to interact with both MlaD and MlaE, strongly indicating the

essentiality of the CTE motif in the Mla system functionality (Kolich et al., 2020).

MlaFEDB structures determined in the absence of nucleotide consistently revealed an
outward-facing V-shaped pocket in the MlaE dimer interface (Chi et al., 2020; Tang et al.,
2021; Zhou et al., 2021). Furthermore, multiple MlaFEDB structures demonstrated a distinct
density corresponding to PL within the MlaE hydrophobic pocket. (Coudray et al., 2020; Zhou

et al., 2021).This suggests that the pocket might provide a hydrophobic passage for PLs.
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1.4.2.4. MilaD

The most recognised MCE domain-containing protein in Proteobacteria is MlaD, which
contains a single MCE domain and has a high affinity for PLs. Endo et al., (2007) revealed
that MlaD is required for the uptake of gamma-hexachlorocyclohexane (gamma-HCH) as the
sole source of carbon and energy. Additionally, in Pseudomonas putida, MlaD is
hypothesised to function by altering PL composition of the OM, making it essential for

resistance to toluene (Kim et al., 1998).

Ekiert et al., (2017) first reported the crystal structure of the E. coli MCE protein MlaD. Six
copies of MlaD assemble into a homo-hexameric ring that associates with the ABC
transporter complex in the IM. MlaD is bound to the IM by a single transmembrane n-terminal
helix, with its MCE domain residing in the periplasm. The MlaD MCE core domain adopts a
seven-stranded B-barrel fold, encompassing just over 100 residues. The n-terminus of each
MCE domain is connected by a short linker to the TM helix, which places the n-terminal face
of the ring in close proximity to the negatively charged PL head groups. The c-terminal helix
from each subunit associates to form a hollow six-helix coiled coil, leaving a channel running

through the centre of the ring.
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Figure 1.10. The structure of E. coli MlaD (PDB:7CHO0) in its respective cellular location
within the inner membrane (IM.)

Atoms displayed in a sphere style. Chains A, B, C, D, E, and F are coloured in light blue,
coral, light steel blue, thistle and rosy brown, respectively. The model was visualised with

ChimeraX (Pettersen et al., 2021).

The central pore loop contains hydrophobic residues (Leu153 and Leu154) in the centre of
the C6 symmetric complex. At the narrowest point, the channel diameter is ~ 6-8 A, large
enough to allow passage of PLs (Ekiert et al, 2017). Although there is no direct evidence
indicating that PLs are trafficked through the central pore, cryo-EM maps of the IM MlaFEDB
complex show clear density for six lipid binding sites between the central pore loops in all the
nucleotide states (apo- , AppNHP bound and ADP bound) (Mann et al., 2020). The 6x MCE
periplasmic “crown” can be rotated against the MlaFEB transmembrane complex; however,

the role of the motion in lipid transport remains unclear (Mann et al., 2020).
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The Interaction between MlaC and MlaD was only recently characterised through Alphafold,
deep mutation screening and a low resolution cryo-EM structure of the MlaFEDB-MIaC

complex (MacRae et al., 2022).

The cryo-EM model of the MlaFEDB-MIlaC complex revealed that several copies of MlaC are
able to bind via the MlaC cleft and $6-B7 loop of MlaD. Further studies should focus on
obtaining high-resolution structures of the MlaA-MIaC and MlaFEDB-MIaC complexes, as
well as establishing whether ATP binding to MlaFEDB causes any conformational changes to

the MlaC/MlaD binding interface.

1.4.2.5. The direction of lipid movement between IM and OM by the Mla pathway.

Significant research effort has been devoted to comprehensively elucidating the intricate
mechanism of lipid transport through the Mla pathway and establishing its directionality.
Currently, the majority of evidence suggest that PLs are transferred in a retrograde (OM-to-

IM) fashion.

It has been shown that upon removal of any of the Mla pathway components, there is an
accumulation of PLs in the outer leaflet of the OM (Malinverni and Silhavy, 2009).
Furthermore, the structure and molecular dynamics of MlaA suggest that PLs migrate from
the outer leaflet of the OM into the central MlaA pore towards the periplasm (Abellén-Ruiz et
al., 2017). Additionally, the MlaA knockout displays significantly increased OM vesicle
formation (OMV) in both V. cholerae (Roier et al., 2016) and N. gonorrhoeae (Baarda et al.,
2019), suggesting that excessive production of OMV is a result of PL accumulation in the
outer leaflet of the OM. This implies that the WT strain utilises the Mla pathway to remove

mislocalised PLs, further supporting the retrograde transport.
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Nevertheless, several contradicting studies have emerged supporting the anterograde (IM-to-
OM) transport. Kamischke et al., (2019) revealed that the Mla system in A. baumannii is
capable of transferring PLs from the IM to the OM in vivo, however, this study was heavily
criticised by Powers et al., (2020), who emphasised issues with the utilised mutant strains
and unreproducible methodology. In addition, in vitro studies conducted by Hughes et al.,
(2019) were the first to observe that MlaD is capable to rapidly transfer PLs to MlaC,
highlighting the possibility that the OmpC-Mla system may function in an anterograde (IM-to-
OM) fashion. Nonetheless, Low et al., (2021) revealed that although MlaD can transfer PLs
to MlaC, such retrograde transfer is eradicated in the presence of ATP. Interestingly, Kolich
et al., (2020) showed that there are no conformational changes between apo-MlaF and ADP-
MlaF, suggesting that ATP hydrolysis alone is not sufficient to induce lipid export/import, but

ATP might function as a modulator of PL transport, responsible for unidirectionality.

Whilst the direction of lipid movement between the IM and OM by the Mla complex has been

the subject of debate, it is now widely accepted that PL transport via the Mla pathway occurs

in a retrograde fashion.
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1.4.3. PqiABC and LetAB

E. coli contains two other MCE-domain containing proteins PqiB and LetB (formerly known
as YebT), residing in separate operons (Figure 1.11), and containing three and seven MCE
domains, respectively. As for MlaD, PqiB and LetB have been shown to co-purify with PE
and PG (Ekiert et al., 2017) and have been strongly implicated in intermembrane PL

trafficking.

let operon % letA 1 letB %
pgi operon { PgiA I pqiB Ipqu P

Figure 1.11. E. coli let and pqi operon architectures.

MCE-domain containing genes are coloured in green. The length of each bar corresponds to

the size of each gene.
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1.4.3.1. The LetAB complex

LetB is composed of seven stacked MCE rings, forming a tube-like barrel that is long enough
to span the periplasm (~230 A) (Isom et al., 2020) (Figure 1.12, A). The number of MCE
rings is crucially important for LetB function, as letB mutants with fewer than five rings are
unable to complement as established Lauryl-Sulfobetaine (LSB) phenotype (Isom et al.,
2020). This is likely due to their insufficient length to provide a direct link between the IM and

OM.

A more recent study from Ekiert’s lab (Vieni et al., 2021) focused on investigating the relative
importance of each of the MCE rings. Interestingly, the deletion of MCE-ring 3 and ring 6
showed even higher fithess than the E. coli WT strain on the LSB phenotype. Indeed,
structural studies revealed that the ring 6 undergoes the largest conformational changes
(Isom et al., 2020). These findings strongly imply that ring 3 and ring 6 might be involved in

the regulation of lipid trafficking, hence their deletion eradicates the transport restriction.

Each MCE domain of PqiB, LetB and MlaD possesses a pore lining loop (PLL), located at the
center of homo-hexameric assembly, which provides a hydrophobic coating for the central
channel through which lipid transport is anticipated. Indeed, the deletion of pore lining loops,
as well as single point mutations of the highly hydrophobic and conserved PLL motif ®xxd®d
(® denotes a hydrophobic residue; x denotes any residue), abolishes LetB function (Ekiert et

al., 2017).

LetA (formerly known as YebS) is predicted to be an IM protein and form a stable interaction
with LetB, potentially contributing to its role in lipid trafficking. Nevertheless, LetA does not
exhibit any sequence homology with known transporters and lacks an ATP-binding domain.

According to Alphafold, LetA is composed of eight transmembrane helices divided into two
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PqiA domains (Pfam PF04403). LetA is also predicted to possess a cysteine-rich bundle that
may extend into the periplasm (Figure 1.12, B). Nonetheless, the structural information and

function of LetA, as well as its interaction with LetB, remain highly enigmatic.
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Figure 1.12.The structures of E. coli LetB and LetA.

(A) The cryo-EM model of E. coli LetB (PDB: 6VOC) in a cartoon representation, shown in its
predicted cellular location spanning the periplasm. LetA is represented as a green box in its
predicted cellular location within the inner membrane (IM). (B) The Alphafold structure of E.
coli LetA (AF-POADO3-F1) in a cartoon representation, coloured by per-residue pLDDT
scores. A pLDDT colour key is provided at the bottom of the figure where the spectrum from
blue to red corresponds to decreasing pLDDT score (Jumper et al., 2021). The models were

visualised with ChimeraX (Pettersen et al., 2021).
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1.4.3.2. The PqiABC complex

PqiB forms a homo-hexameric assembly predicted to span the periplasm (~230 A). Each of
the PqiB monomers contains three MCE domains and a c-terminal helix that, when fully
assembled, forms a hollow 6-helical coiled coil and a barrel consisting of three homo-
hexameric MCE rings (Ekiert et al., 2017) (Figure 1.13). Cryo-EM data processing of the
helical coiled coil proved to be challenging due to its high flexibility, most likely arising from

the removal of PqiB from its native, membrane-spanning environment (Cooper, 2023).

Cooper (2023) revealed that PqiB constructs with single point mutations in the PLLs failed to
restore growth on the 1% LSB phenotype, suggesting that both PqiB and LetB might have

similar mechanism of action.

The remaining PqiB operonic components, PgiA and PqiC are predicted to reside within the
IM and OM, respectively (Figure 1.13). PqiA shares close structural homology to LetA, as
revealed by Alphafold, and results in our lab suggest that it might function in a PMF -

dependant manner (unpublished).

In addition, Cooper (2023) uncovered the structure of PqiC, revealing that it adopts an
octameric ring assembly. Nevertheless, the structural information provides little insight into
the assembly of the PqiABC complex. Whilst a low resolution cryo-EM map of the PqiB-PqiC
complex suggested that PqiC might bind directly onto the PqiB needle (Cooper 2023), the
cryo-EM model is too poor to allow definitive conclusion and requires further structural

investigation.
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Figure 1.13. The structures of E. coli PqiB, PqiA and PqiC.

A) The cryoEM model of E. coli PqiB (PDB: SUVN) in a cartoon representation, shown in its
predicted cellular location spanning the periplasm. The blue box suggests the anticipated
extent of the PqiB needle. PgiA and PqiC are represented as a blue box in their predicted
cellular locations within the IM and OM, respectively. (B) The Alphafold structures of E. coli
PqiA (AF-POAFL9-F1) and PqiC (AF-POAB10-F1) in a cartoon representation, coloured by
per-residue pLDDT scores. A pLDDT colour key is provided at the bottom right of the figure,
where the spectrum from blue to red corresponds to decreasing pLDDT score (Jumper et al.,

2021). The models were visualised with ChimeraX (Pettersen et al., 2021).
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1.4.4. The Asma-like protein family

Intermembrane phospholipid transport in gram-negative bacteria may not be limited to the
MCE family of proteins and their associated partners. Recently, a novel E.coli Asma-like
protein family composed of six members was identified: TamB, AsmA, YdbH, YhdP, YhjG,

and YicH (Figure 1.14).

Recent bioinformatic analysis identified the common Chorein-N domain in TamB and AsmaA,
which is also found in eukaryotic PL transporters (Levine, 2019). The Alphaphold structural
prediction and the crystal structure of the TamB domain portion (Josts et al., 2017) suggest
that AsmA-like proteins adopt a “B-taco” fold with a hydrophobic interior that potentially
allows the passage of hydrophobic substrates, such as lipids or membrane proteins. TamB,
YhdP, YhdbH are predicted to be of a sufficient length to span the entire periplasm, providing

a direct link between the IM and OM (Yeow and Chng, 2022).

A number of knockout strains of AsmA-like proteins were generated to uncover their potential
link to PL transport. It was reported that deletion of asmA resulted in a reduction of LPS
levels (Deng and Misra, 1996) and deletion of yhdP displayed vancomycin and detergent
sensitivity, a hallmark of OM perturbation (Mitchell et al., 2018). More recently, it has been
shown that the triple yhdP, tamB and ydbH deletion is lethal to the cell (Ruiz et al., 2021). In
addition, the double deletion of yhdP and tamB lead to cell lysis and the shedding of excess
LPS in the OM vesicles, which is proposed to maintain OM homeostasis when anterograde
PL transport is disrupted (Douglass et al., 2022). Collectively, these studies suggest that the
AsmA-like protein family might be essential for OM homeostasis by providing additional
systems for intermembrane cargo trafficking. Nonetheless, the structural and functional

characterisation remains scarce, necessitating further investigation.
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Figure 1.14. The AsmA-like protein family.
Alphafold structures of the six E. coli Asma-Like protein family members in a cartoon
representation. TamB (AF-P39321-F1), YhdP (AF-P46474-F1), YdbH (AF-P52545-F1),
AsmA (AF-P28249-F1), YicH (AF-P31433-F1), YhjG (AF-P37645-F1). The structures are
coloured by per-residue pLDDT scores. A pLDDT colour key is provided at the bottom of the
figure where the spectrum from blue to red corresponds to decreasing pLDDT score (Jumper

et al., 2021). The models were visualised with ChimeraX (Pettersen et al., 2021).
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1.4.5. The Tol-Pal complex

The Tol-Pal complex is a highly conserved transmembrane system composed of the IM
TolQ, TolR and TolA proteins, the periplasmic protein TolB, and the OM lipoprotein Pal. The
Tol-Pal pathway has been observed to have various functions, including cell division
(Gerding et al., 2007), polar localisation of chemoreceptors in the IM (Santos et al., 2014),
and surface expression O-specific LPS (Gaspar et al., 2000). The Tol-Pal complex knockout
strain displayed a “leaky” membrane phenotype, leading to hypersensitivity to drugs and
detergents (Llamas et al., 2000; Vinés et al., 2005). More recently, PL accumulation has
been observed in Tol-Pal mutant cells in E. coli (Shrivastava et al., 2017) and Salmonella
typhimurium (Masilamani et al., 2018), directly linking Tol-Pal function to PL transport.

Nevertheless, Tol-Pal function remains enigmatic and requires further investigation.
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1.5. Bdellovibrio bacteriovorus: a potential predator for combating antibiotic-

resistant infections.

The proliferation of antibiotic resistance has emerged as a critical challenge in modern
medicine. Gram-negative bacteria pose a significant threat due to their intricate cell envelope
compositions that hinder the penetration of numerous antimicrobial agents. Moreover, the
limited availability of antibiotics coupled with the slow and expensive process of developing
new ones has exacerbated the issue. Consequently, there exists an urgent requirement to

identify alternative strategies for combatting antibiotic-resistant bacteria.

Bdellovibrio bacteriovorus represents a promising target in the fight against antibiotic-
resistant bacteria. It is a small, highly motile gram-negative &-proteobacterium that oscillates
between free-living growth and predation on other gram-negative bacteria, including
important pathogenic strains such as E. coli and S. enterica (Atterbury et al., 2011).
Bdellovibrio-and-like organisms (BALOs) are widely abundant in nature and have been
isolated from several different environments, including soil (Jurkevitch et al., 2000), aqueous
environment (Varon and Shilo, 1981) and the gut of healthy human individuals (lebba et al.,

2013).

The unique lifestyle of Bdellovibrio bacteriovorus, its predation tactics and the significant
number of gram-negative bacteria species that are susceptible to this predator offer a wide
range of potential applications in medicine, industry and agriculture. Indeed, Bdellovibrio
bacteriovorus has received considerable research interest in its utilisation to combat
antibiotic-resistant hospital infections. The first study investigating the potential of
Bdellovibrio bacteriovorus as an antimicrobial agent administered it orally to chickens whose
guts were colonised by Salmonella. The study revealed that Bdellovibrio significantly reduced

the number of Salmonella with no effect on the health of the infected birds (Atterbury et al.,
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2011). More recently, it has been shown that injecting B. bacteriovorus into zebrafish
containing a lethal dose of an antibiotic resistant strain of the human pathogen Shigella
flexneri promoted pathogen eradication and increased zebrafish survival (Willis et al., 2016).
Furthermore, Bonfiglio et al., (2020) revealed that B. bacteriovorus can interfere with crucial
aspects of adherent invasive E. coli strain (AIES) pathogenicity and could control its

overgrowth in Crohn's disease patients.

To date, there have been no reported cases of a bacterium that has developed resistance to
B. bacteriovorus, facilitating its utilisation for antimicrobial drug development. Additionally, the
LPS of B. bacteriovorus has an unusual chemical structure lacking phosphate groups. As a
result, it induces 100-fold less TNF-a secretion from human mononuclear cells when
compared to E. coli K12 (Schwudke et al., 2003), thereby indicating that this predator does

not pose any significant cytotoxicity or inflammatory response.

It is important to note that although B. bacteriovorus kills a large percentage of prey in vitro, it
never results in complete eradication of the attacked population (Varon & Shilo, 1981).
Nevertheless, Pasternak et al., (2014) reported that B. bacteriovorus is resistant to a
surprisingly high number of antibiotic compounds, allowing it to be used in combination with
antibiotics. Furthermore, although B. bacteriovorus invades only gram-negative bacteria, Im
et al., (2018) demonstrated its capability to degrade the Staphylococcus aureus biofilm
matrix and obtain nutrients, suggesting that B. bacteriovorus predation is not limited to gram-

negative bacteria alone.
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1.6. Bdellovibrio bacteriovorus life cycle

Bdellovibrio bacteriovorus has a biphasic cell cycle consisting of two main phases: (1) The
attack phase (AP), during which the predator looks for a prey cell, attaches to its outer
membrane and enters the periplasm. (2) The growth phase (GP), during which B.
bacteriovorus degrades host resources and utilises them to grow and elongate as a filament

until multiple fission occurs, resulting in several new B. bacteriovorus cells (Figure 1.15).
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Figure 1.15. Bdellovibrio bacteriovorus life cycle.

1 - B. bacteriovorus swims at high-speed looking for a prey cell. 2 — It attaches to the prey
cell by its non-flagellar end and penetrates the cell wall of the host cell. 3 — the host cell
rounds up. Cytoplasmic membrane leaks, allowing components to be digested and absorbed
by B. bacteriovorus. 4 - B. bacteriovorus elongates. 5 — As food supply becomes exhausted,
B. bacteriovorus filament divides by multiple fission, splitting into several B. bacteriovorus,
each with its own genome (single circular chromosome). 6 — Host cell swells and new B.

bacteriovorus are released as the host cell raptures.
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Once B. bacteriovorus encounters a potential prey cell, it undergoes a brief “recognition
period” of reversible attachment with its prey cell. The recognition period is non-specific, as
B. bacteriovorus is able to attach to non-prey cells, gram-positive bacteria, and even abiotic
materials in the medium. Attachment becomes irreversible if the prey cell is suitable (Varon &
Shilo, 1968). It was initially believed that B. bacteriovorus utilises its flagellum to enter prey
cells through a “drilling” mechanism. Nevertheless, Lambert et al., (2006) reported that
motility-compromised B. bacteriovorus were able to predate. Recently, Kaplan et al., (2022)
revealed that during invasion, B. bacteriovorus absorbs its flagellum into its own periplasm.
Finally, cryo-EM tomography revealed that B. bacteriovorus enters the prey cell through a
small pore that requires B. bacteriovorus to deform and squeeze through. Once B.
bacteriovorus enters the periplasm, the pore is resealed (Kaplan et al., 2022; Kuru et al.,

2017)

1.6.1. Bdelloplast formation

After entering the periplasm, the host cell rounds up forming a bdelloplast. Targeted
mutagenesis studies have revealed that the bd3459 and bd0816 encoded products, which
exhibit homology to peptidoglycan remodelling enzymes, are responsible for rounding up the
prey cell. This process reduces self-competitive double prey-entry events (Lerner et al.,

2012).
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1.6.2. The growth phase and release of progeny.

As early as 1969, Shilo observed that B. bacteriovorus has the ability to form elongated
filaments (Shilo, M., 1969). When the host resources are depleted, these filaments separate
along their length, giving rise to progeny cells. Upon multiple fission of the filament, B.
bacteriovorus produces either an odd or even number of progeny cells, in sharp contrast to
the binary division of most bacteria (Laloux, 2018). Using time-lapse fluorescence
microscopy, Fenton et al., (2010) revealed that after the separation and maturation of B.
bacteriovorus progeny, which involves the development of flagella, the cells exit the
exhausted prey though a pore in the membrane rather than the breakdown of the entire OM
of the prey. In addition, Harding et al., (2020) revealed that progeny cells secrete

peptidoglycan hydrolytic enzymes, resulting in the targeting of the prey cell envelope.
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1.7. Lipid transport in Bdellovibrio bacteriovorus HD100.

Despite the well documented life cycle of B. bacteriovorus, from the 3587 recognised protein-
encoding genes, over 40% are uncharacterised or hypothetical proteins (Barabote et al.,
2007), likely due to its unique lifestyle and distant evolutionary relationship to model bacteria.
Barabote et al., (2007) revealed that the genome of B. bacteriovorus HD100 encodes the

largest percentage of transport systems when compared to any other free-living bacteria.

Bioinformatics analysis by Tajabadi et al., (2017) exposed that 13% of all protein-coding
genes have the potential of being ABC type and MSF type transmembrane transporters, with
3.3% and 1.2% of these being candidates for lipid and lipoprotein transporters, respectively
(Tajabadi et al., 2017). In addition, Tajabadi and colleagues (2017) also demonstrated that B.
bacteriovorus possesses three times as many lipid transporters as B. exovorus, another
parasitic bacteria that grows outside the prey cell but utilises prey cell contents as nutrients.
Furthermore, there is evidence showing that B. bacteriovorus re-utilises OMPs, lipid A, and
fatty acids of the prey bacteria by integrating them into its own membrane system.
Additionally, Kuru et al., (2022) disclosed that B. bacteriovorus squeezes into the prey’s
periplasm through a self-degraded pore and reseals it after entry. These studies collectively
suggest that cell wall remodelling of both B. bacteriovorus, and the prey cell is of paramount
importance for the unique life cycle of this predator. However, the involvement of lipid
transport systems in the predation and growth mechanisms of B. bacteriovorus remains

largely enigmatic.
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1.8. Biological significance and aim of the project.

A number of publications suggest that MCE proteins are involved in lipid trafficking in gram-
negative bacteria. However, research has mostly focused on elucidating intermembrane lipid
transport in the model organism E. coli, with limited additional studies conducted on
Pseudomonas aeruginosa (Munguia et al., 2017) and Acinetobacter baumannii (Kamischke
et al., 2019). While the Mla system has been intensively studied with a number of
publications confirming its function as a lipid transport pathway, LetB and PqiB protein

involvement in intermembrane lipid trafficking remains only speculative.

MCE proteins are widely distributed across bacterial species and have been found to be
located with a variety of neighbouring genes, possessing miscellaneous domain
architectures. The diversity of MCE proteins represents a largely unexploited research
avenue that could uncover a fundamental knowledge gap in the mechanism behind

intermembrane PL transport.

We have decided to expand the bacterial organisms within which the role of MCE proteins is
being studied by focusing on Bdellovibrio bacteriovorus HD100. Bioinformatic analysis has
suggested that membrane transport proteins might play a significant role in the lifecycle of
this predatory species (Tajabadi et al., 2017), nevertheless, to date, only the TAT system has

been experimentally studied (Chang et al., 2011).

The biological significance of the current project is twofold: analysing putative lipid transport
proteins could provide considerable insight into the unique lifecycle of Bdellovibrio
bacteriovorus, potentially accelerating its therapeutic exploitation. Additionally, diversifying
the organisms in which MCE proteins are being studied could provide novel insight into the

fundamental processes of OM biogenesis.
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Chapter 2 - Materials and Methods



2.1. Culture media and growth conditions

Bacterial cultures were grown in Miller’s lysogenic broth (hereafter referred to as LB)
(consisting of 10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract). Unless otherwise stated, LB
was supplemented with the selection antibiotic kanamycin (30 ug/mL). Overnight cultures
were prepared in a 20 mL universal tube and incubated at 37°C in a shaking incubator at 180
rpm. To prepare LB agar, 15 g/L of nutrient agar was added into the LB. Unless otherwise

stated, LB agar plates were grown at 37 “C overnight.
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2.2. Construct design

Table 2.1. E. coli strains used in this study.

Strain

Usage

Source

E. coli C43 (DE3)

Protein expression

Miroux and Walker, 1996

E. coli DH5a

Plasmid replication

New England Biolabs

E. coli NEB5a

Plasmid replication

Table 2.2. DNA constructs used in this study.

New England Biolabs

Construct Plasmid Restriction sites | His-tag location | Source
Bd1153-Bd1152 pET26b(+) | Xhol-Ndel c-terminus GenScript
Bd1153-Bd1151 pET26b(+) | Xhol-Ndel c-terminus This study
Bd3410-Bd3413 pET26b(+) | Xhol-Ndel c-terminus GenScript
Bd177033"7 pET26b(+) | Xhol-Ndel c-terminus GenScript
Bd1153-Bd1152 pET26b(+) | Xhol-Ndel n-terminus Twist Bioscience
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Table 2.3. Primers used in this study.

Primer Sequence (5’ to 3) Description

Bd1152s_ | CAGTATCTGACGTCGCTG Forward primer for the

F formation of the Bd115237-283
construct from the Bd1153-
Bd1152 construct.

Bd1152s_ | CATATGTATATCTCCTTCTTAAAGTTAAAC Reverse primer for the

R formation of the Bd115237-283
construct from the Bd1153-
Bd1152 construct.

Bd1153- GGGGGGCATATGAATACACAAGCTCAGCCTCT | Forward primer for

1151_F_N | GACC amplification of the entire

de1 Bd1153-Bd1151 operon from
the B. bacteriovorus HD100
genome.

Bd1153- Reverse primer for

1151_R_X | GGGGGGCTCGAGCTTTGTAAAATAGGTGACCA | amplification of the entire

ho1 GAAT Bd1153-Bd1151 operon from
the B. bacteriovorus HD100
genome.

Bd1152s_| | CAAAGTCAGCTGTCAGGGCATCACC Forward primer for introducing

112C_F the 1112C point mutation into
the Bd1152%7-283 construct.

Bd1152s_| | GGGGTGACGATCCAGAAC Reverse primer for introducing

112C_R the 1112C point mutation into
the Bd1152%7-283 construct.

Bd1152s_ | AATCAATTCATGTGAAACTCTGCTTCACGG Forward primer for introducing

L238C_F the L238C point mutation into
the Bd1152%7-2831112C construct.

Bd1152s_ | TTTAGTTCTGATTTGAACAGAC Reverse primer for introducing

L238C_R the L238C point mutation into
the Bd1152%7-2831112C construct.

Bd1152%- | ACTGGGTCTGGCTAAATCAGAACTAAAAATCAA | Forward primer for introducing

28311120 TTCATGTGAAACTCTGCTTCAC the F229A point mutation into

L238C the Bd11 5237—283 1112C L238C

F229A F construct.

Bd1152%- | TTGGCCTGCACGCCGACC Reverse primer for introducing

28311120 the F229A point mutation into

L238C the Bd11 5237—283 1112C L238C

F229A R construct.

Bd1152%- | CAAACTGGGTGCTTTCAAATCAGAACTAAAAAT | Forward primer for introducing

28311120 CAATTCATGTGAAACTCTGCTTCACG the L228A point mutation into

L238C F229A the Bd1 1 5237-283 1112C L238C F229A

L228A F construct.

Bd1152%"- | GCCTGCACGCCGACCTTG Reverse primer for introducing

28311120 the L228A point mutation into

L238C F229A the Bd1 1 5237-283 1112C L238C F229A

_L228A R construct.
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2.21. Qb5-site directed mutagenesis.

All deletion and substitution mutations were carried out using a Q5 site-directed mutagenesis

kit (NEB) following the manufacturers protocol (E0554). Primers were designed using the

NEB primer design tool NEBaseChanger (https://nebasechanger.neb.com) and are listed in

Table 2.3. The reaction constituents and thermocycler conditions are summarised in Table

2.4 and Table 2.5, respectively. Annealing temperatures for primers were calculated using

the NEBaseChanger tool (https://nebasechanger.neb.com)

Table 2.4. Q5-site directed mutagenesis reaction constituents (NEB)

Reagent

Amount (pL)

10x Hot Start High-Fidelity 2x Master Mix

12.5

10uM Forward primer

1.25

10uM Reverse primer

1.25

Template DNA (1-25ng/pL)

1

Nuclease free water
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Table 2.5. Thermocycler conditions for PCR

Step Temperature | Time
Initial denaturation | 98°C 30sec
25 Cycles 98°C 10sec
50-72°C 30sec
72°C 30sec/kb
Final Extension 72°C 2min
Hold 4°C

The resulting PCR reaction was treated with KLD reaction buffer and KLD enzyme mix
(containing Kinase, Ligase and Dpn1 enzymes) (Please see Table 2.6) and incubated for 20
min at room temperature. NEB5a competent E. coli cells (NEB) were transformed with 5 uL

of the KLD mix and plated on LB agar supplemented with an appropriate selection antibiotic.

Table 2.6. Kinase, ligase and Dpn1 (KLD) treatment.

Reagent Amount (pL)

PCR product 1

2 x KLD reaction buffer | 5

10 x KLD enzyme mix | 1

Nuclease free water 3
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2.2.2. Cloning

Primers used for cloning are listed in Table 2.3. DNA fragments required for cloning were

amplified using Phusion High-Fidelity DNA polymerase (NEB) supplemented with GC buffer

(NEB). The reaction constituents are detailed in Table 2.7. Typically, two 50 uL reactions

were run on the thermocycler, utilising the cycling conditions listed in Table 2.5 for 30-35

cycles.

Table 2.7. PCR reaction constituents for PCR with Phusion High-Fidelity DNA

polymerase.

Reagent

Amount (pL)

5 x Phusion HF or GC Buffer

20

10mM dNTPs

2

10uM Forward Primer

10uM Reverse Primer

Template DNA (<250ng)

Phusion enzyme

0.5

Nuclease free water

75
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The resulting DNA fragments were separated with agarose gel electrophoresis (more detail
in section 2.4.3) and extracted using Qiagen QIAquick Gel Extraction kit as per the
manufacturer’s guidelines. Purified DNA (~1 pg) and pET26b(+) vector (~1 ug) were digested
with Nde1 and Xho1 restriction enzymes at 37°C for 1 h. Reaction constituents are listed in
Table 2.8. Immediately following digestion, the plasmid reaction was treated with Quick Cip
(NEB) at 37°C for 1 h to prevent re-ligation. Digested DNA fragments and vector were
cleaned up using QlAquick PCR & Gel Cleanup Kit as per manufacturers guidelines and
quantified using a DeNovix DS-11 FX spectrophotometer (DeNovix) utilising the ‘dsDNA’
program. The insert and backbone were ligated at a 5:1 insert:plasmid ratio using T4 ligase
(NEB) in an overnight reaction at 16 °C. Reaction constituents are listed in Table 2.9.
Following incubation, 5 yL of the ligation reaction was transformed into E.coli DH5a cells

(NEB) and plated on the LB agar supplemented with 30 pg/mL Kanamycin.
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Table 2.8. Double restriction digest reaction constituents.

Reagent Amount (uL)
Nde1 Restriction Enzyme 1

Xho1 Restriction Enzyme 1

10 x CutSmart buffer 5

DNA X ML = 1ug
Nuclease-free water to 50

Table 2.9. 74 DNA ligation constituents using a molar ration of 1:5 pET26b(+) vector

and the Bd1153-Bd1152 insert.

Reagent Amount (uL)
10x T4 DNA Ligase Buffer 2

Vector DNA 10 (75nQ)
Insert DNA 4 (64ng)

T4 DNA Ligase 1
Nuclease-free water to 20
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2.2.3. Agarose gel electrophoresis

Amplified DNA fragments were separated and visualised with 0.8 — 2 (w/v) % agarose gels.
A required mass of agarose (Bioline) was dissolved in 1 x TAE buffer (40 mM Tris, 20 mM
Acetic acid, 1 mM EDTA) by heating the solution. SYBR Safe DNA stain (Thermo Fisher
Scientific) was added into the solution as per the manufacturers guidelines prior to pouring it
into a Bio-Rad horizontal electrophoresis system. DNA samples were mixed with 5x loading
buffer Blue (Bioline) at a 1:5 buffer-to-sample ratio. Hyperladder (1 Kb) (Bioline) was used as
a marker. Gels were run in 1 x TAE buffer for approximately 30 min at 100 V. Gels were

viewed under UV light and imaged using a GelDoc (Bio-Rad) system.

2.2.4. DNA preparation and sequencing

Plasmid DNA was isolated from 5 mL overnight cultures using Qiagen QlAprep Spin
Miniprep kit as per the manufacturer’s guidelines. Plasmid DNA was quantified using a
DeNovix DS-11 FX spectrophotometer (DeNovix) utilising the ‘dsDNA’ program. When

required, it was sent for sequencing with Source Bioscience (www.sourcebioscience.com).

For sequencing, 5 L of plasmid DNA (50 — 100 ng/uL) was submitted for sequencing using

Source Bioscience’s T7F or T7R sequencing primers, depending on the mutation position.
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2.3. Preparation of E. coli chemically competent cells

To prepare E. coli competent cells, the desired strain was inoculated in 5 mL LB and grown
overnight at 37°C. This starting culture was then used to inoculate 100 mL of LB ata 1:100
dilution and grown at 37°C until ODsoo of 0.4 — 0.5. The cells were placed on ice for 10 min
and spun down in 50 mL tubes at 3220 x g for 10 min at 4°C. The pellet was resuspended in
30 mL of 30 mM potassium acetate, 50 mM manganese chloride, 100 mM potassium
chloride, 10 mM calcium chloride, 15% v/v glycerol and incubated on ice for 90 min. The cells
were centrifuged again at 3220 x g for 10 min at 4°C and resuspended in 4 mL of 10 mM
CaCly and 15 % glycerol. Cells were then aliquoted into sterile Eppendorf tubes (50 pL each)

and snap frozen in liquid nitrogen. Aliquots were stored at -80°C until further use.

2.4. Bacterial transformation.

The plasmid DNA was transformed into the desired E. coli strain using heat shock. 1-5 pL of
plasmid DNA was incubated with ~50 yL of competent cells on ice for 30 min. The E. coli
cells were heat shocked at 42°C for 30 sec and immediately placed on ice for a further 5 min.
SOC (Super Optimal broth with Catabolite Repression) solution was added into the cells
before incubation at 37°C for 1 hour. The cells were then plated on LB agar supplemented

with the required selection antibiotic and grown at 37°C overnight.
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2.5. Expression and purification of recombinant proteins

2.5.1. Growth conditions for both soluble and membrane proteins.

20 mL LB was supplemented with the required selection antibiotic and inoculated with a
single colony of transformed E. coli C43 (DE3) cells before growth overnight at 37°C. The
following day, 2 L of LB media was supplemented with the required selection antibiotic and
inoculated with the 20 mL overnight culture. Cells were grown at 37°C until ODsgo = 0.5-0.6
before protein expression was induced with 1 mM isopropyl 3-D-1-thiogalactopyranoside
(IPTG). Protein expression continued overnight at 18°C. Cells were then harvested by
centrifugation at 4000 x g (JLA 8.1000, Beckman Coulter) for 15 min at 4°C. Cell pellets were

stored at -80°C until required.

2.5.2. Purification of soluble proteins

The Ce” pellets (Bd1 15237-283, Bd1 15237-283 I112CL2380, Bd1 15237-283 1112C L238C L228A F229A,
Bd1770%%*"") were thawed and resuspended in a resuspension buffer (20 mM Bis-Tris-
Propane (BTP), 500 mM NacCl, pH 8) supplemented with cOmplete™ EDTA-free protease
inhibitor tablets (Roche). Cells were lysed via 3 passes of a C3 Emulsifex cell disruptor
(Avestin) at 17000 psi at 4°C. Cell debris was pelleted by centrifugation at 45000 x g (JA
25.50, Beckman Coulter) for 1 h at 4°C. The supernatant was then filtered with a 0.1-micron
syringe filter (MerckMilipore). A 5mL HisTrap™ HP Ni-NTA column (Cytiva) was equilibrated
with 5 column volumes of wash buffer (20 mM BTP, 500 mM NaCl, 50 mM Imidazole, pH 8)
before the supernatant was recirculated through the column overnight at 4°C. The column
was subsequently washed with 5 column volumes of wash buffer before the protein was

eluted in 12 x 1 mL fractions of elution buffer (20 mM BTP, 500 mM NaCl, 500 mM
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Imidazole, pH 8). Collected elution fractions were analysed via SDS-PAGE (see 2.5.4) and
loaded onto a Superdex S200 10/300 Increase (GE Healthcare) column for further
purification in SEC buffer (20 mM BTP, 150 mM NacCl, pH 8). All buffers were filtered with

0.45-micron filters (MerckMilipore) and degassed.

2.5.3. Purification of membrane associated complexes.

The cell pellets (Bd1153-Bd1151, Bd1153-Bd1152, Bd3413-Bd3410) were thawed and
resuspended in a resuspension buffer (20 mM BTP, 500 mM NacCl, pH 8.5) supplemented
with cOmplete™ EDTA-free protease inhibitor tablets (Roche). Cells were lysed via 3 passes
of a C3 Emulsifex cell disruptor (Avestin) at 17000 psi and 4°C. Lysed cells were pelleted by
centrifugation at 10000 x g (JA 25.50, Beckman Coulter) for 10 min at 4°C. The supernatant
was then transferred into ultracentrifuge tubes and membranes harvested at 165000 x g
(Type 70 Ti Fixed Angle Rotor, Beckman Coulter) for 1 h at 4°C. Membranes were
resuspended in solubilisation buffer (20 mM BTP, 500 mM NaCl, 1% DDM (n-Dodecyl 3-D-
maltoside), pH 8.5) supplemented with cOmplete™ EDTA-free protease inhibitor tablets
(Roche). Membranes were solubilised for 3 h at 4°C before centrifugation at 75000 x g for 25
min at 4°C to pellet any insoluble material. The resulting supernatant was filtered through a
0.45-micron filter (MerckMilipore) before binding overnight to Ni-NTA beads (Qiagen) pre-
equilibrated with 5 column volumes of wash buffer (20 mM BTP, 500 mM NaCl, 50 mM
Imidazole, 0.03% DDM, pH 8.5). The Ni-NTA beads were subsequently washed with 5
column volumes of the wash buffer before the protein was eluted with elution buffer (20 mM
BTP, 500 mM NaCl, 500 mM Imidazole, 0.03% DDM, pH 8.5). Elution fractions were
analysed with SDS-PAGE and loaded onto a Superose 6 10/300 Increase (GE Healthcare)
column for further purification in SEC buffer (20 mM BTP, 150 mM NacCl, 0.03% DDM, pH

8.5).
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2.5.4. SDS-PAGE analysis

Protein samples were mixed with a 2 x LaemmLi sample buffer (Sigma-Aldrich) (4% SDS,
20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue and 0.125M Tris-HCI pH
6.8) in a 1:1 ratio. The samples were loaded onto 4-12% bis-tris gels (GenScript) and run in
MES buffer (GenScript) at 160 V for 45-50 min. Gels were stained with InstantBlue™

Ultrafast Protein Stain (Sigma-Aldrich).

2.5.5. Western blot

Protein samples were separated by SDS-PAGE and subsequently transferred onto a
nitrocellulose membrane via a Trans-Blot Turbo transfer system (Bio-Rad). The membranes
were initially blocked at 4°C with TBST buffer (20 mM Tris, 150 mM NacCl, 0.1% w/v
Tween®20) supplemented with 5 % (w/v) skimmed milk powder. They were then incubated
overnight with a 6x His monoclonal antibody (Takara Bio) diluted 1:5000 in TBST
supplemented with 5 % (w/v) skimmed milk powder. Membranes were washed five times
with TBST buffer prior to incubation with anti-mouse HRP-conjugated secondary
(ThermoFisher Scientific) diluted 1:10000 in TBST for 1 h. Membranes were washed five
times with TBST buffer and incubated with ECL (Cytiva) before being imaged using an

Amersham 600 series imager (GE Healthcare).
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2.5.6. Thin layer chromatography

The lipids were extracted from purified soluble proteins using chloroform-methanol
extraction. 2 mL of purified protein at 0.5 mg/mL was mixed with 2 mL of methanol and 1 mL
of chloroform in a glass tube. The solution was vortexed for 5 min, incubated at 50°C for 30
min, and vortexed again for 5 min. The sample was then centrifuged at 2250 x g for 10 min at
room temperature, allowing the lower chloroform phase to be extracted and transferred into a
new glass tube. The chloroform was evaporated, and the dried lipids were resuspended in

100 L of fresh chloroform.

5 pL of the sample and lipid standard (E. coli polar phospholipids (Avanti)) were loaded onto
Silica TLC plates (Sigma-Aldrich). The TLC plate was then run in a 6.5:2.5:1 (chloroform :
methanol : acetic acid) solvent mixture until 1 cm was left from the top of the plate. The
plates were left to dry before staining with 10% phosphomolybdic acid (PMA) dissolved in

ethanol. Plates were developed by heating until the solvent front was clearly visible.

2.5.7. Formation of apo-proteins

The lipid wash procedure was performed according to Hughes et al., (2019). Purified protein
was loaded onto a 5mL HisTrap™ HP Ni-NTA column (Cytiva) and washed three times with
5 column volumes of 50 mM BTP, 500 mM NaCl, 10 mM Imidazole, 50 mM n-octyl 3-D-
glucopyranoside (B-OG), pH 8, with a 1 h incubation period between washes. The column
was then washed with 10 column volumes of 50 mM BTP, 150 mM NaCl, 10 mM Imidazole,

pH 8, followed by eluting protein with 50 mM BTP, 150 mM NaCl, 500 mM Imidazole, pH 8.
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2.5.8. The GraFix method.

GraFix was performed in accordance with Stark et al., (2010). A continuous density gradient
was prepared as follows: 5% sucrose and 30% sucrose solutions were prepared. 0.015% of
glutaraldehyde was added to the 30% sucrose solution. Using a gradient pourer and
peristaltic pump, the high-density and low-density solutions were mixed inside the Open-Top
Thinwall Ultra-Clear (14x89mm) tubes (Beckman Coulter) to a final volume of 11 mL. 500 pL
of purified Bd115237-2831112CL238C gt 2 mg/mL was loaded on top of the column and centrifuged
for 17 h at 273000 x g and 4°C (SW-41 Ti Beckman Coulter). 500 pL fractions were carefully
aspirated and analysed via SDS-PAGE. Fractions containing species of the approximate
molecular mass of the Bd115237-283 112CL238C hayamer were loaded onto a Superdex S200
10/300 increase column (GE Healthcare) in SEC buffer (20 mM BTP, 150 mM NacCl, pH = 8).

The resulting protein was snap frozen in liquid nitrogen and stored at -80°C until further use.
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2.6. Cryo-EM and negative stain transmission electron microscopy (TEM).

2.6.1. Preparation of negative stain grids

Prior to sample application, carbon-coated copper grids (Agar Scientific) were glow
discharged for 60 sec at 35 mA using a GloQube® (Quorum) glow discharge unit. 10 L of
0.03 mg/mL protein sample was applied and incubated for 1 min before the excess liquid
was blotted using filter paper. 10 pL of 2.5 % uranyl acetate solution was added onto the
grid, incubated for 30 sec, and blotted using filter paper. Images were taken on a JEOL1400

microscope at 50,000x - 150,000x magnification.

2.6.2. Preparation of graphene oxide coated grids.

QUANTIFOIL® 300 mesh R1.2/1.3 AU grids (Quantifoil Micro Tools) were glow discharged
for 180 sec at 40mA using a GloQube® (Quorum) glow discharge unit. 3uL of graphene
oxide (GO) solution (0.2mg/mL) (Sigma 763705) was applied to the grid and incubated for
one minute. Excess liquid was blotted using filter paper. The grid was then washed three

times with distilled water drops and left to air-dry.
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2.6.3. Preparation of Cryo-EM grids.

3 uL of purified protein was applied to a QUANTIFOIL® AU R1.2/1.3 300 mesh grid (If grids
did not contain an additional GO coating, they were glow discharged for 60 sec at 35 mA
using GloQube® glow discharge unit (Quorum). A Vitrobot Mark IV (Thermo Fisher Scientific)
was used to blot the grids before plunging into liquid ethane. Cryo-EM grids were screened,
and data were collected with a Titan Krios transmission electron microscope (Thermo Fisher
Scientific) at the Midlands Regional cryo-EM facility operating at 300 kV or with an Arctica
cryo-TEM (Thermo Fisher Scientific) at CNB-CSIC (Madrid, Spain) operating at 200 kV. Data

collection parameters are listed in Table 2.10.

2.6.4. Cryo-EM sample optimisation.

To optimise the particle distribution on QUANTIFOIL® AU R1.2/1.3 300 mesh grids, we
utilised the VitroEase™ Buffer Screening Kit (Thermo Fisher Scientific) as per manufacturers
guidelines. Briefly, 10 pL of purified protein sample was spiked with 3 uL of detergent
solution (B-OG (octyl B-D-glucopyranoside), Tween 20 (polyoxyethylene 20), DM (n-decyl-R-
D-maltoside) and FOM (fluorinated octyl maltoside) at 0.5 x CMC and immediately snap

frozen with Vitrobot Mark IV (Thermo Fisher Scientific).
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2.6.5. Data collection and processing

For more details on data processing please refer to Chapter 4. Briefly, data processing was
performed in RELION (v3.1.3 and 4.0 - beta) (Scheres, 2012a, 2012b), cryoSPARC
(v.2.12.0) (Punjani et al., 2017) and Scipion (v3.0.12) (de la Rosa-Trevin et al., 2016). The
major steps of data processing included motion correction (Motioncorr2) (Zheng et al., 2017)
and CTF estimation (CTFFIND4; GCTF) (Rohou and Grigorieff, 2015) (Zhang, 2016).
Particles were picked using a combination of different picking approaches including: manual
picking, Topaz (Bepler et al., 2019) and crYOLO (Wagner et al., 2019). Extracted particles
were subjected to several rounds of 2D classification followed by initial model generation.
Models were improved by 3D classification and 3D refinement. Cryo-EM maps were

visualised in UCSF ChimeraX (Pettersen et al., 2021).
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Table 2.10. Cryo-EM data collection parameters used in this study.

Bd1153- Bd1152%- | Bd1152%7%% | Bd1152%728 | Bd1152%7283
Bd1 152 283 1112C L238C 1112C L238C 1112C L238C + 05
GraFix x CMC FOM

Detector K3 K3 K3 K3 Falcon Il

Detector Super Super Super Super Super

mode resolution resolution | resolution resolution resolution
bin1 counting counting bin | counting bin 2 | counting bin 2

bin 1 2

Voltage (kV) | 300 300 300 300 200

Pixel size (A) | 0.85 0.85 0.835 0.835 0.855

Defocus (um) | -2.7t0-1.2 | -2.7t0-1.2 | -2.3t0-0.8 -1t0-2.5in -1.41t0-3in 0.2
in 0.3 um in 0.3 um in 0.3 um 0.3 ym pgm intervals
intervals intervals intervals intervals

Dose rate on | 16.5 16.5 18 19.3 31

specimen (e

/pix/sec)

No. of frames | 45 43 50 50 60

Exposure 2 3 2 2 2

time (s)

No. of 12090 533 9667 1533 1586

micrographs
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2.7. X-ray crystallography

2.7.1. Crystal growth

Proteins were purified as described in section 2.5. After purification with size exclusion
chromatography, proteins were concentrated using a 10 kDa MWCO Amicon centrifugal filter
unit (MerckMilipore). Crystallisation screens were set up using a sitting drop vapour diffusion
method at 18°C. Crystallisation screens were set up by hand in 96 well CombiClover™
crystallisation plates (Molecular dimensions) (2 uL of protein + 2 uL of condition) or using a
Mosquito HTS liquid handling robot (SPT Labtech) (400 nL protein + 400 nL reservoir
solution per drop). A number of commercial crystallisation screens (Molecular Dimensions)
were used for crystallisation, including Morpheus®, Morpheus®1l, The BCS Screen, JCSG
Plus™, MemGold™, MemGold2™, MemPlus™, MIDASplus™. Crystallisation of Bd115237-283
112C L238C L228A F229A occurred in @ MemGold™ screen condition comprising 0.015 M Tricine, pH
8.5, 24% w/v PEG 4000. Crystals were fished with an appropriately sized circular litholoop™
(Molecular Dimensions) and transferred to a cryoprotectant solution containing the initial
condition constituents supplemented with 25% v/v PEG 400. Crystals were incubated for 5

min before being snap freezing in liquid nitrogen. Crystals were then stored in cryo-cooled

pucks until data collection.

89



2.7.2. Data collection and processing.

X-ray diffraction data were collected at the European Radiation Synchrotron Facility (ERSF)
(Grenoble, France) beamline ID30A-3 and indexed to the H3 space group. Datasets were
collected using standard methods (images = 1800, oscillations = 0.1° Q, transmission =
100%, exposure = 0.03s, wavelength = 0.9763A). Collected datasets were automatically
reduced and processed by the ISPyB integrated pipelines (xia2 dials (Winter et al., 2022),
fast_dp (Winter and McAuley, 2011), xia2 3dii (Winter et al., 2013); autoPROC (Vonrhein et

al., 2011) and autoPROC + STARANISO (Vonrhein et al., 2018).

The resolution limit and size of the beam were adjusted depending on the crystal. Crystal
data were solved with molecular replacement (MR) using the Phaser program (McCoy et al.,
2007) integrated into the PHENIX software (Torices and Mufoz-Pajares, 2015), and manual
built in COOT (Emsley et al., 2010). Models were refined via repeated cycles of refinement
using phenix.real_space_refine (Afonine et al., 2012) and ISOLDE (Croll, 2018). Model
validity was assessed with the MolProbity program, which is integrated within PHENIX (Chen

et al., 2010).
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2.8. Identification of Bdellovibrio bacteriovorus MCE proteins.

A local BLASTP (Madden et al., 1996) search was used to identify MCE domain-containing
proteins in Bdellovibrio bacteriovorus strain ATCC 15356 / DSM 50701 / NCIB 9529 / HD100
by providing full-length sequences of E. coli MlaD (UniProt entry name: P64604), PqiB
(UniProt entry name: P43671) and YebT/LetB (UniProt entry name: P76272) as inquiry
sequences. In addition, the PFAM database (Mistry et al., 2021) was scanned for the
presence of MCE domain-containing sequences in Bdellovibrio bacteriovorus HD100. The
amino acid sequences were retrieved from the NCBI (National Center for Biotechnology

Information) database (http://www.ncbi.nlm.nih.gov) in FASTA format.

2.9. Structural prediction

Alphafold2 (Jumper et al., 2021) was used to predict the structures of all proteins of interest
within this study. Amino acid sequences were retrieved from the NCBI database and
submitted to Alphafold2 implemented in the ColabFold notebook
(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFol

d.ipynb). Default parameters were used in predictions.
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2.10. Foldseek analysis

Foldseek (Kempen et al., 2023) was used to identify 2-MCE domain-containing proteins. We
compared the Alphafold model of B. bacteriovorus 2-MCE domain-containing protein Bd1152
against all organisms using default parameters (https://search.foldseek.com/search).

For validation of the Foldseek method, we manually inspected Alphafold structures of all

identified 2-MCE domain-containing proteins.

211. Zernike3D

The Zernike3D algorithm was implemented within Xmipp (de la Rosa-Trevin et al., 2013) and
is available through Scipion (de la Rosa-Trevin et al., 2016) under a protocol named flexutils

— angular align — Zernike3D.

For heterogeneity analysis, a Bd115237-283112CL238C reference map (C1), its associated
particles (883461) (downsampled to box size of 125 voxels) and binary mask were used as
inputs for Zernike3D analysis (Herreros et al., 2023, 2021). Zernike3D coefficient space was
visualised with UMAP via the Xmipp protocol named Annotate space. Particles were
extracted, and 3D maps were reconstituted with ab-initio (cryoSPARC) and non-uniform
refinement (cryoSPARC). The resulting cryo-EM maps and x-ray structure of Bd115237233
112C L238C L228A F229A \yere subjected to IMODFIT (Lopéz-Blanco and Chacon, 2013) flexible

fitting analysis implemented in the Scipion framework.
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212. CryoDRGN

For heterogeneity analysis, particles were downsampled to the box size of 125 voxels and
analysed using cryoDRGN v1.0 with default settings (Zhong et al., 2021).

The particle stack was used to train an 8-dimensional latent variable model in cryoDRGN for
39 epochs. After training, the model was analysed using the “cryoDRGN analyse” pipeline,
where k-means clustering was performed with k=20, and the conformation landscape

visualised with UMAP.

2.13. Model building

The Bd115237-2831112CL238C oryo.EM map and mutated sequence (residues 1-37 deleted,
1112C and L238C substitutions) were used as an input for ModelAngelo (Jamali et al., 2022).

The resulting model was refined with Phenix real_space_refine (Afonine et al., 2018).
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Chapter 3 - Identification of MCE domain-containing

proteins within Bdellovibrio bacteriovorus HD100



3.1. Introduction

MCE domain-containing proteins are ubiquitous amongst gram-negative bacteria and have
also been identified in plants (Casali and Riley 2007). Nevertheless, research has mainly
focused on characterising MCE proteins in Actinobacteria, with a number of studies
suggesting their roles in pathogenicity and lipid transport (Cantrell et al., 2013; Gioffré et al.,
2005; Klepp et al., 2012). Recently, there has been a growing interest in MCE proteins found
in proteobacteria, where they have been proposed to serve as intermembrane phospholipid
transport machineries. The best-characterised MCE protein in E.coli is MlaD, a member of
the Mla pathway (Ekiert et al., 2017; Hughes et al., 2019; Kamischke et al., 2019).
Additionally, E.coli has two other MCE proteins PqiB and LetB (formerly known as YebT),
containing three and seven MCE rings, respectively. These proteins are believed to span the
periplasm and provide a direct link between the IM and OM. Both proteins have been
partially structurally characterised (Ekiert et al., 2017; Isom et al., 2020), however, their

function remains elusive.

Overall, the majority of research on MCE domain-containing proteins has centred upon
Actinobacteria and the model organism E. coli, with a few studies focusing on other
organisms (Pseudomonas aeruginosa (Munguia et al., 2017) and Acinetobacter baumannii
(Kamischke et al., 2019)). Consequently, there remains a large knowledge gap regarding the
structure and function of MCE proteins in other bacterial species. Several bioinformatic
analyses of MCE proteins have been published. Casali and Riley (2007) focused only on
assessing the distribution of mce operons in Actinomycetales, with a brief insight into genes
encoding MCE proteins in gram-negative bacteria. A more detailed bioinformatic analysis of
MCE proteins was published by Isom et al., (2017), in which the architectures of all bacterial
MCE proteins were identified. 97% of all identified MCE proteins were classified into the four

architectures shown in Figure 3.1.
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Figure 3.1. The top four (I-IV) MCE domain architectures across bacterial kingdom.

Reproduced from Isom et al., (2017).

The most abundant architecture of MCE proteins is type |, which comprises a single MCE
domain and includes MlaD, the well-known E. coli Mla system component. The type Il
architecture is the second most abundant, comprising a single MCE domain and a DUF3407
domain (Cholesterol Uptake Porter), which are specific to Actinobacteria. Type Il and IV
architectures consist of three and seven MCE domains, respectively. Both these
architectures appear specific to proteobacteria and are referred to as PqiB (type Ill) and LetB
(type IV) in E. coli. Additionally, analysis of neighbouring genes by Isom et al., (2017)
revealed that the type | MCE proteins are typically located adjacent to genes encoding

permease and ATP-binding domains.
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3.2. Chapter Aims

As discussed in section 1.6, bioinformatic analysis conducted by Tajabadi et al., (2017)
suggested the potential significance of lipid transport systems in the lifecycle of Bdellovibrio
bacteriovorus. MCE-domain containing proteins are known to play a role in lipid transport in
other bacteria, therefore we anticipate that they provide a similar role in this predatory
species. As such, the objective of this chapter was to perform a bioinformatic analysis

of MCE domain-containing proteins within the Bdellovibrio bacteriovorus HD100

genome, with the aim of identifying potential targets for their subsequent structural and

functional characterisation.
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3.3. Results

3.3.1. Identification of MCE domain-containing proteins within B. bacteriovorus HD 100,

prediction of protein domain architectures and neighbouring gene analysis.

BLASTP (Madden et al., 1996), PFAM (https://pfam.xfam.org) and Operon Mapper tool
(Barabote et al., 2007) were utilised to identify MCE domain-containing proteins within B.

bacteriovorus and analyse their domain architectures and neighbouring genes.

A total of five MCE proteins were identified within Bdellovibrio bacteriovorus HD100 and
summarised in Table 3.1. Bd1770, Bd3120, Bd3413, and Bd3803 are predicted to have a
similar domain architecture consisting of a single MCE domain, whilst Bd1152 is predicted to
harbour two MCE domains. Although an n-terminal transmembrane helix was identified in all
MCE-domain proteins via TMHMM - 2.0 (Krogh et al., 2001) in B. bacteriovorus HD100, no
signal peptide could be identified for any of these proteins via the SignalP 6.0 (Teufel et al.,

2022).

The Operon Mapper tool was used to investigate operons containing MCE proteins (Figure
3.2). All genes within the operons were analysed with BLASTP (significant matches were
identified as those possessing an E-value < 1.0) and PFAM to identify homologous proteins
and determine their domain architectures, respectively. Results revealed that single MCE
domain-containing proteins are located in operons with proteins themselves predicted to
contain permease and ATP-binding domains, showing homology to the E. coli MlaE and
MiaF proteins, respectively. Bd1152 is located within an operon together with Bd1151 and
Bd1153. Bd1151 is small 53aa protein with a predicted c-terminal transmembrane helix with
no homologous proteins, whilst Bd1153 is a 169aa protein showing 37% sequence identity to
E. coli PqiA.
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It is important to note that homologues of the MlaA, MlaC, MlaB and PqiC proteins, members

of the E. coli Mla and Pqi systems, respectively, were not identified within the B.

bacteriovorus HD100 genome. All other proteins predicted to be located in operons together

with an MCE-domain protein were also investigated, and their domain architectures were

determined (Appendix 1).

Table 3.1. MCE-domain containing proteins within Bdellovibrio bacteriovorus HD100.

Gene ID Location Description A number of | Homologous Sequence
predicted proteins identity
MCE
domains
Bd1152 | 1093150..10 | PqiB family protein; 2 Intermembrane | 31.3%
94001 hypothetical protein transport protein
PqiB (E. coli)
Bd1770 | 1703091..17 | ABC-type multidrug 1 No significant n/A
04044 transport system similarity found
substrate-binding within E. coli
protein
Bd3120 | 3024468..30 | ABC-type organic 1 No significant n/A
25844 solvent transporter, similarity found
solute-binding within E. coli
periplasmic protein.
Bd3413 | 3324478...3 | ABC-type transport 1 Outer 28.05%
325293 system involved in membrane lipid
resistance asymmetry
maintenance
protein MlaD (E.
coli)
Bd3803 | 3671782..36 | ABC-type organic 1 Outer 26.61%
72558 solvent resistance membrane lipid
transport system, asymmetry
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Operon 578 { bd1151 |< bd1152 K bd1153 li

Operon 888 —' bd1768 >| bd1769 >| bd1770

Operon 1612{ bd3116 K bd3117 |< bd3118 K bd3119 K bd3120 |< bd3121 K bd3123 K bd3124 |< bd3125 K bd3126 Ii
Operon 1750—' bd3410 >| bd3411 >| bd3412 >| bd3413

Operon 1958{ bd3802 K bd3803 K bd3804 K bd3805 K bd3806 |< bd3807 Ii

[ ] mce

I:I PgiA

|:| ABC transporter
I:I Permease

I:I Other

Figure 3.2. The architectures of operons in Bdellovibrio bacteriovorus HD100 that
harbouring MCE proteins.

Operon components were predicted using the Operon mapper tool (Barabote et al., 2007).
Domains were predicted using PFAM (https://pfam.xfam.org). Each operon contains one
MCE protein (green). Genes shown in orange are predicted to contain a PqiA domain and
exhibit sequence identity to E. coli pqiA. Genes shown in pink are predicted to contain ABC
transporter-like domains and exhibit homology to E. coli miaF, while yellow indicates genes
predicted to contain permease domains and exhibit homology to E. coli mlaE. The blue

colour represents proteins containing other domains/hypothetical proteins.
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3.3.2. Structural prediction

The structures of MCE domain-containing proteins in B. bacteriovorus HD100 were predicted
using Alphafold2 (Jumper et al., 2021) (Figure 3.3). Each MCE domain adopts a seven
stranded B-barrel fold, which is predicted with high model confidence (pLDDT > 90). Bd1152
is predicted to contain two MCE domains, whilst Bd1770, Bd3413, Bd3120 and Bd3803 each
contain a single MCE domain and a long c-terminal helix that likely spans the periplasm.
Nevertheless, the model confidence for these helices is low (pLDDT<50). Interestingly,
Bd3120 is also predicted to contain a porin-like fold at its c-terminus, which has not been

previously identified within the Pfam or Hmmer databases.
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Figure 3.3. The Alphafold structures of all MCE-domain proteins within Bdellovibrio
bacteriovorus HD100.

The structures are depicted in their predicted cellular location within the inner membrane
(IM). The Structures are coloured by per-residue pLDDT scores. A pLDDT colour key is
provided at the bottom of the figure where the spectrum from blue to red corresponds to
decreasing pLDDT score (Jumper et al., 2021). The models were visualised with ChimeraX

(Pettersen et al., 2021).
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3.3.3. Abundance of 2-MCE domain-containing proteins

Within the genome of Bdellovibrio bacteriovorus HD100, it is predicted that Bd1770, Bd3120,
Bd3413, and Bd3803 each contain a single MCE domain, representing the most prevalent
Type 1 MCE protein architecture. In contrast, Bd1152 is predicted to contain 2-MCE
domains. This finding is of particular interest as Isom et al., (2017) reported that 2-MCE
domain-containing proteins comprise only 0.7% of all identified MCE proteins within the

bacterial kingdom, thus signifying their notably low abundance.

We utilised the recently developed online Foldseek server (Kempen et al., 2023) to further
examine the abundance of 2-MCE domain-containing proteins. The analysis revealed that
only 2.5% of all MCE proteins identified by Foldseek correspond to 2-MCE domain-
containing proteins. A slightly higher percentage was identified in the current analysis, when
compared to Isom et al., (2017), however, this is most likely due to some of the 2- MCE
domain containing proteins exhibiting misannotated domain architecture. The development of
Alphafold and Foldseek facilitated the identification of 2-MCE domain-containing proteins,
more accurately, based on their predicted structures rather than their amino acid sequences

alone.

2-MCE domain-containing proteins were found in pathogenic bacteria Klebsiella pneumoniae
and Salmonella enterica, as well as bacteria possessing unusual lifecycles, including
Bdellovibrio bacteriovorus and Alcanivorax borkumensis (Figure 3.3). Moreover, whilst a
single MCE-domain-containing protein was previously identified in plants (Casali and Riley
2007), FoldSeek revealed the presence of a 2-MCE domain-containing protein in fungi of the

phylum mucoromycota. (Figure 3.4).
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Figure 3.4. Sankey diagram demonstrating the distribution of 2-MCE domain-
containing proteins across all kingdoms of life, as identified by FoldSeek analysis.
The width of the line is proportional to the number of genes (the raw data is displayed in

Appendix 2).
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3.3.4. Identification of differentially expressed genes within the B. bacteriovorus HD100

operons 578, 888, 1612, 1750 and 1958.

A gene expression profile obtained by Karunker et al., (2013) was used to identify
differentially expressed genes within the B. bacteriovorus HD100 operons 578, 888, 1612,
1750 and 1958 (Figure 3.2). Karunker et al., (2013) used RNA-seq to generate a single-base
resolution map of the B. bacteriovorus HD100 transcriptome during the attack phase (AP)
and growth phase (GP). Samples were collected at 60 min (AP) and 180 min (GP) after

mixing the predator and prey.

Karunker et al., (2013) revealed that the bd7152 and bd1153 genes present in operon 579,
which display homology to E. coli pqiB and pqiA, respectively, were not detected in the
samples (RPKM = 0). Nevertheless, bd1151 is significantly upregulated during GP (144-fold).
As all three genes appear to reside within a single operon, we anticipate similar upregulation
of bd71152 and bd1153 during GP (Karunker et al., 2013), and the absence of reads might be

attributed to technical limitations in the analysis, however, this needs further validation.

Operons 888 and 1750 are upregulated during AP, with MCE-containing genes bd1770 and
bd3413 showing a 9.7 and 14.5-fold change, respectively. Operons 1612 and 1958 are
upregulated during GP, with MCE-containing genes bd3720 and bd3803 showing a 9.7 and

14.5-fold change, respectively.
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Figure 3.5. Gene expression levels of the B. bacteriovorus HD100 operons containing
mce genes during the attack phase (AP) and growth phase (GP), as reported by
Karunker et al., (2013).

The y-axis represents the Reads Per Kilobase of transcript per Million mapped reads
(RPKM) values, whilst x-axis indicates the gene ID and operon number. Samples were
collected at 60 min (AP) and 180 min (GP) after mixing B. bacteriovorus HD100 with a prey

cells.
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3.4. Discussion

Previous research has strongly implicated the role of MCE proteins in the intermembrane PL
transport within gram-negative bacteria (Hughes et al., 2019; Isom et al., 2020; Low et al.,
2021; Tang et al., 2021). Nevertheless, these studies have mainly focused on the model
organism E. coli, highlighting a significant knowledge gap in understanding the functionality
of MCE proteins in other bacterial species. In this study, we focused on the predatory
bacterium Bdellovibrio bacteriovorus and hypothesised that MCE proteins might play an
important role in the attack and growth phases of this predator. The aim of this chapter was
to probe the MCE family proteins within the B. bacteriovorus HD100 genome, subsequently

laying a foundation for their further structural and functional investigation.

3.4.1. A novel porin-like fold is predicted at the c-terminus of Bd3120.

Based on bioinformatic analysis, our findings reveal the presence of five MCE proteins in the
B. bacteriovorus HD100 genome. Among these, Bd1770, Bd3413, and Bd3803 exhibit a
shared protein architecture consisting of a TM region and a single MCE domain. Initially,
Bd3120 was also predicted to comprise a TM segment and a single MCE domain, but further
analysis using Alphafold revealed the presence of a porin-like fold at the c-terminus.
Structural homology analysis using DALI (Holm and Sander, 1995) identified close similarity
between the porin-like domain at the c-terminus of Bd3120 and the uncharacterised E.coli

OM protein YfaZ (DALI z score 14.9) (Figure 3.6).
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Figure 3.6. Structural comparison of the c-terminal porin-like feature of Bdelovibrio
bacteriovorus HD100 Bd3120 and E. coli YfaZ.

A) The Alphafold structures of Bd3120 (AF-Q6MIN3-F1) and YfaZ (AF-P76471-F1) are
depicted in their predicted cellular locations within the IM (Inner membrane) and OM (Outer
membrane). The structures are coloured according to their pLDDT scores. A pLDDT colour
key is provided in the figure where the spectrum from blue to red corresponds to decreasing
pLDDT score (Jumper et al., 2021). B) The Alphafold structures of Bd3120 (residues 280-
458) (blue) and E. coli YfaZ (pink) were superimposed, with an RMSD of 0.920 A between 40
pruned atom pairs (across all 145 pairs: 21.011). The models were visualised with ChimeraX

(Pettersen et al., 2021).
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To date, all elucidated structures of MCE domain-containing proteins demonstrated
hexameric multimerisation (Ekiert et al., 2017; Isom et al., 2020). Nonetheless, gram-
negative bacteria typically possess porins exhibiting a trimeric arrangement (Arunmanee et
al., 2016). This leads us to speculate, whether Bd3120 could form a hexameric arrangement,

thus resulting in completely novel hexameric porin at its c-terminus.

3.4.2. Single MCE domain-containing proteins in B. bacteriovorus.

Single MCE domain-containing proteins within B. bacteriovorus HD100 appear to be
localised with proteins predicted to contain permease and ATP-binding domains, exhibiting
homology to the E. coli MlaE and MlaF proteins, respectively. This observation strongly
suggests that they may form an ABC transport complexes, similar to E.coli MlaFEDB (Chi et

al., 2020).

It is important to note that homologous sequences of the lipoproteins MlaA and PqiC, which
are members of the E. coli Mla and Pqi systems, respectively, were not identified in the B.
bacteriovorus HD100 genome. It is unclear whether any functional homologues exist that
could execute these functions, or whether B. bacteriovorus has a unique method for

operating these putative lipid transport pathways.

Moreover, the absence of homologs of E. coli MlaC within the B. bacteriovorus genome
raises an important question regarding the mechanism by which the homologous proteins of
the E. coli Mla system in B. bacteriovorus facilitate the translocation of substrates across the
periplasm. Nevertheless, Alphaphold structural prediction has revealed that all single MCE
domain-containing proteins within B. bacteriovorus possess long helices that likely extend
across the periplasm, forming tunnel-like structures. As suggested for the E.coli PqiB (Ekiert

et al., 2017), LetB (Isom et al., 2020) and M. smegmatis MCE1 machinery (Chen et al.,
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2023), these periplasmic tunnels may provide a direct link between the IM and OM for the

cargo transport and eliminate the necessity of periplasmic chaperones.

Additionally, it is worth mentioning that B. bacteriovorus has an unexpectedly high numbers
of pseudogenes and incomplete systems. For example, Tajabadi et al., (2017) reported that
LolB, an OM membrane lipoprotein required for inserting lipoproteins into the OM in E. coli,

was not identified in the B. bacteriovorus HD100 genome.

3.4.3. The unique characteristics and potential functional roles of the Bd1153-Bd1151

operon.

The bd1152 gene is located within an operon harbouring the bd71151 and bd1153 genes. The
bd1153 gene exhibits sequence similarity to E. coli pqiA, whilst Bd1151 is a small 53aa
protein predicted to possess a c-terminal transmembrane helix. The functional role of
Bd1151 is completely enigmatic as it lacks structural features resembling any of the E. coli

Pqi or Mla system components.

Bd1152 is predicted to contain 2-MCE domains. According to our analysis, 2-MCE domain-
containing proteins comprise only 2.5% of all identified MCE proteins highlighting their rare
abundance. Additionally, 2-MCE domain-containing proteins appear to be present in bacteria
with unique lifestyles (B. bacteriovorus and A. borkumensis), as well as eukaryotic fungi of
the mucoromycota lineage. The projected length of 2-MCE rings is approximately 80 A),
which falls short of spanning the periplasm (~250 A, (Seltmann and Holst, 2002)). This
discrepancy suggests the potential involvement of unique interacting partners that could
effectively bridge the periplasmic gap between 2-MCE ring proteins and the OM.

Consequently, these observations collectively imply that proteins with 2-MCE domains may
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possess distinctive functional roles and mechanisms of action, potentially diverging from

previously characterised MCE proteins (Chi et al., 2020; Isom et al., 2020; Chen et al., 2023)

3.4.4. The role of MCE proteins within B. bacteriovorus

B. bacteriovorus HD100 has a smaller genome compared to E. coli (3.8 Mb and 5.5 Mb,
respectively), however, it exhibits a substantially greater number of transporters than E. coli
(Tajabadi et al., 2017). As a predatory bacterium, B. bacteriovorus relies on the secretion of
proteins to degrade the cytoplasmic contents of its prey and transport them back to the
periplasm and ultimately into its own cytoplasm (Bratanis et al., 2020). Additionally, B.
bacteriovorus is known to uptake and incorporate largely unmodified OM prey cell
components, such as LPS (Kuenen and Rittenberg, 1975; Stein et al., 1992) and OMPs
(Diedrich et al., 1983; Talley et al., 1987). The unique lifecycle of B. bacteriovorus
necessitates large-scale inter-membrane and inter-organism cargo transport, for which the
five MCE proteins identified in this study might hold a significant importance. Additionally, the
variation in gene expression levels among the B. bacteriovorus MCE family proteins raise
intriguing questions regarding their potential functional divergence or the requirement for

specific regulatory mechanisms.
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3.5. Selection of B. bacteriovorus MCE domain-containing protein for experimental

characterisation.

The bioinformatic analysis conducted in this study enabled the identification of five MCE
domain-containing proteins within the genome of B. bacteriovorus HD100. We initially
focused on studying Bd1770 and its associated Bd1768-Bd1770 membrane complex due to
its upregulation during attack phase. Whilst the initial expression and purification of this
complex appeared promising, we were unable to obtain a homogeneous sample suitable for

structural analysis (Appendix 14).

Our initial attempts to purify the Bd1153-Bd1152 membrane complex and a soluble Bd1152
construct, however, yielded more promising results. Although these samples were prone to
aggregation, they displayed much higher purity and homogeneity. As a result, we decided to
shift our focus to the Bd1153-Bd1152 membrane-associated complex, as expression and

purification trials proved to yield promising results.

Based on our bioinformatics analysis, it is reasonable to postulate that the Bd1151-Bd1153
operon may serve as a direct homolog to the PqiABC membrane complex in E. coli.
However, whilst B. bacteriovorus Bd1152-Bd1153 shows sequence identity to E. coli PqiAB,
they are predicted to possess distinct structural features. For instance, Bd1152 is anticipated
to contain two MCE rings, in contrast to PqiB, which comprises three MCE rings. Additionally,
a periplasm-spanning coiled coil, identified in PqiB (Ekiert et al., 2017, Cooper 2023), seems
to be absent in Bd1152. These observations suggest a potential for a unique functional
mechanism in Bd1152. As a result, this system presents an attractive target for further
structural investigations as it could potentially provide insight into a novel transport

mechanism.
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Additionally, to date, only 1, 3, and 7 MCE domain-containing proteins have been
experimentally investigated. Therefore, structural information is scarce regarding MCE
proteins with an atypical number of MCE domains. Bd1152, a two MCE domain protein, may
represent a novel mechanism of action compared to previously characterised systems such
as MlaD, PqiB, LetB, and MCE1 (Ekiert et al., 2017; Chi et al., 2020; Isom et al., 2020; Chen

et al., 2023)

3.6. Conclusion

The current bioinformatic analysis allowed us to identify five MCE domain-containing proteins
within the B. bacteriovorus HD100 genome and assess their structural and genomic
characteristics. Whilst all B. bacteriovorus HD100 MCE proteins are predicted to harbour a
typical MCE domain fold, Alphafold-based structure determination revealed several unique
features, including an atypical number of MCE domains, long periplasmic helices, and a c-
terminal porin-like structure. The diversity of MCE domain-containing proteins within B.
bacteriovorus HD100, accompanied by the variation of expression levels at different life
stages, suggest that they may possess distinctive functions and mechanisms of action. The
current bioinformatic analysis has provided a starting point for the experimental investigation
of these putative transporters. Finally, we have selected to study the Bd1153-Bd1151 operon
due to its homology to the E. coli PqiABC system and promising initial expression and

purification results.

113



Chapter 4 — Cryo-Electron Microscopy of Bd1152.
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41. Introduction

3D cryogenic - electron microscopy (cryo-EM) has revolutionised the field of structural
biology since its first application to the bacteriophage tail in 1986 (De Rosier and Klug, 1986).
The breakneck progress has been facilitated by improvements in electron detection systems,
microscope stability and data processing software, which have collectively contributed to the
“resolution revolution” (Kuhlbrandt, 2014). Cryo-EM currently allows the solving of protein
structures to atomic resolution (Nakane et al., 2020; Yip et al., 2020), which makes this

method one of the most attractive tools in the structural biology field.

The ongoing “resolution revolution” era of cryo-EM particularly benefits the research of
membrane proteins (MPs), which are infamously difficult to crystallise (Ostermeier and
Michel, 1997). By side—stepping the necessity of crystals, cryo-EM offers an alternative to
gain structural insights into MPs at near-atomic resolution. This includes important drug
targets such as transport proteins (Yao et al., 2020) and channels (Baker et al., 2021). In
addition to visualising MPs solubilised in detergents, cryo-EM grants an opportunity to study
MPs reconstituted into more native environments, such as lipid nanodiscs (Efremov et al.,
2017; Kalienkova et al., 2020) or proteoliposomes (Yao et al., 2020), providing valuable

insight into protein-lipid interactions.

Furthermore, cryo-EM has emerged as a powerful tool for studying protein dynamics, with
the recent development of advanced algorithms such as CryoDRGN (Zhong et al., 2021) and
Zernike3D (Herreros et al., 2021, 2023). The rapid progress in the cryo-EM field has
significantly contributed to our understanding of previously intransigent proteins and complex
systems. This chapter will subsequently discuss the underlying principles of cryo-EM

followed by the cryo-EM pipeline leading to the structural characterisation of Bd1152.
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4.1.1. Sample preparation for TEM.

Sample preparation for electron microscopy is a bottleneck in protein structure determination,
often requiring iterative optimisation by the user. The first crucial step is to obtain a
homogenous protein sample under ideal conditions, making it possible to identify
monodispersed particles in a variety of orientations. For soluble proteins, this includes finding
appropriate buffer conditions and protein concentration, however, for MP sample preparation,
the choice of membrane mimetic is an additional variable that requires extensive optimisation

(Kampjut et al., 2021; Ratkeviciute et al., 2021).

The most straightforward method for visualising protein samples under electron microscopy
is negative staining. A droplet of the sample is applied onto an EM grid, followed by
embedding the protein within a thin layer of heavy metal salts (Scarff et al., 2018) (Figure
4.1). Uranyl acetate (UA) is the most commonly used stain due to its ability to provide optimal
contrast (personal communication with Dr. Christos Savva), however, other types of stains,

such as uranyl formate, UA-zero, and phosphotungstic acid, are also available.

Heavy metals are more resistant to radiation damage and can absorb electrons more readily,
however, due to the grain size of the stain, the resolution that is usually achieved is ~18 A

(Fabre et al., 2017; Ha et al., 2016; Scarff et al., 2018). Nevertheless, negative staining is an
excellent and quick technique for assessing sample quality and obtaining general information

about particle shape, size and symmetry.

To obtain a high-resolution protein structure cryo-EM is employed. Proteins are visualised in
a close-to-native aqueous environment by rapidly freezing the sample into a thin layer of
vitreous ice. This allows the protein sample to be visualised in an extremely high vacuum and

somewhat protects from radiation damage (Taylor and Glaeser, 1976). Essentially, 2-3 pL of
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the specimen is applied to the grid in a humidity-controlled chamber. The excess sample is
removed by blotting and the grid is rapidly plunged into the cryogen; typically, liquid ethane
that has been pre-cooled with liquid nitrogen (Adrian et al., 1984; Passmore and Russo,
2016) (Figure 4.1). Cryo-EM grids are typically prepared utilising semi-automated plunge
freezers such as the EM GP2 Automatic plunge freezer (Leica) or Vitrobot IV

(ThermoFisher).

In an ideal cryo-EM grid, protein particles should be evenly distributed in a variety of
orientations throughout an even ice layer, without interacting with air-water interference.
Nevertheless, in reality, protein specimens often exhibit aggregation, adoption of preferential
orientations, affinity for support films and non-uniform distribution across the grid (Drulyte et
al., 2018). The aforementioned sample behaviour has been one of the main subjects of
research in the field of cryo-EM development with a number of recent approaches introduced
to the “toolbox” of sample preparation, including the development of fully-automated sample

preparation technologies Chameleon (Darrow et al., 2019) and VitroJet (Ravelli et al., 2020).
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Figure 4.1. Standard sample preparation for single particle cryo-EM and negative stain
analysis.

(Top) Sample preparation for negative stain analysis: (1) 5-10 pL of sample is applied onto
the grid and incubated (typically 1min). (2) The excess sample is removed by blotting. (3) 10
WL of negative stain solution (typically 2-2.5% uranyl acetate) is applied onto the grid and
incubated (typically 30 sec to 1 min). (4) Excess dye is removed by blotting and left to air dry.
(Bottom) Sample preparation for cryo-EM: (1) 3 pL of the sample is applied to the grid in the
humidity-controlled chamber. (2). The access sample is removed by blotting. (3) The grid is

rapidly plunged into the cryogen, typically liquid ethane precooled with liquid nitrogen.
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4.1.2. The microscope.

The invention of the electron microscope in 1931 by Max Knoll and Ernst Ruska made it
possible to overcome the limitations of visible light. The wavelength of the electron is
considerably smaller than that of photons (0.0197A at 300kv), theoretically providing the
potential to image cellular structures and proteins to an exceedingly high resolution.
Nevertheless, imperfections and very poor performance of the electromagnetic lenses

preclude these theoretical resolution limits from being achieved.

A typical electron microscope consists of three primary components: an electron source, a
series of electromagnetic lenses and an electron detector. A simplified representation of
electron microscope anatomy is shown in Figure 4.2. The electron microscope column
operates under an extremely high vacuum to prevent electrons from interacting with air,
allowing the beam to be more coherent and significantly reducing noise in the images
(Williams and Carter, 2009). The following sections provide a more detail description of the

major components of an electron microscope.
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Figure 4.2. Simplified representation of transmission electron microscope

Arrows indicate the direction of the electron beam.
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4.1.2.1. Electron sources.

The main electron sources used in electron microscopes include tungsten filament, LaBs
crystal and field emission gun (FEG). Tungsten filament and LaBs crystals are thermionic
sources and hence are heated to allow electrons to overcome an energy barrier and be
emitted from their natural (bound to atoms) state into the vacuum. The FEG is a field-
emission source and emits electrons from a cathode tip by applying voltage.

At present, the FEG is the most widely used electron source in advanced electron
microscopes as it produces a beam that is much more coherent compared to both the
tungsten filament and LaBe crystal. Electrons are emitted from a smaller tip radius (10-25 nm,
compared to 50 ym for tungsten filament), significantly improving image quality (Williams and

Carter, 2009).

4.1.2.2. Electromagnetic lenses

Once electrons are emitted from the electron source they are accelerated and directed
through a series of electromagnetic lenses subsequently interacting with the specimen and
hitting the image detection system. Magnetic lenses in the electron microscope consist of
copper wires inside an iron shield. When the current is run through the copper wires, it

creates an electromagnetic field.

An electron microscope is composed of three sets of lenses: the condenser lens, the
objective lens, and the projection lens. The condenser lens system focuses the electron
beam onto the sample, while the condenser lens aperture removes electrons with a high
spread angle, thereby increasing the coherence of the electron beam. The objective lens
forms the image from the electrons that are scattered from the sample. The objective lens

aperture enhances image contrast by removing electrons scattered at high angles. The
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projection lens is responsible for further magnifying the image before the electrons hit the
image detector system (Reimer, 2013). Unfortunately, electromagnetic lenses suffer from
poor performance, leading to various aberrations, including spherical aberration, chromatic

aberration, and axial astigmatism.

Spherical aberration primary affects the objective lens. It occurs due to the non-uniform
deflection of electrons by different regions of the lens, leading to a lack of focus and resulting
in blurriness in the image (Williams and Carter, 2009). Spherical aberration can be corrected

using specific aberration correctors (Haider et al., 1998).

Chromatic aberration is caused by rays of different energy being focused at different
distances from the focal point. This can be corrected by utilising magnetic field correctors,
which control the path of the electrons, allowing them to be focused on the same focal point

despite their different energies.

Axial astigmatism occurs when rays in two perpendicular planes are not focused equally,

resulting in images having an “eclipse” shape. Fortunately, this can be compensated for by

using special astigmatism correctors known as stigmator coils (Williams and Carter, 2009).

It is important to note that the aberrations mentioned here affect the final image the most,

however, other, higher-level aberrations, also exist.
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Figure 4.3. Schematic representation of TEM lens aberrations.
The blue-half circle corresponds to the lens and the blue/coloured lines correspond to

electron rays. Adapted from Orlova and Saibil (2011)

123



4.1.2.3. Image detection system

One of the breakthrough developments in the cryo-EM field, and a major contribution of the
“resolution revolution”, is the development of direct electron detectors, which opened the
possibility of electron counting, reducing the signal-to-noise ratio and allowing high-resolution

particle reconstitutions (Wu et al., 2016).

In addition, due to incredibly fast detection capabilities, direct electron detectors record
movies that are broken down to individual frames. This is beneficial because during electron
exposure, the sample experiences mechanical drift and radiation damage. Cryo-EM
processing software allows alignment of the images as well as their dose-weighting to
compensate the drift and radiation damaged in later frames (further discussed in “Motion
Correction”). Routinely used direct electron detectors include the Direct Electron DE-20, FEI

Falcon Il and IV, Gatan K2, and K3 Summit.
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4.1.3. Basic principles of image formation in TEM

An electron is a low-mass, negatively charged particle exhibiting both particle and wave
characteristics (De Broglie, 1923). Electron scattering events occur due to electrostatic
(Coulomb) interactions when electrons pass in close proximity to other electrons or positively

charged atomic nuclei.

Once the electron passes through the sample, three main outcomes occur: (1) unscattered
primary electrons — the incident electron is not scattered and passes directly through the
magnetic lenses to the image plane (2) inelastically scattered electrons — the incident
electron interacts with electrons of the sample, resulting in a loss of energy and a
consequent inability to interact with unscattered primary electrons. (3) elastically scattered
electrons — the incident electron scatters without losing energy, usually to a higher angle

(Williams and Carter, 2009).

The electrons resulting from the interactions within the sample are subsequently directed
towards the objective lens, where they are focused and form an image at the image plane. It
is the interference between unscattered primary electrons and elastically scattered electrons
that produces image contrast (Williams and Carter, 2009). Inelastically scattered electrons
are never in phase, usually scattered to a low angle, and have lower energy. Consequently,
they can be removed by energy filters, as they tend to be focused above the image plane. It
should be noted, that inelastically scattered electrons contribute to radiation damage in the
sample, thereby introducing noise into the resulting image. Approximately 15% of electrons
are inelastically scattered, while only 5% are elastically scattered. This implies that for every

useful event, there are three damaging ones (Williams and Carter, 2009).
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Figure 4.4. Basic representation of the main electron scattering events within a thin
TEM specimen.

The direct beam represents the unscattered primary electrons. The event of elastic scattering
occurs when electrons are scattered with no loss in energy to a low angle (1-10°). The event
of inelastic scattering occurs when electrons are scattered with a loss of energy usually to a

very low angle (<1°) (Williams and Carter, 2009). Adapted from Orlova and Saibil (2011).
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4 1.4. Phase contrast and Contrast Transfer Function.

Proteins are weak phase objects as they are composed of atoms with low atomic numbers
(carbon, hydrogen, oxygen, nitrogen, and sometimes sulphur), resulting in low electron
scattering factors (z). Therefore, in contrast to negative stain EM, where the thin heavy metal
coating of the specimen produces amplitude contrast, in cryo-EM, the most important

imaging mode is phase contrast (Wade, 1992).

Roughly speaking, the contrast measured in cryo-EM images is linearly related to the
scattering potential of the object. When electrons pass in close proximity to the atomic
nucleus, they experience a phase shift of 90°, resulting in elastically scattered electrons.
Additionally, the scattering of each Fourier component at a range of angles introduces a
difference in the path length between scattered and unscattered waves, leading to additional
phase shifts and subsequent contrast in the image. This can be explained mathematically by
the Contrast Transfer Function (CTF), which describes how much contrast is transferred to
the image as a function of special frequency (Figure 4.5, C), with value of 1 indicating that

100% of contrast is transferred (Orlova and Saibil, 2011).

Nevertheless, some Fourier components will produce 0 contrast, resulting in a loss of
information at these spatial frequencies. To compensated for this, defocus is introduced into
the images. When imaging slightly underfocus, the path lengths of scattered waves change,
leading to altered phase relationships. As a result, a shift occurs in the sinusoidal CTF
function, causing certain spatial frequencies to become visible while others are lost. By
collecting data at a range of defocus values, the zero values are covered, and the
information of all spatial frequencies is retrieved within the dataset (Figure 4.5.) (Figure 4.6.)

(Orlova and Saibil, 2011).
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It is important to note that in reality, the CTF is strongly affected by various instabilities, such
as incident beam incoherence. These effects are approximated by an envelope function,
which describes the signal decay across spatial frequencies. In other words, the amount of
signal transferred into the image decreases as the spatial frequency increases (Nakane et

al., 2020).

In practice, high defocus leads to more contrast at low spatial frequencies, making it easier to
visualise and select particles in the micrographs. Nevertheless, this also leads to increased
contrast reversals and the spreading of information (signal delocalisation). On the other
hand, using low defocus values reduces the number of zero crossings but decreases the
amplitudes (signal transferred) of high-frequency information. Therefore, it is important to
collect data at different defocus values to be able to retrieve both high and low-frequency

information (Figure 4.6).
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Figure 4.5. Phase contrast and Contrast Transfer Function in cryo-EM.

A) Argand diagrams representing phase shift relationships of scattered and unscattered
waves. Four scenarios of scattering events are depicted in the figure: In the elastically
scattering event, the electron wave experiences 90° shift (grey arrows), ( . — unscattered
wave; s— scattered wave; i — resulting wave; Al — path length difference). In addition,
each Fourier component is going to scatter differently varying in both scattering angle and
the path length which subsequently introduces additional phase shifts. B) Simplified TEM
diagram depicting the scattering events illustrated in A. C) CTF function: Az is defocus, Ae is
the wavelength of the incident electrons, Cs is spherical aberration, and f is spatial

frequency, ¢ - phase shift factor. Adapted from Orlova and Saibil (2011).
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Figure 4.6. Defocus effect on the CTF function.

The CTF is an oscillating function with increasing special frequency and decreasing
amplitude (contrast). At certain spatial frequencies, the CTF crosses 0 where no information
is transferred. The red line represents the highest defocus, the green line represents an

intermediate defocus, and the purple line represents the lowest defocus. Adapted from

Orlova and Saibil (2011).
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4.1.5. Data collection and image processing.

4.1.5.1. Motion correction

Once the electron wave hits the sample, drift occurs. The development of direct electron
detectors has enabled the collection of movies, allowing for the correction of beam-induced
motion. Several motion correction algorithms have been developed in recent years (Zheng et
al., 2017; Strelak et al., 2021), however, the overall framework is the same across all motion
correction techniques. The raw data is acquired as frames over time, and once one or more
motion trajectories are identified, they are applied to the frames to create an aligned average
(Personal communication with Dr Ali Punjani, September 2020). Micrographs are generally
split up into 5x5 patches, as motion is not consistent throughout the entire micrograph. In
addition, during motion correction, dose-weighting can be applied. Essentially, low resolution
details from each aligned image are encoded into all the collected frames equally, however,
due to electron exposure, the high-resolution details are degraded in the later frames, which
introduces a considerable amount of noise if not taken into account (Personal communication

with Dr Ali Punjani, September 2020).
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4.1.5.2. CTF estimation and correction.

Voltage and spherical aberration values are constant for a given microscope, however, the
CTF is different for each micrograph due to variations in lens intensity, sample height and
particle distribution within the z-axis. Essentially, CTF estimation in cryo-EM processing
programmes such as CTFFIND4 (Rohou and Grigorieff, 2015) compares the theoretical CTF
curves at different defocus values with experimental image power spectra. A CTF plot in
cryo-EM software illustrates Thon rings, which are the Fourier transform of the real space
image, showing the constructive and destructive interference through the diffraction of the
electron beam (Figure 4.7, A). Once defocus values are estimated, contrast reversals of the

CTF can be corrected by phase flipping (Figure 4.7, B) (Cong and Ludtke, 2010).

Essentially, certain spatial frequencies will carry negative CTF values due to phase shifts,
and these must be corrected in order to interpret information of spatial frequencies beyond
the first O crossing of the CTF. It is important to note that at high defocus values, contrast
reversals increase, resulting in signal delocalisation (Egerton and Watanabe, 2022). This has
to be accounted for when choosing an appropriate box size for particle extraction as a too-

small mask diameter or box size can lead to a loss of information (Moriya et al., 2020).
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Figure 4.7. CTF Estimation and Phase Flipping.
A) Example of Thon rings with corresponding CTF curves at two different defocus values (0.5
pm and 1 um). B) Example of phase flipping. Figure adapted from presentation at EMBO

cryo-EM images processing course by Dr Dan Clare (2020).
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4.1.5.3. Particle picking.

After motion correction and CTF estimation, the next step in the cryo-EM data processing
pipeline involves the picking and extraction of individual particles from the micrographs.
Manual particle picking can be a time-consuming process that requires significant user input.
To address this, various automated and semi-automated particle picking approaches have

been developed.

The most common approaches include template-free picking, based on the Laplacian-of-
Gaussian (LoG) filter, and methods that utilise prior information, such as 2D class averages,
and a cross-correlation function for reference-based picking (Scheres, 2015). However, the
latter method introduces reference bias which could lead to false positive picks and the
generation of images from noise, also known as “Einstein from noise” (Henderson, 2013;

Shatsky et al., 2009).

Recently, a new approach based on deep convolutional neural networks (CNN) has been
introduced and employed to develop particle-picking algorithms such as DeepPicker (Wang
et al., 2016), FastParticlePicker (Xiao and Yang, 2017), Topaz (Bepler et al., 2019) and
crYOLO (Wagner et al., 2019). Al-based particle picking does not require prior information
which side-steps the reference-bias issue. Nevertheless, if the algorithm fails to generate

satisfactory picks, a training dataset can be generated and used as input.
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4.1.5.4. Particle alignment and classification

Once particles in a variety of orientations are selected and extracted from the micrographs,
the signal represented must be aligned to average out the noise. However, the orientations
of the 2D projections are initially unknown and need to be estimated for their proper
alignment. In this regard, a Maximum Likelihood approach is typically utilised to generate the
2D class averages. The method calculates the probability of all the possible orientations of
the experimental image relative to the reference image, assuming that noise obeys a
gaussian distribution and is independent at each pixel. By calculating the weighted average
of all the different orientations of each image, a reference image is obtained for the next

iteration (S. Scheres, personal communication, September 2019).

2D classification is usually done within the maximum likelihood framework and the missing
parameters are expanded from only missing orientations to a parameter referred to as a
classification parameter (Sigworth et al., 2010). The user specifies the number of classes (k),
and initially, the dataset is randomly divided into k subsets. The algorithm is robust enough to
use the random orientations as a reference for the next iteration, calculating the weighted
average probability, which is taken to be the next set of references (S. Scheres, personal
communication, September 2020). This procedure is typically repeated for 25 iterations

enabling the formation of defined classes.
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3D classification mathematically is a much more complex procedure, nevertheless, it is
based on the same maximum likelihood framework (Sigworth et al., 2010). In 3D
reconstruction, the probability of obtaining a single 3D structure that would best explain the
2D images, given the microscope settings, is calculated. The “Fourier slice theorem” is
introduced into the 3D reconstitution (Nogales and Scheres, 2015) (Figure 4.8). The Fourier
slice theorem states that the FT of 2D projection equals a central slice of the FT of the 3D
object in a direction perpendicular to the slice. The 2D projections are then used to fill in an

entire angular space.

However, since the individual particles are present in random orientations, the projection
vectors must be determined to insert the projection into the correct plane. This is typically
achieved through projection-matching, where a model is projected and compared to the
experimental images (Estrozi and Navaza, 2008). In 3D reconstitution, a reliable starting
model is required, which introduces reference bias. The optimisation problem is tackled using
a “hill climbing” approach, where one starts with an initial guess of an answer and at each
iteration, the guess is improved. Nevertheless, it is important to note that the likelihood
function of the correct 3D model versus the space of all possible 3D structures is not
unimodal but contains local optima. Starting with an incorrect guess can result in iteratively
optimising towards a local optima that may produce an incorrect structure that cannot be
further improved (Reboul et al., 2018). To address this, a stochastic hill climbing algorithm
has been developed (Reboul et al., 2016), which introduces random perturbations to the

projection matching process, allowing for unbiased reconstruction from particles only.
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Figure 4.8. The Fourier Slice Theorem.
The Fourier slice theorem states that the Fourier transform (FT) of a 2D projection of an
object is equal to a central slice of the Fourier transform of the 3D object along a direction

perpendicular to the slice. Figure adapted from Wang et al., (2013).
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4.1.5.5. 3D refinement and post-processing.

3D refinement is an iterative process in which the initial 3D model is forward projected to
generate 2D templates. These templates are then used to calculate projection vectors for all
the particles. The calculated projection vectors are then employed in the 3D reconstruction,
resulting in an improved model. This model serves as the new starting point for the next

iteration of the refinement process (Sigworth, 2016).

During 3D refinement, the data is randomly split into two halves and refined separately. This
allows the calculation of the cross-correlation between the two independent 3D volumes,
known as the Fourier Shell Correlation (FSC). The FSC, plotted as a function of spatial
frequency, originates at 1 and falls to O corresponding to the signal-noise ratio which

decreases with increasing resolution (Rosenthal and Henderson, 2003).

The resolution of the structure is most often reported at a 0.143 FSC cut-off value, known as
the gold standard FSC. This value is considered to be comparable to measurements used in
X-ray crystallography (Harauz and Heel, 1986; Rosenthal and Henderson, 2003). However, if
the noise is consistent between the split datasets, a higher resolution might be falsely
reported due to partial alignment of noise between the two half-sets. This can result in

overfitting and an overestimation of the global resolution (Sousa and Grigorieff, 2007).

There are several other limitations associated with 3D refinement algorithms. One common
assumption is that proteins are rigid, which can negatively affect the reconstitution of proteins
with disordered groups and result in lower resolution density of flexible regions. In recent
years, several algorithms have been introduced to address this issue, such as
SIDESPLITTER (Ramlaul et al., 2020), non-uniform refinement (Punjani et al., 2020) and 3D

flexible alignment (Punjani and Fleet, 2021). These algorithms show promising results in
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reconstituting the 3D structures of membrane proteins whilst considering the presence of

disorder across the volume map. This will be further discussed in Chapter 6.

4.1.5.6. Model building

Model building is the final step in the cryo-EM data processing pipeline. Once a 3D map is
obtained, the model can be fit into the density or built from scratch, depending on the map
resolution and availability of existing structures. If the structure is already known, rigid body
fitting can be performed obtaining the score for the “goodness of the fit”. For high-resolution
maps, where side chains are visible, the model can be built into the volume density and
refined using software commonly used in X-ray crystallography, such as COOT (Emsley et
al., 2010) and Phenix (Torices and Munoz-Pajares, 2015). It is important to note several
automated model-building programmes have recently emerged, such as DeepTracer (Pfab et
al., 2021), which can determine a structure based on a cryo-EM map and protein sequence.
Recently, a novel algorithm termed ModelAngelo has been introduced (Jamali et al., 2023),
demonstrating astonishing results in the model building of cryoEM maps of 3.5 A and

beyond.

4.2. Chapter Aims

Cryo-EM has been previously employed to probe the structures of several MCE proteins
including E.coli MlaD, PqiB, LetB and M. smegmatis MCE1 (Chen et al., 2023; Ekiert et al.,
2017; Isom et al., 2020). Therefore, we decided to utilise cryo-EM to investigate the structure
of the B. bacteriovorus Bd1153-Bd1152 membrane-associated complex. In this chapter, we
present the diverse experimental and data processing strategies that were implemented to

achieve a high-resolution structure of the Bd1152 top MCE domain.
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4.3. Results

4.3.1. Structural investigation of membrane associated Bd1153-Bd1152 protein complex.

4.3.1.1. Expression and purification of the Bd1153-Bd1152 membrane associated

complex.

The Bd1153-Bd1152 membrane-associated complex was expressed from an IPTG-inducible
pET26b(+) plasmid. The membrane fraction was isolated and solubilised in 1% DDM.
Bd1153-Bd1152 was then purified though Immobilised metal affinity chromatography (IMAC).
The IMAC flow-through, wash and elution fractions were analysed via SDS-PAGE (Figure
4.9, A), which revealed two prominent bands at ~ 31 kDa and ~18 kDa, corresponding to
Bd1152 and Bd1153, respectively. Elution fractions containing Bd1153 and Bd1152 were
combined and further purified with a Superose 6 10/300 Increase size exclusion column,
resulting in a single major peak (Figure 4.9, B). The resulting elution fractions were analysed
via SDS-PAGE, which revealed bands at ~31 kDa and ~18 kDa, corresponding to Bd1152
and Bd1153, respectively. An anti-his western blot confirmed the identity of the major band at

~31 kDa as Bd1152 (Figure 4.9, D).
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Figure 4.9. Purification of the Bd1153-Bd1152 membrane-associated complex.

A) SDS-PAGE of the Bd1153-Bd1152 IMAC purification displayed predominant bands at ~31
kDa and ~18 kDa, corresponding to Bd1152 and Bd1153, respectively. M — molecular weight
marker. FT — flow-through, W — 50 mM imidazole wash. (B) SEC (Superose 6 10/300)
revealed a distinctive single peak eluting between ~14 and 18 mL. (C) SDS-PAGE of the
Bd1153-Bd1152 SEC elution fractions exhibited two bands at ~31 kDa and ~18 kDa,
corresponding to Bd1152 and Bd1153, respectively. (D) An anti-his western blot revealed a
prominent band at ~31 kDa, corresponding to the 6x his-tagged Bd1152 protein. SDS-PAGE

was performed using 4-12% bis-tris gels.
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4.3.1.2. Cryo-EM data collection and processing.

A total of 12090 micrographs were collected using the FEI EPU automated data collection
software for the Bd1153-Bd1152 sample. The data collection parameters are provided in
Table 2.10. All subsequent processing steps, unless specified otherwise, were performed
using Relion 3.1.3. (Scheres, 2012). Motion correction and CTF estimation were carried out
using MotionCorr2 (Zheng et al., 2017) and CTFFIND4 (Rohou and Grigorieff, 2015),
respectively. Poorly corrected micrographs were removed following visual inspection of the

power spectra, resulting in the discarding of 606 micrographs (Figure 4.10)

Particle picking was performed with Topaz (Bepler et al., 2019), followed by two rounds of
reference-free 2D classification, resulting in a total of 424303 particles. Top, side, and
intermediate views of Bd1153-52 were obtained and selected for initial model generation. To
minimise bias, no external reference was provided, nor higher symmetry applied. The initial
3D model exhibited two approximately C6 symmetrical assemblies and the micelle. Following
low pass filtering to prevent overfitting, this initial model was further utilised as the reference

model for 3D classification (Figure 4.10).

Initially, four distinct models were generated via 3D classification. Among these models, only
one exhibited the anticipated features, namely two MCE domain rings and a DDM micelle.
However, two of the models, comprising 25% and 42% of the particles (as depicted in Figure
4.10), displayed a 6-fold symmetrical top view and a distorted side view. This suggested that
2D top view projections were assigned to these two classes. Consequently, only 28% of the

original particle set (118804 particles) were deemed suitable for subsequent processing.

142



2D classification

| --
2410337 particles picked from 11484
micrographs. 424303 particles selected after 2D classification.
Initial model (C1) l
3D classification (C1)
<+—

5% 25% 28 % 42 %

21% 9% 43 % 28%
9A
3D refinement (C6) 3D Refinement (C6) 3D refinement (C1) 3D refinement (C1)
and postprocessing SIDESPLITTER and postprocessing and postprocessing

and postprocessing

143

Y08z



Figure 4.10. Simplified workflow of the Bd1153-Bd1152 cryo-EM data processing.
Simplified workflow of cryo-EM data processing for the Bd1153-Bd1152 sample with Relion
3.1.3. Particle picking was performed with Topaz, followed by 2D classification, resulting in a
total of 424303 particles that were used for initial model generation. 3D classification (C1)
(k=4) produced a single class displaying expected structural features, which was selected for
further processing. 3D refinement (C1) and post-processing yielded a 9 A map. In parallel,
3D classification was performed using a reference map with imposed C6 symmetry
(relion_image_handler) (C1) (k=4). The resulting classes were split into two subsets
representing the “flat” and “tilted” conformations, which were refined separately, resulting in

five final maps. The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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Initially, our objective was to obtain a C1 map to minimise bias. To accomplish this, several
rounds of 3D classification in C1 symmetry were performed prior to 3D refinement (C1) and
post-processing. This resulted in a 9.3 A map that exhibited apparent 6-fold symmetry, two
MCE domain rings, and a DDM micelle. Despite performing extensive 3D classification and
local refinement, utilising 3D masking and signal subtraction, a map of higher resolution was

not obtained (Figure 4.10, Figure 4.11).

We next attempted to increase the resolution of the map by imposing 6-fold symmetry.
Initially, a 6-fold symmetrical map was used as a reference model for 3D classification in C1
symmetry. Four classes were generated revealing the flexibility of the top MCE domain. At
this point, the data was split into two subsets: particles belonging to the “flat” (24949
particles) and “tilted” (84350 particles) conformations. For the “tilted” dataset, a 6-fold
symmetrical map was used in 3D refinement with C1 symmetry, leading to a resolution of 9.4
A and a clear lifting of the top MCE ring (Figure 4.10, Figure 4.11, B). For the “flat” dataset, a
6-fold symmetrical map was used in 3D refinement with C6 symmetry, resulting in a 7 A map

(Figure 4.10, Figure 4.11, D).

However, over-fitting is visible with a number of density artefacts resulting from noise-
reinforcement in the 3D map. To address this issue, the local signal-to-noise filter termed
SIDESPLITTER (Ramlaul et al., 2020) was applied during 3D refinement. This approach
successfully reduced over-fitting and minimised the occurrence of symmetry artefacts.
Nevertheless, the reported resolution of the final map, stated as 4.5 A, was deemed over-
optimistic and did not reflect the actual resolution attained. The final cryo-EM maps and their

corresponding FSC plots are displayed in Figure 4.11.
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Figure 4.11. The final cryo-EM maps obtained from the Bd1153-Bd1152 dataset.

A) Cryo-EM map from the particles assigned to the “flat” conformation (C1 symmetry). B)
cryo-EM map from the particles assigned to the “tilted” conformation (C1 symmetry). C)
Cryo-EM map obtained by performing 3D refinement in C6 symmetry supplemented with the
Sidesplitter external command. D) Cryo-EM map obtained by performing 3D refinement in C6
symmetry. The FSC plot illustrates the correlation between the two independent refined
maps (half-maps) with blue (no mask), loose mask (red), tight mask (cyan) and corrected
(purple) curves. A cut-off 0.143 (blue vertical line) was used for resolution estimation. The

density maps were visualised with ChimeraX (Pettersen et al., 2021).
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Various methods were employed in an attempt to improve the maps, including extensive 3D
classification with varying T values and number of classes, local refinement using 3D
masking and signal subtraction, symmetry expansion and symmetry relaxation. However,

none of these attempts yielded significant improvements (Data not shown).

It is important to note that while Bd1153 was present in the sample throughout the
purification (Figure 4.9.), 2D classification and the final maps suggested that the Bd1153-
Bd1152 protein complex had dissociated, and only Bd1152 can be observed in the class
averages. Additionally, the bottom MCE ring, although low resolution, displayed density
resembling the MCE-domain fold, whilst the top MCE ring exhibited overfitting and symmetry

artifacts, likely resulting from imposing C6 symmetry (Figure 4.12).

Bottom MCE ring (bottom view) Top MCE ring (Top view)

Figure 4.12. Comparison of the Bd1152 top and bottom MCE rings obtained from the
Bd1153-Bd1152 cryo-EM dataset.

The blue cartoon represents the Bd1152 Alphafold model of the bottom MCE ring (residues
37-107; 119-157) fitted into the cryo-EM density of the bottom MCE ring. Both cryo-EM maps
are displayed at the contour level of 0.03. The density maps and the model were visualised

with ChimeraX (Pettersen et al., 2021).
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Data was reprocessed with cryoSPARC v.2.12.0 (Punjani et al., 2017), with the assistance of
Prof Julian Bergeron and Dr Soi Bui (Kings College, London). Motion correction was
performed on all micrographs using cryoSPARC implemented Patch-based motion
correction, followed by CTF estimation utilising patch-based CTF. Particle picking was
performed using blob picker followed by 2D reference-based picking. A total of 533602

particles were used as an input for ab initio model generation in C1 symmetry.

Similar to Relion 3.1.3, an alignment issue was encountered, where side and top views were
classified into separate classes (Figure 4.10, Figure 4.13). While model 2 exhibited rough 6-
fold symmetrical density, model 3 displayed 6-fold symmetry, two MCE domain rings and a
DDM micelle. The latter model was used as a reference for non-uniform refinement with C1
and C6 symmetry, resulting in final 6.8 A and 5.5 A resolution maps, respectively. However,

both C1 and C6 maps exhibited over-fitting.

It is important to note, that as in Relion 3.1.3, combining model 1 and model 2 during non-
uniform refinement resulted in an incorrect model. Local refinement using 3D masking was
tested, however, none of the attempts improved the final maps (data not shown). The

processing workflow and the final maps are depicted in Figure 4.13.
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Figure 4.13. Simplified workflow of the Bd1153-Bd1152 cryo-EM data processing using
cryoSPARC v.2.12.0.

Particle picking was performed using blob picker, followed by 2D reference-based picking. A
total of 533602 particles were used as input for ab initio model generation in C1 symmetry. A
single model displaying the expected structural features was selected for non-uniform
refinement in both C1 and C6 symmetries. The average resolution derived from Fourier Shell
Correlation (FSC) is depicted at the bottom of the figure. The FSC plot illustrates the
correlation between the two independent refined maps (half-maps) with blue (no mask),
loose mask (red), tight mask (cyan) and corrected (purple) curves. A cut-off 0.143 (blue
vertical line) was used for resolution estimation. The density maps were visualised with

ChimeraX (Pettersen et al., 2021).
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4.3.2. Structural investigation of the soluble Bd1152%7%% construct

4.3.2.1. Generation of the soluble Bd1152 construct.

Expression and purification of the Bd1153-Bd1152 complex proved to be challenging. Low
yield, aggregation and inherent flexibility collectively contributed to the low quality of the
structural data. Next, we decided to simplify the construct and focus only on the periplasmic
portion of Bd1152. Consequently, a soluble Bd1152 construct (Bd1152%-2%) was devised,
lacking the residues corresponding to the transmembrane helix that is proposed to anchor

Bd1152 to the IM.
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4.3.2.2. Expression and purification of the Bd115237-2%% construct.

The Bd1152%-283 construct was expressed from an IPTG inducible pET26b(+) plasmid.
Bd1152%-%8% was isolated from clarified cell lysate through IMAC purification. The IMAC flow-
through, wash and elution fractions were analysed via SDS-PAGE (Figure 4.14, A).

237283 was further purified with a Superdex 200

A single elution fraction containing Bd115
10/300 Increase size exclusion column, resulting in a single peak (Figure 4.14, B). The
resulting elution fractions were analysed via SDS-PAGE, which revealed a prominent band at
~31 kDa, corresponding to Bd1152%2% (Figure 4.14, C). A higher molecular weight band

(~75 kDa) was also observed, likely corresponding to the oligomerisation of Bd115237-283,

a
feature previously observed when purifying E. coli MCE domain proteins (Cooper, 2023;
Wotherspoon, 2022). It should be noted that purified Bd1152%728 was relatively unstable as it

would aggregate during spin concentration. TLC analysis indicated that Bd115237-28

co-
purified with PG and PE (Figure 4.14, D, Appendix 3), similar to the E.coli MlaD, PqiB and
LetB proteins (Ekiert et al., 2017; Isom et al., 2020), suggesting its function as a PL

transporter.
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Figure 4.14. Purification of Bd1152%7-283

A) SDS-PAGE of the Bd1152%7283 IMAC purification showed a predominant band at ~31 kDa,
corresponding to Bd1152%-2%3_ M - molecular marker, FT — flow-through, W — 50 mM
imidazole wash. (B) The SEC (Superdex 200 10/300) trace of a single elution fraction
exhibited a single peak eluting between ~11 and 15 mL. (C) SDS-PAGE of the Bd1152%-2%3
SEC elution fractions revealed a prominent band at ~31 kDa, corresponding to Bd115237-283,
D) Thin layer chromatography (TLC) of lipids extracted from Bd115237-%%% PG —
phosphatidylglycerol, PE — phosphatidylethanolamine. PLs are marked on the left according

to a E. coli polar lipid standard (lane 1). SDS-PAGE was performed using 4-12% bis-tris gels.
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4.3.2.3. Cryo-EM data collection and processing of the Bd1152%2% construct.

A total of 533 micrographs were collected for the Bd1152%728°

sample using an FEI EPU
automated data collection system, with data collection parameters specified in Table 2.7.
Unless stated otherwise, all processing steps were performed using Relion 3.1.3, and the

initial processing steps, motion correction and CTF estimation, were carried out as previously

described for the Bd1153-Bd1152 dataset.

CrYOLO particle picking was employed, and 52583 particles were selected from 463
micrographs. Multiple rounds of 2D classification were performed to assess the data quality
and remove “junk”. The 2D classification revealed blurred particles, suggesting the presence

of flexibility within the dataset (Figure 4.15)

An initial model could not be obtained from the particles within the dataset. Therefore, the
Bd1153-Bd1152 map (Figure 4.11, C), with a masked micelle and a 60 A low-pass filter
applied, was used as a reference model. Subsequent 3D classification in C1 symmetry did
not yield a class that accurately represented the overall shape of the particle. However, upon
conducting 3D classification in C6 symmetry, a class closely resembling the target particle

was obtained and used for further processing (Figure 4.15).

Although 3D classification and 3D refinement (C6) resulted in a Bd1152%2%3 map that
resembled the 2D classes, only an 11 A resolution map was obtained (Figure 4.15), possibly
due to insufficient number of particles and the inherent flexibility of the protein. The data

processing workflow is depicted in Figure 4.15.
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Figure 4.15. Simplified workflow of the Bd1152%"2% cryo-EM data processing using
Relion 3.1.3.

Particle picking was performed using CrYOLO, followed by several rounds of 2D
classification. A 60 A low-passed filtered map of Bd1153-Bd1152 with a masked micelle was
used as the initial model for 3D classification in C6 symmetry. A model that resembled the
overall Bd1152%-2%3 architecture was selected for further processing. 3D refinement in C6
symmetry, followed by post-processing, resulted in an 11 A map. The average resolution
derived from Fourier Shell Correlation (FSC) is depicted at the bottom of the figure. FSC plot
illustrates the correlation between the two independent refined maps (half-maps) with blue
(no mask), loose mask (red), tight mask (cyan) and corrected (purple) curves. A cut-off 0.143
(blue vertical line) was used for resolution estimation. The density maps were visualised with

ChimeraX (Pettersen et al., 2021).

157



4.3.3. Structural investigation of the Bd115237-2831112CL238C  congtryct.

4.3.3.1. Generation of a more rigid Bd1152°72% for improved patrticle alignment in

cryo-EM data processing.

The cryo-EM map of the E. coli 7-MCE domain-containing protein LetB (formerly known as
YebT) revealed that local resolution fluctuated considerably between different regions of LetB
indicating its heterogeneity across the density map (Isom et al., 2020). Pivoting motions
across the MCE rings in the LetB structure are comparable to the flexibility seen in both our
Bd1152 and Bd1152%%* cryo-EM datasets. While investigating the flexibility landscape of a
protein is of great interest, 2D and 3D classification of both the Bd1152 and Bd11523723

samples suggest that high-angle tilting might prevent high-resolution reconstitution.

To address this, we utilised disulphide bond engineering with the aim of increasing protein
rigidity and obtaining a more homogenous sample that would be more amenable for particle
alignment and crystallisation. Specifically, we mutated hydrophobic residues Isoleucine 112
and Leucine 238, located in the pore lining loops, to cysteine residues with the intention of
forming a disulphide bond between the 1% and 2" MCE domains (Figure 4.16). It is
noteworthy that the location of these mutations is based on the Bd1152 Alphafold model, and
the regions where the 1112 and L238 residues are located have low pLDDT scores (70 >

pLDDT > 50).
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Alphafold pLDDT

Figure 4.16. The Alphafold structure of Bd1152 (residues 37-283)

The model is coloured by per-residue pLDDT scores. A pLDDT colour key is provided at the
bottom of the figure where the spectrum from blue to red corresponds to decreasing pLDDT
score (Jumper et al., 2021). The highlighted L238 and 1112 residues were mutated to
cysteine for cryo-EM investigations. The model was visualised with ChimeraX (Pettersen et

al., 2021).
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4.3.3.2. Construct design, expression and purification of Bd115237-2831112CL238C

1112C and L238C point mutations were introduced into the Bd115237-2%3 construct via
utilisation of the Q5-site directed mutagenesis kit (NEB). The final Bd115237-283 1112C L238C.
hereafter referred to as Bd1152%°, construct was expressed from an IPTG inducible
pET26b(+) plasmid. Bd1152%¢ was isolated from clarified cell lysate through IMAC
purification. The IMAC flow-through, wash and elution fractions were analysed via SDS-
PAGE (Figure 4.17, A), which revealed a prominent band at ~ 31 kDa, corresponding to
Bd11522C, Elution fractions containing Bd11522° were combined and further purified with a
Superdex 200 10/300 Increase size exclusion column, exhibiting a single peak (Figure 4.17,
B). The resulting elution fractions were analysed via SDS-PAGE, which revealed a band at
~31 kDa, corresponding to Bd11522C (Figure 4.17, C). A higher molecular weight band (~75
kDa) was also observed likely corresponding to the oligomerisation of Bd1152%C. The
purification of the Bd1152%° construct yielded a high-purity protein sample that exhibited

237283 construct. This protein was much more

much higher stability compared to the Bd115
amenable to spin concentration and therefore was further used for both cryo-EM and X-ray
crystallography studies (Chapter 5). In addition, TLC analysis revealed that the Bd1152%°
protein did not co-purify with PG or PE (Figure 4.17, D, Appendix 3), potentially as a result of

the 1112C L238C mutations.
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Figure 4.17. Purification of Bd1152%*°

A) SDS-PAGE analysis of the Bd11522° IMAC purification showed a prominent band at ~31
kDa. M - molecular marker, FT —flow-through, W — 50 mM imidazole wash. B) SEC
(Superdex 200 10/300) revealed a single peak eluting between ~11 and 14 mL. (C) SDS-
PAGE of the Bd11522° SEC elution fractions showed a prominent band at ~31 kDa,
corresponding to Bd11522°. D) Thin layer chromatography (TLC) of lipids extracted from
Bd11522°. PG — phosphatidylglycerol and PE — phosphatidylethanolamine. PLs are marked
on the left according to a E. coli polar lipid standard (lane 1). SDS-PAGE was performed

using 4-12% bis-tris gels.
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4.3.3.3. Cryo-EM data collection and processing of Bd1152%

A total of 9667 micrographs were collected using the FEI EPU automated data collection
software for the Bd11522° sample, with data collection parameters specified in Table 2.7.
Unless stated otherwise, all processing steps were performed using Relion 4.0 (Kimanius et
al., 2021), and the initial processing steps, motion correction and CTF estimation, were

carried out as previously described for the Bd1153-Bd1152 dataset.

Initially, several micrographs were manually picked to generate 2D classes, which were
subsequently used for 2D-reference based picking. A total of 349668 particles were picked
and subjected to multiple rounds of 2D classification. An initial model was generated in C1
symmetry using the gradient-driven algorithm implemented in Relion 4.0. A promising
starting model, displaying C6 symmetry and two MCE domain rings, was obtained. This
model served as the reference for 3D classification. In the first round of 3D classification, four
classes were generated, revealing that the same alignment issue persisted in both the
Bd1152 and Bd1152% cryo-EM datasets, as side and top views were classified into separate
classes. Only class 2 was selected for further processing. Although the resulting map
exhibited a significant improvement when compared to the Bd1152%-283 map, the resolution

was limited to 6.4 A. A simplified data processing workflow is depicted in Figure 4.18.
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Figure 4.18. Simplified workflow of the Bd1152%° cryo-EM data processing using
Relion 4.0.

Particle picking was performed using 2D-reference based picking, followed by several rounds
of 2D classification and generation of initial model. A model resembling the overall Bd11523"
283 architecture was selected for further processing. Subsequent steps included 3D
refinement in C6 symmetry, followed by postprocessing, resulting in a 6.4 A resolution map.
The average resolution derived from Fourier Shell Correlation (FSC) is depicted at the
bottom of the figure. The FSC plot illustrates the correlation between the two independent
refined maps (half-maps) with blue (no mask), loose mask (red), tight mask (cyan) and
corrected (purple) curves. A cut-off 0.143 (blue vertical line) was used for resolution

estimation. The density maps were visualised with ChimeraX (Pettersen et al., 2021).

Subsequently, the Bd1152% cryo-EM dataset was reprocessed using cryoSPARC v.2.12.0.
Motion correction was carried out on all micrographs using cryoSPARC implemented Patch-
based motion correction, followed by CTF estimation using patch-based CTF. Particle
picking was performed using the blob picker (Punjani et al., 2017), followed by 2D reference-
based picking. However, the same issue of alignment persisted in cryoSPARC, where side
and top views were classified into separate classes, and an improved model was not

obtained (data not shown).
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4.3.3.4. Processing of Bd1152%° within the Scipion framework.

While we carried out extensive data processing utilising Relion 4.0 and cryoSPARC v.2.12.0,
the resolution was limited to 6-7 A. Nevertheless, the 2D class averages of Bd1152%°
appeared to be of high quality, indicative of a dataset with much higher potential.
Consequently, further advanced data processing might be necessary to reconstitute a high-

resolution model.

Currently, the University of Birmingham lacks such expertise; therefore, we sought
assistance from Prof. Jose Maria Carazo. Cryo-EM data processing was subsequently
conducted within the Scipion 3.0.26 framework (de la Rosa-Trevin et al., 2016) at the CNB-
CSIC (Madrid, Spain), I2PC centre as a part of an Instruct-ERIC internship grant (PID 2350)

with the assistance of Dr Marcos Gragera.

Motion correction was performed using Motioncorr2 (Zheng et al., 2017). CTF estimation was
carried out with both GCTF (Zhang, 2016) and CTFFIND4 (Rohou and Grigorieff, 2015),
followed by metadata averaging using Xmipp3 CTF consensus (Strelak et al., 2021).
Micrographs were discarded based on defocus ratio (cut-off 1.05), resolution (cut-off 4 A)
and fit-quality (cut-off -0.05 and 0.10). At this step, a total of 1099 micrographs were

discarded.
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Four different particle picking approaches were utilised: Xmipp3 (de la Rosa-Trevin et al.,
2013), Gautomatch2 (Zheng), crYOLO (Wagner et al., 2019) picking using a general pre-
trained model, and crYOLO training using Bd1152%° 2D side views, followed by crYOLO
picking. The resulting particle sets from each picking algorithm were “cleaned up’ through
several rounds of 2D classification (cryoSPARC). The resulting particles were subjected to
Xmipp3 picking consensus (Sanchez-Garcia et al., 2018) using a consensus parameter of 1,
indicating the retention of particles picked by at least one algorithm. This resulted in a total of
967919 particles. Subsequent 2D classification was performed to inspect the output of
Xmipp3 consensus, revealing a high number of side views and tilt class averages (Figure

4.19, Figure 4.20 and Appendix 4, A).

300A

Figure 4.19. The 2D class averages of the Bd1152%C particle set obtained after Xmipp3
picking consensus.

Following the Xmipp3 picking consensus of particles obtained from the Xmipp3 picker,
Gautomatch2, crYOLO (pre-trained model) and crYOLO (model trained with 2D classes of

Bd1152%°), the particles were subjected to 2D classification (cryoSPARC).
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An initial model was generated using the ab initio algorithm (cryoSPARC) in C1 symmetry,
resulting in four models (Figure 4.20, Appendix 4, B). Two models, which best resembled the
anticipated Bd1152 structure, were selected for further processing (Appendix 4, B, class 2
and 3, 234874 particles). Ab initio (cryoSPARC), using particles from the selected model,
was performed twice with exact same parameters (k = 4models) (Figure 4.20, Appendix 4, C,
D). The output volumes were used for heterogenous refinement twice, using the exact same
parameters (k = 4models) (from ab initio models from each run) (Figure 4.20, Appendix 4, E,

F).

The resulting volumes were subjected to Xmipp3 consensus 3D clustering (Strelak et al.,
2021), resulting in one subset containing particles with the highest confidence value for
belonging to that particular particle cluster. The consensus patrticles were subjected to ab-
initio (cryoSPARC) and non-uniform refinement in C1 symmetry, resulting in a 6 A map
(Appendix 5). Non-uniform refinement (cryoSPARC) in C6 symmetry was performed using a
soft mask of the top MCE ring, resulting in the final map of the top MCE ring at 3.4 A (Figure

4.21).

The local resolution of the map was estimated using the Xmipp3 DeepRes algorithm
(Ramirez-Aportela et al., 2019), revealing resolution fluctuations ranging from 3.4-3.6 A
across the map (Figure 4.21). A simplified processing pipeline is represented in Figure 4.20

and an extended processing figure is depicted in Appendix 4.
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Figure 4.20. Simplified workflow of the Bd1152%° cryo-EM data processing using
Scipion 3.0.26.

CTF estimation was performed using Gctf and CTFIND4, followed by Xmipp3 CTF
consensus. A total of 1099 micrographs were discarded at this stage. Particle picking was
carried out using the Xmipp3, crYOLO, and Gautomatch picking algorithms, followed by
Xmipp3 picking consensus (for more details, please refer to Appendix 4, A). CryoSPARC ab-
initio reconstitution generated four maps, from which two classes were selected for further
processing (please refer to Appendix 4, B, for more details). This resulted in a total of 234873
particles. Three approaches were employed at this stage: 1) The 23487 3-particle set was
used as an input for cryoSPARC non-unform refinement (C1), resulting in a 5.4 A cryo-EM
map. This map was further used for cryoDRGN analysis (please refer to Chapter 6 and
Appendix 5). 2) The cryo-EM maps obtained from two non-unform refinement jobs (C1)
(utilising the 234873-particle set) were subjected to the Xmipp3 compare angles protocol,
and a subset of 88461 particles was selected. CryoSPARC ab-initio reconstitution followed
by non-uniform refinement resulted in a 5.4 A map, which was further used for Zernike3D
analysis (please refer to Chapter 6). 3) CryoSPARC ab-initio was performed twice,
generating four classes each (Appendix 4, C, D). This was followed by cryoSPARC
heterogenous refinement (Appendix 4, E, F). The resulting cryo-EM maps underwent the
Xmipp3 consensus clustering protocol, and a subset of 45319 particles was selected. This
particle set was used for cryoSPARC ab-initio reconstitution, followed by non-uniform
refinement in both C1 and C6 symmetries. These resulted in cryo-EM maps with resolutions

of 6 A and 3.37 A, respectively (Appendix 6 and Figure 4.21, respectively).
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Figure 4.21. The final cryo-EM map of the Bd1152%° top MCE ring at 3.4 A in C6

symmetry.

Maps are coloured according to the local resolution estimation (A) with the colour key

depicted at the bottom left of the figure. (Bottom right) Global resolution of the map derived

from the Fourier Shell Correlation (FSC). The FSC plot showing correlation between the two

independently refined maps (half-maps) with blue (no mask), loose mask (red), tight mask

(cyan) and corrected (purple) curves. A cut-off 0.143 (black vertical dotted line) was used for

resolution estimation. The density map was visualised with ChimeraX (Pettersen et al.,

2021).
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4.3.3.5. Model building

Next, we utilised the C6 symmetrical map of the Bd1152%° top MCE ring at 3.4 A resolution to
build an atomic model. Initially the cryo-EM map was improved to aid the modelling process
by running DeepEMhancer (Sanchez-Garcia et al., 2021). The resulting map had clear MCE
domain fold density. We used the sequence of Bd1152%° and the current density map as
inputs for the ModelAngelo algorithm (Jamali et al., 2023). Resulting segments were
assembled into a continuous protein chain using COOT (Emsley et al., 2010) and
subsequently refined using Phenix Real Space Refinement (Afonine et al., 2018). (Figure

4.22). Refinement statistics are provided in Appendix 7.
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Top view Bottom view

Chain A - Residues 155 - 163 Chain A - Residues 162 - 173 Chain A - Residues 179 - 189

Figure 4.22. The cryo-EM model of the Bd1152%C top MCE ring obtained from
ModelAngelo and Phenix real space refinement.

Figure represents the cryo-EM density map (grey) of the Bd1152%° top MCE domain with the
refined ModelAngelo Bd1152%° model fitted. (Bottom) Representative regions of the
ModelAngelo model built into the cryo-EM of the Bd1152%° top MCE domain. The cryo-EM
density map is displayed at a contour level of 0.3. The density map and the model were

visualised with ChimeraX (Pettersen et al., 2021)
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4.3.3.6. Cryo-EM analysis of the Bd1152%C bottom MCE ring.

Whilst we obtained a high-resolution map of the Bd1152%¢ top MCE ring in C6 symmetry, the
bottom ring exhibited low-resolution and “false” features. We predicted that due to inherent
continuous flexibility, the lower and upper MCE rings are not aligned to the same symmetry
axis. Therefore, imposing 6-fold symmetry only resolves the top MCE ring and creates

symmetry artifacts within the bottom MCE ring.

We utilised Xmipp3 signal subtraction and subsequent refinement in C1 and C6 symmetries.
However, the map obtained did not resemble the MCE domain fold (Figure 4.23, 1). Next, we
attempted to relax the C6 symmetry by employing the Xmipp3 symmetry break protocol. We
performed Relion 3D classification with finer angular sampling (0.9 degrees) and the
symmetry relaxation flag, followed by Relion 3D refinement (Figure 4.23, 2). Inspection of the
map showed that symmetry was indeed relaxed, and the density corresponding to the lower
MCE ring has improved, revealing a low-resolution MCE domain fold density. Nevertheless,

the resolution of the overall map was limited to ~ 6 A.

Assessment of the low-resolution cryo-EM map led us to speculate that the MCE-domain
rings may not share the same 6-fold symmetry. We then attempted to break C3 symmetry
and subsequently performed Relion 3D classification and refinement. However, the quality of
the map did not improve (Figure 4.23, 3). Nevertheless, 3D non-uniform refinement of the
overall protein in C3 symmetry resulted in a 3.8 A map, where the lower domain displayed an
overall MCE fold resembling the one obtained from the Xmipp3 symmetry break protocol
(Figure 4.23, Figure 4.24). Local resolution of the map and a corresponding FSC plot are

depicted in Appendix 8.
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1. 2.

| Xmipp3 Signal subtraction (234250 particles) | | Xmipp3 symmetry break (C6) (234250 particles) |
| Xmipp3 reconstitute Fourier | | Xmipp3 — CTFcorrectWiener2D |
Non —uniform refinement C1 | Xmipp3 reconstitute Fourier |

symm (cSPARC)

Relion 3D classification (C6 symmetry relaxation,
initial angular sampling 0.9 degrees)

Relion 3D refinement (C1 symmetry).

3. 4.
Xmipp3 symmetry break (C3) (234250 particles) | Non — uniform refinement in C3 symmetry
(cSPARC)

| Xmipp3 — CTFcorrectWiener2D |

| Xmipp3 reconstitute Fourier |

Relion 3D classification (C3 symmetry relaxation,
initial angular sampling 0.9 degrees)

Relion 3D refinement (C1 symmetry). |

Figure 4.23. The cryo-EM data processing approaches utilised to address the
symmetry mismatch between the Bd1152%° top and bottom MCE rings.
The CTF values were applied to the particle set using the Xmipp3 CTFcorrectWiener2D

protocol. The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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Figure 4.24. Comparison of the Bd1152%° MCE ring densities obtained from non-
uniform refinement in C6 and C3 symmetries.

Blue cartoon represents the Bd1152 Alphafold model (residues 157-219; 243-283) fit into the
C3 cryo-EM map. Maps displayed at contour levels (o) indicated in the figure. The density

maps and the model were visualised with ChimeraX (Pettersen et al., 2021).
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4.3.3.7. Affecting the Bd1152°C preferential top orientations with detergent screen

Whilst graphene oxide coated Quantifoil grids (R1.2/1.3, Au mesh 300) facilitated working
with very low concentrations of the sample and eliminated the need for protein concentration,
our datasets exhibited a persistent preference for top view orientations. This could represent
a contributing factor to our inability to reconstitute a high-resolution map of the full Bd11522¢
structure. To address this issue, Quantifoil grids (R1.2/1.3, Au mesh 300) were utilised
without the addition of graphene oxide. However, this approach proved to be unsuccessful,
as protein particles stuck to the carbon film and were excluded from the ice or particles were
absorbed at the air-water interface, resulting in predominantly top view orientations (Figure

4.25, left).

To overcome this issue, we plunge froze Quantifoil grids (R1.2/1.3, Au mesh 300) with
2mg/ml of purified Bd11522C spiked with 0.5 x CMC of different detergents before freezing.
We tested 0.5 x CMC of Tween20, BOG, DM and FOM. Among these, only Bd1152% spiked
with FOM displayed a significantly improved particle distribution compared to the control (no
detergent addition). The particles were more evenly distributed, and a significantly larger
number of side views were present (Figure 4.25. right). Data was collected on Talos Arctica
200 kV microscope at CNB-CSIC (Madrid, Spain) as part of the Instruct-ERIC access

proposal grant PID23275.

2D classification revealed the presence of more side views with the lower ring aligned to a
higher resolution. The particle distribution with respect to preferential orientations also
improved, revealing a variety of different orientations (Figure 4.26). It is important to note that
an unusual class was observed in this dataset (Figure 4.26, row 1, column 5). We
hypothesised that the top and bottom MCE rings might be dissociating, and the projection

observed around the hexamer could correspond to the short linkers (short regions
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connecting the top and bottom MCE domains). After extensive processing we were able to
obtain a 4.1A map in C6 symmetry, however, we were not able to improve the resolution of

the bottom MCE domain (Figure 4.26).

2 mg/ml Bdl11 5237-283 1112C L238C
37-283 1112C L238C
2mg/ml Bd1152 +0.5 x CMC FOM

Figure 4.25. The impact of fluorinated octyl maltoside (FOM) on the Bd1152%€ particle

distribution.

Bd11522€ particle distribution on AU R1.2/1.3 300 mesh holey grids without (left) and with 0.5

x CMC FOM (octyl maltoside, fluorinated) (right).
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Figure 4.26. The cryo-EM data processing results of the Bd1152%° sample spiked with
0.5 x CMC FOM (fluorinated octyl maltoside)

(A) 2D classification revealing a number of different particle orientations (A total number of
particles 147298). (B) Final 3D refinements in C1 (left), C3 (Middle) and C6 (right)
symmetries displayed as a side view (middle) with corresponding Fourier Shell Correlation
(FSC) plots. The FSC plots show correlation between the two independently refined maps
(half-maps) with blue (no mask), loose mask (red), tight mask (cyan) and corrected (purple)
curves. A cut-off 0.143 (blue line) was used for resolution estimation. Data was processed
within Scipion 3.0.26. Maps are displayed at the contour level of 0.2. The density maps were
visualised with ChimeraX (Pettersen et al., 2021).
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4.3.3.8. Generation of the Bd1152%° GraFix sample

The inherent continuous flexibility present within the Bd11522° cryo-EM dataset represents a
major bottleneck in high-resolution reconstitution. While disulphide bond engineering
increased the stability of the protein to some extent and allowed us to reconstitute the top
MCE ring, the flexibility still persisted and precluded us from obtaining a complete high-
resolution structure of Bd1152%°. To address this issue, we attempted to stabilise the
Bd11522¢ through chemical glutaraldehyde crosslinking using the GraFix method (Stark,

2010).

Briefly, purified protein sample was applied to a sucrose gradient (5-30%) (0.015% of
glutaraldehyde was added into the 30% sucrose solution), followed by centrifugation.
Fractions were retrieved and analysed with SDS-PAGE. The fraction containing a complex

corresponding to the Bd1152 hexamer was further assessed with SEC.

Purification of Bd11522C after GraFix is represented in Figure 4.27. SEC revealed two peaks
representing aggregated and correctly folded Bd11522C, respectively. SDS-PAGE suggested
that glutaraldehyde crosslinking occurred, as a major band was seen at ~210 kDa, implying

that Bd1152%° remained in a hexameric assembly even under denaturing conditions.
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Figure 4.27. Purification of the Bd1152%° GraFix sample,

(A) SDS-PAGE of samples directly taken from the sucrose gradient after ultracentrifugation
revealed a prominent band at ~210 kDa, corresponding to the hexameric assembly of
Bd11522¢ (B) SEC (S200 10/300) revealed two peaks, eluting between 8 -10 mL and 11 - 13
mL, respectively. (C) SDS-PAGE of the elution fractions from the second peak showed a
prominent band at ~210 kDa, corresponding to the hexameric assembly of Bd1152%°. SDS-

PAGE was performed using 4-12% bis-tris gels.
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Approximately 1500 micrographs were collected of the Bd11522° GraFix sample showing an
improved particle distribution and significantly increased number of side views. However, 2D
classification revealed numerous particle conformations; some displayed a clear “lift” of the
top MCE ring, others showed a more “flat” conformation. In addition, certain 2D classes
revealed that there is a considerable length variation between the top and bottom MCE
domains (Figure 4.28). While these conformations were classified and refined separately, a
high-resolution structure was not obtained, mostly likely due to the high conformational

heterogeneity of the sample.

300A

<amh, | |

300A

Figure 4.28. Cryo-EM of the Bd1152%° GraFix sample.
(Top) An example micrograph of the Bd1152%¢ GraFix sample, revealed good particle
distribution. (Bottom) 2D classification (cryoSPARC) of the Bd1152%° GraFix sample

revealed a highly heterogeneous dataset.
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4.4. Discussion

In this chapter, we utilised cryo-EM to probe the structure of the membrane-associated
Bd1153-Bd1152 complex. After extensive sample optimisation and cryo-EM data processing,

we presented a high-resolution structure of the Bd1152 top MCE ring.

4.4.1. Challenges in structural characterisation of Bd1153.

It is important to note that Bd1153 consistently remained present throughout the purification,
as confirmed by mass spectrometry analysis (data not shown). However, the cryo-EM data
revealed that only Bd1152 was present in the class averages, as no discernible Bd1153
density was observed within the DDM micelle. Bd1153 exhibits sequence similarity to the E.
coli inner membrane PqiA protein, a member of the PqiABC pathway, with only Alphafold
providing insight into the protein’s fold. Results obtained in our lab (data not published), point
to a notable challenge in understanding the structure and function of PqiA. This challenge
primarily stems from the intricacies involved in the expression and purification of this protein.
Notably, when expressed as a single gene, it exerts toxicity on the E. coli expression strain.
Additionally, as shown by Cooper (2023), PqgiA density was not observed in the PqiAB and
PqiABC cryo-EM datasets, despite being present throughout the purification (data not
published). Interestingly, the mass spectrometry results of the PqiABC sample revealed the
presence of FtsH, a metalloprotease which is capable of degrading membrane proteins
(Yang et al., 2018). It was hypothesised that FtsH may be responsible for the degradation of
PqiA during the period between protein purification and cryo-EM grid vitrification (Cooper,
2023). Following this, further experiments should aim to re-design the Bd1153-Bd1152
construct to contain a strep tag. This will avoid the necessity of Ni-beads hence allowing the
EDTA chelating agent to be used throughout the purification to negate the potential FtsH

action. Additionally, future avenues should explore the stabilisation of this complex, possibly
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though the introduction of disulphide bonds, utilisation of chemical crosslinkers such as
glutaraldehyde or the incorporation of the non-native amino acid p-benzoyl-L-phenylalanine
(BPA). It is noteworthy, that we re-designed the Bd1153-Bd1152 construct to contain a 6x
histidine tag on the n-terminus, with the aim of increasing the yield of purified Bd1153. This
modification resulted in an improved purification, as evidenced by the increased yield of
Bd1153 observed on SDS-PAGE (Appendix 9) compared to the original construct with the c-
terminal tag. However, cryo-EM screening of the purified sample revealed significant
heterogeneity (data not shown), preventing us from assessing whether Bd1153 remained
associated with Bd1152. Nonetheless, this approach shows promise in elucidating the
structure of Bd1153 through further refinement of the sample purification and cryo-EM grid

preparation protocols.

4.4.2. Generating a more stable Bd1152 construct.

Probing the structure of Bd1152 via cryo-EM proved to be challenging. During 2D and 3D
classification, it was evident that the top MCE ring exhibited a noticeable “tilting”, and the
final cryo-EM maps were limited to ~ 9 A. We next decided to simplify the construct and only
focus on elucidating the structure of Bd1152, lacking its transmembrane domain (residues 1-
36). Previous studies have shown that the removal of the transmembrane helix and
cytoplasmic expression does not affect the folding and assembly of MCE domain-containing
proteins in E. coli, such as MlaD, LetB, and PqiB (Ekiert et al., 2017; Isom et al., 2020).
Nonetheless, the purification of Bd1152%% was challenging, as the protein was highly
unstable and prone to aggregation, with cryo-EM 2D class averages revealing a number of
different conformational states. This provided us with a further indication that Bd1152 may
exhibit high structural plasticity. Whilst investigating the flexibility landscape of a protein is of

great interest, the 2D and 3D classification of both the Bd1152 and Bd1152%-2%3 samples
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suggest that motion might prevent high resolution reconstitution. Accordingly, a more rigid
construct needs to be obtained allowing us to reconstitute a high-resolution map.
Introduction of disulphide bonds is an attractive strategy to increase the stability of protein
structures (Matsumura et al., 1989; Zavodszky et al., 2001), hence we decided to introduce

cysteine mutations into the PLLs of Bd1152%-2%3

with the aim of reducing inter-domain
flexibility and increasing the overall stability of the protein. Purified Bd1152% was
significantly more stable and amenable to spin concentrating, hence was further used for X-

ray crystallography (discussed in Chapter 5) and cryo-EM studies. Whilst a significantly

improved map was obtained, the resolution was still limited to 6.4 A.

4.4.3. lIssues in the cryo-EM data processing of the Bd1152%° sample.

Several data processing issues were encountered, including particle alignment and flexibility.
Therefore, we sought assistance from Prof Jose Maria Carazo and data was subsequently
transferred to CNB-CSIC I12PC centre (Madrid, Spain). The dataset was processed by
utilising a number of different cryo-EM processing software in parallel within the Scipion (de
la Rosa-Trevin et al., 2016) framework. Whilst we obtained a final map of the top MCE ring at
3.4 A in C6 symmetry, bottom MCE ring, however, did not resemble the MCE-fold and
showed number of artifacts most likely resulting from imposing C6 symmetry during

refinement.
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4.4.3.1. Flexibility induced inter-domain symmetry mismatch and particle alignment

issues.

Initially we hypothesised, that the flexibility inherent to Bd1152 could cause a break in its
dominant symmetry, leading to its categorisation as a quasi-hexameric (qC6) protein
(Huiskonen, 2018). This deformation of “perfect” hexameric rings may have caused the
quasi-symmetry and significantly reduced resolution when C6 symmetry was applied.
According to Huiskonen (2018), it is useful to describe a quasi-symmetrical structure only if
relaxing the symmetry improves the final map. Although breaking C6 symmetry did not result
in a high-resolution reconstitution of the bottom MCE ring, the map improved significantly

with visible MCE domain fold density.

We proceeded to investigate whether both MCE rings of Bd11522° possess the same six-fold
symmetry. We imposed C3 symmetry during non-uniform refinement and achieved a 3.8 A
cryo-EM map of the overall Bd1152%° protein. Although high-resolution features for the lower
MCE ring could not be resolved, the overall MCE-domain fold was discernible and closely
resembled the volume map obtained from the Xmipp symmetry break protocol. Similar
symmetry mismatch issue has been reported in the E. coli LetB structure, where authors
showed that rings 1, 2, 3 and 4 are 6-fold symmetrical, whilst rings 5, 6 and 7 are 3-fold
symmetrical (Liu et al., 2020). Nevertheless, Isom et al., (2019) succeeded in solving the

overall LetB structure in 6-fold symmetry.

In order to summarise and provide further elaboration on the symmetry issues encountered
during the data processing of the Bd1152%° sample, we present simplified geometrical
representations that are compiled in Figure 4.30. Figure depicts three hypothetical scenarios
regarding the symmetry mismatch issues, in which the hexagon and triangle correspond to

the top and bottom MCE rings of Bd1152, respectively. In scenario A, the hexagon (C6) and
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triangle (C3) are perfectly aligned on the same symmetry axis. If C6 symmetry is applied to
both figures (rotating 60 degrees any of the sector on the 6-fold symmetry axis), the hexagon
will be reproduced, but not the triangle. In scenario B, both hexagon and triangle are aligned
to the same symmetry axis, but this time C3 symmetry is applied resulting in producing both
hexagon and triangle. In scenario C, symmetry axis of hexagon and triangle are not aligned.
If C3 symmetry is applied, only the hexagon (or triangle) can be reproduced. Scenario A
represents the high-resolution reconstitution of the top MCE-ring in C6 symmetry, however,
resulting in lower domain with “fake” features. Scenario B represents reconstitution of the
cryo-EM map of the overall protein with a high-resolution top MCE ring and a low-resolution
bottom MCE ring but displaying clear MCE-fold density. We believe that scenario C best
represents the symmetry mismatch within Bd1152, resulting from a combination of flexibility,
unalignment to the symmetry axis, and the possibility of the bottom MCE ring possessing C3

symmetry. This makes it challenging to reconstitute both MCE domains to a high-resolution.
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Figure 4.29. Geometrical representation of imposing C6 and C3 symmetries during the
refinement of Bd1152%%

Dotted lines represent the symmetry axes. The hexagon represents the top MCE ring whilst
the triangle represents the bottom MCE ring of Bd1152. A) If both the hexagon and triangle
are aligned to the same symmetry axis and C6 symmetry is imposed, only the hexagon can
be reconstituted. B) If both the hexagon and triangle are aligned to the same symmetry axis
and C3 symmetry is imposed, both the hexagon and triangle can be reconstituted. C) If the
hexagon and triangle are not aligned to the same symmetry axis and C3 symmetry is

imposed, it will only allow the reconstitution of the hexagon or the triangle.

Both MCE rings, however, form homo-hexameric rings making it unclear why imposing three-
fold symmetry results in a much higher quality cryo-EM map of the bottom ring compared to
six-fold symmetry. Although we were not able to resolve the pore lining loops, we speculate
that perhaps three disulphide bonds have formed between C112 of adjacent monomers
rather than between C112 and C238 within each protomer. Such a scenario is perhaps
sufficient to break the 6-fold symmetry. If this assumption is indeed correct, this potentially
could be resolved via the incorporation noncanonical amino acids containing long side-chain
thiols (Liu et al., 2016). This could overcome the potential distance constraint between the

C112 and C238 residues.
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It is noteworthy that in order to address the issue of symmetry mismatch, we extensively
utilised signal subtraction and local refinement protocols with the aim to reconstitute both
MCE rings separately, which theoretically should resolve the symmetry mismatch issue.
Interestingly, the reconstitutions of individual MCE rings revealed highly-overfitted maps
(data not shown), somewhat suggesting that additional alignment issues might be present

within the dataset.

Indeed, particle misalignment appeared to be a persistent issue throughout all the datasets
we collected. For both the Bd1152 and Bd1152%C datasets, top and side views were
classified into separate classes. If attempting to “force” the alignment by asking for a single
class during 3D classification, 3D refinement or ab initio reconstitution, top views would be
aligned on the wrong axis, resulting in an incoherent overall model. The reason for this
remains unclear, perhaps the overall shape of the protein might be only defined at higher
resolution; at low resolution the dimensions make it such that orientation is ambiguous
(Personal communication with Prof Jose Maria Carazo, Prof Carlos Oscar, Prof Carolyn
Moores, Dr Marcos Gragera). Future avenues should explore the tagging of Bd1152 with
additional molecules to facilitate particle alignment. For example, recent development of
mega-bodies that bind specifically to membrane scaffold protein (MSP) (Uchanski et al.,
2021) could be employed to aid the particle alignment of the full-length Bd1152 construct

reconstituted into MSP nanodiscs.
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4.4.3.2. Improving particle distribution on the EM grid and the rigidity of Bd1152C.

In addition, we proposed that the number of side views could also limit the final resolution of
the bottom MCE ring. Top views are much more abundant than side views within the
Bd1152%¢ dataset. We hypothesised that although there is no clear “missing wedge” issue,
the lack of signal at the bottom MCE domain could result from an insufficient number of side
view particles. To tackle the issue of orientation we attempted to freeze cryo-EM grids with
no graphene oxide coating. Whilst graphene oxide seems to be an excellent choice, as we
were able to work with extremely low concentrations of protein and obtain reasonably good
particle distribution, graphene oxide coating could have caused preferential orientations
(personal communication with Dr Christos Savva). To prepare Quantifoil grids with no
graphene oxide coating was tried previously, however, achieving thin ice and even particle
distribution was unsuccessful. Usually particles interact with the air-water interface causing
them to adopt only top views. Adding detergents below their CMC value has been shown to
provide a layer between the air-water interface, hence protecting the particles and improving
their distribution on a grid (Kampjut et al., 2021). We tested four different detergents, -OG,
Tween 20, DM and FOM. Addition of the later appeared to have a dramatic influence with 2D
classification revealing a significantly improved ratio between the top and side views, with a
number of different orientations. However, the flexibility of the particle remained, and we
were not able to obtain a high-resolution structure. We also tried to improve the rigidity of
Bd11522° by chemical crosslinking. The GraFix method (Stark, 2010) was selected as it has
been previously shown to reduce sample heterogeneity arising from inherent flexibility and

improve particle distribution on the grid (Stark, 2010).
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Cryo-EM of the Bd1152%¢ GraFix sample revealed improved particle distribution and quality.
However, 2D classification demonstrated that the sample remained heterogeneous with
different conformational states visible. Unfortunately, this Bd1152%¢ GraFix cryoEM dataset

was too heterogeneous to reconstitute a high-resolution 3D model.

Finally, it is important to note that we were not able to observe PLL density in the cryo-EM
maps. Nevertheless, the low-resolution full-length Bd1152 map displayed a more apparent
“tunnel” like density between the bottom and top MCE domains suggesting that the PLLs of
Bd1152 might be adopting a similar conformation to the E. coli PqiB and LetB proteins (Ekiert
et al., 2017; Isom et al., 2020). The flexibility of the Bd1152 PLLs will be further discussed in

Chapters 5 and 6.

4.5. Conclusion

The intrinsic flexibility of Bd1152 has posed a significant challenge in our current study.
Despite employing various experimental and data processing approaches, as well as the
cryo-EM data processing expertise within the lab of Prof Jose Maria Carazo, we were only
able to achieve a high-resolution reconstitution of the top MCE ring. Moreover, we
encountered several data processing issues, particularly concerning particle alignment and
symmetry-related problems. These findings underscore the complexity of investigating the
structure of Bd1152 via cryo-EM and highlight the need for further sample optimisation or
utilisation of more advanced data processing approaches to uncover its dynamic nature

(further discussed in Chapter 6).
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Chapter 5 - X-ray crystallography of Bd1152
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5.1. Introduction

Since the first protein crystal X-ray diffraction in the early 1930s (Randall et al., 1930), X-ray
crystallography has made significant contributions to the understanding of fundamental
cellular processes. Despite the emergence of new structural techniques, X-ray
crystallography continuous to be the most established and widely used method for
determining the structure of macromolecules. The method relies on the properties of electron
waves and the ordered, repetitive nature of crystals. The experimental workflow involves

three main steps: (1) Crystallisation, (2) Diffraction, (3) and Phasing

5.1.1. Crystallisation

The ordered and repetitive nature of crystals enables X-rays to interact with atoms within the
protein, generating a diffraction pattern. This diffraction pattern is then used to determine the

positions of individual atoms and ultimately the molecular structure of the protein.

Protein expression and purification are major factors determining successful crystallisation.
Typically, a protein needs to be expressed to a high yield (8-20mg/ml) (McPherson and
Gavira, 2013) and purified to a high purity (>95%) (Kors et al., 2009). Any contamination
present in the sample can interfere with the periodic packing of the macromolecules within
the crystal lattice. Generally, the more ordered the crystal lattice, the higher the quality of the

crystal and diffraction data.
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Crystal growth is usually achieved by adding salts and polymers to a protein mixture, leading
to supersaturation and the formation of protein crystals (McPherson and Gavira, 2013). As
precipitants compete for hydration, the protein concentration gradually rises, eventually

causing the protein to precipitate or crystalise under optimal conditions (Figure 5.1).

Protein concentration 3 Metastable

zone

Precipitation zone

Nucleation ™\
zone

Undersaturation zone

Precipitant concentration

Figure 5.1. Crystallisation phase diagram.

The plot illustrates the phase conversion of a protein solution as a function of its
concentration on the y-axis and precipitant concentration on the x-axis. In the vapor diffusion
method, water diffuses out of the drop, resulting in the concentration of both protein and
precipitant until the system enters the nucleation zone. As nuclei start to form, the soluble
protein concentration decreases as some of it transitions into the solid state, thereby shifting
the system into the metastable zone where crystal growth occurs (A). Figure adapted from

Sherwood & Cooper (2011).
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Protein solubility is affected by numerous factors including temperature, buffer conditions,
pH, and additives such as ligands (Kramer et al., 2012). Predicting the optimal crystallisation
conditions for a protein remains challenging, therefore this has to be assessed through a
trial-and-error process. A number of commercial screens are available and routinely used for
screening conditions manufactured by Hampton Research, Molecular Dimensions and
Qiagen. The most common method of crystal screening is vapour diffusion, which is typically
performed in two different arrangements: sitting drop and hanging drop (Delmar et al., 2015)

(Figure 5.2)

In the hanging drop method, a small volume of protein (~2-5 uL, 1.2 yL — 25 nL if using an
automated Mosquito® crystal (Sptlabtech) pipetting) is dispensed on a coverslip and mixed
with the screening condition. The coverslip, containing the screening condition, is then
inverted and placed on top of a well. The concentration of the screening condition in the
droplet is half that of the well, allowing water to slowly diffuse from the droplet to the well,
gradually increasing the protein and precipitant concentration within the droplet. The sitting
drop vapour diffusion method is based on the same principle, but the protein-condition drop

rests on a “shelf’ above the screening condition.

Protein solution

< Coverslide —»

‘/

H,O (,\Protein solution

Hanging drop Sitting drop

Reservoir with
precipitant

<

Figure 5.2. The process of Vapour Diffusion in hanging drop and sitting drop

arrangements.
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5.1.2. Diffraction

Crystalline structures are defined as repetitive and ordered structures. The regular spacing of
atoms within the crystal acts as a three-dimensional grating. The significance of this is that X-
ray waves scattered by specifically spaced macromolecules will combine in a definite manner
and produce a precise diffraction pattern (Jauncey, 1924). X-ray diffraction can be explained
by “Bragg’s law”, which is defined by nA = 2d sin®, whereby, n - the order of diffraction, A —

incident wavelength, d — interplanar spacing of the crystal, © — incident angle.

The principle of Bragg’s law is demonstrated in Figure 4.3. Incident beams, wave 1 and wave
2, are assumed to be in phase. Once they pass through the crystal, wave 1 is reflected by
the upper plane, and wave 2 is reflected from the lower plane. Since wave 2 has to travel a
longer distance to be reflected, the emerging waves will have a different phase relationship.
The path difference travelled by wave 2 is equal to 2dsin®. If this number is an integer
number of wavelengths, the waves interfere constructively (phases are equal), hence

Bragg’s law is satisfied, and produce a spot on the X-ray detector.
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Figure 5.3. Bragg’s law of diffraction.

Wave 1 and wave 2 are incident X-ray waves onto a set of crystal lattice planes, upon which
their reflection introduces a phase difference. The path difference between wave 1 and wave
2 is AB+BC =2dsin®. If the path difference is an integer number, the phase relationship
between the two waves will be constructive, subsequently producing a diffraction spot on the

detector.
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5.1.3. Phasing and crystal structure determination

The intensity of the diffraction spots is related to the features of the electron density in the
unit cell by a mathematical relationship known as the Fourier transform. The main objective
of X-ray crystallography is to reconstruct an electron density map using the complex Fourier
transform synthesis equation. To satisfy the calculations, both magnitudes and
corresponding phases need to be determined, however, experimentally, only the spot

intensities are measured representing the infamous “Phase problem” (Hauptman, 1991)

The phase problem arises from technological limitations, rather than physical laws, including
the coherence of the X-ray source and the speed of X-ray detectors (Sherwood and Cooper,
2011). Currently, the phase problem can be addressed either experimentally utilising the

advantages of heavy atoms (HAs) or by molecular replacement.

Experimental phasing using HAs is based on the principle that HAs have higher atomic
numbers. Consequently, crystals containing HAs will have a greater change in the diffraction
pattern compared to the native crystal. HAs have to be attached to the protein in defined
locations. This can be achieved either by soaking the crystal in a HA solution or substituting
selenomethionine with methionine during recombinant expression. By comparing the
diffraction patterns of crystals containing HAs and native crystals, the initial phase

information can be obtained (Taylor, 2010)

The molecular replacement method is based on using a previously solved structure as a
search model to determine the orientation and position of the molecule within the unit cell.
Successful phase determination relies on high structural and sequence similarity between
the search model and the target macromolecule (Evans and McCoy, 2008). Therefore, if

studying a structure with no structural similarity, molecular replacement cannot be utilised.
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Nevertheless, this limitations has been mitigated with the recent development of Alphafold
(Jumper et al., 2021). Alphafold models of the target macromolecule can often be used as

search models (Barbarin-Bocahu and Graille, 2022).

Once the initial phases have been estimated, an iterative refinement process can be
performed subsequently achieving the optimal final model. X-ray crystal structure refinement
aims to obtain the best possible agreement between structural model and experimental data.
Two measures, “R-work” and “R-free”, are used to estimate the model quality, or how well it
fits the experimental data. R-work quantifies the agreement between calculated and
experimental amplitudes. Using R-work alone, however, may lead to a false estimation of the
model quality, as it is based on unweighted statistics and can result in overfitting (Shabalin et

al., 2018).

The R-free measure was introduced to minimise the effects of overfitting of the atomic model
to the experimental data. The method involves randomly selecting a subset of reflections,
usually around 5%, which are excluded from the refinement process providing an unbiased

evaluation of the correlation between the map and the model (Wang, 2015).
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5.2. Chapter aims.

Whilst cryo-EM allowed us to obtain a high-resolution structure of the Bd1152%° top MCE
ring, we were unable to resolve the PLLs and the bottom MCE ring, most likely due to
inherent continuous flexibility. Considering the crystal structures of the E.coli MlaD protein
(Ekiert et al., 2017) and the LetB MCE 2-3 rings (Isom et al., 2020), we hypothesised that X-
ray crystallography could be a successful approach in probing the complete structure of the
Bd1152 protein. This chapter further discusses the workflow of Bd1152 crystallisation, which

resulted in a high-resolution structure.
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5.3. Results

5.2.1. Crystallisation of Bd1153-Bd1152, Bd1152%%% and Bd1152%°

The Bd1153-Bd1152, Bd1152%28 and Bd11522° constructs were expressed and purified as
described in Chapters 2 and 4. The purified membrane-associated Bd1153-Bd1152 protein
complex and Bd1152%-2% were prone to aggregation and not amenable to concentrating;
therefore, crystal trays were set up at concentrations ranging from 0.03 to 0.3 mg/mL. Whilst
several low-quality crystals were obtained, the diffraction data were inadequate for

interpretation.

We initially generated the Bd11522C construct with the aim of improving protein rigidity for
cryo-EM investigation (refer to Chapter 4). Nevertheless, this construct proved significantly
more stable and amenable to spin concentration. Consequently, we were able to express
high yields of Bd1152%° and set up crystal trays at concentrations ranging from 5 to 30
mg/mL. While we obtained numerous crystals in a variety of different conditions (Figure 5.4),

none of these diffracted beyond 10 A.
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Figure 5.4. Examples of Bd1152%C crystals under different crystallisation conditions.
A) 5.2 mg/mL; 0.1 M HEPES pH 6.5, 45% w/v poly (acrylic acid sodium salt) 2100 B) 5.2
mg/mL; 10% w/v polypropylene glycol 400; C) 10 mg/mL; 0.2 M sodium chloride, 0.1 M
MOPS pH 7.5 38% v/v PEG400; D) 10 mg/mL; 0.1M MOPS pH 7.0, 9% w/v PEG8000 E) 25
mg/mL 0.05 M sodium sulphate ; 0.05 M lithium chloride, 0.05 M Tris pH 8.5, 32% v/v
PEG400) 8 mg/mL; 0.225 M ammonium sulphate, 0.05 M sodium acetate, pH 4.0, 12% v/v

PEG4000.
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5.2.2. The Bd1152 construct optimisation for crystallisation.

We anticipated that the poor diffraction observed from the Bd11522C crystals arose due to
nonoptimal crystal packing. During the cryo-EM data processing of the Bd1152%° sample, a
small proportion of particles were observed to dimerise in a head-to-head fashion (Figure
5.5). Prof Andrew Lovering suggested such behaviour could potentially translate into crystal

formation and serve as a bottleneck in obtaining high-resolution diffraction data.

The Alphafold structure of Bd1152 revealed the presence of two hydrophobic residues,
Leu228 and Phe229, located at the tip of the pore lining loop of the second MCE-domain.
These residues were identified as potential contributors to the anticipated head-to-head
crystal packing through hydrophobic interactions, leading to the formation of nonoptimal
crystals. Consequently, we substituted Leu228 and Phe229 with alanine residues. This
resulted in the generation of the Bd115237-283 1112C L238C L228AF229A oonstruct, hereafter referred
to as Bd1152%°?A, |t is noteworthy, that the location of mutations is based on the Bd1152
Alphafold model, and that the regions where the L228 and F229 residues are located have

low pLDDT scores (70 > pLDDT > 50).
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Figure 5.5. Head-to-head dimerisation of Bd1152%°.

(Left) 2D class average obtained from the cryo-EM data processing of Bd11522C, revealing
head-to-head dimerisation. (Right) Alphafold structure of Bd1152 (residues 37-283)
highlighting the residues F229 and L228, which are predicted to contribute to the observed
head-to-head dimerisation. There residues were subsequently substituted with alanine for
crystallography studies. The model is coloured by per-residue pLDDT scores. A pLDDT
colour key is provided at the bottom right of the figure where the spectrum from blue to red
corresponds to decreasing pLDDT score (Jumper et al., 2021). The model was visualised

with ChimeraX (Pettersen et al., 2021).
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5.2.3. Expression and purification of the Bd11522°?A construct.

The Bd11522°?A construct was expressed from an IPTG inducible pET26b(+) plasmid.
Bd11522°A was isolated from clarified cell lysate through IMAC purification. The IMAC flow-
through, wash and elution fractions were analysed via SDS-PAGE (Figure 5.6, A), which
revealed a prominent band at ~31 kDa, corresponding to Bd11522°?A, Elution fractions
containing Bd11522°* were combined and further purified with a Superdex 200 10/300
Increase size exclusion column, resulting in two peaks: the first peak (eluted at ~8 mL)
represented aggregated protein and was discarded, while the second peak eluted at ~12 mL.
(Figure 5.6, B). The elution fractions from the second peak were analysed via SDS-PAGE
and revealed a prominent band at ~31 kDa, correspond to Bd11522°%* (Figure 5.6, C). A
higher molecular weight bands were also present likely corresponding to the oligomerisation

of Bd1152%C. All of the resulting fractions were pooled and concentrated for crystallisation.

204



A Elution fractions C

Peak 2 SEC elution fractions

Mf—l_\

kDa

250
150

100
75

— Bd1152 50

37
Bd1152

25
20

15

10

ve]

Peak 1
ea Peak 2

500 1000 1500 2000

Absorbance at 280nm (mAU)
0
|

Elution volume(ml)

Figure 5.6. Purification of Bd11522¢%A,

A) SDS-PAGE analysis of the Bd1152%°?* IMAC purification showed a prominent band at ~31
kDa. M - molecular marker, FT —flow-through, W — 50 mM imidazole wash. B) SEC
(Superdex 200 10/300) revealed two peaks, eluting between 6-10 mL and 11-15 mL,
respectively. (C) SDS-PAGE of the elution fractions from the second peak revealed a

prominent band at ~31 kDa, corresponding to Bd11522°. SDS-PAGE was performed using 4-

12% bis-tris gels.
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5.2.4. Structural determination of Bd1152%¢%*

The purification of Bd11522°? resulted in a highly pure (Figure 5.7) and stable protein. The
protein was amenable to concentrating, allowing us to proceed with screening crystallisation
conditions. A hit was observed in a 2 uL sitting drop well comprising a 1:1 ratio of 5 mg/mL
Bd11522°?* and 0.015 M Tricine, pH 8.5, 24% w/v PEG 4000 (Figure 5.7), kindly prepared by

Fiona Li during a 3-month master’s project under my supervision.

Figure 5.7. Crystals that resulted in the Bd11522°%A structure.
Crystals obtained via sitting drop vapor diffusion in 0.015 M Tricine, pH 8.5, 24% w/v PEG
4000.
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The crystals yielded a 2.6 A resolution dataset and belonged to the H3-centred trigonal
space group. Mathew’s coefficient probabilities suggested the presence of two protein copies
within the asymmetric unit, therefore, the data were phased using two copies of the Alphafold
Bd1152 (residues 37-283) prediction as a molecular replacement model. Nevertheless, the
top solution possessed a Log Likelihood Gain (LLG) of 16.6 and Translation Function Z score

(TFZ) of 5.7, suggesting that the phasing was not successful.

Next, we trimmed the Bd1152 Alphafold model to only contain the 15t MCE domain (residues
37-157) and used it as the search model for molecular replacement. This resulted in an

improved solution with a LLG of 142.51 and TFZ score of 12.9. We were not able to use the
Bd1152 Alphafold model to phase the second MCE-domain (residues 157-283); therefore, it

was manually built during the refinement process.

Refinement yielded a final model with Rwork/Rfee Of 0.2754 and 0.3334, respectively. The
refined model of B. bacteriovorus Bd1152%°? consists of two molecules (chain A and chain

B) in the asymmetric unit. Observing symmetry copies revealed that Bd11522¢%

crystalised in
a hexameric state. This oligomeric state was expected, as a hexameric assembly was also
observed in our cryo-EM maps (refer to Chapter 4) and other MCE domain-containing
proteins (MlaD, LetB, PqiB) (Ekiert et al., 2017; Isom et al., 2020). All data collection and

refinement statistics are displayed in Table 5.1.

The core density of both the top and bottom MCE domains was unambiguous, with Ca and
side chain information present, allowing for accurate modelling of the canonical seven [3-
strands of each MCE domain (Figure 5.8) (Figure 5.9). In chain A and B, 243 and 247 (out of
289 residues), respectively, were built. Both chain A and chain B should contain pore lining
loops projecting from the first and second MCE domains, located in the central portion of the
hexameric assembly as predicted by the Alphafold model. Nonetheless, no density was
observed between residues 107-123; 219-243 in chain A and 106-119; 219-243 in chain B.

207



Unfortunately, all of the introduced mutations (1112C, L238C, 1228A, F229A) are located
within the PLL regions for which there was no visible density, hence were unable to
determine whether the disulphide bond was formed between the 15! and 2" MCE domains.
The absence of electron density at the PLL regions suggest their inherent flexibility and
“fluid”- like nature, further supporting the dynamic nature of the PLLs observed during the
cryo-EM data processing. The overall architecture of Bd11522°?* comprises two tandem
hexameric assemblies (MCE rings) that feature a central channel. Nevertheless, the precise

dimensions of the channel could not be assessed as the PLLs were not modelled.

Both MCE rings display the typical seven-stranded beta barrel fold and are stacked on top of
each other on a slight angle connected by a short, disordered linker of 10 residues. While
residues 1-37 have been deleted from this construct, in-vivo the n-terminus is expected to
form a transmembrane helix that anchors Bd1152 to the IM. Finally, the c-terminus shows a
disordered loop that folds back over the top MCE domain (discussed further in Chapter 6)

(Figure 5.8).

It is worth emphasising that the reported Rwork/Riree Values of 0.2754 and 0.3334 appear
somewhat high for a 2.6 A resolution data (personal communication with Prof Stephen
Smerdon, 2023). It may be prudent to consider additional data processing, as there is a
possibility of a twinning effect in the crystal structure (Yeates, 1997), which, if addressed,

could potentially lead to an enhanced model.
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Side view

Figure 5.8. Crystal structure of the Bd1152%2°?* hexamer.

The structure is displayed in ribbon (left) and surface (right) representations. Orange colour
indicates the asymmetric unit, whilst steel blue colour indicates the symmetry copies. N and
C represent n- and c- terminus of the Bd1152 chain. The model was visualised with
ChimeraX (Pettersen et al., 2021).
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Figure 5.9. The electron density in the final refined map for the Bd1152?°**top (A) and
bottom (B) MCE domains.

The chain A of Bd11522°?A structure is displayed on the left (grey) with regions, for which the
electron density is shown on the right, highlighted in orange. The 2mFo-DFc map (grey) is
contoured at 1 sigma and protein is displayed as stick representation. The model and

corresponding refined map were visualised with ChimeraX (Pettersen et al., 2021).
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Table 5.1. Bd1152%°?A structure data collection and refinement.

Bd1152%¢%A
Wavelength 0.9677
Resolution range 36.8 - 2.632 (2.726 - 2.632)
Nmol in AU 2
Space group R3:H
Unit cell 142.139 142.139 60.129 90 90 120

Total reflections

62507 (3210)

Unique reflections

12138 (341)

Multiplicity 5.1 (5.3)
Completeness (%) 90.33 (25.11)
Mean I/sigma(l) 10.3 (1.2)
Wilson B-factor 71.19

R-merge 0.122 (1.476)
R-meas 0.124 (1.641)
R-pim 0.055 (0.713)
CC1/2 0.9978 (0.413)
Reflections used in refinement 12138 (341)
Reflections used for R-free 599 (17)
R-work 0.2653 (0.3908)
R-free 0.3468 (0.4427)
Number of non-hydrogen atoms 3228
Macromolecules 3228

Ligands 0

Solvent 0

Protein residues 413
RMS(bonds) 0.005
RMS(angles) 0.65
Ramachandran favoured (%) 87.22
Ramachandran allowed (%) 8.77
Ramachandran outliers (%) 4.01

Rotamer outliers (%) 2.01
Clashscore 8.47

Average B-factor 61.15
Macromolecules 61.15

Values in parenthesis correspond to the highest resolution shell
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We next compared the Bd1152 Alphafold model with the final refined model of Bd11522°%A,
The Bd1152 Alphafold model was trimmed to reflect the number of residues present in chain
A of the Bd11522¢?A crystal structure. The alignment of these two models yielded an RMSD
of 1.1145 A across 83 pruned atom pairs and 3.590 A across all 194 pairs. This reflects a
large difference in the positioning of the lower MCE domain, with the X-ray model showing a
position approximately 2 A higher than the corresponding domain in the Alphafold model
(Figure 5.10). Nevertheless, if the two MCE domains are aligned separately (residues 40 -
144 and 155-283, for the top and bottom MCE domains, respectively) they yield an RMSD of
0.580 A across 87 pruned atom pairs (2.852 A across all 96 pairs) and an RMSD of 0.612 A
across 86 pruned atom pairs (0.665 A across all 87 pairs), for the top and bottom MCE

domains, respectively (Figure 5.10).
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Residues 155-283

RMSD of 0.590 A across 87 pruned atom
pairs and 2.852 A across all 96 pairs

Residues 40-107, 123-219, 243-283

RMSD of 1.1145 A across 83 pruned atom
pairs and 3.590 A across all 194 pairs

Residues 40-144
RMSD of 0.612 A across 86 pruned atom
pairs and 0.665 A across all 87 pairs

Figure 5.10. Comparison of the Bd1152 Alphafold model and the Bd11522°?A crystal
structure.

Alignment of the Bd1152 Alphafold model (steel blue) and the Bd1152%¢?A crystal structure
(dark orange) monomers and their individual MCE domains. The Alphafold model was
trimmed to reflect the residues present within the Bd11522%?A crystal structure. The residue
numbers and RMSD scores are depicted in the figure. The models were visualised with

ChimeraX (Pettersen et al., 2021).
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5.2.5. Lipophilicity of Bd1152 and predicted key residues for lipid binding.

We next investigated the molecular lipophilicity potential of Bd1152. As we were not able to
resolve the PLLs, we utilised the Bd1152 Alphafold model for the analysis (Figure 5.11, B).
The PLLs encompass highly hydrophobic residues, including 1112, 1115, L118, L121, 1122,
L226, L228, F229, L233, L238, L241, and L242. These residues are predicted to collectively
assemble into a hydrophobic channel that could potentially transport hydrophobic substrates
such as lipids through its dynamic nature. Notably, E. coli MCE domain-containing proteins
LetB and PqiB feature a conserved hydrophobic motif, ®xx®®, within their PLLs (were ® -
denotes a hydrophobic residue and x-represents any residue) (Ekiert et al., 2017; Isom et al.,
2020). The same dxxdd hydrophobic motif is observed in the sequence of Bd1152 and its
corresponding Alphafold model within the predicted PLL regions (L118 X X L121 1122; L238

X X'L241 L242).

To gain further insights, we employed ConSurf (Ashkenazy et al., 2016) to analyse the
sequence conservation of the residues of interest. The results revealed that the hydrophobic
motif of the first MCE domain is highly conserved (conservation score 8-9, where 9 indicated
maximum conservation) (residues L118 and L121, 1122), however, the hydrophobic motif of
the second MCE domain is not highly conserved (L238, L241, L242) (conservation score 5-6)

(Figure 5.12).
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Figure 5.11. Molecular Lipophilicity Potential of Bd11522¢%A,

(A) The X-ray structure of Bd11522¢?A displayed in a surface representation. Views: (top left)
outer surface, (top right) inner surface. B) The Alphafold model of the Bd1152 (residues 37-
283) monomer displayed in a surface representation. A and B structures are coloured
according to the lipophilicity, with hydrophilic and lipophilic residues indicated in dark cyan
and yellow, respectively. A colour key is provided at the bottom of the figure. C) Alphafold
model of the Bd1152 (residues 37-283) monomer, displayed in a ribbon representation, with
the predicted central pore lining hydrophobic residues highlighted in blue and labelled
accordingly. The models were visualised with ChimeraX (Pettersen et al., 2021).
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Figure 5.12. Sequence conservation of Bd1152.

(Top) The Alphafold model of Bd1152 (residues 37-283). The Alphafold model was coloured
according to ConSurf sequence conservation analysis. (Bottom) The Bd1152 sequence
coloured according to the ConSurf sequence conservation analysis. The black dotted box
highlights the hydrophobic motif - dxx®® (® - denotes a hydrophobic residue; x-denotes any
residue). The conservation score colour scale is depicted at the bottom of the figure. The

model was visualised with ChimeraX (Pettersen et al., 2021).
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5.1.3. Comparison between X-ray and cryo-EM structures of Bd1152.

The cryo-EM and X-ray models of the top MCE domain (residues 157-283) are nearly
identical with an overall root mean square difference (RMSD) of 0.608A across 94 pruned
atom pairs (across all 95 pairs: 0.677A). Only the c-terminus shows a larger deviation
between the two structures suggesting its inherent flexibility. Both structures revealed that
Bd1152 adopts a typical MCE fold with seven-stranded beta barrels and six copies of

Bd1152 assemble to form a hexameric ring (Figure 5.13).

Top view Bottom view

Figure 5.13. Structural comparison of the Bd1152 top MCE ring obtained from X-ray
crystallography and cryo-EM.

Alignment of the top MCE domain of Bd1152%° cryo-EM model (blue) and Bd11522°%A X-ray
model (purple) (residues 157-283). RMSD of 0.608A across 94 pruned atom pairs and
0.677A across all 194 pairs. The model was visualised with ChimeraX (Pettersen et al.,

2021).
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5.3. Discussion

Whilst cryo-EM allowed us to obtain a high-resolution map of the Bd11522° top MCE ring, we
were unable to reconstitute a complete Bd1152% model. Consequently, we utilised X-ray
crystallography as an alternative approach. In this chapter, we presented the Bd11522%A

structure at 2.6 A resolution.

5.3.1. Structural comparison of the Bd1152 and E. coli PqiB MCE rings.

The top and bottom MCE rings of Bd1152%°?A displayed an identical MCE domain
architecture, composed of 7-stranded beta barrels. Notably, the MCE rings of Bd11522%A
displayed high structural similarity to the E. coli PqiB protein. However, a noticeable
distinction between the two proteins lies in the relative positioning of the MCE domains
(Figure 5.14). When aligning the Bd11522°** model with the E. coli PqiB model, only the
bottom MCE rings displayed satisfactory structural alignment, while the second MCE ring of
both proteins exhibited misalignment due to Bd11522°?* adopting a different positioning. This
difference appears to be mainly attributed to the shorter inter-domain distance between MCE
ring 1 and ring 2 in Bd11522°*A compared to corresponding MCE rings in the PqiB structure.
Nevertheless, when aligning the bottom MCE rings of both proteins separately from the rest
of the structure, a reasonable structural alignment was observed. These findings highlight the
presence of unique conformational arrangements within Bd11522°?A, despite its shared
structural motifs. Nevertheless, the biological significance of the unique positioning of the

Bd11522°?A MCE domains is currently unknown. It is plausible that this observation may be

attributed to crystal packing effects.
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Figure 5.14. Structural comparison of E. coli PqiB and Bd115
(Left) Alignment of the Bd1152%°?* (displayed in orange) and E. coli PqiB (PDB 5UVN)
(displayed in blue) models. RMSD between 198 pruned atom pairs is 1.228 A; (across all
564 pairs: 37.885 A). (Right) Alignment of the 15 MCE rings of Bd11522°* (residues 37-154)
and E. coli PqiB (PDB 5UVN) (residues 40 - 155) models. RMSD between 189 pruned atom
pairs is 1.214 A; (across all 1230 pairs: 41.270 A). The models were visualised with

ChimeraX (Pettersen et al., 2021).
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5.3.2. Strategies to overcome the challenges of Bd1152 crystallisation.

Crystallisation of Bd1152 proved to be challenging as we failed to obtain high-quality protein
crystals for the Bd1153-Bd1152, Bd1152%-2%% and Bd1152% constructs. In our efforts to
overcome this issue and achieve successful protein crystallisation, we employed two distinct

experimental strategies:

5.3.2.1. The impact of PL species on the Bd1152 stability and crystallisation

As demonstrated in chapter 4, Bd1152%7283 co-purifies with PG and PE. The presence of
mixed PL species within the protein may potentially impede protein crystallisation. The
interaction of Bd1152 with the differently charged head groups of the PLs can potentially
induce conformational changes in Bd1152, thereby introducing heterogeneity in the sample

and posing challenges for protein crystallisation.

The impact of different PL species within the protein on crystallisation has been previously
proposed by Dr Peter Wotherspoon, who attempted to remove co-purifying PLs from the E.
coli MlaD protein, aiming to load it with a PL single species, with the intention of improving

crystal diffraction data (Personal communication with Dr. Peter Wotherspoon).

We aimed to employ a similar approach and proceeded with the removal of co-purifying PL
from the Bd1152%72% protein using a lipid wash method described by Hughes et al., (2019).
However, upon performing the PL wash, we observed immediate protein aggregation (data
not shown), preventing us from proceeding with the subsequent loading of a single PL
species. This outcome strongly suggests that the presence of PLs within the Bd1152%7-283
construct is crucial for maintaining the integrity of the protein. Alternatively, it is plausible that

the high-concentration detergent lipid wash employed in our study was too harsh for the
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Bd1152 and may require further optimisation of the protocol. Further investigations may be
necessary to identify the optimal conditions for removing co-purifying PLs without

compromising the stability of the Bd11523-283 protein.

Additionally, as demonstrated in Chapter 4, the Bd11522C construct does not co-purify with
lipids, likely due to introduced cysteine mutations. This finding, along with the previous
observation, implies that the presence of cysteine mutations and a potential disulphide bridge
may play a role in stabilising the lipid-free Bd1152 construct. It is noteworthy, that the lipid-
free Bd1152% produced numerous protein crystals, suggesting that the presence of multiple
PL species may indeed hindered the crystallisation process. Nevertheless, despite the

promising morphology of the crystals, the diffraction data obtained was of low-resolution.

5.3.2.2.  The role of hydrophobic residues in facilitating the crystallisation of Bd1152.

The analysis of cryo-EM data has revealed the presence of a small fraction of particles
exhibiting a head-to-head dimerization. This observation might be significant in the context of
crystallography, as it suggests an occurrence of potentially non-optimal head-to-head crystal
packing. To address this issue, we introduced mutations in the hydrophobic residues L228
and F229, which are predicted to be located at the tip of the PLL projecting outward from the
second MCE domain. These mutations successfully facilitated the crystallisation of
Bd11522°?* and led to the determination of a final model at a resolution of 2.6 A. While it
remains uncertain whether Bd11522C originally packed in a head-to-head manner, an
examination of the molecule arrangement within the crystal lattice revealed the head-to-tail
packing arrangement of Bd11522°%A (Figure 5.15). This observation suggests that the
mutations introduced in the hydrophobic residues L228 and F229 may have facilitated head-

to-tail packing observed in our crystal (Figure 5.15)
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Figure 5.15. Bd11522°?* arrangement within the crystal lattice showing head-to-tail
arrangement.

Bounding black box represents a unit cell. Bd11522°%*

coloured based on the MCE rings
(pink colour — 1t MCE ring; blue colour - 2"* MCE ring). The Bd11522°? arrangement was

visualised with ChimeraX (Pettersen et al., 2021).

The significance of side chains at the protein-protein crystal packing interface has been
reported in scientific literature. For instance, it has been shown that polar side chains, such
as lysine and glutamate, may exert an unfavourable effect on the crystallisation process
(Derewenda, 2004). In contrast, Yamada et al. (2007) demonstrated that the incorporation of
leucine residues established a new interface for crystal packing, through hydrophobic
interactions, leading to the successful crystallisation of RNase1. Nonetheless, in the case of
the Bd11522C construct, it is plausible that the presence of Leu228/Phe229 residues could

have hindered the production of high-quality crystals.
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5.3.3. Flexibility and conservation of the Bd1152 PLL regions.

Whilst we were able to solve both MCE rings via X-ray crystallography, unfortunately, no
density was observed for the PLL regions likely arising from high degree flexibility. Similar
patterns were observed in the cryo-EM map of Bd11522¢ and the X-ray structure of LetB
MCE2-MCE3 rings (Isom et al., 2020), suggesting that PLLs do indeed adopt a “fluid “- like
nature and that this dynamic feature might be highly conserved among MCE domain-

containing proteins of various bacterial species.

Finally, the lipophilicity analysis of the Bd1152 Alphafold model revealed that the PLLs
consist of a collection of highly hydrophobic residues that may form a hydrophobic channel
potentially facilitating the transport of hydrophobic substrates, such as lipids. The importance
of PLLs and hydrophobic motif in the function of the E. coli PqiB and LetB proteins was
demonstrated through in vivo complementation assays. Cooper (2023) and Isom et al.,
(2020) revealed that constructs, possessing single point mutations in the hydrophobic

dxxdd motif, failed to restore the PqiB and LetB knockout sensitivity on the LSB phenotype.

Although complementation assays with Bd1152 are not currently feasible due to the intricate
nature of genetic modifications within B. bacteriovorus (personal communication with Prof
Andrew Lovering), we pursued an alternative approach to gain insights into the functional
importance of hydrophobic residues within the Bd11523-28 dxxd® motif. Our objective was
to identify critical residues involved in PL binding through TLC analysis. Unfortunately, our
attempts to introduce single point mutations in the hydrophobic motif were met with
significant challenges. The mutant variants displayed pronounced instability and a strong
propensity to aggregate, thus impeding further investigation (data not shown). Nevertheless,
these results underscore the significance of hydrophobic interactions in maintaining the

integrity of Bd1152.
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5.4. Conclusion

Our initial attempts at crystallisation were unsuccessful. Consequently, we introduced
mutations to the hydrophobic residues at the predicted apex of the protein, which were
believed to influence crystal packing. This resulted in the successful determination of the

2202A

high-resolution structure of Bd115 , providing the first insight into the structure of a 2-

MCE domain protein.

The structure of Bd1152 revealed the adoption of a typical MCE-fold, showing high structural
similarity to the E. coli PqiB protein. We additionally identified hydrophobic residues within
the PLL regions that may play a role in facilitating lipid transport. These findings shed new
light on the structural characteristics of Bd1152 and its potential involvement in lipid transport

mechanisms.
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Chapter 6 - Investigating the Bd1152 conformational

landscape from Cryo-EM data
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6.1. Introduction

Proteins often undergo conformational changes as a part of their functional cycle. The
inherent flexibility is often linked to the function and mechanism behind it. Cryo-EM holds the
potential of uncovering the protein motion, subsequently accelerating the understanding of
fundamental macromolecular processes. Whilst protein dynamics are of paramount
importance, heterogeneity represents an enormous challenge in SPA (Single Particle
Analysis). Maximum likelihood classification methods are extremely powerful when it comes
to separating discrete particle confirmations; however, they are not well suited for continuous
molecular motions. Traditional 3D refinement methods assume complete particle rigidity,

resulting in a loss of high spatial frequency information in dynamic regions.

Newly developed 3D refinement algorithms, such as non-uniform refinement introduced by
cryoSPARC (Punjani et al., 2020), account for inherent particle flexibility. Whilst showing
significant improvement in the reconstitution of flexible proteins (Punjani et al., 2020), it does
not describe the movement per se. Masking-based approaches that focus on selected sub-
regions such as multi-body refinement (Nakane et al., 2018), could help improve the
resolution of the rigid bodies and better define the individual domains; however, structural
assumptions are user-specified, introducing a degree of bias into the analysis. A deep neural
network-based algorithm termed cryoDRGN (Zhong et al., 2021) has recently been
developed to describe continuous molecular motions. The overall framework of the
cryoDRGN includes an encoder-latent space—decoder model. The model is trained to
encode 2D images into the continuous vector space (latent space) and estimate per-particle
latent encodings that describe heterogeneity Z; These encodings are then used by neural
networks to reconstitute 3D density maps. CryoDRGN allows inspection of particle
distribution that is clustered based on the Zi and explores different molecular conformations

(Zhong et al., 2021).
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Another recently introduced algorithm to describe continuous flexibility is termed Zernike3D
(Herreros et al., 2021, 2023), which has been incorporated in Scipion (de la Rosa-Trevin et
al., 2016). In general terms, Zernike3D can describe continuous flexibility at the individual
particle level, producing a conformational landscape map. The reference volume map,
obtained through the “standard” SPA processing pipeline, is used as a reference model to
calculate the deformation fields. Deformation fields are then applied to the reference model,
back-projected, and compared to the experimental 2D images. The process is iterated until it

converges (Herreros et al., 2021, 2023) (Figure 6.1).

Update Zernike3D coefficients

Apply the deformation Deformed map projection
field to the map (direction defined by target)

Compute Zernike3D
deformations

gL () |—>

Correlation
between the
theoretical
projection and
the target
particle

Reference map

Target particle

Figure 6.1. The framework of the Zernike3D algorithm.

Zernike3D deformation coefficients are calculated and applied to the reference map.
Zernike3D coefficients are estimated by Powell’s conjugate direction method, so the
Pearson’s correlation coefficient is maximised between the experimental data and the

reference map. Figure obtained from Herreros et al., (2023).
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To define the continuous transitions that macromolecules might adopt between different
conformations, the displacement of each region has to be estimated. The displacement that
the reference map will adopt based on experimental 2D images is controlled by deformation
coefficients. Zernike3D yields a total of 39 components per coefficient set (Herreros et al.,
2021, 2023). While clustering of the particles based on their deformation coefficients is
performed in 39D space, the visualisation of the conformational landscape requires the
reduction of dimensionality to depict clusters representing the heterogeneity in the 2/3D
space. This is achieved either through PCA (Principal component analysis) (Ivosev et al.,

2008) or UMAP (Uniform Manifold Approximation and Projection) (Mclnnes et al., 2020)

Results are visualised using a “conformational landscape” where each point (a single particle
or a particle cluster) corresponds to its equivalent conformation. According to theoretical
assumptions, molecular conformations that are proximal in 2/3D conformational space
should exhibit a greater degree of similarity. However, in practical applications, the efficiency
of dimensionality reduction techniques necessitates further improvement. Empirical data
suggest that molecular conformations that are situated near one another in a 39-dimensional
space may appear distant when projected onto 2/3 — dimensional space (personal
communication with Dr Marcos Gragera and David Herreros). Consequently, extensive

manual inspection is required to investigate conformational variability.

One of the advantages of Zernike3D is that it does not require a minimum number of

particles, as the deformation is calculated per particle. This allows the user to produce high-

quality reference maps through a number of different cleaning processes.
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6.2. Chapter aims.

The cryo-EM data processing results indicated the potential structural plasticity of Bd1152,
as observed from the 2D and 3D class averages. However, we hypothesised that the
dynamics of Bd1152, as captured through discrete classification methods, might not fully
reveal the complete range of motions present. To address this limitation, we employed
innovative continuous flexibility algorithms to explore the conformational dynamics of
Bd1152. In the following chapter, we present our findings on the dynamic behaviour of

Bd1152.
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6.3. Results

6.3.1. 2D and 3D classification suggest conformational heterogeneity.

2D and 3D classification revealed conformational heterogeneity in both the soluble Bd11522%¢
and the membrane - associated Bd1152 constructs. Two primary modes of movement were
identified: tilting of the MCE rings and variability in interdomain distances (Figure 6.2). These
findings suggest that Bd1152 exhibits structural dynamics which might represent an integral
role in its function as a putative lipid transporter. Consequently, we proceeded to gain a more

comprehensive understanding of the conformational flexibility of Bd1152.
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Figure 6.2. 2D and 3D classification of Bd1152%¢ and Bd1152 indicating conformational
heterogeneity.

(Top) 2D class averages of the Bd11522° and Bd1152 samples demonstrate distinct
conformations, with white arrows indicating flexible regions.

(Bottom) 3D class averages of the Bd1152%° and Bd1152 samples demonstrate movement
the top MCE ring, resulting in “lifted” and “flat” conformations. The density maps were

visualised with ChimeraX (Pettersen et al., 2021).
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6.3.2. Multi-body refinement

2D and 3D classification revealed that conformational transitions might exist within the
dataset. If that is the case, the discrete classification methods are not suitable for analysing
data with continuous motion (Nakane et al., 2018). To investigate the conformational
heterogeneity of Bd1152, multi-body refinement was performed, which is based on
independent refinements of rigid bodies that maintain their structure but differ in their relative
orientations (Nakane et al., 2018). Bd1152 was split into three rigid bodies: the micelle, the
18t MCE ring and the 2" MCE ring, whilst Bd1152%° was split into 2 rigid bodies: the 15t and
2" MCE rings. Corresponding masks were created with a 30 A low-pass filtered map, with
soft edges of 8 A placed on the mask boundaries. (Figure 6.3, A). For Bd1152, the micelle
and the 2" MCE ring were set to rotate with respect to the 15 MCE ring
(rinBodySigmaAngles — 5; rinBodySigmaOffset — 2). Principal component analysis revealed
that PC1, PC2 and PC3 account for ~45% of variance. Eigenvectors 1 and 2 describe an
identical 30°rotational motion of the 2" MCE ring (Figure 6.3, C). Eigenvector 3 describes a
~15° tilt of the 2" MCE rings, resulting in “flatter” conformation compared to the reference

map (Figure 6.3, C).
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Figure 6.3. Conformational dynamics of Bd1152 determined through multi-body
refinement.

(A) The volume map of Bd1152 with three transparent rigid body masks: the micelle, the 1°
MCE ring, the 2" MCE ring). (B) Contribution of all eigenvectors to the variance. The cryo-
EM maps (coloured in salmon, blue and purple) corresponding to the first three eigenvectors
are visualised in (C), with arrows indicating the observed flexibility. The grey map represents
the reference map used as input for multi-body refinement. Contour values (o) are displayed

in the figure. The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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For Bd1152%C, the 2" MCE ring was set to rotate with respect to the 15 MCE ring
(rinBodySigmaAngles — 5; rinBodySigmaOffset — 2). Principal component analysis revealed
that PC1, PC2 and PC3 account for ~45% of variance (Figure 6.4, B). Eigenvector 1
describes a slight tilting of the 2" MCE ring by ~ 9°. Eigenvector 2 suggests a slight tilting of
the 1% MCE ring by ~5° and Eigenvector 3 shows interdomain distance variability (increased

by ~10 A) (Figure 6.4, C).
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Figure 6.4. Conformational dynamics of Bd1152%° determined through multi-body
refinement.

(A) The volume map of Bd1152%° with two transparent rigid body masks: the 15 MCE ring,
the 2" MCE ring). (B) Contribution of all eigenvectors to the variance. The cryo-EM maps
(coloured in salmon, blue and purple) corresponding to the first three eigenvectors are
visualised in (C), with arrows indicating the observed flexibility. The grey map represents the
reference map used as input for multi-body refinement. Contour values (o) are displayed in

the figure. The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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Tilting of the 2" MCE ring could potentially indicate functionally relevant dynamics, as similar
tilting of MCE rings was observed in the E. coli LetB structure (Isom et al., 2020). The distinct
bodies of Bd1152 and Bd1152%¢ were subjected to further 3D refinement jobs; however, the
quality of the maps was not improved (data not shown). Despite the low-resolution of the
cryo-EM maps, the implementation of multi-body refinement provided valuable insight in the
global dynamics of Bd1152. Nevertheless, the resulting maps exhibited low quality, making

the interpretation of results somewhat challenging.
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6.3.3. Zernike3D

Zernike3D analysis was carried out at the I12PC center (CNB-CSIC, Madrid) as a part of

Instruct-ERIC internship (P1D2530) with a help of Dr Marcos Gragera and David Herreros.

Through the use of 2D and 3D classification, as well as multi-body refinement, we observed
that Bd1152% has the ability to adopt both "tilted" and "flat" conformational states. To gain a
more comprehensive understanding of the protein's conformational landscape and explore
the possibility of continuous flexibility, we employed the novel Zernike3D algorithm

developed by Herreros et al., (2023, 2021).

6.3.3.1. Data pre-processing for Zernike3D analysis

Prior to the Zernike3D analysis, we undertook an extensive data pre-processing to ensure
the generation of a high-quality map in C1 symmetry (Figure 6.5). This included a selection
of a particle set with the highest angular assignment confidence. We performed two non-
uniform (cryoSPARC) refinements in C1 symmetry, with identical input parameters and a
particle set of 234873. The resulting volumes and aligned particles were subjected to the
Xmipp3 compare angles protocol, where the confidence values of angular assignments
between the two non-uniform refinement jobs were compared. The particle set of 88461 had
an angular alignment difference less than 5° and therefore was selected for further
processing. To obtain a final reference model and its associated particle set for the
Zernike3D analysis, we performed an ab-initio reconstitution and non-uniform refinement
(Figure 6.6). Our aim was to optimise the quality of the input data, enhancing the precision
and reliability of the subsequent Zernike3D analysis. This was done to ensure that any map
differences observed were solely due to particle heterogeneity and not artifacts resulting from

poor image alignment.
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Figure 6.5. The data pre-processing steps to obtain an input particle set and the
reference map for the Zernike3D analysis.

A) Data processing workflow: two sets of cryoSPARC non-uniform refinements with identical
parameters (in C1 symmetry) were performed, followed by the Xmipp3 protocol of angle
comparison. Only particles with an angle alignment difference equal to or less than 5° were
further used for 3D reconstitution (88461 particles) These particles were subjected to ab-
initio (C1) reconstitution, followed by non-uniform refinement (C1 symmetry). B) The plot
obtained from the Xmipp3 compare angles protocol. The X-axis represents the number of

particles, whilst the y-axis represents the angular difference. The black dotted line indicates

the cut-off value.
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Figure 6.6. The cryo-EM map of Bd1152%C used as the reference for the Zernike3D
analysis.

The map was obtained from the data processing pipeline described in Figure 6.5. The
average resolution derived from Fourier Shell Correlation (FSC) is shown with blue (no
mask), loose mask (red), tight mask (cyan) and corrected (purple) curves. A cut-off 0.143
(black vertical dotted line) was used for resolution estimation. All volumes are displayed at
the contour level of 0.28. The density map was visualised with ChimeraX (Pettersen et al.,

2021).
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6.3.3.2. Zernike3D analysis

The resulting reference model and aligned particle set were subjected to Zernike3D analysis.
Zernike3D coefficients are calculated per-particle and represent the “amount” of deformation
that needs to be applied to the reference map, so its projection best matches the
experimental image. 39 Zernike3D coefficients are calculated per-particle; therefore,
representation of deformation field/conformational landscape would require a 39-dimensional
space. We utilised UMAP to reduce the dimensionality and represent the conformational
landscape in 2D. We visually inspected conformational variability and selected eight clusters
containing 5000 particles each to validate the deformed maps. The particle clusters are
depicted in the 2D UMAP representation in Figure 6.7 as a coloured dots. Particles belonging
to each cluster were used as an input for ab-initio reconstitution followed by non-uniform

refinement, resulting in 8 maps depicted in Figure 6.7.

The reconstitution of particles obtained from Zernike3D analysis of Bd1152%° uncovered a
novel degree of flexibility that was not previously detected by maximum likelihood data
processing methods. In addition to the anticipated "tilting" of the top and bottom MCE rings,
the twisting of these rings in relation to one another and inter-monomer motion were also
detected. Moreover, the bottom ring displayed a slight “curving” (Figure 6.7). Overall,
Zernike3D revealed that Bd11522° undergoes continuous conformational changes and
experiences high mobility - a feature not previously observed in MCE domain-containing

proteins.
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Reference map 2D UMAP

Figure 6.7. The Zernike3D analysis of Bd1152%C.

(Top) The input reference map of Bd1152%° and the 2D UMAP representation of the
Zernike3D coefficient space. Each point in the cloud represents cluster of particles sharing
similar deformation coefficients. Brighter shades of blue indicate a higher number of
particles, while purple shades indicate a lower number of particles. (Bottom) Example of 8
conformations extracted from the conformational landscape (2D UMAP). Different
conformations correspond to reconstructions from the 5000 particles (coloured dots in the
UMAP). Maps are displayed at a contour level of 0.015. The dotted lines are shown to aid in
the visualization of the motions. The density maps were visualised with ChimeraX (Pettersen
et al., 2021).
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6.3.3.3. Flexible fitting of the Bd 11522 crystal structure into the Zernike3D cryo-EM

maps.

iIMODFIT is based on a normal mode analysis (NMA) in internal coordinates (IC). iIMODFIT
generates the models by randomly perturbating the initial atomic model and optimising the
conformation by utilising various energy minimisation techniques (Lopéz-Blanco and Chacon,
2013). The scoring function used by iIMODFIT takes into the account electrostatic potential
energy and van der Waal interactions to find the conformation that best fits the cryo-EM map
and has the lowest energy therefore ensuring that atomic models are physically meaningful
(Lopéz-Blanco and Chacén, 2013). Whilst cryo-EM maps obtained from Zernike3D analysis
were limited to 7-9 A resolution, we proceeded to employ the iIMODFIT flexible fitting of the
crystal structure of Bd11522°%* into each of the cryo-EM density maps obtained from the
Zernike3D analysis. The Zernike3D maps showed a variety of conformations with some of
them displaying high degree monomer displacements from the hexameric rings. Most likely
due to physical macromolecular constrains, such as electrostatic energy and van der Waal
interactions, IMODFIT was not able to deform the crystal structure to “perfectly” fit the
Zernike3D cryo-EM maps. Nevertheless, visual inspection of the fitting showed that initial

model was deformed in a manner and direction consistent with the cryo-EM maps.
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Figure 6.8. Flexible IMODFIT fitting of the Bd11522°%A crystal structure into each of the
Bd1152%° Zernike3D maps.

All cryo-EM maps are displayed at the contour level of 0.3. Atomic model colours and
numbers correspond to the Zernike3D maps in Figure 6.7. The models and the

corresponding density maps were visualised with ChimeraX (Pettersen et al., 2021).
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We appreciate that the resolution of the cryo-EM maps is not optimal for drawing definitive
conclusions. Nevertheless, it allowed us to explore the overall dynamics of the protein.
Analysis with IMODFIT revealed that the bottom MCE ring rotates ~30° relative to the top
MCE ring. Furthermore, there is bending observed in the lower MCE ring, along with
variation in interdomain distances (Figure 6.9). The overall “tilting” of the rings appears to be
a result of movement within individual monomers rather than the entire MCE ring.
Additionally, we predict that short linkers connecting the two MCE rings provide freedom for

the flexibility and may have greater functional importance than previously recognised.
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Figure 6.9. Structural dynamics of Bd11522C protein derived from the Zernike3D
analysis and the IMODFIT flexible fitting of the Bd11522°A crystal structure.
Cornflower blue represents the crystal structure of Bd1152%¢?A fitted into the reference map
that was used as input for the Zernike3D analysis. The models shown in orange, pink and
red represent Bd11522°%A X-ray structure fitted into the cryo-EM maps emerging from the

Zernike3D analysis. The models were visualised with ChimeraX (Pettersen et al., 2021).

6.3.4. CryoDRGN

We next utilised the CryoDRGN algorithm to further explore the characteristics of
heterogeneity present within the Bd11522° dataset. We trained an 8D latent variable model

which resulted in 10 distinct 3D volumes obtained directly from cryoDRGN reconstitutions.

The distribution of particles in the latent space is smooth, with no discrete clusters,
suggesting that the flexibility Bd11522C is continuous. Most of the dynamics were observed
within the pore lining loops of the first MCE ring, revealing “open” and “closed”
conformations. Three models were chosen to display the sequence of the central channel

opening and closing (Figure 6.10).
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Figure 6.10. Dynamics of Bd11522C obtained from the CryoDRGN analysis.

A) (Left) The consensus map obtained from cryoSPARC non-uniform refinement of 234874
particles, displayed at a contour level of 0.015. (Right) A 2D UMAP visualisation of the latent
variable distribution of the 234874 particles after training an 8D latent variable model with
cryoDRGN. B) Three cryo-EM maps obtained from the cryoDRGN analysis showing “Open”
(blue), “Intermediate” (pink) and “Closed” (yellow) conformations of the bottom MCE ring. All
maps are displayed at a contour level of 0.04. The red dashed circles indicate the location of

pore lining loops. The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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6.3.5. Variation in interdomain distance

The comparison of X-ray and low-resolution cryo-EM maps revealed a significant variation in
the interdomain distance. The cryo-EM map of full-length Bd1152 displayed the largest inter-
domain distance between the two MCE rings (~39 A) (Figure 6.11, B), the cryo-EM map of
Bd1152%° represents an intermediate state (~29 A) (Figure 6.11, A), whilst the X-ray structure
of Bd1152%“** and the cryo-EM map of the Bd1152%° GraFix sample exhibited the smallest
interdomain distance (~16 A) (Figure 6.11, C). However, it is unclear whether this could
represent a biologically relevant conformation, or it resulted from crystal packing and
glutaraldehyde crosslinking, respectively. Nevertheless, a similar feature was reported by
Cooper (2023), demonstrating that the cryo-EM structure of the full length PqiB displayed an
“extended” conformation between the first and second MCE rings (Figure 6.11, B) when

compared to the soluble PqiB model (Figure 6.11, D) (Ekiert et al., 2017).
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Figure 6.11. The variation in the interdomain distances between the MCE rings of
Bd1152 and E. coli PqiB.

(A) the cryo-EM map of Bd11522C; (B) the cryo-EM map of Bd1152; (C) the cryo-EM map of
the Bd11522° GraFix sample. The X-ray structure of Bd11522°%* was fitted into the A, B, C
cryo-EM maps (blue). D) The PqiB**®* (PBD: 5UVN) fit into the EMD-8608 and E) PqiB FL
cryo-EM map (Cooper., 2023). D and E are adapted from Cooper (2023). The models and

density maps were visualised with ChimeraX (Pettersen et al., 2021).
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6.4. Discussion

In this chapter, we utilised the multi-body refinement, Zernike3D, and cryoDRGN algorithms
to investigate the inherent continuous flexibility of Bd11522%°. Whilst the flexibility of Bd1152
prevented us from obtaining a high-resolution cryo-EM map, it revealed conformational

changes not previously associated with MCE domains.

6.4.1. Zernike3D revealed high global dynamics in Bd1152%.

Classical 2D and 3D classification methods and multi-body refinement allowed us to identify
that Bd1152%° might exist in multiple conformational states, as tilting of MCE rings and
discrepancies in interdomain distances were observed. However, anticipating that

Bd11522° might possess additional mobility, we employed the recently introduced Zernike3D

algorithm to assess its continuous flexibility.

Zernike3D revealed that Bd11522C is highly dynamic possessing a number of different
conformations that were not previously identified with discrete classification approaches. This
includes tilting of both the top and bottom MCE rings, rotation of the bottom MCE ring in
respect to the top MCE ring and the inter-monomer movement. The latter is the most
surprising as we assumed that MCE hexameric rings are highly rigid. The pronounce global
dynamics of Bd11522° may hold significant implications for its putative transporter function.
This study suggests that Bd1152 may utilise its inherent flexibility to facilitate the

transportation of hydrophobic substrates through the central channel.
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While some intra-domain flexibility was observed for the MlaD (Coudray et al., 2020), PqiB
(Isom et al., 2020) and LetB (Isom et al., 2020) proteins, for the first time we reveal the inter-
MCE domain movement suggesting that MCE proteins might be much more dynamic than
previously assumed. Future investigations should prioritise the application of the Zernike3D
algorithm to explore the continuous flexibility of the E. coli PqiB and LetB proteins. Such
studies have the potential to provide comprehensive evidence supporting the notion that the
high structural plasticity might be highly conserved feature across MCE proteins with

significant implications for their putative transport function.

6.4.1.1. The Bd1152 MCE domain linkers might possess significant structural

importance.

The insights gained from the Zernike3D analysis highlight the potential importance of the
short linkers that connect the MCE rings of Bd1152 in its putative lipid transport function.
These linkers are likely responsible for providing a high degree of freedom for flexibility,
suggesting that their functional significance may be even more crucial than previously

acknowledged.

This hypothesis could be experimentally tested through in vivo complementation assays.
Whilst in-vivo functional characterisation of Bd1152 within B. bacteriovorus comprises
significant challenges, due to the complexity of genetic modifications (personal
communication with Prof Andrew Lovering), the importance of inter-MCE domain linkers
upon the function of multi-MCE domain containing proteins may be assessed in the E. coli
proteins PqiB and LetB. These proteins contain multiple MCE domains (3 and 7,
respectively) separated by analogous linker regions (Ekiert et al., 2017; Isom et al., 2020;
Cooper, 2023). Furthermore, both proteins have established phenotypes which have been

utilised within previous publications to assess the viability of mutants, thus by generating
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constructs of the E. coli pqiB and letB genes with different linker lengths, we could
investigate the importance of these linker regions, and thus protein dynamics upon function

(Isom et al., 2020; Vieni et al., 2021).

6.4.2. CryoDRGN analysis revealed the opening and closing of the central Bd1152 channel.

Poor density has been observed at the regions accommodating PLLs. PLLs may be
disordered or adopt many different conformations as seen from the X-ray structures of
Bd1152% (refer to Chapter 5) and LetB MCE4-MCE5 domains (Isom et al., 2020). Analysis of
continuous flexibility of Bd11522° with cryoDRGN revealed that PLLs do indeed experience
high mobility. While the resolution of the cryo-EM maps is not optimal enough to build a
model, the central pore of the first MCE ring exhibits clear density changes at the central
channel. PLLs appear to obtain “Open” and “Closed” conformations through a number of
intermediate states, potentially representing an insight into the mechanism of transport

adopted by Bd1152 .

The conformational changes within the Bd1152%° PLLs closely resemble the PqiB MCE ring
2 and the LetB MCE ring 6 PLL dynamics (Isom et al., 2020) (Figure 6.12). In the LetB
structure “open” and “closed” states suggested to be induced by the pivoting motion of the
MCE rings in addition to the shifting of the PLLs. We propose that a similar mechanism might
be adopted by Bd1152. As seen from the Zernike3D analysis, the pivoting and twisting
motions are adopted, hence this movement could cause significant changes within the PLLs,

potentially representing biological significance in the transport of substrates.
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E.coli LetB MCE ring 6

Bd1152 MCE ring 1

Figure 6.12. Comparison of the LetB and Bd1152 pore lining loop conformations.

A) The structure of the LetB 6th MCE domain (E. coli) displaying “opening” and “closing” of
the central channel via the pore lining loop movement (Figure obtained from Isom et al.,
2020). B) CryoEM maps of Bd11522C obtained from the cryoDRGN analysis revealing “open”
and “closed” conformations of the 15 MCE ring. The density maps were visualised with

ChimeraX (Pettersen et al., 2021).
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6.4.3. Interdomain distance variability.

Considerable interdomain length discrepancy was observed in the 2D classes, multi-body
refinement and Zernike3D analysis of the Bd1152%° construct. Whilst the role of this
particular motion is unclear, it could possess biological significance for substrate transport

within the central channel.

Additionally, the Bd1152%° cryo-EM map showed more “compact” conformation when
compared to the full-length Bd1152 cryo-EM map. Similar observation was reported by
Cooper (2023) showing that the full-length E.coli PqiB structure adopts more “extended”
conformation when compared to the soluble PqiB construct. Whilst at this stage structural
data is limited to make assertive conclusions, it does suggest that transmembrane helices

might play a role in the final conformation of MCE domain-containing proteins.
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6.4.4. Limitations within the study

6.4.4.1. The role of transmembrane region in the flexibility of MCE proteins.

It is crucial to point out that a number of limitations exist within the current study. First, we
investigated the flexibility landscape of the soluble Bd11522° construct, hence the role of
transmembrane helices in Bd1152 mobility is currently unclear. We already proposed that the
transmembrane region might affect the final conformation of Bd1152, thus there is a high

likelihood that it may influence the conformation landscape.

We do predict that membrane-association could restrict some of the Bd1152 movement.
Nonetheless, a tilting movement has been observed in the E.coli MlaD protein associated
with the inner membrane MlaFEDB complex (Coudray et al., 2020) suggesting that tilting
movements of Bd1152%° might be functionally relevant. It is important to note that we re-
processed the full length Bd1152 cryo-EM dataset within the Scipion framework, with the aim
of obtaining higher resolution structure and investigating its conformation landscape.
However, despite the extensive data processing, we failed to obtain high-quality cryo-EM
model in C1 symmetry that would be suitable for flexibility analysis. Nevertheless, multi-body
refinement and 3D classification revealed that flexibility is indeed present within the Bd1152
full-length cryo-EM dataset, suggesting that that structural plasticity might not be limited to
the soluble Bd1152 construct. Additionally, multi-body refinement and 3D-flex analysis of the
LetB structure (Isom et al., 2020) were also performed on the soluble construct hence
introducing a degree of confusion regarding the role of transmembrane helices in the
flexibility of the protein. Future studies should focus on investigating the conformational
landscape of a full-length constructs ideally reconstituted into a more native environment,

such as lipid nanodiscs, to provide insight into their functionally related flexibility.
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6.4.5.2. The impact of cysteine mutations and absence of PL on the dynamics of

Bd1152.

The cysteine mutations and the absence of the co-purifying PLs could have a significant
effect on the flexibility of Bd1152%°. However, this is a difficult problem to address as the
Bd1152%7283 construct is very unstable and prone to aggregation making it difficult to study.
As discussed in Chapter 5, we attempted to obtain lipid-free Bd1152%2% through a detergent
wash, however, this resulted in the immediate aggregation of the protein.

23728 cryo-EM dataset, however, displayed

2D classes emerging from the Bd115
heterogenous conformations, suggesting that global dynamics of the particle might have
been preserved in the Bd11522C construct. Nevertheless, the impact of PL upon Bd1152

flexibility is unknown hence the protocol for obtaining apo-Bd1152 should be optimised prior

to further structural investigation.
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6.4.5. Future perspectives

It is noteworthy, that conformational landscapes obtained through modern computational
approaches purely represent the probabilities of the macromolecule adopting a particular
state. It does not provide us with information on the particular order that these conformations
are adopted, Additionally, the most energetically stable conformational state will be
predominant within the dataset hence resulting in the underrepresentation of the short-lived
intermediate states. Time-resolved cryo-EM could represent a potential experimental design
that could provide step-by-step structural dynamic information on phospholipid transport.
While the Bd1152 protein would not currently be suitable for this approach due to the
complexity of the cryo-EM data processing and lack of methods to investigate its function, E.
coli PqiB could represent a model with a potential to retrieve structure-function relationship of
PL transport via time-resolved cryo-EM experiments. Findings in our lab (data not published)
suggest that PL transport via the PqiABC pathway is mediated by proton motive force (PMF).
Adjusting the pH values of the protein sample followed by grid freezing at different time
intervals could allow us to obtain intermediate states of phospholipid transport and structural

dynamics associated with it.
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6.5. Conclusion

In this chapter, we utilised newly developed continuous flexibility algorithms to explore the
conformational landscape of Bd1152%C. The Zernike3D analysis revealed that Bd1152%
exhibits a “fluid” like nature with interdomain pivoting and twisting movements. In addition,
cryoDRGN revealed that Bd11522%° might adopt “open” and “closed” conformations of the
bottom MCE ring channel. The results of this study indicate that structural plasticity might be
crucial for the function of Bd1152 as a putative lipid transporter and might be highly

conserved among MCE domain-containing proteins in various bacterial species.
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Chapter 7 - Final discussion and future work.
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71. Discussion

The aim of this study was to probe the structure of the Bdellovibrio bacteriovorus HD100
inner membrane-associated putative lipid transport protein Bd1152. After extensive
optimisation of purification and construct design, we presented the crystal structure of
Bd11522°?A and cryo-EM structure of the Bd1152%¢ top MCE ring at 2.6 A and 3.4 A
resolution, respectively, additionally uncovering its inherent structural plasticity through the
utilisation of novel continuous flexibility tools. In this chapter, we further discuss the
characteristics and potential roles of the Bd1153-Bd1151 operon components. We also

address the limitations of our study and outline potential directions for future research.

7.1.1. Bd1152 — a putative lipid transport protein

The experimentally determined structures of MCE proteins are presently limited to those
encompassing 1, 3, and 7 MCE domains, constituting the most prevalent MCE domain
architectures (Isom et al., 2017). Single MCE domain-containing proteins have been shown
to interact with periplasmic chaperones for intermembrane PL transport (Huang et al., 2016;
Ekiert et al., 2017; Hughes et al., 2019) or form long periplasmic helices that potentially
provide direct link between the IM and the OM (Chen et al., 2023). Similarly, 3 and 7 MCE
domain-containing proteins have been demonstrated to be of sufficient length to traverse the
periplasm (Ekiert et al., 2017; Isom et al., 2020) providing a hydrophobic tunnel through

which the PL transport is anticipated.
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Considering the length differences between the E. coli LetB and Bd1152 proteins (~230 A
and ~70 A, respectively), we anticipate that the Bd1153-Bd1151 system potentially interact
with a periplasmic chaperone for intermembrane transport as Bd1152 alone is not sufficient
to span the periplasm. Nevertheless, B. bacteriovorus is infamous for containing a large
percentage of cryptic genes, making it challenging to find homologs within its genome. The
recent development of Foldseek (Kempen et al., 2023) allowed us to investigate whether any
structural homologs to known E. coli transport modules exists within B. bacteriovorus that
could potentially interact with Bd1152. Surprisingly, no structurally homologous proteins to
MlaC, PqiC or MlaA were identified. We also examined the operon architectures of 2-MCE
domain-containing proteins from various bacterial species, however these sequences only
indicated the co-expression of a PgiA domain containing protein, homologous to Bd1153
(Figure 7.1). Collectively, these observations imply that the mechanism of action employed

by 2-MCE domain-containing proteins may represent an entirely novel paradigm.

Alcanivorax nanhaiticus Y5S_RS08915 Y5S_RS08920 Y5S_RS08925 —
Nibricoccus aquaticus CMV30_17910 CMV30_17915 CMV30_17920 |——
Pelagicoccus albus ——| H5P27_10855 H5P27_10860

Dyella japonica A8 HY57_05845

2-MCE domain containing protein

|:> PgiA domain containing protein

Figure 7.1. An example of the operon architecture comprising 2-MCE domain-

containing proteins.
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Additionally, the flexibility observed from the cryo-EM dataset of Bd1152%° revealed much
greater global dynamics than those reported from previous MCE protein structures (Ekiert et
al., 2017, Isom et al., 2020). We propose that this observed structural plasticity may be
relevant to the proposed lipid transport function of Bd1152, providing insight into its

mechanics.

7.1.2. The c-terminus of Bd1152 suggests a unique functional mechanism.

Whist the structure of Bd1152 revealed the “standard” MCE fold, an intriguing feature of
Bd1152is its c-terminus which represents a 10 aa loop that folds back over the second MCE
domain. In E.coli MlaD and PqiB, the c-terminus forms a coiled coil providing an interaction
interface for MlaC (MacRae et al., 2022) and potentially PqiC (Cooper, 2023), respectively.
The LetB structure, however, possesses a similar c-terminus as in Bd1152, suggesting that

they might have analogous interacting partners.
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LetB PqiB Bd1152

Figure 7.2. Cartoons representing structures of MCE proteins in their respective
cellular locations.

Structures depicted in rainbow colouring (blue to red, n- to c-terminus). MlaD (PDB: 7CGE):
PqiB (PDB: 5UVN): LetB (PDB: 6VOC). The models were visualised with ChimeraX

(Pettersen et al., 2021).

Nonetheless, the c-terminal loop folding back over the second MCE domain appears to be
highly conserved among 2-MCE domain-containing proteins, with Alphafold predictions
revealing that some species display up to a ~30aa long c-terminus region (Figure 7.3). The
Alphafold per residue confidence score for the c-terminal region is very low (pLDDT < 50)
(Figure 7.3) implying that this region is poorly modelled potentially suggesting its adoption of

a unique architecture not currently captured within PDB entries.
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Nibricoccus aquaticus sp. Alcanivorax borkumensis sp.  Pelagicoccus albus sp. Cerasicoccus arenae sp.

------------------------------------------------------------------------

Alphafold pLDDT

Figure 7.3. The Alphafold structures of 2-MCE domain-containing proteins from
different bacterial species.

(Top) The structures depicted in a rainbow colouring (blue to red, c- to c-terminus).
Transmembrane helices were deleted to aid figure clarity (Alcanivorax borkumensis sp.
residues 1-52; Nibricoccus aquaticus sp. — residues 1-37; Pelagicoccus albus sp. residues 1-
37; Cerasicoccus arenae sp.- residues 1-44). (Bottom) The structures are coloured by per-
residue pLDDT scores. A pLDDT colour key is provided at the bottom right of the figure
where the spectrum from blue to red corresponds to decreasing pLDDT score (Jumper et al.,

2021). The models were visualised with ChimeraX (Pettersen et al., 2021).
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The novel nature of the c-terminus of 2-MCE domain-containing proteins implies its
importance in their function. Indeed, further studies relating to the c-terminal region may
provide further insight into the mechanics and/or interacting partners. The c-terminal region
of Bd1152 contains two Tryptophan residues (W277 and W274) which may provide ideal
sites for the incorporation of the non-native amino acid p-benzoyl-L-phenylalanine (BPA).
BPA forms photo-inducible crosslinks to nearby C-H bonds and thus may be utilised to
identify both substrates and partner proteins (Chin et al., 2002; Krishnamurthy et al., 2011;
Isom et al., 2020). Incorporation of BPA within the c-terminus of Bd1152 may provide insight

into the identity of the proteins interacting with this region of Bd1152.
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7.1.3. The role of Bd1151 and Bd1153

A major consideration of this study is that Bd1152 was expressed and purified either in
isolation or as a part of incomplete subcomplex, thus the structure of its operonic

components Bd1151 and Bd1153 and their interaction, remain elusive.

7.1.3.1. Bd1151 - small membrane protein.

The structure and function of Bd1151 remains completely enigmatic. Bd1151 is a small 53aa
protein with Alphafold showing a single transmembrane helix arrangement (Figure 7.4).
Whilst we attempted to express the full length Bd1151 construct solubilised in DDM,
purification showed very low levels of the protein, which would immediately aggregate upon

elution from the column (Appendix 10).

Bd1151 could be assigned to the novel category of integral membrane proteins, termed small
membrane proteins (SMPs). They are defined as being less than 50 amino acids in length
and therefore adopt a single transmembrane helix conformation (Storz et al., 2014). The
function of SMPs is largely enigmatic. They closely resemble membrane-active antimicrobial
peptides (AMPs), however, differently to AMPs, SMPs are believed to be retained within the
cell membrane (Alix and Blanc-Potard, 2009; Ghosh et al., 2019). Certain SMPs have been
proposed to act as assembly factors for large oligomeric membrane complexes. For
instance, in E. coli, the KApABC ATPase complex requires the SMP KdpF (31aa) for its
stabilisation, as demonstrated by Galdel et al. (1999). These observations raise the possibility
that Bd1151 may play a role in stabilising the Bd1153-Bd1152 complex. Our investigations
revealed that expression and purification of the full Bd1153-Bd1151 complex yielded
substantially elevated levels of Bd1152 (Appendix 11) when compared to the Bd1153-

Bd1152 construct (Figure 4.9), potentially reinforcing its stabilising function. Additionally, an

265



anti-his western blot revealed a 31-kDa band (consistent with the size of Bd1152) despite the
fact that his tag is located on the c-terminus of Bd1151 (Appendix 11, E). This finding
suggests that Bd1151 may indeed interact with Bd1152 and that the complex is able to
remain stable even under denaturing conditions. Nevertheless, the cryo-EM screening
revealed highly heterogenous sample (Appendix 12). Future studies should aim to increase
the purity and stability of the sample subsequently determining the overall Bd1153-Bd1151

structure.

B. bacteriovorus HD100 Bd1151 E. Coli K-12 YohP
E. Coli K-12 AcrZ E. Coli K-12 KdpF

H il

0 50 70 90 100

Alphafold pLDDT

Figure 7.4. Alphafold predictions of several small membrane proteins.

B. bacteriovorus HD100 Bd1151 (AF-Q6MNT5-F1), E. coli K-12 YhoP (AF-C1P609-F1), E.
coli K-12 AcrZ (AF-POAAW9-F1); E. coli K-12 KdpF (AF-P36937-F1). The structures are
coloured by per-residue pLDDT scores. A pLDDT colour key is provided at the bottom of the
figure where the spectrum from blue to red corresponds to decreasing pLDDT score (Jumper

et al., 2021). The models were visualised with ChimeraX (Pettersen et al., 2021).
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7.1.3.2. Bd1153 — a functional analogue of E.coli PqiA and LetA?

Most of the 2-MCE domain-containing protein operons, including Bd1152, harbour homologs
to the E. coli PqiA inner membrane protein which as a member of a PqiABC pathway (Figure
7.1). One of the most striking features of both PqiA and the homologous E. coli LetA proteins

is that they possess 15 and 11 cysteine residues, respectively.

Figure 7.5. The Alphafold structures of E. coli PqiA (AF-POAFL9-F1) and LetA (AF-

POADO03-F1) with cysteine residues indicated in blue.

The models were visualised with ChimeraX (Pettersen et al., 2021).
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Such a large number of cysteines in both proteins strongly imply their functional importance.
As suggested by Cooper (2023), cysteine residues might have a role in metal ion
coordination. Indeed, cysteine residues can display a high affinity to zinc ions forming
cysteine-zinc complexes that could be essential for protein structure and regulation (Pace
and Weerapana, 2014). Bd1153 itself comprises a single PqiA domain and thus implies
functional homology to the PqiA and LetA proteins, however, their wider structural similarities
and differences are intriguing. The Bd1153 Alphafold model closely resembles half of the
PgiA and LetA Alphafold models with an RMSD of 0.949 A across 120 pruned atom pairs for
PgiA and RMSD of 1.179 A across 135 pruned atom pairs for LetA (Figure 7.6). However,
Bd1153 is composed of only a single lobe (corresponding to its single PqgiA domain) and
lacks the loop region at the base of the E. coli proteins where the majority of their cysteine
residues are localised. If the Bd1153-Bd1151 protein complex is indeed a functional homolog
of PqiABC/LetAB, then an obvious question arises — does Bd1153 dimerise in in-vivo?
Furthermore, the reason for the lack of the cysteine bundle region in Bd1153 is unclear. If
this region is involved in the regulation of the E. coli proteins, then it implies that Bd1153 is
regulated via a different manner. Future research should focus on understanding both the
structure and function of the PqiA, LetA and Bd1153 proteins consequently providing greater

insight into their relationship and mechanisms.
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Figure 7.6. Structural comparison of Bd1153 with the E.coli PqiA and LetB proteins.
The Alphafold structure of Bd1153 (blue) superimposed with the Alphafold structures of PqiA
(AF-POAFL9-F1) (coloured in tan) (RMSD of 0.949 A across 120 pruned atom pairs (across
all 164 pairs: 2.671)) and LetA (AF-POADOQ3-F1) (coloured in orange) (RMSD of 1.179 A
across 135 pruned atom pairs (across all 167 pairs: 3.239)). The models were visualised with

ChimeraX (Pettersen et al., 2021).
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7.1.4. Other MCE domain-containing proteins within Bdellovibrio bacteriovorus HD100.

Apart from Bd1152, Bdellovibrio bacteriovorus HD100 contains four more MCE domain-
containing proteins within its genome that are upregulated and downregulated during
different life stages (refer to Chapter 3), implying that MCE-proteins might have versatile
functionality. While the initial aim of the current project was to study several B. bacteriovorus
MCE proteins, experimental complexity has persisted and precluded their structural
characterisation. Expression and purification data for the Bd3410-Bd3413 membrane-
associated complex and soluble Bd1770 proved to be promising (Appendix 13 and 14,
respectively). However, these proteins appeared to be highly unstable with negative stain
TEM of a soluble Bd1770 construct revealing a heterogeneous sample (Appendix 15). Future
research should aim to investigate other MCE domain-containing proteins and their
associated complexes within B. bacteriovorus genome potentially revealing novel complex

arrangements and interacting partners.
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7.2. Concluding remarks.

Overall, this study has provided the first structural and function insights into the MCE proteins
of Bdellovibrio bacteriovorus, including the first structure of 2-MCE domain-containing
protein. Although the investigation primarily focused on Bd1152, the expression, purification
and structural determination methods employed may be transferred to investigate other MCE
proteins. It is notable, that our results highlight the challenges in crystallography and offer
potential strategies to enhance crystal quality. Furthermore, we introduced non-canonical
cryo-EM data processing approaches, which could prove beneficial for solving structures of
other 2-MCE domain-containing proteins, or proteins exhibiting similar challenges in their
biophysical characterisation. Moreover, the utilisation of novel flexibility algorithms provided
us with a unique insight into the global dynamics of Bd1152, which may be applicable to

other MCE proteins.

Nevertheless, a number of fundamental uncertainties persist, particularly the interaction of
MCE domain-containing proteins with their operonic components. Future research should
strongly focus upon characterising the entire Bd1153-Bd1151 complex architecture,
potentially providing novel insight into intermembrane lipid transport and the understanding of

outer membrane biogenesis.
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Appendix 1. Neighbouring gene analysis of MCE proteins in B. bacteriovorus HD100.

Red highlighting indicates the MCE domain-containing proteins. Homologous proteins and

sequence identity were identified via BLASTP analysis.

Pfam
Gene ID Location Description identified | Homologous protein :Sequ_e nce
. identity
domains
Operon 578
1092944..1 | Hypothetical No
Bd1151 ” ypo predicted | No homologous proteins | n/A
093105 protein d .
omains
PqiB family
1093150.. protein; MiaD, Intermembrane transport o
Bd1152 | 494001 hypothetical MiaD protein PqiB (E. col) 31.30%
protein
1093973 paraquat- PqiA/YebS family
Bd1153 " inducible protein PqiA transporter subunit (E. 37.95%
094482 )
A coli)
Operon 888
MiaE family lipid ABC
1701560.. ABC transporter o
Bd1768 702384 permease protein MlaE transp_orter permease 31.44%
subunit (E. coli)
1702384 ABC transporter phospholipid ABC
Bd1769 B ATP-binding ABC Tran | transporter ATP-binding | 26.07%
703094 ; ' )
protein protein MlaF (E. coli)
ABC-type
multidrug o L
Bd1770 1703091.. transport system MiaD No significant similarity /A
704044 A found
substrate-binding
protein
Operon 1612
Bacterial
transferase serine O-
3020558.. hexapeptide Hexapep, o
Bd3116 021064 repeat; Hexapep acgtyltransferase (E. 55.78%
. coli)
hypothetical
protein, cysE
HD-hydrolase HD, tRNA :
3021077.. d - ; 3'-5' exoribonuclease o
Bd3117 022039 doma_ln containing | anti YhaM (E. coli 32.86%
protein codon
hypothetical
3022039.. protein predicted | AhpC- No significant similarity
BA3118 | 122695 by TSA2 | found A
Glimmer/Critica
hypothetical
3022692.. protein predicted nitrite reductase small o
BA3119 1 154464 by TRPI9 | subunit NirD (E. coli) s
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ABC-type organic
solvent

3024468..3 | transporter, No significant similarity
Bd3120 | 525844 solute-binding Miab found A
periplasmic
protein.
3025841..3 Qﬁvce'ﬁyﬁreaﬁrsgpﬂc Phospholipid ABC
Bd3121 " ABC Tran | transporter ATP-binding | 36.65%
026605 system ATP- ) )
= : protein MlaF (E. coli)
binding protein
ABC-type organic Lipid asymmetry
3026605..3 | solvent resistance maintenance ABC o
Bd3123 027432 transport system MiaE transporter permease 33.61%
permease protein subunit MlaE (E. colli)
Alanine giemase
Bd3124 3027429..3 racemase; N, Ala Ala_nlne racemase (E. 32 05%
028637 hypothetical coli).
) racemase
protein
C.
Bd3125 3028647..3 sensor histidine GGDEF digpanylate cyclase (E. 26.83%
030137 kinase coli).
3030138.3 | sensor histidine | SK& | sensory histidine kinase
. o
Bd3126 | 137390 kinase Z'ATPase Atos (E. coll). 30.41%
Operon 1750
. No R S
Bd3410 3322456..3 Hypo_thetlcal predicted No significant similarity /A
322947 protein ; found
domains
lipid asymmetry
Bd3411 3322947..3 | ABC transporter, MiaE maintenance ABC 30.88%
323735 permease protein transporter permease
subunit MlaE (E. coli).
ABC-type organic
33237323 solvent resistance phospholipid ABC
Bd3412 324478 B transport system ABC trans | transporter ATP-binding | 33.74%
ATP-binding protein MlaF (E. coli)
protein
ABC-type Outer membrane lipid
3324478... | transport system asymmetry maintenance o
Bd3413 | 3395093 | involved in Miab protein MiaD 28.05%
resistance (Escherichia coli)
Operon 1958
Hypothetical No
Bd3802 3671103..3 | protein predicted predicted No significant similarity /A
671753 by domains found
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ABC-type organic

Outer membrane lipid

3671782..3 | solvent resistance . o
Bd3803 672558 transport system, MlaD asym.metry malntengnce 26.61%
: protein MlaD (E. coli)
permease protein
ABC-type organic Lipid asymmetry
3672567..3 | solvent resistance maintenance ABC o
Bd3304 673286 transport system, MiaE transporter permease 34.84%
permease protein subunit MlakE (E. coli)
ABC-type organic Lipid asymmetry
3673283..3 | solvent resistance maintenance ABC o
Bd3805 674062 transporter, MiaE transporter permease 21.75%
permease protein. subunit MlaE
ABC-type organic
3674059. 3 solvent resistance phospholipid ABC
Bd3806 674790 " transport system ABC trans | transporter ATP-binding | 39.24%
ATP-binding protein MlaF (E. coli)
protein
36748373 ABC transporter, phospholipid ABC
Bd3807 - ATP-binding ABC trans | transporter ATP-binding | 32.93%
675595 ; ! )
protein protein MlaF (E. coli)
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Appendix 2. The data used to generate the Sankey diagram demonstrating the
distribution of 2-MCE domain-containing proteins across all kingdoms of life, as
identified by FoldSeek analysis.

(Refer to Figure 3.4).
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Source

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria

Bacteria
Eukaryota
Eukaryota
Pseudomonadota
Pseudomonadota
Pseudomonadota
Pseudomonadota
Pseudomonadota
Pseudomonadota
Planctomycetota
Planctomycetota

Planctomycetota
Bdellovibrionota
Verrucomicrobiota
Fungi
Rhodanobacteraceae
Rhodanobacteraceae
Rhodanobacteraceae
Rhodanobacteraceae
Enterobacteriaceae
Enterobacteriaceae
Enterobacteriaceae
Alcanivoracaceae
Pseudobdellovibrionaceae
Burkholderiaceae
Rhodanobacter
Rhodanobacter
Alcanivorax
Luteibacter
Escherichia
Bdellovibrio
Salmonella

Klebsiella
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Target
Pseudomonadota
Planctomycetota
Bdellovibrionota
Verrucomicrobiota
Thermodesulfobacteriota
Chloroflexota
Bacillota
Cyanobacteriota
Viridiplantae

Fungi
Rhodanobacteraceae
Enterobacteriaceae
Alcanivoracaceae
Burkholderiaceae
Pseudomonadaceae
Thalassospiraceae
Planctomycetaceae

Phycisphaerae bacterium
Planctomycetota
bacterium

Pseudobdellovibrionaceae
Opitutaceae
Mucoromycota
Rhodanobacter

Dyella

Luteibacter

Frateuria

Escherichia

Salmonella

Klebsiella

Alcanivorax
Bdellovibrio
Burkholderia
Rhodanobacter sp.
Rhodanobacter glycinis
Alcanivorax sp.
Luteibacter yeojuensis
Escherichia coli
Bdellovibrio bacteriovorus
Salmonella enterica
Klebsiella pneumoniae

No of Genes
158
16

w s~ OO

12
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Appendix 3. Thin layer chromatography of lipids extracted from the Bd1152%-%*-and
Bd1152%¢ samples.

PG — phosphatidylglycerol, PE — phosphatidylethanolamine. Lipids are marked on the left

according to a E. coli polar lipid standard (lane 1).
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Appendix 4. Extended cryo-EM data processing workflow (extension of Figure 4.20) of
Bd1152%€ within Scipion3 framework.

A) Particle picking approaches employed in the cryo-EM data processing pipeline:

crYOLO picking was performed. The 15 best 2D class averages were selected as 2D
templates for crYOLO training (fine-tune previous model set to Yes), followed by crYOLO
picking utilising the resulting model. The same 2D class averages obtained from crYOLO
picking were used as 2D templates for Gautomatch picking. Moreover, four class averages
representing top view orientations were utilised as templates to exclude top view orientations
during picking. Finally, Xmipp3 picking was performed. The resulting particles were subjected
to the Xmipp3 particle consensus protocol to join particle sets (duplicates removed). We
selected Xmipp3 particle consensus value of 1, meaning that if at least one algorithm has
picked the particle, it will be kept (refer to Figure 4.20")

B) Four cryo-EM maps obtained from cryoSPARC ab-initio reconstitution in C1 symmetry
utilising the 592425-particle set. Class 2 and Class 3 were selected for further processing
(refer to Figure 4.20%). All maps are displayed at a contour level of 0.05.

C) and D) Cryo-EM maps obtained from cryoSPARC ab-initio reconstitution in C1 symmetry
utilising the 23474-particle set (refer to Figure 4.21° and Figure 4.20%). All maps are displayed
at the contour level of 0.05.

E) and F) The cryo-EM maps obtained from cryoSPARC heterogenous refinement in C1
symmetry utilising the ab-initio models displayed in C and D (refer to Figure 4.20°°). The
model displayed in Appendix 5 was used the reference model. All maps are displayed at a
contour level of 0.05.

The density maps were visualised with ChimeraX (Pettersen et al., 2021).
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A CrYOLO picking CrYOLO training and
(1431759 particles) picking (435346 particles)

2D class averages selected for crYOLO
training and Gautomatch 2 picking

[

Xmipp3 picking consensus (965524 particles) |

cSPARC ab-initio model — 4 classes? (C1) |

Class 1 Class 2 Class 3 Class 4

247349 particles 124593 particles 110281 particles 110202 particles
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C cSPARC ab-initio model — 4 classes3 (C1)

Class 1 Class 3

44890 particles 59969 particles 66006 particles 63485 particles

cSPARC ab-initio model — 4 classes* (C1)

Class 1 Class 2 Class 3 Class 4

58573 particles 46223 particles 73412 particles 56142 particles
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cSPARC Heterogenous refinement® (C1)

Class 2 Class 3 Class 4

=
E 90"
L
()
[~
57655 particles 62784 particles 69181 particles 44730 particles
F

cSPARC Heterogenous refinement® (C1) |

Class 2 Class 3 Class 4

o
AN

N

26205 particles 118574 particles 65122 particles 24449 particles
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Appendix 5. The cryo-EM map of Bd11522%C used as an input for cryoDRGN analysis
(refer to Figure 4.20"° and Chapter 6) and as the reference map for cryoSPARC
heterogenous refinement (refer to Appendix 3, E, F and Figure 4.20%°).

The average resolution derived from Fourier Shell Correlation (FSC) is shown at the bottom
right. FSC plots show correlation between the two independent refined maps (half-maps)
with blue (no mask), loose mask (red), tight mask (cyan) and corrected (purple) curves. A
cut-off 0.143 (black vertical dotted line) was used for resolution estimation. The map is
displayed at the contour level of 0.25. The density map was visualised with ChimeraX

(Pettersen et al., 2021).

Top view Bottom view
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—— No mask (7.54)
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Appendix 6. The cryo-EM map of Bd1152C in C1 symmetry (refer to Figure 4.20).
The average resolution derived from Fourier Shell Correlation (FSC) is shown at the bottom
right. FSC plots show correlation between the two independent refined maps (half-maps)
with blue (no mask), loose mask (red), tight mask (cyan) and corrected (purple) curves. A
cut-off 0.143 (the black vertical dotted line) was used for resolution estimation. The map is
displayed at the contour level of 0.25. The density map was visualised with ChimeraX

(Pettersen et al., 2021).

Top view Bottom view
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—— No mask (8.1A)

—— Loose (6.84)
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Appendix 7. Refinement statistics for the cryoEM structure of Bd1152%° top MCE ring,
related to Figure 4.22.

The model of the top MCE domain of Bd1152%° was built using ModelAngelo algorithm and

refined with Phenix real_space_refine algorithm.
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Composition (#)

Chains 6

Atoms 4618 (Hydrogens: 0)
Residues Protein: 586 Nucleotide: 0
Water 0

Ligands 0

Bonds (RMSD)

Length (A) (# > 40) 0.002 (0)
Angles (°) (# > 40) 0.606 (1)
MolProbity score 1.77

Clash score 6.75
Ramachandran plot (%)

Outliers 0.18
Allowed 5.71
Favoured 94.11
Rama-Z (Ramachandran plot Z-score, RMSD)

whole (N = 560) -0.45 (0.37)
helix (N = 0) = ()
sheet (N = 198) 0.50 (0.38)
loop (N = 362) -0.77 (0.34)
Rotamer outliers (%) 0.00

CB outliers (%) 0.00
Peptide plane (%)

Cis proline/general 0.0/0.0
Twisted proline/general 0.0/0.0
CaBLAM outliers (%) 4.01

ADP (B-factors)

Iso/Aniso (#) | 4618/0

min/max/mean

Protein 76.39/106.18/87.17
Nucleotide -

Ligand -

Water -

Occupancy

Mean 1.00

occ =1 (%) 100.00

0<occ<1(%) 0.00

occ > 1 (%) 0.00

Box

Lengths (A) 103.96, 110.22, 47.60
Angles (°) 90.00, 90.00, 90.00
Supplied Resolution (A) 3.4

Resolution Estimates (A). Masked Unmasked

d FSC (half maps; 0.143) - -

d 99 (full/half1/half2) 2.6/---/--- 2.6/---/---
d model 2.2 2.2

d FSC model (0/0.143/0.5) ---/2.0/3.8 ---/2.0/3.8

Map min/max/mean

-0.02/1.68/0.02

Model vs. Data

CC (mask) 0.75
CC (box) 0.74
CC (peaks) 0.72
CC (volume) 0.75

Mean CC for ligand
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Appendix 8. The cryo-EM map of Bd1152% at 3.8 A in C3 symmetry.

The map is coloured according to the local resolution estimation (A) with the colour key
depicted at the bottom left of the figure. (Bottom right) The global resolution derived from
Fourier Shell Correlation (FSC). FSC plots show correlation between the two independent
refined maps (half-maps) with blue (no mask), loose mask (red), tight mask (cyan) and
corrected (purple). A cut-off 0.143 (black vertical dotted line) was used for resolution
estimation. The map is displayed at the contour level of 0.16. The density map was

visualised with ChimeraX (Pettersen et al., 2021).
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Appendix 9. Purification of the membrane associated Bd1153-Bd1152 complex.

A) The representation of the Bd1153-Bd1152 construct architecture. B) SDS-PAGE of the
Bd1153-Bd1152 IMAC purification revealed major bands at ~ ~31 kDa and ~19 kDa,
corresponding to Bd1152 and Bd1153, respectively. M- molecular marker, FT —flow-through,
W — 50 mM imidazole wash. C) SEC (Superose 6 10/300) exhibited two peaks: the first peak
eluted at 6-10 mL, potentially representing aggregated protein. The second peak eluted at
~14-15 mL, likely corresponding to the correctly folded Bd1153-Bd1152 complex. D) SDS-
PAGE of the Bd1153-Bd1152 SEC elution fractions showed several bands with ~31 kDa and

~19 kDa, corresponding to Bd1152 and Bd1153, respectively. SDS-PAGE was performed

using 4-12% bis-tris gels.
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Appendix 10. SDS-PAGE of the Bd1151 IMAC purification.
M- molecular marker. FT — flow-through W — 50mM imidazole wash. A band was observed
around ~10 kDa, potentially corresponding to Bd1151. SDS-PAGE was performed using 4-

12% Bis-tris gels.
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Appendix 11. Purification of the membrane associated Bd1153-Bd1151 complex.

A) Representation of the Bd1153-Bd1151 construct with the c-terminus 6 x histidine tag B)

SDS-PAGE of Bd1153-Bd1151 IMAC purification which revealed bands at ~31 kDa and ~19

kDa, corresponding to Bd1152 and Bd1153, respectively. M- molecular marker. FT —flow-

through W — 50 mM imidazole wash. C) SEC (Superdex 200 16/600) exhibited a single peak

at ~ 80mL. D) SDS-PAGE of the Bd1153-Bd1151 SEC elution fractions revealed several

bands, with a band at ~35 kDa and ~19 kDa corresponding to Bd1152 and Bd1153,

respectively. E) An anti-his western blot revealed a band of ~35kDa potentially corresponding

to the Bd1152-Bd1151 associated complex. SDS-PAGE was performed using 4-12% bis-tris

gels.
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Appendix 12. An example of Cryo-EM micrograph and 2D classification of the Bd1153-

Bd1151 membrane associated complex.
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Appendix 13. Purification of the Bd3410-Bd3413 membrane associated complex.

A) SEC (Superose 6 10/300) exhibited a major peak eluting at ~17-21 mL. (B) SDS-PAGE of
the Bd3410-Bd3413 SEC elution fractions revealed several bands, with a band of ~30 kDa
corresponding to the Bd3412 (27 kDa), Bd3413 (29 kDa), Bd3411 proteins and a band at
~19 kDa corresponding to Bd3410 (17 kDa) (As identified by mass spectrometry results (data

not shown)). SDS-PAGE was performed using 4-12% bis-tris gels.
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Appendix 14. Purification of Bd11704°3"7

A) The SEC (Superose 6 10/300) trace of single elution fraction showing a single peak of
~250 mAU. (B) SDS-PAGE of the Bd1770%*3"" SEC elution fractions showing a single band

at ~35 kDa corresponding to Bd1770*3'7. SDS-PAGE was performed using 4-12% bis-tris

gels.
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Appendix 15. Negative stain-TEM of Bd1170%°3"",

Example of a negative stain micrograph of Bd1170%%*” showing heterogenous particles. A
particle resembling a hexameric assembly and most likely corresponding to Bd1170%%3'" is
depicted on the right. Bd1170%3"" sample was stained with 2.5% uranyl acetate. Micrograph

was collected at 80k magnification at 120kv on a JEOL1400 TEM.
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