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Abstract: Structure & Function of Bacterial Transport Machines in
their Cellular Context

Angela Mary Kirykowicz

Membranes confer cells with individual identity and capacity to regulate their response to
their environment. A critical aspect of having a membranous partition is the ability to
transport substances into and out of cells as part of life-sustaining functions. In pathogenic
bacteria, transporters aid infection and survival in the host. Two such transporters in Gram-
negative bacterial species are the MacA-MacB-TolC (MacAB-TolC) antibiotic efflux pump and
the Type | Secretion System (T1SS), responsible respectively for antibiotic resistance and
export of protein virulence factors. To pass the Gram-negative envelope in a one-step
translocation process, both machines use a tripartite system, consisting of outer membrane
protein TolC, a periplasmic adapter protein (MacA or haemolysin D (HlyD) in the T1SS), and
an inner membrane protein (MacB or haemolysin B (HIyB) in the T1SS). Both use the power
of ATP-hydrolysis to export their substrates. Here, | utilise computational and experimental
approaches to elucidate the mechanism of function for both machines. | conduct molecular
dynamics (MD) simulations of membrane embedded HlyB component of the T1SS with and
without its haemolysin A (HIyA) substrate as in silico experiments. | also conduct MD
simulations with and without substrate for a related peptidase. | show that substrate
recognition is via conserved charge-charge interactions. | also show that HlyB has an
asymmetric preferential interaction with cardiolipin when its substrate is present, which is
not seen in the peptidase simulations. | propose that this preference is part of the mechanism
of transport, with cardiolipin providing energy via the proton-motive force. | test this
hypothesis through flow cytometry detection of labelled substrate trapped T1SS in a mixed
population of cells, by comparing parental MG1655 Escherichia coli with a cardiolipin deficient
MG1655 strain. | found that the cardiolipin deficient strain has reduced T1SS levels compared
to its parent. To aid structural studies, | optimise the expression of the T1SS using a flow
cytometry based sequential design strategy where conditions are iteratively tested via
detection of substrate trapped T1SS and updated until no more improvement can be made. |
also test purification strategies for single-particle cryo-electron microscopy studies. Finally, |

apply further bioinformatic approaches and synthesise my computational and experimental



results to propose a mechanism of transport and suggest future experimental tests. | conduct
MD simulations of MacB in membrane with and without a trapped lipid. | show that this
trapped lipid locks MacB into an open state, allowing for substrate entry into the pump. |
contextualise the results by comparing MD simulations to MacB-like structures and propose
a revised mechanism of transport as a function of its free-energy landscape. Lastly, | explore
the use of cryo-electron tomography (cryo-ET) as a method to obtain in vivo structural
insights. | show that the use of “ghost” partially lysed E. coli can produce high-contrast
specimens for tomography. | collect a tomographic dataset of “ghost” MacAB-TolC containing
cells and apply subtomogram averaging. Preliminary results suggest that MacAB-TolC forms
an array in cells, and that MacB is structurally flexible, likely in its nucleotide-binding domain.
Together, these studies of the MacAB-TolC efflux pump and the T1SS shed light on their
function and suggest new avenues of research to explore in order to fulfil the goal of finding

novel inhibitors.
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Chapter I: Uncovering Functional Dynamics in Membrane Protein

Transporters

1. Membranes as the Functional Unit of Life

One of the fundamental requirements of life is the ability to create a partition to sustain
individual identity and to regulate exchange between the living organism and the Universe it
inhabits — in cells, this is achieved through the biological membrane (Watson, 2015).
Membranes are typically composed of phospholipids, which through their amphiphilic
chemical nature spontaneously form self-assemblies in water which can act to encapsulate
metabolic reactions — this is achieved through the separation of polar (“water-loving”)
phosphate head groups from hydrophobic (“water-hating”) fatty acid tails by a physical
process known as the hydrophobic effect (Tanford, 1978). Although a precise and complete
definition of life remains elusive (Gémez-Marquez, 2021), it seems reasonable to suggest that
self-assembly and the ability to regulate what goes in and out of a cell is a prerequisite for
carrying out life-defining functions such as metabolism, reproduction, and

mechanical/chemical work (Fernandez-de-Cossio-Diaz & Vazquez, 2018).

The ability to shuttle molecules through a cell membrane is carried out by molecular machines
known as transporters (e.g., Drew & Boudker, 2016). Before reviewing specific transporters,
it is worth considering how, in principle, such transporter nanomachines could operate.
Firstly, due to the nature of the biological membrane, the transporter must at least be able
to interact with the hydrophobic fatty-acid tails. Secondly, the nanomachine must be able to
form a pore or channel through the membrane to allow the shuttling of molecules. By
considering these two principles, we can see that at a minimum the transporter must be able
to form a small channel with a hydrophobic shell (to interact with the fatty-acid tails) and a
polar core. In this case, although diffusive transport of small polar molecules would be
possible, there is no discrimination by the channel in the direction of transport. To have a
direction of transport, the channel must undergo conformational changes to allow for

directional substrate passage. Jardetzky (1966) first proposed a simple model for sodium ion
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transport, in what is now known as the alternating access model of transport. Jardetzky (1966)
proposed that directional transport occurs as long as three conditions are met: 1) the
transporter has a cavity large enough to admit the target substrate, 2) the transporter has the
ability to assume two different conformations, conforming to an open or a closed state, and
3) the transporter has a binding site for the target substrate, the affinity for which is different
in the two conformations. These ideas were expanded upon by Klingenberg (1981) to consider
the role of oligomeric structure in the transportation process. The alternating access model is
supported by structural evidence, for example galactoside transporter LacY (Smirnova, Kasho
& Kaback, 2018), zinc transporter Yiip (Lopez-Redondo et al, 2018), and the SemiSWEET
glucose transporter (Latorraca et al, 2017). The alternating access model is also known as a
rocker-switch, such as the case with LacY transport, however an updated case has been
included and is known as the elevator mechanism, such as the case for the glutamate
transporter homologue Glteh. In the latter case, the transporter undergoes lateral movement
through the membrane in addition to conformational changes to allow for directional

transport (Ryan & Vandenberg, 2016).

There are many structural examples for a variety of transporters, with different sizes and

conformation dynamics (Figure 1.1-1). For ease of reference, | have separated transporters

into five different examples (I = V) which we will now discuss in detail.
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Class 1 Class I1 Class II1 Class IV

1gmk: Gramicidin

4pyp: GLUT1

2v8n: LacY
3dwo: FadL

4umv: Zinc ATPase

Figure 1.1-1. Transporter example structures. Example | transports are the simplest case, with the ability to
transport small molecules: Brevibacillus brevis antibiotic Gramicidin is shown as an example (pdb ID 1gmk)
(Doyle & Wallace, 1997). Example Il transporters can also transport small molecules, although they are larger
and can undergo conformational changes to alter selectivity: the human glucose transporter GLUT1 is shown as
an example (pdb ID 4pyp) (Deng et al, 2014). Example lll transporters can also undergo conformational changes
during transport, in addition to being able to set up gradients to power transport: the Escherichia coli lactose
permease LacY is given as an example (pdb ID 2v8n) (Guan et al, 2007). Example IV transporters can transport
hydrophobic molecules, as given by the bacterial long-chain fatty acid transporter FadL from Pseudomonas
aeruginosa (pdb ID 3dwo) (Hearn et al, 2009). Finally, Example V transporters can adopt multiple conformational
states during the transportation process, with transport powered by ATP-hydrolysis: the E2P state of the Zinc

transporter P-type ATPase from Shigella sonnei is given as an example (pdb ID 4umv) (Wang et al, 2014).
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2. Examples of Transporters

2.1 Example I: Transport of Small Molecules

At the basic level of organisation, a transporter can be thought of as a conduit which allows
diffusion of polar substrates. Aquaporins are a natural example of such a transporter; they
assemble to form a channel through the membrane. Their ubiquitous occurrence in species
from the bacteria, plant, and animal kingdoms underscores their functional and biological
importance. Aquaporins usually transport water molecules with low-affinity but can also
transport small charged ions and glycerol (Verkman, 2013). Due to their importance in
controlling cell water homeostasis, many different types of aquaporins are expressed in
different mammalian tissues (Takata, Matsuzaki & Tajika, 2004). Transporter selectivity is
achieved through pore diameter as well as stereo- and electrochemical restraints which
allows for the passage of water without proton shuttling, thus preserving the cell’s

electrochemical gradient (Tajkhorshid et al, 2002).

Another example are bacterial ionophores which passively allow the transport of ions to
maintain electrochemical homeostasis. lonophores consist of a hydrophobic shell and
hydrophilic core which allows for the free passage of cations (Freedman, 2012). Several
ionophores can act as antibiotics — in its natural role, valinomycin shuttles K* and H* ions to
the inside of the bacterial cell and exudes its antimicrobial function by dissipating essential
transmembrane electrochemical gradients (Stillwell, 2016). Gramicidin is another
antimicrobial ionophore, a natural product of Bacillus brevis against Gram-positive bacterial
species; it forms a restrictive 4 A pore with a selectivity for monovalent cations (see Figure
1.1-1). Due to the pore size, cations can only move through the pore in a single-file mode of
transport. There is a continuous flow of hydrogen bonded water molecules through the pore,

and the cations are transported by hitching a ride on the column (Freedman, 2012).
Another example is urea transporters which are members of the solute carrier family 14

(SLC14) involved in passive transport of urea across cell membranes. The solved structure of

a bacterial homologue of this transporter type from Desulfovibrio vulgaris showed that it is
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trimeric and transports dehydrated urea in a single-file manner. Selectivity is imparted by the
16 A central pore which contains highly conserved amino acids which form an oxygen ladder
through the pore, with nitrogen-containing amino acids at either end. This could allow
dehydrated urea to hydrogen bond as it moves through the pore and also aids in selectivity

in this otherwise continuously open channel (Levin, Quick & Zhou, 2009).

2.2 Example II: Transport of Polar or Charged Molecules

In the next class, we have transporters which work to move polar or charged molecules across
the cell membrane, and which often involve conformational changes to direct transport.
Glucose transporters are an example of this class, particularly the facilitative glucose
transporters (see Figure 1.1-1) (Navale & Paranjape, 2016). Affinities for glucose/fructose
differ depending on the transporter type, although they tend to contain conserved
charged/polar/hydrophobic residues in their core for selective substrate uptake (Barrett,

Walmsley & Gould, 1999; Gorovits & Charron, 2006).

Neurotransmitter Sodium Symporters (NSS) are another example; they function to selectively
transport substrate and Na* ions into the cell and are crucial for removing neurotransmitters
from the synapse. Studying a bacterial homologue of this transporter, LeuT, which functions
to import the amino acid leucine, established that Na* binding allows for recruitment of
substrate; once substrate binds this causes domain movements to allow both Na* and
substrate to enter the cell. Two charged residues (aspartic acid and arginine) act as a gate to
the transporter; upon Na* and substrate binding they form a salt bridge to prevent reverse
transport, along with exit occlusion by two hydrophobic amino acids (tyrosine and
phenylalanine). Domain movements then likely positions the charge gate to allow for the

funnelling out of Na* and substrate (Yamashita et al, 2005; Krishnamurthy & Gouaux, 2012).

2.3 Example lll: Charged Gradients and Importers/Exporters

In Example llI, a gradient can be utilised to import/export different substrates. The bacterial
lactose permease is an excellent example; LacY is a Major Facilitator Superfamily member

which transports lactose by using a proton gradient (see Figure 1.1-1). There is a limited set
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of conserved charged residues for transport, which act to facilitate dual transport of
galactosides and protons, with the proton gradient providing energy for transport against the
substrate concentration gradient. Substrate transport directionality is controlled by a

transporter conformational change after substrate binding (Kaback, 2005).

Another example is the arginine:agmatine antiporter, AdiC, which allows bacteria to survive
acidic environments by decarboxylating arginine and glutamate and exchanging these
intracellular reaction products (y-aminobutyric acid and agmatine) with extracellular arginine
and glutamate. The central pore is the most conserved region consisting of hydrophobic,
polar, and charged residues. Substrate binding induces a conformational change from
outward-facing to inward-facing; in this state, agmatine can outcompete arginine for binding
and leads to the substrate-bound occluded conformation where agmatine can be released
into the periplasm. Differences in arginine and agmatine binding affinities is thought to be
due to a glutamic acid sensor residue on AdiC which undergoes deprotonation in the switch
from periplasm to cytoplasm pH (Gao et al, 2009). Later work proposed that the structure
undergoes a symmetrical switch between inward- and outward- facing conformations

(Kowalczyk et al, 2011).

Sodium-glucose transporters (SGLT) are an example of utilising dual substrate import to
actively move glucose into cells. First, sodium is extruded by a sodium/potassium ATPase
which creates an electrochemical gradient of sodium ions. Concomitant downhill movement
of sodium drives uphill movement of glucose against its concentration gradient via co-
transport using the sodium-glucose transporter. If the imported glucose is not metabolised
or moved from intestinal tissues, it is then exported by facilitative glucose exporters
mentioned in Example Il. This allows for efficient uptake of dietary glucose and retention in
kidney tissues to limit urinary loss (Brown, 2000). Recently, a thermostable SGLT1 was
engineered, and its structure determined by cryo-electron microscopy (cryo-EM); the
transport pathway is highly conserved and hydrophilic; a presumed glucose-binding pocket
was found on the cytosolic side of the protein, consisting of polar, charged, and hydrophobic
amino acids. Interestingly, the authors of the study found that water could traverse the same

path as glucose, although the water transport activity is not linked to glucose transport, with
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extracellular gate residues allowing the passive passage of water but not glucose (Han et al,

2022).

2.4 Example IV: Hydrophobic Molecule Transporters

Although it is often assumed that small hydrophobic molecules can cross the cell membrane
through diffusive processes, specific transporters of hydrophobic substrates do exist. For
transporting lipids, lipid carrier proteins have a range of mechanisms for transport, including
forming box-like shuttles, tubes, and bridges to cross different membranes (Wong, Gatta &
Levine, 2019). However, due to the nature of the substrates transported and inherent
difficulties in isolating and characterising membrane proteins, exact mechanisms of transport

often remain elusive (Claus, Jezierska & van Bogaert, 2019).

In Gram-negative bacteria, long-chain fatty acids are transported by FadlL which forms a
barrel-like pore through the membrane. Intriguingly, the structure of FadL has an N-terminal
extracellular domain which resembles a lid (see Figure 1.1-1). The hydrophobic substrates are
channelled via an extracellular groove towards a high-affinity binding pocket consisting of
conserved charged and hydrophobic residues to interact respectively with the head and tail
regions (van den Berg et al, 2004). Structurally, FadL is similar to siderophores and outer-
membrane porins which associate with proteins that provide transport energy via the proton-
motive force and/or ATP-hydrolysis. Siderophores transport chelated metals by shuttling
metals from the outer-membrane protein barrel-like structures to periplasmic partners which
use a proton-motive force to provide energy in the first step. Metals are then shuttled from
the periplasmic partners to awaiting ABC-transporters on the cytoplasmic side which then use
the hydrolysis of ATP to import the metals (Ferguson & Deisenhofer, 2004). Association of
porins with periplasmic and ABC-transporter partners also allows for the import/export of a
diversity of substrates, under the power of ATP-hydrolysis, including antibiotics (Zeth & Thein,
2010; Prajapati, Kleinekathofer & Winterhalter, 2021). This highlights how transporters
adapted for transport by diffusion can easily alter function through association with ATP-

powered protein modules, a defining feature in Example IV.
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Another example are transporters which facilitate energetically unfavourable reactions. The
class of F and V type ATPase enzymes, which couple proton transport to ATP-synthesis is a
good example. F and V ATPases form a stalk-like structure composed of multiple proteins;
proton shuttling down its electrochemical gradient through one part of the stalk drives a
rotation mechanism of the head region which synthesises ATP. Hydrolysis of ATP therefore
rotates the head in the opposite direction and shuttles protons against their concentration
gradient. Hence, these ATPases neatly show the power of transport in facilitating metabolic

reactions (Nakanishi-Matsui et al, 2010).

2.5 Example V: Powered Transporters

In Example V, the transporter must use power from ATP-hydrolysis in order to move
substrates across the cell. This is the case for Na*/K* pumps which require energy from ATP in
order to move those ions across their concentration gradients. These pumps have specific Na*
and K* binding sites at either end of the transporter, allowing for selective export of Na* in
conjunction with selective import of K*. This is vital for creating a voltage across the
membrane which allows for formation of action potentials (Ratheal et al, 2010). Na*/K* pumps
are part of a larger family of transporters known as the P-type ATPases which function to
pump ions or toxins outside of cells. They consist of highly conserved cytoplasmic core and
six to ten hydrophobic membrane spanning helices (Kiihlbrandt, 2004). The cytoplasmic core
consists of phosphorylation, nucleotide-binding, and actuator domains which carry out ATP-
hydrolysis and autophosphatase activity. During their functional cycle, they exhibit two
enzymatic states (E1 and E2) which have different affinities for the respective transported
ions, Na* and K*. These states are cycled through under active transport, requiring a high ATP
to ADP ratio in order to cycle from the E1 substrate binding state to the E2 export state. In
the E1 state, the transporter has a high-affinity for the exported ion and autophosphorylation
after ATP-hydrolysis then allows for a switch to the E2 state where the ion is released under
low binding affinity. Dephosphorylation is then coupled to counterion binding and a switch
back to the E1 state where counterions are released into the cytosol (Dyla et al, 2020). See

Figure 1.1-1 for an example structure of a P-type ATPase.
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As mentioned in the case of Example IV porins, ABC-transporters are ubiquitous ATP-powered
exporters/importers. Structurally, they form dimers consisting of a conserved ATP-binding
cassette (ABC) nucleotide-binding domains (NBD) and transmembrane domains (TMD). Other
modules can be fused to this basic architecture in order to alter function. The NBD consists of
several conserved signatures — a P-loop/Walker A motif (GXXGXGK(S/T)), a Walker B motif
(ddddD, where ¢ is hydrophobic), a Q-loop, a H-motif/switch region, and an LSGGQ alpha-
helical motif. ATP-binding occurs between the dimers, and thus NBD dimerisation is
prerequisite for hydrolysis. The TMD consists of six helices per protomer which adopt
different folds depending on their function. From this base architecture, a range of substrates
can be transported including nutrients, amino acids, sugars, metals, lipids, fatty acids, and
cholesterol (Rees, Johnson & Lewinson, 2009). As they are found in all domains of life, ABC-
transporters show a range of different types; supposition based on architecture would
suggest a similar mechanism of transport (depending on transport directionality), although

exact mechanisms are under continual investigation (Thomas & Tampé, 2020).
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3. Transporters in Disease

As we have seen from above, there are many different types of transporters involved in a
range of cellular processes. It also shows the inherent difficulties in classification: should we
classify transporters by structural similarity (as is done for ABC-transporters and P-type
ATPases), or by functional similarity (as is done for amino acid transporters such as LeuT and
AdiC)? The above exercise allows us to view these flavours of transporters without imposing
a particular bias, and already allows us to see how different elements can be combined to

transport a variety of substrates.

The next natural question to ask is: how is transport related to disease? Evidently, it can be
seen that a dysregulation in transport is likely to be linked to disease states, and this is the
case for urea transporters (Klein, Blount & Sands, 2012), sodium-glucose transporters
(Poulsen, Fenton & Rieg, 2015), amino acid transporters (Yahyaoui & Pérez-Frias, 2020), P-
type ATPases (Bublitz, Morth & Nissen, 2011), and ABC-transporters (Vasiliou, Vasiliou &
Nebert, 2009) (see Table 1.3-1). Transporters can also aid in bacterial disease pathogenesis,
by exporting virulence factors and allowing for nutrient uptake — the ABC-transporter class is

a well-known example (Akhtar & Turner, 2022).
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Table 1.3-1. Transporters with roles in human disease.

Transporter Disease Role in Humans Reference

Urea Transporter (UT or SLC14A) Role in diabetes in humans. Klein, Blount & Sands (2012)
Increase in urea excretion upon
development of Type | diabetes

mellitus in rats, with a decrease in

UT-A1 abundance.

Sodium-Glucose Transporter SGLT is involved in glucose Poulsen, Fenton & Rieg (2015)
(SGLT) absorption in the intestine.

Inhibition of SGLT used as a
treatment for Type | and Il

diabetes mellitus to improve

glycaemic control.

Amino Acid Transporter (SLC) Associated with inherited Yahyaoui & Pérez-Frias (2020)
metabolic disease, including early
infantile epileptic
encephalopathy, deafness

(autosomal 25), and cystinuria.

P-Type ATPases Dysfunction of SERCA, NKA, or Cu* Bublitz, Morth & Nissen (2011)
ATPases involved respectively in
heart failure, rapid-onset dystonia

parkinsonism or Wilson disease.

ABC-Transporter Mutations in 11 ABC transporters | Vasiliou, Vasiliou & Nebert (2009)
linked to disease e.g. cystic
fibrosis, Stargardt disease, X-

linked adrenoleukodystrophy,

Dubin-Johnson syndrome.

Bacterial secretion systems are a diverse set of transporters which export various substrates;
they are broadly classified into one- or two-step translocons across nine different types. In
Gram-negative bacteria, two-step translocation occurs via periplasmic intermediates while in
one-step translocation the substrate is exported across the double membrane (Christie,
2019). Secretion systems have been implicated in virulence and disease. For example, the
Type Il secretion system acts to inject virulence factors directly into host cells, resembling a

tiny molecular syringe (Deng et al, 2017). Mycobacterial infection of human hosts is facilitated
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by the Type VIl secretion system, which forms a unique architecture to secrete folded effector
proteins (Famelis et al, 2019; Bunduc et al, 2021). The Type VI secretion system facilitates
bacterial competition by allowing bacteria to inject effectors which eliminate competitors; it
has been implicated in allowing the El Tor strain of Vibrio cholerae to become the dominant
strain in cholera pandemics since the 1960s (Kostiuk et al, 2021). The Repeat in Toxin (RTX)
family is a class of secreted protein effectors which aid in bacterial virulence (Linhartova et al,
2010). They are of particular interest as they are found to be secreted by human pathogens
in a range of diseases, for example by Escherichia coli (Menestrina et al, 1994), Vibrio cholerae
(Lin et al, 1999), Vibrio parahaemolyticus (Fabbri et al, 1999), and Bordetella pertussis (Benz
et al, 1994) which respectively cause urinary-tract and peritoneum infections, cholera,
gastrointestinal infections, and whooping cough. RTX members are secreted by a common
mechanism, consisting of an inner membrane ABC-transporter, a periplasmic adapter protein,
and outer membrane protein; together they form a membrane-spanning channel known as

the Type | Secretion System (T1SS) (Hodges et al, 2022).

We will now focus on reviewing our current knowledge of the T1SS and how it functions to

secrete its substrates.
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4. The Type | Secretion System — A History

In the 1950s, it was noticed that bacteria-free fluid isolated from Escherichia coli that were
harvested from human urinary tract infections or faeces could lyse red blood cells and
promote illness when injected into mice (Robinson, 1951). Later it was found that this
haemolytic factor (Hly) resided in genetic elements which could be transferred to non-
pathogenic strains (Smith & Halls, 1967; Goebel & Schrempf, 1971). In the 1980s, DNA
encoding the Hly factor was isolated and added recombinantly to avirulent E. coli strains,
which were able to cause rat death in a peritonitis infection model (Welch et al, 1981; Welch
& Falkow, 1984). For successful transport of the Hly factor, named HIlyA, it was found that two
genetic elements on the same Hly plasmid were required, named HlyB, (later renamed HlyB)
and HlyBy (later renamed HIlyD), with defects causing blocked secretion (Wagner, Vogel &
Goebel, 1983; Hartlein et al, 1983). It was also found that HIyA required modification by HIyC
to become haemolytically active, with suggestions that HlyC proteolytically processes HIyA
(Hartlein et al, 1983). However, work by Nicaud et a/ (1985) found that HIyA does not undergo
proteolysis to become active; rather HlyC post-translationally modifies HIyA, with both active
and inactive forms being secretion competent by HlyB and HlyD. Secretion competence was
then isolated to the C-terminal domain of HIyA (Nicaud et al, 1986). Isolation of HlyB and HlyD
components (Mackman et al, 1985) in the context of unfolded HIyA C-terminal secretion
established that HlyB couples ATP-hydrolysis to translocation while HlyD resides in the
periplasm (Gray et al, 1989). It was later found that outer membrane protein TolC is also
required for HIyA export (Wandersman & Delepelaire, 1990). An export model was proposed,
based on in vivo cross-linking experiments, whereby TolC forms a transient complex with HlyB

and HlyD for one-step translocation of HIyA (Thanabalu et al, 1998) (Figure 1.4-1a).
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_» Substrate

HIyA

[ tolC - hlyC [ hiyA H hlyB | hlyD |
53 kDa 20 kDa 112 kDa 78 kDa 55 kDa

Figure 1.4-1 (previous page). Model of export of haemolysin A. a) Activation of toxic haemolysin A (HIyA)

requires acylation of K564 and K690 by HlyC. HIyA then interacts with HlyB, probably in the C39-like domain
(Lecher et al, 2012). Interaction of HlyB and HlyD with HIyA triggers recruitment of TolC (Balakrishnan, Hughes
& Koronakis, 2001), allowing for full secretion assembly. HlyA is then secreted by action of ATP-hydrolysis in the
unfolded state (Benabdelhak et al, 2003). High extracellular concentration of Ca?* aids correct folding of HlyA
upon export through binding to GG loops in B-sheet forming GG repeat motifs (Sanchez-Magraner et al, 2010).
In situ structures for HlyC, HlyD, HlyB, and HIyA are not known (see Table 1.5-1). HlyD forms a hexameric
arrangement (Lee et al, 2012; Kim et al, 2016) with three dimer-pairs of HlyB (Zhao, Lee & Chen, 2022) to form
a bridge with TolC for export (Pimenta et al, 1999); missing membrane-bound N and C-terminal amino acids
likely interact with HIyB. HlyB likely undergoes a conformational rearrangement to “open-up” and allow for HIyA
entry into the channel in the unfolded state. As in other transport systems, TolC likely changes to “open”

conformation upon interaction with HlyD (Andersen, Hughes & Koronakis, 2000). Note the gene products for
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each component is not to scale. Mass of protein products are given. PDB structures used: TolC closed (1ek9),
TolC open (5nik), periplasmic HlyD (5¢22), and HlyB with partial HlyD (8dck). b) An analogous ABC-transporter is
the MacA-MacB-TolC system, which transports various substrates. MacA forms a hexameric arrangement
allowing interaction with TolC. MacA interacts with MacB via its B-barrel membrane proximal domains. The
structured part of MacB is dimeric, although four other disordered subunits can be present during transport

(Fitzpatrick et al, 2017). Cryo-EM structure is shown (pdb 5nik).

From this model, we can see the steps required to achieve export of haemolytically active
HlyA: 1) before export, HIyA is activated by HlyC acylation of two N-terminal lysine residues,
K564 and K690, with acyl carrier protein as the donor (Stanley et al, 1994), 2) HIyA then
interacts with HlyB and HlyD via its C-terminal to initiate export (Nicaud et al, 1986; Mackman
et al, 1987; Gray et al, 1986; Koronakis, Koronakis & Hughes, 1989; Jarchau et al, 1994;
Lenders et al, 2015), 3) TolC is recruited to the complex to form the full tripartite secretion
competent assembly (Wandersman & Delepelaire, 1990; Thanabalu et al, 1998), 4) HlyA is
exported under the power of ATP-hydrolysis by ABC-transporter (Higgins et al, 1986) HlyB
(Hartlein et al, 1983; Benabdelhak et al, 2003), 5) Upon exit from the cell, HIyA experiences
an increased Ca?* concentration which aids in folding through its RTX GG-motif (Felmlee &
Welch, 1988; Holland et al, 2016; Spitz et al, 2019), 6) After export, the complex dissociates
(Balakrishnan, Hughes & Koronakis 2001).

Comparing the T1SS to a similar transporter, the MacA-MacB-TolC efflux pump (Fitzpatrick et
al, 2017) (Figure 1.4-1b), we can see some similarities in component interaction and
mechanism: 1) HlyD is likely to interact with TolC in a tip-to-tip fashion analogous to the MacA-
TolC interaction, 2) HlyD membrane-bound lipolyl domains interact with HlyB, as MacA B-
barrel and membrane proximal domains interact with the periplasmic head of MacB, and 3)
Both ABCinner membrane proteins HlyB and MacB use the power of ATP-hydrolysis to export
substrates. However, we can already see some notable differences: 1) Dimers of HlyB form a
trimer to interact with hexameric HlyD, while dimeric MacB interacts with hexameric MacA,
2) HIyA substrate entry route is between the transmembrane domains of one dimer (Zhao,
Lee & Chen, 2022), while the substrate entry route in MacB is the periplasmic port (Crow et
al, 2017), and 3) Full HlyB-HIyD interaction is not known, as the periplasmic region of HlyD is

likely unstructured until substrate-triggered recruitment of TolC (Zhao, Lee & Chen, 2022).
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5. Specifics of Export - Filling In the (Structural) Gaps

Currently, we do not have an experimental structure of the full T1SS complex. However,
different components of the complex have been solved by various methods (Table 1.5-1).
Before the HIlyB/D complex was published in 2022 (Zhao, Lee & Chen 2022), only certain
domains of HlyB and HlyD had been solved: the C39-like domain (CLD) and NBD of HlyB, and
the periplasmic a-helical domain with the lipolyl domain of HlyD (Table 1.5-1). There is no
solved experimental structure of the toxin HlyA, although based on other haemolytic toxins
(Table 1.5-1) it is likely to form a higher-order oligomer in order to exert its pore-forming lytic

effects (Menestrina et al, 1994).
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Table 1.5-1. Structures of Type | Secretion System Components

Component Organism PDB Method Resolution | Length | Symmetry®
Code (A) (Total)
TolC E. coli 1EK9 X-ray 2.1 428 C3
Diffraction (493)
HlyB NBD E. coli 1XEF X-ray 2.5 241 C2
Diffraction (707)
HlyB NBD E. coli 2FF7 X-ray 1.6 247 Cc1
Diffraction (707)
HlyB CLD E. coli 3ZUA Solution N/A 142 C1
NMR (707)
HlyD E. coli 5C21 X-ray 2.5 279 C2
Diffraction (478)
HlyD E. coli 5C22 X-ray 2.3 279 Cc1
Diffraction (478)
HlyB/D E. coli CFT073 7SGR Cryo- 2.90 HlyB: C3
Electron 707
Microscopy (707);
HlyD?:
356
(478)
HlyB/D E. coli CFT073 8DCK Cryo- 3.40 HlyB: C3
Electron 707
Microscopy (707);
HlyD¢:
478
(478)
HIyA Staphylococcus 3ANZ X-ray 2.3 302 c7
aureus subsp. Diffraction (319)
aureus Mu50°
Haemolysin Vibrio 3A57 X-ray 1.5 154 ca
parahaemolyticus Diffraction (165)
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2Based on PDB entry and does not necessarily reflect biological symmetry in full complex.

bThere is currently no E. coli HIyA structure. The closest homologue with a solved structure is from Gram-positive
S. aureus. Note there is significant divergence between the sequences, with E. coli HlyA significantly longer at
1024 amino acids.

‘Note that most of the HlyD complex is unmodeled in these entries — coordinates provided for approximately

residue 10-80.

The N- and C-termini of HIyA are structurally distinct: the N-terminal domain, where the lytic
activity in activated HIyA resides, has a predominantly a-helical content (Valeva et al, 2008),
whereas the C-terminal domain has mostly B-sheet content which aids folding upon export
by binding Ca?* ions (Bumba et al, 2016). AlphaFold2 structure prediction (Jumper et al, 2021)
of E. coli HIyA places lower confidence of the model in the N-terminal domain (Figure 1.5-1a).
Although it is known that the HlyA substrate is exported via its C-terminal domain, with the
HIyB CLD likely playing a role in the recognition, the specifics of interaction between HlyB and
HlyD are unknown (Lecher et al, 2012; Zhao, Lee & Chen, 2022). The CLD is not a strict
requirement in RTX family member secretion; the protease transporter (PrtD) from Aquifex
aeolicus lacks an N-terminal CLD and substrate recruitment and transport likely occurs
through the transmembrane helices (Morgan, Acheson & Zimmer, 2017). In addition, testing
of cross-species components of the T1SS established that HIyA does not interact with PrtD
although toxin HasA from Serratia marcescens can. This may be related to the fact that inner
membrane ABC-transporter HasB also lacks a CLD (Létoffé, Delepelaire & Wandersman,
1996). Functionally, it is not clear what role the CLD plays in substrate export (Kanonenberg,

Schwarz & Schmitt, 2013).
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Figure 1.5-1. Gallery of Structures of the T1SS Components. a) AlphaFold2 prediction (Jumper et al, 2021) for
HIyA structure shows high-confidence for the C-terminal domain containing B-sheets with Ca?* binding GG-motif
loops, while the a-helical N-terminal domain has less confidence. b) HlyB structure with bound ATP (pdb ID 8dck)
(zhao, Lee & Chen, 2022) shows ATP-binding occurs between the nucleotide-binding domain (NBD) dimers. NBD
regions are highlighted: residues 502-510 (Walker A, purple), 549-556 (Q-loop, cyan), 606—610 (ABC-signature,
grey), 623-625 (Pro-loop, bright pink), 626—-630 (Walker B, red), 634—637 (D-loop, dark grey), and 661-663 (H-
loop, pink) (Zaitseva et al, 2006). The two arms of HlyD are present (yellow, orange). c) HlyD monomer with a-
helical and lipolyl domains (pdb ID 5¢22) (Kim et al, 2016). In the HlyB/D complex, missing N- and C-terminal
regions from the crystal structure wrap around HlyB (yellow, orange in b) with the lipolyl domain positioned on
top of the HlyB TMD. Six a-helical domains interact with each other to form a substrate “basket”, with TolC likely

stabilising the interactions, as depicted in the model shown in Figure 1.4-1a.

Isolation and reconstruction by X-ray crystallography of HlyB NBDs established a Mg?*
enhanced asymmetry between the two, with one open and one closed phosphate exit tunnel.
Like other ABC-transporters (Rees, Johnson & Lewinson, 2009), ATP-induced NBD
dimerisation is a prerequisite to hydrolysis (Zaitseva et al, 2006). This opens the possibility of
sequential ATP-hydrolysis being a requirement for function (Zaitseva et al, 2006), in a similar
mechanism to the Thermus thermophilus multi-drug resistance proteins A and B (TmrAB)
(Hofmann et al, 2019). However, it is not known how the NBDs communicate substrate export
to the transmembrane helices (Figure 1.5-1b). One means of communication could be
through the hinge-like region of the TMD at the protomer pairs through the Q-loop of the
NBD. Hydrolysis of ATP in the central NBD, involving residues E631 and H662 which form a
catalytic dyad, could trigger conformational changes through the Q-loop to the interface

(Zaitseva et al, 2006). A substrate export pathway through the helices has been established.
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HIyD is an essential requirement for transport; it is composed of a long a-helical periplasmic
domain and a short lipolyl domain (Figure 1.5-1c). The lipolyl domains connect with the arm
regions which wrap around HlyB (Figure 1.5-1b) and are missing in the crystal structure
(Figure 1.5-1c). The a-helical domains oligomerise when TolC is present to form a substrate
channel (Zhao, Lee & Chen, 2022); however, as there is no full T1SS structure, it is unknown
whether a periplasmic gate exists in HlyD which aids to control substrate exit, as is the case

for MacA (Fitzpatrick et al, 2017).
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6. Outline for This Thesis

This thesis aims to elucidate the structural mechanisms of transport for the T1SS and MacAB-
TolC efflux pump. Due to the broad nature of the research question, | have split the
investigation into three themes: in the first theme, | utilise simulation to uncover the
dynamics of transport for the T1SS (Chapter Il) and the MacAB-TolC efflux pump (Chapter V);
in the second theme, | utilise the results of dynamics to experimentally test hypotheses
related to transport for the T1SS (Chapter Ill) and MacAB-TolC (Chapter IV), as well as uncover
the factors which influence T1SS production in E. coli (Chapter lll); finally, in the third theme,
| utilise bioinformatics to further inform the results from the last two themes to propose a
mechanism of transport for the T1SS as well as propose experiments to test this model

(Chapter VI).

The research questions that guided the work of this thesis are as follows:
1) How does the T1SS recognise its substrates? (Chapter Il)
2) What factors affect T1SS production in E. coli and how can | test the results from Aim
1) (Chapter lll)
3) How can | determine an in situ structure for MacAB-TolC? (Chapter IV)
4) How does MacB transport its substrates? (Chapter V)
5) Incorporating all available information from this thesis, what plausible mechanism can

| determine for T1SS substrate transport and how can | test this model? (Chapter VI)

This will be achieved with the following Objectives:

1) Conduct in silico experiments by utilising molecular dynamics (MD) simulations to
uncover structural dynamics of transport in the T1SS and MacAB-TolC (Chapter Il and
Chapter V)

2) Test different expression conditions for T1SS production in E. coli and use flow
cytometry to sort out the populations to gather relevant statistics. Correlate the
results using cryo-correlative light microscopy (cryo-CLEM) and conduct purification

tests to obtain in vitro T1SS (Chapter Ill)
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3) Collect cryo-electron tomography (cryo-ET) data for MacAB-TolC and test different
reconstruction strategies for high-throughput characterisation of in situ MacAB-TolC
(Chapter IV)

4) Conduct a bioinformatics analyses for the T1SS to synthesize results from Objectives
1) and 2) in order to make a plausible mechanism for T1SS substrate transport.

Propose some experimental tests for the model (Chapter Vi)

By combining computational methods and experimental tests, my thesis advances knowledge

on both the T1SS and the MacAB-TolC efflux pump.
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Chapter Il: Molecular Dynamics to Investigate Transport

Mechanisms in the Type | Secretion System

1. Introduction

1.1 What is Molecular Dynamics?

Molecular dynamics (MD) is the computation of forces between all the atoms in a simulated
system in order to plot a resulting trajectory (Karplus & McCammon, 2002). The basic
procedure follows an iterative cycle (Figure 2.1.1-1), stepping through small time increments
until the desired length of the simulation is complete. MD simulations are powerful methods
for discovering both equilibrium and non-equilibrium properties of the molecule(s) under
investigation. The first reported MD simulation was published in 1957 (Alder & Wainwright,
1957) and consisted of different system sizes of particles placed in a rectangular box with
periodic boundary conditions applied (see below). For systems of biological significance, the
first published MD simulation was reported nearly half a century ago (McCammon, Gelin &
Karplus, 1977), which showed that it was possible to derive useful insights into biological
processes in silico. MD simulations are now routinely used to investigate a wide-range of
biological processes, including selecting lead drug candidates for a particular target (De Vivo
et al, 2016), or exploring protein behaviour in a lipid environment (Gumbart et al, 2005), or
the dynamics of fast folding proteins (Scheraga, Khalili & Liwo, 2007), or changes in protein

conformations (Hollingsworth & Dror, 2018).

Although MD simulations are versatile in the types of scientific questions they can address,
timescale limitations place upper limits on biological processes which can be simulated. Many
biological processes occur in the millisecond to second timescale (Shamir et al, 2016), which
is out of reach for typical MD simulation experiments (Sweet et al, 2013). A major
breakthrough occurred with the use of GPU (Graphics Processing Unit) acceleration and
efficient parallelisation of calculations (Stone et al, 2010), meaning that simulations can now
routinely be conducted on the nanosecond to microsecond timescale (Kutzner et al, 2015;

Lee et al, 2018; Kutzner et al, 2019; Phillips et al, 2020) rather than the previous picosecond
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timescale limitation (e.g., McCammon, Wolynes & Karplus, 1979; Aqvist et al, 1985; Paulsen,

Bass & Ornstein, 1991).
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Figure 2.1.1-1. The Molecular Dynamics (MD) Cycle. An MD cycle follows four stages: 1) Initial positions (p) and
velocities (v) for each atom pair (i, j) are inputted and from that, 2) the total energy (E:t) for each atom is
calculated based on attractive (Coulombic and van der Waals interactions) and repulsive (electronic cloud)
interactions at different distances (Ej(Dj)), 3) the total force (F) on each atom is calculated based on 2). For
example, the force of atom j on atom i (F;»i) is calculated by finding the distance (d) between the atoms which

gives the lowest energy (E*). This is found by calculating the gradient of the energy curve for the atom pair, and
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4) the final trajectory (acceleration, a) is calculated based on 3) taking into account the mass (m) of the atom.
The new position and velocity of each atom then acts as the initial configuration for the next round of the cycle.
The cycle proceeds iteratively for a small increment of time (dt) for N steps. Explanation adapted from

Tuckerman & Martyna (2000).

Another limitation is the use of classical physics to calculate the overall forces in a molecule
to plot the trajectory (Braun et al, 2019); this means accurate simulations of events depending
on quantum effects are currently out of scope for a typical MD in silico experiment, ruling out
processes such as enzyme catalysis (e.g., Ditzler et al, 2010) or protein misfolding (e.g., Gillet,
2022). Nevertheless, the insights gained from well-planned simulations can greatly aid

experimental design and testing of the system under investigation.

Another approach that has made MD calculations tractable is the use of coarse graining,
which is a method for smoothing out the system’s energy landscape. Here, atoms are grouped
together in the molecular representation and calculation of resulting forces (Smit et al, 1990)
(Figure 2.1.1-2). The main benefit is that longer trajectory timescales are allowed, because
the integration step can be ten times larger than that required for accurate atomistic
simulations (Liwo et al, 2021). Coarse graining methods are particularly useful for simulating
proteins embedded in a lipid environment, as determining accurate protein-lipid interactions
requires long microsecond timescales which is still difficult to achieve in a reasonable
timeframe for atomistic simulations (Jeffries & Khalid, 2021). In addition, since the energy
landscape is much smoother, the protein is more stable and there is less chance of
encountering issues such as a protein becoming trapped in an unfavourable conformation. A
powerful method is to combine atomistic and coarse grain simulations to understand the
function of a system, exploiting the longer timescales allowed in coarse graining to calculate
average interactions, especially in a lipid system, while gaining functional insight into atom-
atom interactions in an atomistic system, such as specific hydrogen bonding or charge-charge

interactions (Jeffries & Khalid, 2021).
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Figure 2.1.1-2. Representations and resolutions in MD simulations. Biological material, such as lipid (e.g. POPE,
POPG, and cardiolipin) and protein can be represented as either a full atomistic (top panel) or coarse grain
(bottom panel) model. In coarse grain models, groups of atoms (circled) are represented by beads which results
in a smoother energy landscape. Note that for the protein model only backbone atoms are shown for clarity.
Named group of atoms for the coarse grain representation are based on CHARMM names for the atom groups
(Jo et al, 2008). NH3: amide group, POsx: phosphate head, GLx(y): glycerol, Cn{A/B}x: carbon tails, Dn{A/B}x:

carbon double bonds, BB: protein backbone.

1.2 Molecular Dynamics Workflow

A typical MD simulation set-up of the prepared system follows the steps of energy
minimisation, equilibration, and production (Figure 2.1.2-1). During energy minimisation, the
kinetic energy is removed from the system to reduce the effects of thermal noise. This works
by minimising the potential energy function over coordinate space for the system which
removes internal strains within molecules and intermolecular clashes (Figure 2.1.2-1). This
stabilises the system before a production run, to avoid simulation failure after applying large
forces on a system far from equilibrium. The steepest descent or the conjugate gradient

method are typically used for this step (Adcock & McCammon, 2006); steepest descent has
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the advantage of approaching the energy minimum very quickly, but it does not consider the

previous gradient information as the conjugate gradient method does (Lindahl et al, 2021).
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Figure 2.1.2-1. Molecular Dynamics (MD) Simulation Set-Up. A typical MD simulation step-up will follow the
steps of minimisation, equilibration, and production. 1) Minimisation: the potential energy of the system is
minimised by calculating first and second order derivatives of the energy landscape. Minima will exist where the
first derivate is equal to zero. Most algorithms can only find the nearest local minimum (not necessarily
geometrically near), due to the presence of saddle points. The Hessian matrix describes the change in
coordinates of the system as the energy changes in the landscape; to find local minima, we only need to consider
where the second-order partial derivate of the potential function is greater than zero. This is done by solving for
eigenvectors and eigenvalues for the Hessian matrix over the coordinate space. Note that at a saddle point, only
a single negative eigenvalue exists. Due to the high-dimensionality of the energy space, it may not be feasible to
find the global minimum in a reasonable length of computational time. Instead, the search is restricted to local
coordinate space. For example, in the steepest descent algorithm, new positions (rn.1) are found by taking a
small random incremental step (hn) in the landscape; if the updated potential (vn.1) is less than the previous
potential (va), the step is accepted and a new step (hn:1) is taken at 1.2 times h,. Otherwise, a new random step
is taken at a reduced step size (0.2 times h,) and a new potential is calculated. This procedure proceeds
iteratively until either a specific number of force evaluations have been completed, or after the force has fallen

below a specified epsilon value (g), where epsilon is estimated by using the force harmonic oscillator (f),
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calculated by taking into account the oscillator frequency (V), the Boltzmann constant (k), and the temperature
(T). 2) Equilibration: after minimisation, the system is equilibrated to the correct temperature and pressure by
coupling the system to thermostats and barostats at the specified reference temperature (T,) and pressure (P,).
Exchange is allowed between the two systems until the system under investigation is equilibrated. This can be
done using a variety of algorithms, depending on the ensemble. Here, is shown the NPT (number of particles,
pressure, and temperature) ensemble. Note that the figure gives the Berendsen temperature and pressure
coupler (Berendsen et al, 1984) (other coupling energy terms are not shown), which should not be used in a
production run as it does not give the correct NPT ensemble, but can be used for equilibrations (Berendsen, van
der Spoel & Drunen, 1995). Also note that equilibrating for a specific pressure also means that the box size (x, y)
will change by a small amount (dx, dy). 3) Production: after the system is fully equilibrated, a production run can
be generated to capture molecular motion in the system (typically without the molecular restraints present in
the minimisation and equilibration steps). New velocities (v) and positions (r) can be calculated by using the
leapfrog integrator, where new positions are calculated by using velocities calculated at half-step increments
relative to the positions (the velocities “leap over” the positions). Note that an integrator is used for any step
requiring a time component, which also applies to equilibration. The most important factor in a production run
is to determine the sampling rate of the molecular motion (how often to write the energy and trajectory output
files). For a complete description, energy components must be saved at half the sampling rate of the smallest
molecular motion; if a full motion occurs every 30 steps then energies must be saved every 15 steps. Note that
the sampling rate for the output trajectory does not need to match the sampling rate of the energy file. Typically,
energies need to be sampled more to give an accurate output trajectory, but the sampling rate for the final
saved trajectory outputs (positions and velocities) can be much sparser to make the file sizes more manageable.
The leapfrog integrator drawing is adapted from the Gromacs Reference Manual 2021 (Lindahl et al, 2021).

Information presented here is also adapted from the manual.

After energy minimisation, the system is equilibrated to the target temperature and pressure
(orvolume). Inan NPT (number of particles, pressure, and temperature) ensemble simulation,
the pressure is equilibrated to a target meaning that the simulation box size must change to
maintain the pressure. This differs from an NVT ensemble simulation, where the volume is
fixed. Simulation of biological processes will usually follow an NPT ensemble (Figure 2.1.2-1).
Equilibration is done by coupling the system to a temperature bath and a barostat at the
target temperature and pressure (Lindahl et al, 2021). Exchange between the systems is done
on a sufficient timescale to allow the system to be adequately equilibrated (typically 5-20 ns)
(Walton & Vanvliet, 2006) (Figure 2.1.2-1). Box sizes (volume) will fluctuate slightly (<0.1 nm
on average) in order to maintain the desired pressure. Too much fluctuation in the box size
may indicate that the system is unstable (Braun et al, 2019). In a protein-membrane system,

long equilibration times are necessary to allow the lipid to adjust to the protein (e.g.,
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Ingdlfsson et al, 2013). In practice, rules of thumb generally govern the length of simulation
time required for equilibration due to the empirical uncertainties in determining if a system
is actually at equilibrium (Genheden & Ryde, 2012). Generally, it is better to have an
equilibration time which is too long than one which is too short before going into a production
run. After equilibration, the system should be stable enough to complete a production run for

a desired length of time.

Production runs output the simulation positions, velocities, and energies to be used in the
final analyses. Typically, the number of steps before writing to the output file in a production
run can be more than for equilibration as the system is more stable and the longer run
timescales means the file sizes are much larger. A step number is chosen based on the
scientific question which is being addressed; for example, shorter step sizes are used for short
simulations which need frequent outputs (e.g. hydrogen bonding lifetimes), while longer step
sizes are used for long simulations which do not need frequent outputs (e.g. diffusion over a
large area). The resulting file size should also be considered; if the file size is too big this could
limit the use of repeat simulations and make analyses difficult and time-consuming. If output
frames need to be skipped to conduct most analyses in the production run, this indicates that
the output step size is too small and could be increased (Lindahl et al, 2021). Ideally,
production runs should be long enough to adequately sample the protein conformational
space. In practice, determining if the system has sampled all possible protein conformations
which should occur at equilibrium is difficult. Indeed, it has been suggested that most, if not
all, MD simulations are not fully converged systems (in terms of protein conformational
sampling) due to the short run times imposed by computational limits in a single study (e.g.,
Caves, Evanseck & Karplus, 1998; Grossfield, Feller & Pittman, 2007; Sawle & Gosh, 2016).
Some have suggested the use of shorter trajectories with more repeats rather than relying on
single, longer trajectories (Knapp, Ospina & Deane, 2018). | would argue that such an
approach would depend on the scientific questions under investigation — for protein-lipid
interactions, longer simulation times are required to adequately assess lipid contact with the
protein. At least two simulations should be conducted under each simulation condition to

evaluate simulation variability in the target analyses.
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1.3 Other Considerations

There are a number of additional considerations to take into account during a simulation set-
up (Figure 2.1.2-1). The most important is the use of periodic boundary conditions, which is
applied to the system in order to avoid the production of artefacts caused by the unnatural
phase boundaries between what is considered inside and outside the system (e.g. protein in
water vs vacuum). This is done by placing atoms in a box with translated copies; effectively,
this replaces the phase boundary artefacts with periodic boundary condition artefacts. It
should be noted though that for large systems (>10,000 particles) the error introduced is
small. The shape of the system box used can vary (e.g. cubic, rhombic dodecahedron,
truncated octahedron) and has an impact on the computational efficiency of the simulation.
Box sizes are chosen to be large enough so that the protein does not interaction with copies
of itself (Wassenaar & Mark, 2005). In addition, the shape of the box is chosen to fit molecular
motions which occur across the periodic boundary; thus, molecules and its translated copies

can only be stacked in certain shapes to form a space-filling model (Bekker et al, 1995).

Another important consideration is picking the right force field for the system under
investigation (Figure 2.1.3-1). Force fields are an approximation of intra- and inter-molecular
interactions in the system which can be split into short-range and long-range interactions
(Villa et al, 2007; Oakes & Domene, 2016). The force-field equation takes into consideration

both bonded and non-bonded interactions between all the atoms in the simulation:

Etot = Zbonds f(T') + Zangles g(g) + Zdihedrals h(¢) + Zi<j l(Rij) (equation 2-1-3'1)

where the first three terms of equation (2.1.3.1) describe the bonded interactions and the

last the non-bonded interactions.
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Figure 2.1.3-1. Molecular dynamics force fields. Force fields utilise a force field equation (e.g. equation 2.1.3-1)
to describe all bonded and non-bonded interactions in the atomic system. Bonded interactions describe bond
distance (r), bond angle (0), and dihedral angles for bond-pairs (¢). Non-bonded interactions describe both
electrostatic interactions and Leonard-Jones potential within a given distance (R;j). See Durrant & McCammon

(2011) for more details on the specifics of the functions in the force-field equation described.

There are a number of force field options to consider: AMBER (Hornak et al, 2006), CHARMM
(Best et al, 2012), GROMOS (Oostenbrink et al, 2004), OPLS (Harder et al, 2016), and MARTINI
(Marrink et al, 2007) are popular options. The choice of force field will depend on the
molecules(s) being simulated and whether the system is an atomistic or coarse grain
representation (Lopes, Guvench & MacKerell, 2015). Short-range interactions typically
encompass atom pairs, split by bonded and non-bonded interactions. For this calculation, a
minimum image convention is applied whereby the nearest image for each particle pair is
considered and the cut-off radius cannot exceed half the box size. Pairs are found by a
neighbourhood search updated after a target number of steps with a supplied interaction cut-
off distance (e.g. Verlet buffer). Self-interactions are not included (Lindahl et al, 2021). For
long-range electrostatic interactions encompassing N particles and their periodic images,
Ewald summation or Particle-Mesh Ewald is performed (Lindahl et al/, 2021). Long-range
interaction cut-off radius is usually determined by the Leonard-Jones potential (for between
atom interactions) and sometimes by Coulomb interactions for calculating distance and

charge (Lindahl et al, 2021).

Lastly, one should also consider the solvent model to be applied to the system. The choice is
usually between an implicit and explicit solvent (Pechlaner et al, 2022). Implicit solvents do
not add water molecules to the system, but instead rely on an implicit representation of water
interactions with the molecule(s) in the system (Kleinjung et al, 2012). The main benefit is
that the computational load is greatly reduced as water molecules make up the majority of

the atoms in the simulated system. However, the accuracy of the simulation is reduced and
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may affect the output results, especially if a hydration shell or specific interactions with water
are important to the function of the system. Explicit solvent will model water molecules and
add them to the system. There are a number of choices, based on the forcefield used, but one
of most popular is the TIP3P or SPC representations, respectively under CHARMM and
GROMOS forcefields (Brini et al, 2017). In these cases, the charge of the water molecules is
fixed. However, polarisable water models can be used under the CHARMM/Drude (Lemkul et

al, 2016) or AMOEBA (Ponder et al, 2010) forcefields.

1.4 Molecular Dynamics as “In Silico” Experiments

MD simulations allows us to conduct in silico experiments which would be difficult to do
experimentally. Furthermore, the results can be used to generate hypotheses which can be
tested to improve our understanding of the system under investigation. Specifically, | want to
investigate the use of MD simulations to answer questions and develop hypotheses for the
transport of haemolysin A in the type | secretion system (T1SS). For tractability, | utilise a
model of haemolysin B (HlyB), the inner-membrane ABC-transporter protein responsible for
recognizing HlyA substrate and providing the energy by ATP-hydrolysis. As the study was
conducted before the publication of AlphaFold2 in 2021 (Jumper et al, 2021), this model is

based on homology modelling.

By conducting in silico experiments, whereby HIlyB is simulated in a simplified membrane
system with and without its HIyA substrate, | can determine specific protein-substrate
interactions which aid recognition. Furthermore, this will yield insight into specific protein-
lipid interactions which may also aid substrate translocation (see Methodology Section 2.1).
Additionally, there is a peptidase ABC-transporter homologue which is functionally the closest
to HlyB with an available high-resolution structure (pdb ID 6v9z). This structure has peptide
substrate trapped in two different states: an active translocating state with access to the
channel opening in the transmembrane helices, and a non-translocating state (Kieuvongngam
et al, 2020). By conducting MD simulations with and without its bound substrate, | can
compare the output of this system with the HlyB system to determine if there are conserved
protein-substrate and protein-lipid interactions, as well as any differences between

translocating and non-translocating forms. Lastly, there is an available database,
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MemProtMD, which automatically embeds membrane proteins deposited to the Protein Data
Bank (PDB) (Berman et al, 2000) in DPPC lipid and conducts microsecond long simulations
(Newport, Sansom & Stansfeld, 2019). Protein-lipid interaction outputs are available, so that
| can compare both the HlyB and peptidase protein-lipid interactions to that of similar ABC-
transporters. These predictions will reinforce observations of potential conserved features of

protein-lipid interactions.

The Aims of this Chapter involves answering the following questions:
1) How does haemolysin B (HlyB) interact with its substrate haemolysin A (HIyA)?
2) s the lipid environment important for substrate recognition/interaction?

3) Are there conserved elements in protein-substrate and protein-lipid interactions?

These Aims will be addressed with the following Objectives:

1) Produce a homology model of HlyB bound with ~20 C-terminal amino acids of HIyA

2) Prepare the system(s) by placing the model in simplified membrane

3) Conduct MD simulations with and without bound substrate

4) Analyse protein-substrate and protein-lipid interactions over the course of the
simulations

5) Compare these results to MD simulations of the closest ABC-transporter homologue
with an available high-resolution structure (peptidase, pdb ID 6v9z)

6) Compare these results to protein-lipid interactions of all ABC-transporters mined from

MemProtMD
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2. Methodology

2.1 Overview of the Simulation Pipeline

The general method is outlined in Figure 2.2.1-1 and an overview of the simulations

conducted in this study is given in Table 2.2.1-1.
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Figure 2.2.1-1. General methodology. Methods conducted for this chapter followed three stages: 1) A homology

model for haemolysin B (HlyB) with 23 C-terminal amino acids for its substrate haemolysin A (HIyA) was made

using the closest structural homologue (peptidase, pdb ID 6v9z) as a backbone for the transmembrane domain

(TMD) and nucleotide-binding domain (NBD). This was combined with the structure of HlyB C39-like domain

(CLD) to make a full model of HlyB with bound HlyA. 2) The HlyB model with bound HIlyA was embedded in

membrane and added to a box with water and ions. 3) Atomistic and coarse grain simulations were conducted

for the desired length of time. The outputs of the simulations were then analysed according to a pipeline.
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Table 2.2.1-1. Overview of simulations conducted for this study.

Name

(identifier(s)?)

Temperature (K)

# Repeats

Atomistic/Coarse

Grain?

Simulation

Length (ns)

HlyB with
substrate (u1,

u2, u3)

303.15

Atomistic

750

HlyB with
substrate (u1,

u2)

303.15

Coarse Grain

5400

HlyB with
substrate (u3,

u4)

310.15

Coarse Grain

3240

HlyB without
substrate (u5,

u6)

303.15

Coarse Grain

5400

HlyB without
substrate (u?,

us)

310.15

Coarse Grain

3240

Peptidase (6v9z)
with substrate

(ul, u2)

303.15

Coarse Grain

5400

Peptidase (6v9z)
with substrate

(u3, u4)

310.15

Coarse Grain

3240

Peptidase (6v9z)
without
substrate (u5,

u6)

303.15

Coarse Grain

5400

Peptidase (6v9z)
without
substrate (u7,

us)

310.15

Coarse Grain

3240
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2ldentifiers correspond to a unique simulation for each study. For simulation reference to each identifier see the

analysis code github repository available at :https://github.com/AMKCam [last accessed 8" October 2023]. An

explanation of each analysis Notebook can be found in Table B in Appendix B.

2.2 Methods

2.2.1 Homology Modelling

Homology modelling for HIlyB was completed using MODELLER 9.23 (Sali & Blundell, 1993).
The peptidase/bacteriocin transporter (peptidase-containing ATP-binding cassette
transporter, PCAT) (pdb ID 6v9z Chain A/B) (~30% sequence identity) (Kieuvongngam et al,
2020) and NMR structure of the HlyB CLD domain (pdb ID 3zua) (~98% sequence identity)
(Lecher et al, 2012) were used as templates. C2 symmetry constraints based on the 6v9z
model were imposed. The first 10 amino acids from 3zua were removed to more accurately
position the N-terminal loop. For HlyA, 23 C-terminal amino acids were built using the PCAT
peptide (6v9z Chain C) (¥16% sequence identity) as the template. Sequence alignments
between target and templates were completed and refined using UCSF-Chimera (Petterson
et al, 2004) and exported for use in MODELLER. HIyA was positioned into the HlyB CLD using
distance restraints along the sequence. Residues in the loop 128-138 were refined and
assessed using DOPE (Shen & Sali, 2006). The best model was chosen based on DOPE score
(Shen & Sali, 2006) and visual inspection of the output structure compared to input templates.

Side chain rotamers were then refined using Scwrl 4 (Krivov et al, 2009).

2.2.2 Molecular Dynamics Simulations

Simulations were performed using GROMACS 2020.4 (Lindahl et al, 2020) or GROMACS 2021
(Lindahl et al, 2021). For atomistic simulations, hydrogens were first added using PDB2PQR
server (http://apbs.poissonboltzmann.org/) (Dolinsky et al, 2004) at pH 7.0 under PROPKA to
assign protonation states; AMBER naming convention was selected. The orientation of the
protein in the lipid membrane was computed using the OPM server (Lomize et al, 2011). The
resulting file was uploaded either into Martini Maker Bilayer Builder (Qi et al, 2015; Hsu et al,
2017) (coarse grain) or Membrane Builder Bilayer Builder (Jo et al, 2007; Wu et al, 2014)

50


https://github.com/AMKCam

(atomistic) accessed via the CHARMM-GUI web-interface (http://www.charmm-gui.org/) (Jo

et al, 2008).

The CHARMM 36 force-field (Brooks et al, 2009; Lee et al, 2016) and TIP3 water model was
used for atomistic simulations. For coarse grain simulations, the elnedynp model was used.
This model uses an elastic network for coarse graining a protein structure and combines it
with a MARTINI force field. The elastic network is useful for maintaining protein scaffolds,
although bias towards the reference structure can occur. To inject a degree of physical reality
to this model, use of the MARTINI framework is particularly useful, as it is based on
experimental thermodynamic data for a range of molecule types (Periole et al, 2009). For
HlyB, membrane of system size 140 A was built using 75% POPE, 25% POPG, and 5%
cardiolipin (Raetz & Downhan, 1990) in a 1:1 ratio between top and bottom leaflet. For PCAT,
the same system size was used with 50% POPE, 20% POPG, and 30% cardiolipin (Bolobova,
Zhukov & Klyosov, 1994; Timmons et al, 2009). Protein was equilibrated with the membrane
(see below). The system was neutralised with either K* or Na* ions added using the Distance
method. For minimisation, one or two rounds of steepest descent were performed for 5000
steps under a tolerance maximum force less than 1000 kJ/mol/nm. For coarse grain, the
Verlet scheme (Verlet, 1967) with tolerance 0.005 kJ/mol/ps was used for computing pair list
interactions and updated every 20 steps using a grid search. For atomistic, the Verlet scheme

(Verlet, 1967) with a cut-off distance of 1.2 nm was used and pairs updated every 10 steps.

For coarse grain simulations, reaction-field electrostatics was used under relative dielectric
constant 2.5 and distance cut-off 1.1 nm. Potential-shift-verlet van der Waals modifier was
used with distance cut-off 1.1 nm. For atomistic, Particle Mesh Ewald electrostatics (Darden,
York & Pedersen, 1993) was used with Coulomb cut-off of 1.2 nm. Force Switch van der Waals
modifier was used with cut-off between 1.0 and 1.2 nm. Hydrogen bonds were used as

constraints with the LINCS algorithm (Hess et al, 1998).

Temperature was maintained using velocity-rescaling temperature coupling (Bussi, Donadio
& Parrinello, 2007) with a reference temperature of either 303.15 K or 310.15 K and tau_t of
1.0 ps in xyz directions. Pressure was maintained using Berendsen pressure coupling

(Berendsen et al, 1984) with tau_p of 5.0 ps under semi-isotropic conditions, with a
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compressibility of 3x10% bar?! and reference pressure 1 bar in x-y directions. For atomistic
simulations, Berendsen temperature (Berendsen et al, 1984) coupling was used with tau_p of

1 ps and reference temperature of 303.15 K.

All reference coordinates were scaled. Velocities and temperature were generated randomly
at the start of the run using seeds under a Maxwell temperature distribution. For coarse grain
equilibration, 4 rounds were performed at increasing integration times (2 fs, 5 fs, 10 fs, 15 fs)
under leap-frog integrator for 1000 ps each round. A final equilibration step was performed
for 18.75 ns. All other inputs were the same as for minimisation, except velocities and
temperature were not generated at the start of the run. Outputs were saved every 1000
steps. For atomistic equilibration, 5 rounds were performed. Rounds 1-2 were performed
under temperature coupling (fixed box size, NVT ensemble) with 1 fs integration, for a total
time of 250 ps. Rounds 3-5 applied Berendsen pressure coupling (NPT ensemble) (Berendsen
et al, 1984) with compressibility 4.5x10” bar? in x-y directions, for a total time of ~15 ns.
Integration was increased to 2 fs from round 4. Velocity, positions, and forces were written
every 5000 steps, while energies were calculated every 100 steps and written every 1000
steps. Centre of mass translational velocity was removed every 100 steps. Reference

coordinates were scaled by their centre of mass using the scaling matrix of pressure coupling.

For coarse grain production, pressure was maintained using Parrinello-Rahman pressure
coupling (Parrinello & Rahman, 1981) with a tau_p of 12 ps. Production was run for either 5.4
us (303.15 K temperature) or 3.24 us (310.15 K temperature) and outputs written every 5000
steps (75 ps). Repeat simulations were independently equilibrated to counter any biases in
the velocities at the start of the production runs. For atomistic production, position restraints
were removed, and Nosé -Hoover temperature coupling (Nosé, 1984) and Parrinello-Rahman
pressure coupling (Parrinello & Rahman, 1981) were used with same parameters as before.
Positions, velocities, and forces were written every 50000 steps, while energies were

calculated every 100 steps and written every 1000 steps.
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2.2.3 Analysis Pipeline

Analysis was performed on periodic boundary corrected trajectories. Initial protein-lipid and
protein-substrate interactions were checked using GROMACS 2021 (Lindahl et al, 2021), with
contacts queried within the cut-off radius (3.5 A). Lipid density was also checked, with
densities calculated for the phosphate head, ester group, or acyl tail in the Z-direction (normal
to the membrane) and centered on the protein (Lindahl et al, 2020). Further analysis was
performed using home-made scripts | developed in Jupyter Notebook (Kluyver et al, 2016)
utilising the MDAnalysis package (Michaud-Agrawal et al, 2011; Gowers et al, 2016), pandas
(Reback et al, 2022), and python 3. The analysis Notebooks are available on GitHub

(https://github.com/AMKCam) (see Table B in Appendix B for a description of each

NoteBook). First, Root Mean Square Deviation (RMSD) (Theobald, 2005; Liu, Agrafiotis &
Theobald, 2010) and Root Mean Square Fluctuation (RMSF) calculations were performed
followed by Principal Component Analysis (PCA) to check trajectory protein conformational
sampling (Hess, 2002). The first five principal components were projected onto the backbone
of the structure to visualise the main protein movements during the simulation. Solvent
Accessible Surface Area (SASA) analysis was conducted using GROMACS 2021 (Lindahl et al,
2021), with the area computed on CLD residues found to critically interact with lipid (see
protein-lipid analysis below). Protein-lipid and protein-substrate contacts were calculated
over the entire trajectory using a 3.5 A radius cut-off. For protein-lipid interactions, only the
lipid head group was considered. To determine significant protein-lipid interactions, either a
permutation test or a Monte Carlo permutation test was performed based on the amount of
data (see Appendix A for an explanation). For the permutation test, an empirical sampling
distribution was calculated by randomly shuffling protein-lipid interaction values (fraction of
frames each interaction occurred) and calculating the mean difference between groups. For
the Monte Carlo permutation test, an empirical sampling distribution was calculated by
randomly shuffling protein-lipid interaction values and then randomly drawing a sample of
20% for each group and calculating the mean difference. Real interaction values were then
compared to the empirical sampling distribution to derive p-values (see Appendix A). To
compensate for multiple testing, the p-values were Bonferroni corrected using an applied

significance cut-off. To examine lipid enrichment, the radial distribution curve was calculated
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using MDAnalysis (Michaud-Agrawal et al, 2011). For the protein selection, statistically
significant protein-lipid interactions uncovered by the permutation tests were used. For the
lipid selection, phosphate heads were considered. The data was scaled to derive a probability
of interaction. Total probabilities of interaction were calculated in 5 A bands by integration
over the probability of interaction curve. Lipid enrichment was calculated as follows:

prob(lipid;) prob(lipid;)

Enrichment lipid; = ﬁZL (equation 2.2.3-1)

1 prob(lipidq) prob(lipidn—-1)

For the ith lipid in N total lipids. This can be understood as how much more likely, on average,
are we to find lipidi compared to any other lipid in this region. For lipid clustering analysis, top
and bottom lipid leaflets were defined using LeafletFinder in MDAnalysis and interactions
calculated with a distance cut-off of 15 A (Michaud-Agrawal et al, 2011). To speed up the
computation, only amino acids with the longest interactions with lipid (>1000 frames) were
used and the output values were scaled by this number. Significant differences were
determined by the permutation test using all the data at an applied Bonferroni corrected

significance level.

To examine trajectory similarities, ensemble cluster analysis was performed (Tiberti et al,
2015) using the backbone of the protein and skipping every 1000 frames to speed up the
computation. K-means was performed with a range of clustering values and similarities in
structures scored by Jensen-Shannon divergence (Beckstein et al, 2009). Errors were

estimated for each K-means clustering value used.
2.2.4 MemProtMD Data Mining

Structures used to determine chain asymmetry in lipid interactions are given in Table 2.2.2.4-
1. Data on protein-lipid interactions were downloaded from the MemProtMD database
(Newport, Sansom & Stansfeld, 2019) and imported into Jupyter Notebook (Kluyver et al,
2016). Protein-lipid interactions were analysed using code | developed and is available on

GitHub (see Table B in Appendix B). Data was cleaned to remove null interactions. Statistically
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significant interactions at different amino acid sites were determined by the Monte Carlo

permutation test with a Bonferroni correction for multiple tests (see Section 2.2.3).

Table 2.2.2.4-1. MemProtMD ABC-Transporters chosen for this study.

PDB ID Organism Notes Use in this Reference
Study?
6v9z Acetivibrio PCAT substrate Yes Kieuvongngam et
thermocellus bound al (2020)
ATCC 27405
7t54 Acetivibrio PCAT ATP + Mg* | No—not present | Kieuvongngam &
thermocellus in database Chen (2022)
ATCC 27405
7t55 Acetivibrio PCAT substrate + Yes Kieuvongngam &
thermocellus ATP Chen (2022)
ATCC 27405
7t56 Acetivibrio PCAT substrate + Yes Kieuvongngam &
thermocellus ATP Chen (2022)
ATCC 27405
7t57 Acetivibrio PCAT substrate + Yes Kieuvongngam &
thermocellus ATP Chen (2022)
ATCC 27405
4s0f Acetivibrio PCAT E648Q, No — side chains Lin, Huang, &
thermocellus mutant + ATP not built into Chen (2015)
ATCC 27405 structure
4pl0 Escherichia coli McjD ouward Yes Choudhury et al
occluded state (2014)
S5ofp Escherichia coli McjD inward No —only one Bountra et al
occluded state chain built (2017)
5egl Escherichia coli McjD with Yes Mehmood et al
resolved lipid (2016)
5122 Aquifex aeolicus PrtD Yes Morgan, Acheson
VF5 & Zimmer (2017)

55




3. Results

3.1 Homology Modelling

Homology modelling results are given in Figure 2.3.1-1. The structure of the templates (Figure
2.3.1-1.a) were checked for errors using the Ramachandran plot; no serious errors were found
(Figure 2.3.1-1b). The HlyB backbone bound with 23 C-terminal HIlyA amino acids was built
using these templates (Figure 2.3.1-1c). The output model was checked for errors, using both
the DOPE score and Ramachandran plot; the model backbone matched well with the input
templates based on the DOPE score, while the Ramachandran plot found no serious errors
(Figure 2.3.1-1d). It should be noted that Ramachandran outliers present in the model that
were not also present in the templates were in highly flexible loop structures. Each outlier
was manually inspected and found not to pose a problem which could not be fixed during
rotamer optimisation in Scwrl 4 and energy minimisation in Gromacs (e.g. they existed away
from an inter-domain interface). Output geometry was inspected and found to be acceptable.
HIyA substrate was built using the bound PCAT peptide in its translocating form (Figure 2.3.1-
1e). Only 23 amino acids were available in the template structure to model; the best match
was found by aligning the PCAT peptide to several HlyA-like sequences mined from a variety

of Gram-negative bacterial species.

56



Templates
3zua 6v9z 3zua
C d
Target
Scheme DOPE Model

— Model
— Template 6v9z

1 1 21 41
Consensus dastygsqdn LnpLiNelSK 11SaAGnFDv Lqlsgnasdf
Conservation

6v9z.pdb (#0) chainC - - - - - - - - - -
Shigella sonnei C Term JDN
Salmonella enterica C Term

E coli HiyA C Term

Enterobacter h...hei HlyA C Term

Citrobacter br..kii HyA C Term H A TNKEN
Proteus penneri HiyA C Term ALSRYADKNN LL SN-N
Morganella mor...nii HiyA C Term - SA AN N LL H NF
51 61 ral 81 91
Consensus sygrnsitlt R B e
Conservation
YCVEP I 1ql

6v9z.pdb (#0) chain C 1 QCQKD K

Shigella sonnei C Term RN L

Salmonella enterica C Term

E coli HIyA C Term R

Enterobacter h...hei HlyA C Term R

Citrobacter br..kii HlyA C Term N?T
S
N

L
Proteus penneri HiyA C Term NIASH
Morganella mor...nii HiyA C Term

>»r
z
>

Figure 2.3.1-1. Homology model results. a) Two templates, PCAT transporter (6v9z) and HlyB C39-like domain
(CLD) (3zua) were used to produce a full HlyB model. b) Ramachandran plots for the two templates, plotted
using UCSF-Chimera (Petterson et al, 2004). c) HlyB homology model with bound 23 amino acids of HIyA C-
terminus. HIyA enters HlyB between the CLD and nucleotide-binding domain (NBD). Approximate membrane
region shown (grey, dotted line) in scheme. d) MODELLER DOPE score (left) and Ramachandran plot (right) for
HlyB model. e) Sequence alignment of last 60 C-terminal amino acids of HlyA from various species with PCAT
peptide (6v9z, Chain C). Amino acids in the red box could not be built into the structure. The other 23 amino

acids which were built into the PEP domain pocket were used as a template for building the HlyA C-terminal tail.
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3.2 Minimisation, Equilibration & Production Energy Terms

To check for successful minimisation of the system, the potential energy was plotted. Energies
(potential, kinetic, enthalpy), temperature, pressure, and box size were checked after
equilibration and production. In addition, lipid densities and total system density was checked
after production. Example outputs are given in Figure 2.3.2-1. Visual inspection of the
simulations after equilibration and production found no obvious structural errors or leakage
of the membrane. In addition, energy terms were stable for all simulations after equilibration

and production, and the box size fluctuations had stabilised during the equilibration.
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Figure 2.3.2-1. Example outputs after coarse grain minimisation, equilibration, and production. a) Reduction
in potential energy after minimisation. b) — f) Stabilisation of temperature, pressure, and box size (X, Y, Z

direction) after equilibration. g) — i) Stabilisation of kinetic energy, enthalpy, and total density after production.
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j) = 1) Lipid densities for POPE (j), POPG (k), and cardiolipin (I) were checked for water leakage across the
membrane. The phosphate heads should make complete contact with the water molecules, while most of the

tail density should be excluded from the water.

3.3 RMSD, RMSF, PCA, and Ensemble Similarity

Radius of gyration, Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation
(RMSF), and Principal Component Analysis (PCA) on backbone atoms were checked after
production. PCA was used to calculate the length of the production run to ensure adequate
protein conformational sampling (Hess, 2002). Initial analyses were performed after 540 ns
run-time and then every microsecond until the desired length of run-time had been complete.
Example outputs are given in Figure 2.3.3-1. The radius of gyration decreased over time for
all coarse grain simulations, indicating that the structures had adopted a more compact
conformation and were likely more stable. There was no noticeable difference in RMSD and
RMSF plots between simulations. The first five principal components were re-projected back
onto the structure to visualise any large-scale movements which had occurred during the
simulations. No noticeable transitions occurred in any of the simulations, even when the
substrate had been removed. The main movements occurred in the binding pocket when the
substrate was present, likely reflecting accommodation due to substrate flexibility. A similar
result was found for the atomistic simulations (Figure 2.3.3-2). RMSD was similar for the CLD,
transmembrane domain (TMD), and NBD in substrate-binding chain A for all three trajectories
(Figure 2.3.3-2a). The CLD and NBD showed differences in RMSD between trajectories in non-
substrate binding chain B (Figure 2.3.3-2b). The CLD showed much more flexibility compared
to the other two domains in trajectory u2, while both the CLD and NBD were much more
mobile than the transmembrane domain for trajectory u3 (Figure 2.3.3-2b). Comparisons of
the first two principal components for all three trajectories showed similar patterns of
contraction and expansion to accommodate substrate movement in the binding pocket
(Figure 2.3.3-2c). Here, the transmembrane domain acts as a conduit for inter-domain
movement, both within its own chain and also across chains (Figure 2.3.3-2c). To check the
similarity of the trajectories, ensemble clustering was performed (Figure 2.3.3-3). For HlyB,
two clear groupings emerge, with the trajectories with substrate showing high in-group

similarity and those without substrate also showing high in-group similarity (Figure 2.3.3-3).
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For PCAT, only the trajectories with substrate showed high in-group similarity. Interestingly,
for PCAT the trajectories without substrate showed alternating patterns of similarity and
dissimilarity with the trajectories with substrate (Figure 2.3.3-3). This many indicate a

systematic bias in the repeat simulations for trajectories without substrate.
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Figure 2.3.3-1. Coarse Grain Trajectories Example Initial Analysis. a) All simulations (u1-u8 ) showed a decrease
in the radius of gyration. Example taken from trajectory u2. b) Root mean square deviation (RMSD) for each
chain. For all simulations with substrate (ul-u4), the protein (Chain A and B) showed lower RMSD than the
substrate (Chain C). Example taken from trajectory u2. c)—d) Similar RMSD values were found for all domains

(C39-like domain (CLD), transmembrane domain, and nucleotide-binding domain (NBD)) for both chains in all
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simulations. Example taken from trajectory u2. e) —f) All simulations (u1-u8) showed similar root mean square
fluctuation (RMSF) for both protein only (Chain A and B) and with substrate (Chain C). Example taken from
trajectories ul and u2 for the respective figures. g) — h) Plotting the first five principal components gives an
indication of the protein conformational sampling for each individual trajectory. At 2160 ns (g), there is some
indication that the trajectory has visited some conformations more sparsely than others, while the 5400 ns
trajectory (h) shows more complete sampling. Note each point is a time frame. Also note that h) will look denser
than g) as there are more frames plotted — the clustering of the points gives an indication of the trajectory
sampling. More “island” clusters could potentially indicate inadequate sampling of certain conformations, as
these were visited less often in the trajectory. Example taken from trajectory u5. Note that in this figure, each

example comes from one trajectory only.

63



0 (4)

BB RMSD from t:

0 (A)

BB RMSD from t:

ul u2 u3
40
35
30
= =
o 25 (=)
2 x
§ 20 §
o [=]
215 2
o« -3
2 10 2
= (hain_A CLD 05 = (Chain_A_CLD = (hain_A CLD
—— Chain_A_TMD —— Chain_A_TMD = (Chain_A_TMD
—— (Chain_A_NBD 0.0 —— (Chain_A_NBD = (Chain_A_NBD
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time t (ns) time t (ns) time t (ns)
ul u2 u3
6
5
= =
o4 °
T )
§ 3 H
g 2
< 5 e«
2 2

= (hain_ B CLD
= (Chain_B_TMD
= (Chain_B_NBD

—— Chain_B_CLD
= (Chain_B_TMD
= (Chain_B_NBD

0 100 200 300 400 500 600 700
time t (ns)

0 100 200 300 400 500 600 700
time t (ns)

= (hain_B_CLD
—— Chain_B_TMD
= (hain_B_NBD
0 100 200 300 400 500 600 700
time t (ns)
u3

Figure 2.3.3-2. Main atomistic simulation movements of HlyB with HlyA substrate. a) Root mean square

deviation (RMSD) of the protein backbone (BB) for all domains (CLD, C39-like domain; TMD, transmembrane

domain; NBD, nucleotide-binding domain) in substrate-binding chain A across all three trajectories (ul—-u3).

64



Domain movements are very similar across all domains in all three trajectories. b) RMSD for all domains in non-
substrate binding chain B across all three trajectories. Trajectories u2 and u3 showed an increase in CLD
movement compared to the ul trajectory. c¢) The main movements for the first two re-projected principal
components for all three trajectories are highlighted. The movements show accommodation of the substrate
(red) within the HlyB binding pocket (chain A, blue) by simultaneous contractions and expansions (orange
arrows). The main movements occurred in chain B (green) CLD and NBD and chain A CLD, while the
transmembrane domain in both chains act as movement conduits for the simultaneous movement of the CLD
and NBD. Structures are shown at time t=375 ns for all three trajectories. Note that the arrows are intended as

a way to show the direction of movement, and hence are not vector representations.

HlyB
Kmeans 128 clusters Kmeans 64 clusters Kmeans 32 clusters Kmeans 16 clusters 0.6
ul g
=
u2 05 g
u3 .g
047
uéd c
2
us 035
u6 ﬁ.
[ =
u?7 0.2 g
u8 L
ul u2 u3 u4 u5 ub u7 u8 ul u2 u3 u4 u5 ub u7 u8 ul u2 u3 u4 u5 u6 u7 u8 ul u2 u3 u4 u5 u6 u7 u8 01
0.0
PCAT
Kmeans 64 clusters Kmeans 32 clusters Kmeans 16 clusters Kmeans 8 clusters 0.6
ul 9
c
u2 059
u3 .02,
o
ua 0.4 S
2
us 036
ué s
c
u?7 0.2 §
u8 L
ul u2 u3 u4 u5 ub u7 us ul u2 u3 u4 u5 ub u7 u8 ul u2 u3 u4 u5 u6 u7 u8 ul u2 u3 u4 u5 ub u7 u 01
0.0

Figure 2.3.3-3. Ensemble similarity. K-mean clustering of samples of protein conformations taken every 1000
frames for all trajectories. Jensen-Shannon divergence provides a measure of conformation similarity, with 0
indicating complete similarity and 1 indicating complete dissimilarity. ul: with substrate, 303.15 K; u2: with
substrate, 303.15 K repeat; u3: with substrate, 310.15 K; ud: with substrate, 310.15 K repeat; u5: without
substrate, 303.15 K; u6: without substrate, 303.15 K repeat; u7: without substrate, 310.15 K; u8: without
substrate, 310.15 K repeat.
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3.4 Protein-Substrate Interactions

3.4.1 Coarse Grain Protein-Substrate Interactions

Protein-substrate interactions for HlyB are summarised in Figure 2.3.4.1-1. The majority of
critical (>0.5 fraction of frames) interactions occur in the CLD. Interestingly, the HIyA substrate
makes the majority of its NBD contacts with the opposite chain (Figure 2.3.4.1-1a). This may
suggest a degree of cooperativity in HlyA binding. In addition, temperature did not seem to
have a significant effect on substrate contacts (Figure 2.3.4.1-1a), with similar contact types
and contact duration occurring at both temperatures. HlyA binding seems to be mostly
mediated by charge-charge interactions in the CLD (Figure 2.3.4.1-1b). Inspection of
structures showed that these charge-charge interactions mainly occur at the extreme N- and
C-terminus of the substrate (Figure 2.3.4.1-1c). HlyA D20 makes critical contact with CLD
residue K6 on Chain A at the C-terminus, while the N-terminal tail (D1, E4, and E5) is stabilised
by charge-charge interactions with K51, K58, K61, and K62 (Figure 2.3.4.1-1d). Internally, the
substrate is pinned by a charge-charge interaction of R6 with E79. Further polar contacts
(Q13, S15, N17, and S19) with Chain A transmembrane amino acids $324 and S331, and Chain
B NBD amino acids N556 and T597 help to stabilise the substrate in the pocket ready for

translocation (Figure 2.3.4.1-1d).
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Figure 2.3.4.1-1. HlyB Average Protein-Substrate Interactions. a) Mean protein-substrate interactions labelled
by chain and temperature across all HlyB coarse grain simulations with substrate (ul-u4). The majority of
substrate interactions occur in the C39-like domain (CLD) (ResID 3—119), with a small number occurring in the

transmembrane domain (TMD) (ResID 247-443) and nucleotide binding domain (NBD) (ResID 480-601). b) Mean
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protein-substrate interactions labelled by substrate amino acid type across all HlyB coarse grain simulations with
substrate (ul-u4). The majority of critical (>0.5 fraction of frames) protein-substrate interactions occur via
charge-charge interactions or polar contacts. c) Still view of the substrate (red) in the binding pocket in contact
with critical amino acids. Most of these critical interactions are in the CLD on the substrate binding chain (Chain
A, blue), while two occur in the NBD on the opposite chain (Chain B, green). d) Still view of the substrate (red)
in contact with the same critical amino acids. Recognition appears to be mediated mostly by charge-charge
interactions, with a few polar contacts. Blue: negative charge amino acid; orange: positive charge amino acid;
green: polar amino acid. Still views are from the u2 trajectory (see Figure 2.3.3-3), at time 2625 ns (out of 5400

ns). N- and C-terminus of the HIyA substrate are shown.

The PCAT structure has two substrates; one in the translocating form (Figure 2.3.4.1-2) and
the other in the non-translocating form (Figure 2.3.4.1-3). Like the HlyB-HIyA interaction,
there was no observable effect of temperature on PCAT protein-substrate interactions for
either the translocating (Figure 2.3.4.1-2a) or non-translocating (Figure 2.3.4.1-3a) form.
Furthermore, PCAT substrate stabilisation also occurs via charge-charge interactions and
polar contacts for both the translocating (Figure 2.3.4.1-2b) and non-translocating (Figure
2.3.4.1-3b) form. Stabilisation of the N-terminal tail of the substrates occurs in an analogous
manner to the HlyB-HIyA interaction; charge-charge interactions of substrate amino acids E5,
D8, and E10 with PEP domain amino acids K70, K63, and K73 helps to stabilise the tail. Internal
charge-charge interactions of R4 with D78 and E9 with K499 helps to pin the substrate to the
pocket, while a charge-charge contact of E13 on the substrate with NBD amino acid K607
helps to stabilise the C-terminal region (Figure 2.3.4.1-2c-d). Interestingly, the non-
translocating form of the substrate has lost most of the polar contacts of NBD amino acid
N617 with S18/S21 and PEP domain amino acid Q15 with T19 (Figure 2.3.4.1-3c—d). In
addition, there are no contacts with the transmembrane region (Figure 2.3.4.1-3a-b). Both
translocating and non-translocating substrates form the majority of NBD contacts with the
opposite chain than the one they are bound to (Figure 2.3.4.1-2b/2.3.4.1-3b), indicating that

there is also a cooperative effect in substrate recognition and translocation.
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Figure 2.3.4.1-2. Average PCAT Translocating Protein-Substrate Interactions. a) Mean protein-substrate

interactions labelled by chain and temperature for the translocating form of the substrate across all PCAT coarse
grain simulations with substrate (ul-u4). The majority of substrate interactions occur in the PEP domain (ResID

7-126), with a small number occurring in the transmembrane domain (TMD) (ResID 255-367) and nucleotide
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binding domain (NBD) (ResID 492-615). b) Mean translocating protein-substrate interactions labelled by
substrate amino acid type across all PCAT coarse grain simulations with substrate (ul-u4). The majority of critical
(>0.5 fraction of frames) protein-substrate interactions occur via charge-charge interactions or polar contacts.
c) Still view of the substrate (red) in the binding pocket in contact with critical amino acids. Most of these critical
interactions are in the PEP domain on the substrate binding chain (Chain A, blue), while two occur in the NBD
on the opposite chain (Chain B, green). d) Still view of the substrate (red) in contact with the same critical amino
acids. Like HIlyB, recognition appears to be mediated mostly by charge-charge interactions, with a few polar
contacts. Blue: negative charge amino acid; orange: positive charge amino acid; green: polar amino acid. Still
views are from the u2 trajectory (see Figure 2.3.3-3), at time 2595 ns (out of 5400 ns). N- and C-terminus of the

PCAT substrate are shown.
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Figure 2.3.4.1-3. Average PCAT Non-Translocating Protein-Substrate Interactions. a) Mean protein-substrate
interactions labelled by chain and temperature for the non-translocating form of the substrate across all PCAT
coarse grain simulations with substrate (ul-u4). The majority of substrate interactions occur in the PEP domain
(ResID 12—-126), with a small number in the nucleotide binding domain (NBD) (ResID 492—-617). No contacts are

made with the transmembrane domain (TMD). b) Mean non-translocating protein-substrate interactions
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labelled by substrate amino acid type across all PCAT coarse grain simulations with substrate (ul—-u4). The
majority of critical (>0.5 fraction of frames) protein-substrate interactions occur via charge-charge interactions
or polar contacts. c) Still view of the substrate (cyan) in the binding pocket in contact with critical amino acids.
Most of these critical interactions are in the PEP domain on the substrate binding chain (Chain B, green), while
two occur in the NBD on the opposite chain (Chain A, blue). d) Still view of the non-translocating substrate (cyan)
in contact with the same critical amino acids. Note the lack of contact with Q15 in the PEP domain and reduced
contact with N617 in the NBD. Blue: negative charge amino acid; orange: positive charge amino acid; green:
polar amino acid. Still views are from the u2 trajectory (see Figure 2.3.3-3), at time 2595 ns (out of 5400 ns). N-

and C-terminus of the PCAT non-translocating substrate are shown.

To compare HlyB and PCAT protein-substrate interactions over the course of the simulation,
critical contacts were computed as a time course (Figure 2.3.4.1-4). Critical contacts pinning
the substrate into position were maintained throughout the simulation, with little divergence
based on temperature (Figure 2.3.4.1-4). HlyB and PCAT have very similar protein-substrate
contacts, with a series of interaction “pins” placing the substrate into a translocation-ready
state (Figure 2.3.4.1-4). Most of these interactions are charge-charge with a few polar
contacts; of particular interest are the charge-charge pins located at the C- (“top”) and N-

(“tail”) termini of the substrates (Figure 2.3.4.1-4).
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Figure 2.3.4.1-4. Time course of HlyB and PCAT Protein-Substrate Interactions. HlyB (top) makes critical
contacts with its HIyA substrate as critical junctures: a “top pin” (far left panel), a “tail pin” (far right panel) and
several “middle pins” (middle panels). Temperature of the simulation does not seem to affect most of the critical
interactions. Analogously, PCAT (bottom) also has the same substrate-pinning interactions, with the exception

that the TMD does not make any critical interactions and the role is instead filled in by chain A NBD.

3.4.2 Atomistic Protein-Substrate Interactions

Critical atomistic protein-substrate interactions are similar to the coarse grain results (see
Section 3.4.1). Interactions across all three trajectories were examined to derive a consensus
set. Interactions were visualised as a distribution across all three simulations rather than as
an average to see the median, minimum, maximum, and interquartile range of interaction
values. (Figure 2.3.4.2-1a). Examination of the consensus set by chain showed the same
pattern as the coarse grain results; interactions primarily occurred in the substrate-binding
chain A CLD and transmembrane domain, and chain B TMD and NBD (Figure 2.3.4.2-1b).
Examination of interactions by amino acid type found a pattern of charge-charge interactions
in the CLD (K6), TMD (R247), and NBD (R592) along with polar-polar contacts (E79, D80, S331,
N556, and E601). Contact of hydrophobic HIyA substrate residues with polar or charged
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residues on HIyB indicates that the substrate may be marginally stable in the binding pocket

in the atomistic simulations (Figure 2.3.4.2-1c).
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Figure 2.3.4.2-1. Distribution of atomistic protein-substrate interactions. Over the three atomistic simulations
(u1-u3) conducted, the spread of interactions between the HlyB protein and HIyA substrate within 3 A was
visualised by: a) Consensus (occurs in all three simulations) interactions for all three trajectories in the C39-like
domain (CLD), transmembrane domain (TMD), and nucleotide-binding domain (NBD). b) Consensus protein-

substrate interactions for all three trajectories by chain. Like the coarse grain simulation results, main
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interactions occur in substrate-binding chain A CLD and TMD, and in non-substrate binding chain B NBD. c)
Consensus interactions for all three trajectories by substrate amino acid type. Hydrophobic contacts with polar
or charged residues may indicate a degree of marginal stability of the substrate in the binding pocket. Note the
box plots show the spread of the interaction data, with smaller boxes showing a tighter range of interaction at

that amino acid.

Further examination of protein-substrate interactions found similar results to the coarse grain
simulations (Figure 2.3.4.2-2). Most critical contacts were between charged/polar residues,
with a few unfavourable contacts. The greatest difference between the atomistic and coarse
grain simulations is the lack of tail stabilisation in the atomistic simulations (Figure 2.3.4.2-2),
which may explain some of the unfavourable contacts. However, like the coarse grain
simulations there appears to be a gate-keeping mechanism formed by the opposite chain’s
NBD; polar contacts with N556 and R557 helps to maintain substrate positioning within the
binding pocket. A few key contacts with the TMD also appears to aid access to the
transmembrane channel; R247 forms a charge-charge interaction with D20 on the substrate,

while S331 forms polar contacts with N17 and S19 (Figure 2.3.4.2-2).

Figure 2.3.4.2-2. Atomistic substrate binding. HlyA substrate makes critical interactions via polar and charge-

charge interactions in the HlyB binding pocket. There are also unfavourable polar/charge contacts with

hydrophobic residues. Residues K6, Y9, and E79 in chain A (blue) C39-like domain (CLD) makes contact with
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substrate (red) residues G16, N17, L14, and L12. Residues H83 and W77 in the CLD also make contact with L12
and L14. In the transmembrane domain, residue chain A residue R247 makes a charge-charge contact with D20,
while chain A residue S331 makes polar contacts with N17 and S19, and A327 makes contact with S19. Chain B
(green) residue R256 also makes contact with F21 on the substrate. In the nucleotide-binding domain (NBD),
chain B residues N556 and R557 make polar contacts with substrate residues S15, G16, and N17. Still view is

taken from trajectory u2 at time 375 ns.

3.5 Protein-Lipid Interactions

To uncover the dynamic range of protein-lipid interactions, the analysis was split into three
cut-off ranges: an overview of the whole system using lipid enrichment analysis (3.5-140 A),
specific chain and domain interactions with lipid (up to 15 A) (lipid clustering), and specific
amino acid contacts with lipid (within 3.5 A) (lipid preference). Lipid enrichment analysis
shows a general enrichment of cardiolipin near the protein, for both HlyB and PCAT (Figure
2.3.5-1). Within 5 A of the protein, cardiolipin is 2-3 times more likely to be found within this
distance than either POPE or POPG. While PCAT lipid enrichment does not show an effect of
temperature (Figure 2.3.5-1b), there may be one for HlyB with trajectories at 303.15 K
showing more cardiolipin enrichment than trajectories at 310.15 K (Figure 2.3.5-1a). In
addition, PCAT does not show an effect of the presence of substrate on enrichment (Figure
2.3.5-1b), while for HlyB there might be the tendency for cardiolipin to be slightly more

enriched when the substrate is present (Figure 2.3.5-1a).
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Figure 2.3.5-1. Lipid Enrichment. a) Lipid enrichment for HlyB at 303.15 K (left) and 310.15 K (right) shows a
general enrichment for cardiolipin (CDL2) within 20 A of the protein. The presence of HIyA substrate had no
impact for POPE/POPG enrichment, while there might be an effect for cardiolipin within 15 A of the protein.
There may also be a tendency for greater cardiolipin enrichment within 5 A of the protein under lower
temperature. b) Lipid enrichment for PCAT at 303.15 K (left) and 310.15 K (right) also shows a general enrichment
for cardiolipin (CDL2) within 20 A of the protein. The presence of substrate or the temperature does not appear
to affect lipid enrichment. Bars in the x-axis show each 5 A band used in the lipid enrichment calculation, while

bars in the y-direction are error bars showing standard deviation (n=2).

To untangle these relationships further, lipid clustering analysis was performed. The proteins
were split into different regions to determine if there were statistically significant differences
in how the lipid clustered to the protein depending on if the substrate is present or not (Figure
2.3.5-2). Strikingly, HlyB Chain A CLD showed a dramatic decrease in all lipid counts
(cardiolipin, POPE, and POPG) when the substrate was removed. There was also a decrease

in the number of POPE in the transmembrane top region and Chain B CLD when the substrate
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was removed (Figure 2.3.5-2a). This was in contrast to the results for PCAT, where lipid counts
increased in the transmembrane top region for cardiolipin and POPE when the substrate was

removed (Figure 2.3.5-2b). All other regions had similar lipid clustering profiles.
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Figure 2.3.5-2. Lipid Clustering. a) A significant (p < 0.01) (asterisk) increase in lipid counts was found in Chain
A C39-like domain (CLD) for cardiolipin (CDL2), POPE, and POPG and Chain B CLD for POPE when the substrate
was present (“yes”) compared to when the substrate is not present (“no”). Chain A and B transmembrane (TM)
top and Chain A transmembrane (TM) arm also showed an increase in POPE counts when the substrate was
present. The following residues were used in the analysis — CLD: Q19, N22, T87, K88, N94, Q103, N105, T126,
$129, S130; transmembrane arm (TM Arm): T141, R151, R152, Q268, S272, K369; transmembrane top (TM Top):
Q176, R186, S189, N192, S290, S402, S406, Q409; substrate entrance channel (Channel): S308, S312, Q429,
Q432, Q435, Q436. b) A significant (p < 0.01) (asterisk) decrease in lipid counts was found in Chain A and B
transmembrane (TM) top for cardiolipin (CDL2) and POPE when the substrate was present. A decrease in POPE
counts was also found in Chain B substrate entrance channel (Channel) when the substrate was present. The
following residues were used in the analysis — PEP: K9, R14, S27, Q31, S105, N108, T112, R122, T151, Q152;
transmembrane arm (TM Arm): N153, K163, K166, K167, K168, K233, T284, S381, K384; transmembrane top (TM
Top): N204, S306, S307, N414, N419; substrate entrance channel (Channel): T324, N327, K328, Q331, N332,
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R335, Q446, Q450, T451, N457. The bar graphs show a median with the error bars reflecting a 90% confidence
interval on that estimate from the data. Statistical significance was determined for pairwise comparisons (n=4
trajectories with substrate vs n=4 trajectories without substrate) using a permutation test with Bonferroni
correction for multiple testing. Note that Chain A binds the HIyA substrate (HlyB) or the translocating form of
the substrate (PCAT). Counts were found by taking the median lipid interaction values over the trajectory and

scaling by the number of amino acids queried in each region.

To confirm the results of the lipid clustering analysis, a Solvent Accessible Surface Area (SASA)
analysis was performed for the respective CLD and PEP region of HlyB and PCAT (Figure 2.3.5-
3). The results corroborate what was found for the CLD/PEP regions in the lipid clustering
analysis; decrease in HlyB lipid counts when substrate is not bound is confirmed in the SASA
analysis, where greater solvent accessibility is seen on average in no substrate trajectories
(Figure 2.3.5-3a). In addition, the SASA analysis confirms a chain asymmetry, where substrate-
bound Chain A shows lower solvent accessibility when substrate is present, but no such
pattern is detected in Chain B. In contrast, PCAT trajectories showed no difference between
substrate or no substrate trajectories in terms of solvent accessibility (Figure 2.3.5-3b). In
addition, no chain asymmetry is observed. This also fits with the lipid clustering results, where
PCAT showed no differences in the PEP domain for either chain. Visualisation of structures
indicates that differences may be due to how the CLD is interacting with the membrane; when
substrate is bound, the Chain A CLD lies up against the membrane like a flat sheet, which is
not seen for Chain B. However, for PCAT PEP interaction with membrane is the same on either

chain (Figure 2.3.5-3c).
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Figure 2.3.5-3. HlyB and PCAT Solvent Accessible Surface Area (SASA) Analysis. a) SASA for all coarse grain
trajectories for HlyB (n=4 trajectories with substrate vs n=4 trajectories without substrate) shows that on

average substrate-binding Chain A has lower solvent accessibility when substrate (red line) is bound compared
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to when it is not bound (green line). The same pattern is not seen for Chain B. b) PCAT coarse grain trajectories
show similar SASA for Chain A and Chain B whether or not substrate is bound (n=4 with substrate vs n=4 without
substrate). c) Visualisation of membrane-bound (phosphate heads, gold beads) HlyB or PCAT in the presence of
substrate indicates that the SASA results may be explained by an asymmetry in HlyB, where there is greater lipid
contact in the CLD where substrate is bound. This is not found for PCAT. Example structures taken from u2 at

2700 ns. For SASA plots, running averages are shown for substrate (red) and no substrate (green) trajectories.

Since these results seemed to suggest that the presence of substrate was having an effect on
lipid interaction with the protein, further lipid preference analysis was conducted. To uncover
specific amino acid interactions with lipid, a smaller (<3.5 A) cut-off radius was used.
Statistical significance between substrate and no substrate trajectories in lipid preference was
tested by using the Monte Carlo permutation test and tests were conducted between
matched pairs (by chain and amino acid). This test was chosen as it is more robust than the
permutation test for larger sample sizes (see Appendix A). The results agree with the lipid
clustering analysis (Figure 2.3.5-4). For cardiolipin, amino acids N68, T87, and K88 on chain A
CLD showed more interactions when the substrate was present. On the transmembrane arm,
T141, Q268, and K369 on chain A showed more interaction with cardiolipin when the
substrate was present. One amino acid on the transmembrane top region (S402) also showed
an increase in cardiolipin interaction when the substrate was present. Amino acids on the
transmembrane arm (R151), transmembrane top (N192) and substrate entrance channel
(Q435) showed a decrease in cardiolipin interactions when the substrate was present (Figure
2.3.5-4a). Further visual inspection of cardiolipin interaction with the protein found that
indeed cardiolipin was forming a specific architecture around the protein, interacting
specifically with amino acids found in the CLD, transmembrane top, and transmembrane
arm/substrate entrance channel regions on chain A where the substrate is bound (Figure
2.3.5-4c). For POPE and POPG, interaction increases were also found mostly in chain A with
CLD amino acids Q19, N22, N68, T87, N94, N105, and S112, transmembrane arm amino acid
T141, transmembrane top amino acid N192, and substrate entrance channel amino acids
S312, Q435, and Q436 showing a preference for interaction when the substrate was present.
On chain B, substrate entrance channel amino acid S312 and transmembrane top amino acid
S402 also showed an interaction preference when the substrate was present. Amino acids in
the CLD (chain A S90), transmembrane top region (chain A S189, Q409), transmembrane arm
(chain A S272), and substrate entrance channel (chain A Q429, chain B Q435) showed a
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decrease in POPE/POPG interaction when the substrate was present (Figure 2.3.5-4b). Visual
inspection of POPE/POPG interaction with the HlyB protein found no obvious architecture
forming (Figure 2.3.5-4d). Instead, POPE and POPG lipids would interact and diffuse away

throughout the trajectory.
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Figure 2.3.5-4. HlyB Lipid Preference. a) Amino acids which interact significantly (p < 0.01) with cardiolipin when
the HIyA substrate (red) was present were identified. Most of the significant differences were found to be

localised to chain A (blue), where the substrate is bound. b) Amino acids which interact significantly (p < 0.01)
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with POPG and POPG when the HIyA substrate was present were identified. Again, most of the significant
differences were found to be localised in chain A. c) Interaction of cardiolipin with the trajectory at the start (t=0
ns) and end (t=5400 ns) of the simulation. By the end of the simulation, the cardiolipin is localised predominantly
around the CLD (pink circle) and transmembrane top (orange circle) regions of chain A (blue). Some interactions
could also be seen for the transmembrane arm and substrate entrance channel regions (brown circle). Chain B
(green) and HIyA substrate (red) are shown. d) Interaction of POPE and POPG with the trajectory at the start (t=0
ns) and end (t=5400 ns) of the simulation. There was no clustering of POPE and POPG with the protein that could
be detected. Significance differences between substrate and no substrate trajectories were tested using the
Monte Carlo permutation test (n=4 trajectories with substrate vs n=4 trajectories without substrate), with a
Bonferroni correction for multiple tests. Error bars show the 90% Cl centred around the mean fraction frames
for the protein-lipid interactions. Blue: chain A, green: chain B, red: translocating substrate. Still views of protein-

lipid interactions were taken from the u2 trajectory.

Lipid preference analysis was also conducted on the PCAT trajectories (Figure 2.3.5-5). There
were more significant cardiolipin interactions with amino acids in the PEP domain compared
to the HIyB trajectories, but these were confined to chain B where the non-translocating
substrate is bound; there was a preference for cardiolipin when no substrate is bound for
amino acids K8, K9, S105, K107, and T112. Only amino acid Q31 in chain A showed a cardiolipin
preference when substrate was present. Transmembrane arm amino acids N153 and T168
(chain A) and transmembrane top amino acid S306 (chain A) showed cardiolipin preference
when substrate was present. Substrate entrance channel amino acids K328 (chain B), N332
(chain A), Q450 (chain Aand B), and T451, N457 (chain A) also showed a cardiolipin preference
when substrate was present (Figure 2.3.5-5a). This curious preference for cardiolipin in the
transmembrane region when substrate is present contrasts with the HlyB trajectories, which
showed that cardiolipin preference occurred almost equally between the CLD and
transmembrane regions when the substrate was present (Figure 2.3.5-4a). Visual inspection
of cardiolipin interactions with the PCAT protein when substrate was present also found a
particular architecture that was present at the start and end of the trajectory (Figure 2.3.5-
5c). For POPE/POPG preference, in the PEP domain T112 (chain B) showed a preferential
interaction when substrate was present while T151 (chain A) showed a preferential
interaction when substrate was not present. Transmembrane arm amino acids N153, T168
(chain A), transmembrane top amino acid N204 (chain B), and substrate entrance channel

amino acids T324, N327, Q446 (chain B), Q450, N457 (chain A) showed a POPE/POPG
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preference when no substrate was present. Transmembrane top amino acids S307, N414
(chain A), transmembrane arm amino acid T168 (chain B), and substrate entrance channel
amino acid N332 (chain A) showed a POPE/POPG preference when substrate was present
(Figure 2.3.5-5b). Like the HIyB trajectory, no architecture for POPE/POPG could be seen

when the substrate was present (Figure 2.3.5-5d).
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Figure 2.3.5-5. PCAT Lipid Preference. a) Amino acids which interact significantly (p < 0.01) with cardiolipin when

the substrates were present were identified. In the PEP domain, most of the significant differences were found
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to be localised to chain B, where the non-translocating substrate is bound. In the transmembrane domain, most
of the significant differences were found to be in chain A, where the translocating substrate is bound. b) Amino
acids which interact significantly (p<0.01) with POPG and POPG when the substrates were present were
identified. The PEP domain did not show many significant differences between substrate and no substrate
trajectories. The transmembrane domain showed significant differences, split evenly between amino acids
located in chain A and chain B. c) Interaction of cardiolipin with the trajectory at the start (t=0 ns) and end
(t=5400 ns) of the simulation. The start and end of the simulation show a similar cardiolipin architecture forming
around the protein, with interactions occurring in the PEP (pink circle), transmembrane top (orange circle), and
transmembrane arm/substrate entrance channel (brown circle). d) Interaction of POPE and POPG with the
trajectory at the start (t=0 ns) and end (t=5400 ns) of the simulation. Like the HIyB trajectories (see Figure 2.3.5-
4), there was no discernible architecture formed when POPE/POPG interact with the PCAT protein. Significance
differences between substrate and no substrate trajectories were tested using the Monte Carlo permutation
test (n=4 trajectories with substrate vs n=4 trajectories without substrate), with a Bonferroni correction for
multiple tests. Error bars show the 90% CI centred around the mean fraction frames for the protein-lipid
interactions. Blue: chain A, green: chain B, red: translocating substrate, cyan: non-translocating substrate. Still

views of protein-lipid interactions were taken from the u2 trajectory.

3.6 Protein-Lipid Interactions Chain Asymmetry

The data from HlyB and PCAT protein-lipid interactions seem to suggest a curious asymmetry
between chains (see Section 3.5). For example, HlyB CLD interacted more with cardiolipin in
chain A whereas PCAT PEP domain interacted more with cardiolipin in chain B. Interaction
asymmetries could arise due to the finite size of the box; in nature, any particular lipid could
interact with a protein and then diffuse far enough away to not interact again. In simulation,
the box size prevents long-distance diffusion and hence any particular lipid may interact many
more times with the protein. The finite box size, coupled with short simulation times, could
produce results where some protein-lipid interactions statistically fall on the extremes but
may not be biologically meaningful. One way to test for a biological component is to analyse
protein-lipid interactions across many different homologous structures in different species;
preservation of protein-lipid contacts at structurally homologous amino acid sites, and the
presence of an asymmetry, may then suggest a biological mechanism (e.g., Stansfeld, Jefferys

& Sansom, 2013).
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| analysed protein-lipid interactions from a group of structures which are homologous to both
HIlyB and PCAT. There were several PCAT structures which were solved in different states:
PCAT with bound substrate, PCAT with bound yATP, PCAT with bound substrate and yATP in
the inward-facing wide conformation, PCAT with bound substrate and yATP in the inward-
facing intermediate conformation, and PCAT with bound substrate and yATP in the inward-
facing narrow conformation. There is also PCAT with bound Mg?* in the outward facing
conformation, but this structure is not in the MemProtMD database. The results for chain
preference for protein-lipid interactions is shown in Figure 2.3.6-1. The PCAT structure with
bound substrate and ATP in the inward-facing wide conformation had the most disparity with
chain preference in all the PCAT structures examined (Figure 2.3.6-1b). To determine where
the DPPC lipid was interacting with protein, and if there was any difference between the
MemProtMD simulations and my results, the available structures were superimposed and
amino acids which showed differences in lipid interaction preference highlighted (Figure
2.3.6-2). The superimposition shows that there is no asymmetry between the chains when
interacting with lipid; both chain A and chain B are as equally likely to show a lipid preference.
The most striking difference is between the DPPC (Figure 2.3.6-2a) and cardiolipin with
POPE/POPG (Figure 2.3.6-2b). When only DPPC is present, even with substrate lipid
preference is confined to transmembrane arm and top regions (Figure 2.3.6-2a). However,
the presence of cardiolipin and POPE/POPG seems to drive interactions with the PEP and
substrate entrance channel regions (Figure 2.3.6-2b). This may reflect a combination of

substrate-driven preference coupled to the lipid environment.
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Figure 2.3.6-1. PCAT Chain Preference for DPPC. a) Chain preference results for PCAT with bound substrate (pdb
ID 6v9z). b) Chain preference results for PCAT with bound substrate and ATP in the inward-facing wide
conformation (pdb ID 7t55). c) Chain preference results for PCAT with bound substrate and ATP in the inward-
facing intermediate conformation (pdb ID 7t56). d) Chain preference results for PCAT with bound substrate and
ATP in the inward-facing narrow conformation (pdb ID 7t57). Statistical significance (p<0.05) was determined by

the Monte Carlo permutation test for each individual simulation.
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20 A

Figure 2.3.6-2. Structural Alignment of PCAT. a) PCAT structures in different conformations (pdb IDs 6v9z, 7t55,
7156, 7t57) were superimposed and amino acids which showed a chain preference for interacting with DPPC
lipid are highlighted (pink). Both translocating (red) and non-translocating (cyan) substrates are show bound to
their respective chains (Chain A, blue; Chain B, green). When interacting with DPPC, amino acids in the
transmembrane arm (brown circle) and transmembrane top (orange circle) drive preferential interactions. b)
PCAT interaction with cardiolipin and POPE/POPG drives amino acid preference to include both the PEP domain
(pink circle) and substrate entrance channel (gold circle). For both the MemProtMD results (a) and my simulation
results (b) there is no asymmetry in the chains when interacting with lipid. Atomistic structures are shown for

illustrative purposes.
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Next, | analysed DPPC chain preference for structures homologues to HlyB and PCAT. This
included two states of microcin antibiotic transporter McjD and the protease transporter PrtD

(Figure 2.3.6-3). Both structures lack a CLD/PEP domain equivalent.
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Figure 2.3.6-3. HIlyB/PCAT Structural Homologues Chain Preference for DPPC. a) Chain preference results for
E. coli McjD in the outward occluded state (pdb ID 4pl0). b) Chain preference results for E. coli McjD with a
resolved lipid (pdb ID 5egl). c) Chain preference results for Aquifex aeolicus VF5 protease transporter (PrtD)
(pdb ID 5122). Statistical significance (p<0.05) was determined by the Monte Carlo permutation test for each

individual simulation.

The chain preference results show some divergence from the PCAT structures. All structures
examined show 4-8 sites where a chain preference appears (Figure 2.3.6-3), in contrast to
PCAT where only one structure showed a large set of preferential interactions (Figure 2.3.6-
1). Intriguingly, the ratio of chain A to chain B preferential interactions with DPPC was 12:3
suggesting a degree of asymmetry in the interactions. Structural analysis showed that in
DPPC, amino acids were found predominantly in the transmembrane top region with a couple

in the transmembrane arm region (Figure 2.3.6-4a). Like PCAT, the presence of the lipid
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environment seems to drive recruitment of the CLD and substrate entrance channel regions
in preferentially interacting with lipid. However, unlike in PCAT structures, HlyB shows a
marked chain asymmetry (Figure 2.3.6-4b). HlyB chain A is 6 times more likely to interact with
lipid than chain B (ratio 24:4 amino acid sites) (Figure 2.3.6-4b). This is a stronger asymmetry
preference than was found for the structural homologues of HlyB and PCAT in DPPC (4 times
more likely to interact with chain A than chain B). This stronger asymmetry interaction
preference may also reflect the presence and absence of substrate, in combination with the

lipid environment as a driving factor.
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a HlyB Homologues

20 A

Figure 2.3.6-4. Structural Alignment of Homologues for HlyB. a) HlyB-like structures showed a strong chain A
(blue) over chain B (green) preference for DPPC interaction with amino acids predominantly found in the
transmembrane top (orange circle) and a few in the transmembrane arm (brown circle) regions. Note that these
proteins do not have a CLD/PEP domain like HlyB/PCAT. b) HIyB also shows a strong chain A preference (blue)
with interacting amino acids found also in the CLD (pink circle) and substrate entrance channel (gold circle)
regions. For both the MemProtMD results (a) and my simulation results (b) there is a strong asymmetry in the

chains when interacting with lipid. Atomistic structures are shown for illustrative purposes.
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4. Discussion

4.1 Signal-Independent Secretion

The structure of the HlyB/D complex was published recently by Zhao, Lee & Chen (2022). The
published structure in the apo (pdb ID 7sgr) and ATP-bound (pdb ID 8dck) states solved some
questions on the transportation process. It was suggested by previous cross-linking
experiments that HlyB/D acts as a complex to recruit TolC when HIyA is bound (Thanabalu et
al, 1998; Balakrishnan, Hughes & Koronakis 2001). Zhao, Lee & Chen (2022) found that the
HlyB/D complex consists of a HlyB trimer with hexameric HlyD (3:6 ratio) (Figure 2.4.1-1).
They conducted photo-cross linking experiments to propose a substrate entrance channel
through the CLD and TMD of one open HlyB monomer, rather than through the central pore.
Interestingly, they also found that one CLD in each monomer was very flexible with the other
CLD acting as a bridge between the trimers. The published structure confirms that my choice
of simulating one unfolded HIlyA monomer binding to one HlyB CLD is correct. However, since
| only simulated one dimer of HlyB with and without bound HIyA substrate, the role of the
other two promoters in the transportation mechanism remains elusive. In this discussion, |
attempt to fill in this knowledge gap using my work from Chapter I, the published HlyB/D
structure, and the available literature. In Chapter VI, | dive deeper into transport mechanisms

for the T1SS using bioinformatic analyses in addition to the above lines of evidence.

Comparison of my HlyB-HIyA homology model with the HlyB/D complex found that they were
in agreement in the TMD and NBD. The CLD, however, was different in its relative orientation.
However, given the inherent flexibility in both PCAT PEPs (Lin, Huang & Chen, 2015;
Kieuvongngam et al, 2020; Kieuvongngam & Chen, 2022) and HIyB CLD, it is possible that HlyB
CLD adopts many different conformations and that there may be a specific substrate-binding
induced conformation yet to be determined experimentally. Indeed, as suggested by Zhao,
Lee & Chen (2022) it is feasible that the flexible CLD in one monomer acts to bind and
transport HlyA while all three trimers can hydrolyse ATP (Figure 2.4.1-1). Models of transport

will be discussed further in Chapter VI.
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Figure 2.4.1-1. Comparison of HlyB/D complex with HlyB-HlyA homology model. HlyB homology model chain
A (blue) and chain B (green) with HIyA substrate (red) overlaid with HlyB/D complex (transparent) (pdb ID 7sgr)
(zhao, Lee & Chen, 2022). HIyB/D complex structure was solved as a trimer (protomers A, B, C) with resolved
domains of hexameric HlyD (LP: lipolyl domain; Arm: N-terminal cytosolic arm). The arms of HlyD wrap around
the transmembrane domain (TMD) of each HlyB protomer, while the C39-like domain (CLD) acts as a bridge
between protomers. Each protomer nucleotide-binding domain (NBD) also makes contact with other protomer
NBDs. Note that only one CLD for each protomer was resolved. My HlyB homology model shows a possible

substrate-binding conformation at the entrance of the open TMD.

Modelling HlyB with 23 C-terminal HlyA amino acids allowed me to conduct tractable MD
simulations with the knowledge at the time. | found that the main driving force in HlyA binding
is the interaction of charge-charge and polar residues between the substrate and HlyB
protein. This was found in both HlyB and PCAT coarse grain MD simulations, suggesting a
conserved mechanism. The coarse grain models suggested that charge-charge N-terminal tail
stabilisation aided correct pinning of the substrate into the HlyB cavity, facilitating charge-
charge and polar contacts in the C-terminal region. In the atomistic simulations, tail
stabilisation was partly disrupted, leading to more unfavourable contacts of hydrophobic
residues in the substrate with charged and polar residues in the binding cavity. The findings
fit with previous experimental results, which show that HlyA secretion does not require a
specific sequence but does require a biochemical pattern of charged and small hydrophobic
residues (Mackman et al, 1987; Felmlee & Welch, 1988; Gray et al, 1989; Koronakis, Koronakis
& Hughes, 1989; Jarchau et al, 1994; Hui et al, 2000). The octet GG repeat in the C-terminal
domain found by Felmlee & Welch (1988) to be conserved in a range of bacterial species was

later discovered to bind Ca?* ions which aid folding upon export (Welch, 1991). Later work
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established that a small amphiphilic helix was the only requirement for export (Hui et al,
2000). In PCAT peptidase, the GG-motif acts to position the sequence for cleavage by the
catalytic triad (C21, H99, and D115) (Kieuvongngam et al, 2020). Indeed, it was found in my
atomistic MD simulations that the analogous residues to C39 peptidases catalytic triad
residues C21 and H99 (Y9, and H83) did not interact significantly with the substrate. This result
broadly fits with previous NMR (Lecher et al, 2012) and recent HlyB/D-HIyA (Zhao, Lee & Chen,
2022) studies, showing that H83 forms a m- m stacking interaction with W77 (see Figure
2.3.4.2-2). Thus, it would appear that the lack of conserved sequence information for HIyA-
like substrates is likely due to the mode of transport, which only requires a conserved
physiochemical pattern. A complete description of likely mechanisms will be discussed further

in Chapter VI.

4.2 Cooperativity in NBD Substrate Binding

Lacking in previous studies of HlyB-HIyA interaction is the role of HlyB NBD in HlyA transport.
In my coarse grain and atomistic MD results for HlyB and related PCAT, the NBD seemed to
act as a gatekeeper for access to the transmembrane domain forming polar or charged
contacts with the substrate (see Figures 2.3.4.1-1, 2.3.4.1-2, and 2.3.4.2-2). Loss of NBD
contact seemed to be a feature in the non-translocating peptide for PCAT (see Figure 2.3.4.1-
3). Intriguingly, NBD contact to the substrate is made primarily by the opposite chain in both
HlyB and PCAT (see Figures 2.3.4.1-1, 2.3.4.1-2, and 2.3.4.2-2), except when the substrate is
non-translocating (see Figure 2.3.4.1-3). Analysis of protein movements in my coarse grain
and atomistic simulations found it to be primarily in the NBD and CLD, with contractions and
expansions occurring in the opposite chain NBD to accommodate substrate movement (see
Figure 2.3.3-2). Considering that unlike in other ABC-transporters, HlyB NBD dimers are likely
in close contact during ATP binding (Jones & George, 2009), this substrate binding
arrangement may induce a cooperative effect in the transportation process, possibly
stimulating ATP binding and hydrolysis to move the system from an equilibrium state to non-
equilibrium movement under ATP turnover (Rahman & Mchaourab, 2020; Kieuvongngam &

Chen, 2022).
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4.3 Cardiolipin Aided Transport

| found an enrichment of cardiolipin within 20 A of HlyB and PCAT, irrespective of the
presence of substrate. Cardiolipin interaction with a range of membrane embedded proteins
has been found previously in coarse grain simulations. In these cases, asymmetry in
cardiolipin-protein interaction between the upper and lower membrane leaflets was found,
facilitated by arginine/lysine interactions with the cardiolipin phosphate heads (Corey et al,
2021). In my study, | found that further analysis of lipid clustering in the HlyB trajectories
found that all three lipids (POPE, POPG, and cardiolipin) are enriched in the CLD where the
substrate was bound, and that this enrichment was only found when the substrate was
present. This analysis was confirmed by SASA analysis of critical CLD lipid interacting residues.
There was also enrichment of POPE in at the top of the transmembrane when the substrate
was present. This lipid clustering result was not found in PCAT, where lipid depletion in the
top of the transmembrane was observed in the presence of substrate. Again, SASA analysis
confirmed this observation for critical PEP lipid interacting residues. The results for HlyB seem
to suggest that lipid could potentially act as an anchor for the CLD when the substrate is
bound, limiting some of its movement (see Figure 2.3.5-3c). Indeed, in one of the atomistic
trajectories the substrate unbound CLD showed more RMSD movement (see Figure 2.3.3-2).
Analysis of HlyB and PCAT trajectories in the membrane found that the membrane acts as a
sheet on the substrate bound CLD of HlyB, while in PCAT only the N-terminal point acts to
anchor the PEP domain to the membrane (see Figure 2.3.5-3c). Analysis of specific amino
acids contributing to lipid preference found that they clustered at different sites — CLD,
transmembrane arm, transmembrane top, and substrate entrance channel. The bulk of the
cardiolipin preference interactions occurred in the CLD and substrate entrance channel where
the substrate was bound for HlyB, forming an asymmetric pattern of interaction (see Figure
2.3.6-4). This was in contrast to PCAT, where no such asymmetry was found (see Figure 2.3.6-
2). The presence of asymmetry and preferential cardiolipin interaction seemed to suggest
that cardiolipin could be forming a particular architecture around HlyB when the substrate
was present (see Figure 2.3.5-4), a result not found in the PCAT simulation (see Figure 2.3.5-

5).

97



Analysis of these results in light of the recently published HlyB/D complex (Zhao, Lee & Chen,
2022) found that two amino acids on the transmembrane arm which interact preferentially
with cardiolipin in my simulations (T141 and K369) interact with the HlyD arm. In addition, it
was shown in previous studies that this N-terminal arm of HlyD is crucial for secretion, with
deletion of the first 60 amino acids abolish HlyA secretion while leaving the HlyB-HIlyD and
HlyB-HIyA interaction intact (Balakrishnan, Hughes & Koronakis 2001). Analysis of the HlyB/D
structure in light of this leads to the conclusion that it is unlikely for HlyD to interact directly
with HIyA due to the presence of the HlyB CLD. Another cardiolipin preference amino acid in
the transmembrane top region (5402) was also shown in a previous study to be secretion
defective when combined with another nearby mutation (S402P/D404K) (Blight et al, 1994)
(Figure 2.4.3-1).
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Arm

Figure 2.4.3-1. HlyB interaction with HlyD. a) Conserved loop S402-G408 (Blight et al, 1994) shown with HlyD
lipolyl domain (LP) region G399-P394. S402 in this chapter was shown to preferentially interact with cardiolipin.
b) K369 and T141 on the transmembrane arm region of HlyB (cyan) are shown with respective HlyD arm regions
D30-R34 (orange) and S9-K27 (yellow). K369 and T141 in this chapter is shown to preferentially interact with
cardiolipin. The first 60 amino acids of HlyD are known to be critical for HIyA translocation (Balakrishnan, Hughes
& Koronakis, 2001), although it is not likely to be a direct interaction based on the HlyB/D complex (Zhao, Lee &
Chen, 2022). Approximate area where substrate should enter via the CLD is shown (dotted, circle). Structured

used is HlyB/D complex (pdb code ID 7sgr) (Zhao, Lee & Chen, 2022).
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It was found by Koronakis, Hughes & Koronakis (1991) that HlyA transport may require a
proton motive force in addition to ATP hydrolysis, although this result remains contentious
(Kanonenberg et al, 2018). The presence of a proton motive force in transport has been found
for the Type Il secretion system (Lee & Rietsch, 2015), as well as the SecYEG system (Corey
et al, 2018; Ryabichko et al, 2020). It was found in the SecYEG system that cardiolipin could
act as a proton shuttle to power the proton motive force, due to the distinct pKas of the head
group. Moreover, its presence also stimulated ATP hydrolysis (Gold et al, 2010). Under
simulation, cardiolipin bound transiently to specific sites (Corey et al, 2018). Analysis of a
cardiolipin deficient bacterial strain found that SecYEG stability was compromised in addition
to alkaline phosphatase secretion ability (Ryabichko et al, 2020). This presents an intriguing
hypothesis, whereby HIlyA secretion by HlyB is mediated by the formation of a specific
cardiolipin architecture, which could function to stimulate ATP-hydrolysis of the HlyB NBD

dimers and as a conduit of the proton motive force.
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5. Conclusion

| made a HlyB-HlyA homology model and conducted MD simulations to provide insights into
mechanisms of HIyA T1SS transport. | found that HlyB interacts with HlyA via charge-charge
and polar contacts, with HIyA tail stabilisation contributing to the favourable contacts. | also
found that the lipid environment is impacted by substrate binding; in the presence of
substrate, cardiolipin starts to form an architecture around HlyB in the simulation time, driven
by specific asymmetric contacts in the CLD and transmembrane regions. | found that the
mode of substrate binding is similar between HlyB and related PCAT, with NBD contacts
forming a gatekeeping mechanism to allow substrate access to the transmembrane channel.
In addition, it is possible that HlyB and PCAT NBDs act in a cooperative manner to facilitate
translocation. Interaction with the lipid environment was not as conserved, with PCAT
showing a general cardiolipin enrichment but no specific architecture in the simulation time.
| propose that the presence of cardiolipin aids HIyA substrate transport by acting as a proton

reservoir for the proton motive force, and possibly by stimulating ATP hydrolysis.
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Chapter lll: Optimising Type | Secretion System Expression &

Purification

1. Introduction

1.1 Maintaining the Lipid Environment

Membrane proteins are often challenging to express and purify (Carpenter et al, 2008; Hardy
et al, 2016). Unlike water-soluble proteins, membrane proteins require successful replication
of the membrane environment upon extraction. Membranes are not passive environments:
they are complex and fluid-like, and interaction with the membrane-embedded protein is
often critical for function (Jiang et al, 2022). Membrane proteins have historically been
divided into three broad classes, depending on their extent of membrane-association: integral
membrane proteins, peripheral membrane proteins, and lipid-anchored (Alberts et al, 2002).
More recent work has attempted to use computational methods for accurate classification
(e.g., Guo et al, 2019). Membrane proteins in each class interact with the membrane in
different ways — for examples, channels and pores have extended hydrophobic cores to
interact with the hydrophobic fatty-acid tails, and hydrophilic outer-regions. In contrast,
membrane-associated proteins often have a small covalently attached lipid chain for
embedding in the membrane (Alberts et al, 2002), although there are exceptions (e.g. PH

domains (Lemmon, 2007) .

Although protein-membrane interactions are complex, their interactions are likely to impact
on the structure and activity of the membrane protein (Jiang et al, 2022). This means that the
membrane-protein interactions must be maintained when extracting membrane proteins

from their native environment for structural and functional characterisation.

1.2 Membrane Protein Expression and Purification Workflow

Membrane protein extraction and purification follows a typical workflow (Figure 3.1.2-1).

Since the yield of membrane proteins is very low, attention must be paid to the amount
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produced by the host organism (Grisshammer, 2006). This includes optimising host strains,
vector type, and expression conditions. Bacterial strains are popular choices due to their low-
cost of growth, especially if high yields are required for downstream processes such as
structural studies (Rosano & Ceccarelli, 2014). The correct choice of bacterial strain will
depend on balancing the levels of transcription with what the cell can tolerate (Mathieu et al,
2019). BL21(DE3) bacterial cells are a popular choice for protein production, however some
overexpressed proteins can display a toxic effect on growth in this strain. The C41(DE3) and
C43(DE3) cell lines were developed by Miroux & Walker (1996) to tolerate specific integral
membrane protein production under the bacteriophage T7 promotor. One mechanism for
successful production in C41/C43(DE3) cells is the ability of these cells to limit plasmid
instability (Dumon-Seignovert, Cariot & Vuillard, 2004). Later investigations established
mutations in the /acUV5 promotor controlling T7 RNA polymerase expression were
responsible for improved membrane protein expression, potentially by allowing for proper
insertion into the membrane by not saturating the Sec translocon (Wagner et al, 2008a).
However, despite these advances in membrane protein production in bacterial cells, not
enough is known about the inter-play of bacterial genetics with the biogenesis of the protein

of interest to offer a ‘one size fits all’ choice of optimal strain (Hattab et al, 2015).
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Figure 3.1.2-1. Membrane protein purification workflow. Purifying membrane proteins follows a typical
workflow: 1) find a suitable expression host for the target, 2) once the expression host and conditions are found,
the target must be extracted from the biological membrane and stabilised, for example through the use of
detergents, polymers, or amphipols, and 3) once the target is extracted, it must be separated from other cellular
components through purification, for example through an initial pulldown, affinity chromatography, or ion
exchange step followed by a gel filtration clean-up step to obtain pure protein without contaminants such as

other proteins or detergent micelles.

Once the host has been established, expression conditions must also be determined to
maximise yield (Kubicek et al, 2014). Due to the multiple combinations of parameters that are
possible, screening every condition with replicates is not feasible. However, one can do a
sparse screen of initial conditions and narrow down until the successful set is found. One
experimental design which is often very successful in multi-parameter optimisation is the
sequential design strategy (Lu & Anderson-Cook, 2021). This works by starting with a test set-
up, collect results, and then design the next test using the results of the previous set (Figure
3.1.2-2). In this set-up replicates are between experiments, saving time and resources while

allowing for robust statistics of the output results especially around the region of interest.
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Although this method has been applied in some cases (e.g., Rossell & Miiller, 2013), it is not

widely utilised in protein expression optimisation.

a
TesSn(;oer;dl_l'tlons —— Do Tests Satisfy H,? _yes STOP
n
\ no
Update H and make
new predictions
b

H,: Initial conditions will produce T1SS in C43 strain

Test: LB or 2xYT media in C43 strain
Result: not detected above noise

H,: Initial conditions will produce T1SS under single induction in C43 strain
Test: LB or 2xYT media with expression order in C43 strain

Result: not detected above noise

H,: LB media at 37°C under single induction conditions will produce T1SS in C43 strain
Test: LB or 2xYT media with BL21(DE3) or C43 strain at 0 mM or 5 mM CacCl,
Result: BL21(DE3) in 2xYT at 37°C produces more T1SS at 5 mM CaCl> than 0 mM CacCl,

H;: BL21(DE3) strain will produce T1SS in 2xYT at 37°C under 5 mM CaCl,
Test: Strain (C43, BL21(DE3)), media (2xYT, LB), temperature (20 or 37°C) under 5 mM CaCl,
Result: BL21(DE3) produces most T1SS in LB at 37°C with 5 mM CaCl,

H,4: BL21(DE3) strain will produce T1SS in 2xYT at 37°C under 5 mM CaCl, using same time of expression

Test: order of induction and induction concentration

Result: BL21(DE3) produces more T1SS under single induction than double induction when HlyB/D is expressed
30 min before HIyA

Hs: BL21(DE3) strain will produce T1SS in 2xYT at 37°C under 5 mM CaCl, when HlyB/D expressed first under
100 pg/mL carbenicillin with 30 pg/mL kanamycin

Test: antibiotic and CaCl, concentration

Result: similar T1SS production under tested conditions

H,: BL21(DE3) strain will produce T1SS in 2xYT at 37°C under 5 mM CaCl, when HIyB/D expressed first under
100 pg/mL carbenicillin with 30 pg/mL kanamycin when total induction time is not more than 2 hours

Test: antibiotic concentration and induction time
Result: tests satisfy hypothesis
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Figure 3.1.2-2 (previous page). Sequential design strategy used in T1SS expression optimisation. a) The

sequential design strategy follows an iterative procedure of conducting tests of a hypothesis — if tests satisfy the
hypothesis then the experiment is stopped, otherwise it proceeds under an updated hypothesis with new
predictions. b) Example sequential design strategy for optimising T1SS production. Hypotheses and tests are

updated until the n'" iteration where the hypothesis was satisfied, and the study stopped.

The next consideration after optimising membrane protein expression is an efficacious
solubilisation and purification strategy. There are different ways of maintaining protein-
membrane interactions when extracting membrane proteins: the use of detergents in the
initial stages is common practice, especially for integral membrane proteins. Since detergents
interact differently with each membrane protein, they must be screened for compatibility
with the membrane protein under investigation (Lin & Guidotti, 2009). In a typical purification
workflow, detergent must be present above the critical micelle concentration to maintain
protein-lipid interactions (Orwick-Rydmark, Arnold & Linke, 2016). If the detergent
concentration is too low, the membrane protein becomes unstable as it is stripped of lipid
and hydrophobic regions come into contact with polar water molecules (Lin & Guidotti, 2009).
In a typical purification protocol, the membrane portion of the cell is extracted upon cell lysis.
The membrane is then initially solubilised in a relatively high detergent concentration (0.1-
10% (w/v)) (Lin & Guidotti, 2009). This is to disrupt protein-lipid and lipid-lipid interactions in
the native membrane and reconstitute the protein in detergent micelles (le Maire, Champeil
& Mgller, 2000). In later purification steps, the detergent concentration is dropped
significantly (<0.1%) so that it does not interfere with the purification procedure but still
maintains the stability of the membrane protein (Lin & Guidotti, 2009). Excess detergent can
be removed by a number of methods, including dialysis and chromatographic methods.
Although detergents are good at initial solubilisation of membrane proteins, they can be
destabilising and deactivate the protein (Seddon, Curnow & Booth, 2004). Detergent can be
exchanged for amphipols which are better at mimicking the native lipid environment (Tribet,

Audebert & Popot, 1996).
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1.3 Aims and Objectives

A trapped form of the T1SS was produced by adding an N-terminal fast-folding eGFP tag onto
the substrate HIyA (Lenders et al, 2016). However, there is no optimised expression or
purification protocol for the T1SS which hampers structural investigation. Hence, optimising
for expression and testing different purification strategies would aid in determining the best
strategy for producing sufficient T1SS for structural studies. In Chapter Il, it was found that
cardiolipin may play a role in Type | Secretion System (T1SS) substrate secretion. Examining
levels of T1SS in a cardiolipin deficient bacterial strain would provide a test for determining if
cardiolipin is required for substrate secretion. By comparing T1SS levels in the deficient strain

to the parental strain, clues would be provided as to the need for cardiolipin in transport.

The Aims of this Chapter involves answering the following questions:
1) What are the best expression conditions for the T1SS?
2) What s the best purification strategy for obtaining the full T1SS with trapped transport
substrate?

3) How can | test the cardiolipin requirement as suggested by Chapter II?

These Aims will be addressed with the following Objectives:

1) Test different detergents to find the best one for solubilising the T1SS

2) Use flow cytometry on antibody labelled T1SS to screen expression conditions and
optimise by a sequential design strategy

3) Optimise expression conditions for a cardiolipin deficient strain of E. coli and compare
the results to the expression optimised parent strain

4) Test use of cryo-correlative light electron microscopy (cryo-CLEM) to see the
distribution of T1SS

5) Use these results to help inform a purification strategy for the T1SS
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2. Materials & Methods

2.1 Chemically Competent Cells

Bacterial cells were made chemically competent via an in-house method. Starter culture was
made by inoculating a single colony in 5 mL LB media and grown overnight at 37°C with
shaking at 200 rpm. 250 mL LB with 20 mM MgSO4 was inoculated with 2.5 mL starter culture
and grown at 37°C with shaking at 200 rpm until it reached ODsgonm 0.4—0.6. Cells were
pelleted by centrifugation at 4200 rpm (Beckman JS-4.2, Beckman, California, USA) at 4°C for
15 minutes. Cells were resuspended in cold 100 mL TFB1 (30 mM potassium acetate, 10 mM
CaCly, 50 mM MnClz, 100 mM RbCl, 15% glycerol, pH 5.8) and left on ice for 5 minutes. Cells
were then pelleted by centrifugation at 5000 g for 10 minutes at 4°C. Cells were resuspended
in 10 mL TFB2 (10 mM MOPS, 75 mM CaCl;, 10 mM RbCl, 15% glycerol, pH 6.5) and left on ice

for 40—60 minutes before being aliquoted and flash frozen in liquid nitrogen.

2.2 Bacterial Cell Transformation

Plasmids containing HlyBD (pK184-HIlyBD) and HIyA (pSOIl-eGFP-HIyA-FLAGx3-Linker) were
obtained from Lutz Schmitt (University of Dusseldorf, Germany). Chemically competent
bacterial cells (BL21(DE3), C43, C43AAcrAB, MG1655, MG1655Acls) were transformed with
both plasmids (~150 ng each) by heat-shock. Plasmid was incubated with 100 ul cells on ice
for 10 minutes before placing in 42°C heating block for 45 seconds followed by 2 minutes on
ice. Cells were recovered in 2xYT media at 37°C with shaking 200 rpm for 30—40 minutes
before being spread on the appropriate selection plate (50 pug/ml kanamycin + 100 pg/ml
carbenicillin). Control cells (heat shock without plasmids) were included to check for bacterial

plasmid contamination.

2.3 Bacterial Cell Expression Trials

For expression trials, 5 mL starter culture was grown under antibiotics and used to inoculate

larger cultures (1/100 volume). The following conditions were sequentially tested: cell type

108



(C43, C43AAcrAB, or BL21(DE3)), media (LB or 2xYT), temperature (20°C or 37°C), plasmid
induction order (HlyA 30 min before HlyBD, same time, or HlyBD 30 min before HIyA), plasmid
inducer concentrations (6.8 arabinose + 1 mM IPTG, or 13.6 mM arabinose + 2 mM IPTG),
antibiotic concentration (100 pg/mL carbenicillin + 50 pg/mL kanamycin, 50 carbenicillin + 50
ug/mL kanamycin, or 50 carbenicillin + 30 ug/mL kanamycin), and CaCl, concentration (0 mM,
2 mM, 5 mM, 8 mM, 10 mM). A final expression time course was conducted with samples

taken pre-induction and then every 30 minutes until 3 hours post-induction.

2.4 Antibody Labelling

The protocol was adapted from Heinisch et a/ (2018). Cells were normalised to ODeoonm 0.5—
0.7 in 1 mL with labelling buffer (PBS, pH 7.4, 1 mM CaCl,). Cells were then pelleted (14000 g
for 30 seconds) and washed in 1 mL labelling buffer before incubation with primary a-FLAG
antibody (Sigma-Aldrich, Missouri, USA) (1/1000 volume) at room temperature for 30
minutes. Cells were washed in 1 mL labelling buffer before incubation with secondary a-
mouse Cy5 antibody (Invitrogen, Massachusetts, USA) (1/1000 volume) for 20 minutes on ice.

Cells were washed in labelling buffer before the flow cytometry measurement was taken.

2.5 Flow Cytometry

Flow cytometry measurements were taken using the BD LSR Il (BD Biosciences, UK) at 530/30
nm bandpass filter (blue channel, GFP fluorescence) and 660/20 nm bandpass filter (red
channel, Cy5 fluorescence). The following controls were used for appropriate gating:
unlabelled cells (background fluorescence), HlyA-only expressing cells (GFP fluorescence), and
antibody labelled HlyBD + HIyA expressing cells (dual GFP and Cy5 fluorescence). Labelling
controls were used to check for non-specific antibody binding: primary antibody labelled only
cells, and secondary antibody labelled only cells. For each measurement, 10° cells were used
and first gated to find the relevant population (E.coli cells) and then further gated to remove

doublets before dividing them into respective quadrants (Q1, Q2, Q3, or Q4).

109



2.6 Data Analysis

To account for excess signal in the Q1 quadrant, the following standardisation procedure was

performed on the Q2 quadrant:

T1SS (%)—mean(excess(%))
std(excess(%))/sqrt(N)

Normalised T1SS (%) = (equation 2.6-1)

where std is the standard deviation of the excess signal and N is the total number of non-
control samples. Histograms of the non-normalised and normalised data were checked to
ensure the shape of the data remained unchanged after normalisation. For comparisons
between samples and plots, only normalised values greater than zero were used. Raw data
can be found in Table C in Appendix C. Information on the data analysis pipeline | developed

can be found in Table B in Appendix B.

2.7 T1SS Expression for Protein Purification

HlyBD (pK184-HlyBD) and HIyA (pSOI-eGFP-HIyA-FLAGx3-Linker) plasmids were transformed
in BL21(DE3) by heat shock. Overnight starter culture was made and inoculated (1/1000) in
500 mL 2xYT media. Cells were grown at 37°C with shaking 200 rom under antibiotic selection
(100 pg/mL carbenicillin + 30 pg/mL kanamycin) until ODeoo 0.5-0.7 was reached. HlyBD was
induced using 1 mM IPTG for 30 minutes. 5 mM CaCl; was added at this step. HIyA was then
induced with 6.8 mM arabinose and cells were left at 37°C with shaking 200 rpm for a further
1.5 hours. Cells were pelleted by centrifugation at 4200 rpm (Beckman JS-4.2, Beckman,
California, USA) for 30 minutes at 4°C. Pellets were resuspended in 50 mL lysis buffer (50 mM
Tris-HCI, 350 mM NaCl, 50 mM KCI, 5 mM CaCl,, pH 7.5) and flash frozen in liquid nitrogen

before storing at -80°C.

2.8 Membrane Solubilisation

50 mL bacterial cell suspension was thawed on ice in 1.5% w/v B-DDM with added lysozyme,

DNase I, and protease cocktail inhibitor (Sigma-Aldrich, Germany). The thawed pellet was left
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at 4°C for 30 minutes under constant agitation before undergoing five passes in the Emulsiflex
C5 (Avestin, Ottawa, Canada) <1000 bar to break the cells. Insoluble material was removed

by spinning at 40,000 g for 30 minutes. Supernatant was then filtered using a 0.2 um pore.

2.9 Glycerol Cushioning

To separate free HlyA-eGFP from T1SS complex, a double glycerol cushion used (adapted from
Kirykowicz & Woodward (2020)). A 30% glycerol top cushion (lysis buffer + 0.02% w/v B-DDM)
and 70% glycerol bottom cushion (lysis buffer + 0.02% w/v B-DDM) was added below
solubilised membrane using a fine needle. The layers were allowed to settle for 10 minutes
at 4°C before ultracentrifugation at 30,000 rpm (SW 41 Ti, Beckman Coulter, California, USA)
in 4°C for 5 hours. The 30-70% sandwich layer was then extracted for FLAG bead pull-down

purification.

2.10 FLAG Pull-Down Purification

2 mL FLAG beads (~1 mL bead volume) was three times washed in 15 mL FLAG buffer (lysis
buffer with 0.02% B-DDM) by spinning at 500 g for 5 minutes. Washed beads were incubated
with 30— 70% sandwich layer (~20 mL) for 45 minutes at 4°C under constant agitation. Beads
were pelleted by centrifugation at 500 g for 5 minutes and washed three times in 15 mL FLAG
buffer. Complex was eluted with 100 uL FLAG peptide (4 mg/mL) in 3 mL FLAG buffer for 40
minutes at 4°C under constant agitation. Elution mixture was spun at 500 g for 5 minutes and

supernatant ext racted.

2.11 T1SS Concentration

T1SS complex was concentrated by ultracentrifugation of FLAG elution supernatant at 40,000

rpom for 3 hours at 4°C (SW 60 Ti, Beckman Coulter, California, USA). Pellet was solubilised
overnight at 4°C in buffer (20 mM Tris-HCl, 150 mM NacCl, 0.03% w/v B-DDM, pH 8.0).
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2.12 Western Blot

Pre-cast mPAGE® (Sigma-Aldrich, Missouri, USA) or NuPAGE (ThermoFischer Scientific,
Massachusetts, USA) Bis-Tris gels (4—12%) were run at 170-180 V constant for 0.75-1.5 hours
in MOPS buffer (50 mM Tris, 50 mM MOPS, 0.1% w/v SDS, 1 mM EDTA). Gels were transferred
to nitrocellulose membrane in transfer buffer (10 mM Tris, 100 mM glycine, 1% v/v methanol)
at 100 V for 1 hour at room temperature. Membranes were then incubated in blocking buffer
(1xTBS, 3% w/v milk, 0.1% v/v Triton X-100) for 2-3.5 hours. Primary antibody (1:2500 a-TolC,
1:2000 a-HlyB, 1:2000 a-HlyD, and 1:3000 a-HIlyA) was added to membranes in 50 mL
blocking buffer overnight at 4°C with constant agitation. Membranes were then washed three
times for 15 minutes in 1xTBS before incubation with 1:2000 secondary horseradish
peroxidase (HRP) linked a-rabbit antibody (ThermoFischer Scientific, Massachusetts, USA) in
50 mL blocking buffer at room temperature for 1 hour with constant agitation. Membranes
were washed three times for 15 minutes in 1XTBS before development. The membranes were
developed using a chemiluminescence detection kit (ThermoFischer Scientific,

Massachusetts, USA) and visualised in film.

2.13 Grid Preparation and Cryo-CLEM

To render grids hydrophilic, negatively charged grids standard glow-discharge in air was
performed on Quantifoil® R2/1 holey-carbon grids (Quantifoil Micro Tools, Jena) for 30
seconds on each side. To render grids hydrophilic and positively charged, 5 pl of 1 M of
magnesium chloride was applied to each side of air glow-discharged grids for 2 minutes
before blotting off. BL21(DE3) with optimised T1SS expression samples were prepared by
diluting cultures to ODego 0.5—-0.7 using PBS buffer with 0.1% glucose; 30 uL diluted cells were
mixed with 1 pL gold fiducials. Cryo-samples were made in a Vitrobot™ (ThermoFischer
Scientific, USA); the humidity was set to 100% at a temperature of 4°C. On each side 3 uL of
sample was applied, and a blotting time of 3 seconds was used with a blot force of -10 or -15.

Grids were stored in liquid nitrogen after plunge-freezing.

For cryo-CLEM, samples were loaded onto a Leica DM6 FS Microscope fitted with a cryo-stage

(Leica Biosystems, Germany) available at the electron Bioimaging Centre (eBIC) at the
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Diamond Light Source (Harwell, UK). Green and red fluorescence channels were selected; for
the green (GFP) channel, 50 ms exposure was used with 100% intensity, and for the red (Cy5)
channel, 500 ms exposure was used with 100% intensity. Settings were checked on a signal
control sample (pre-induction BL21(DE3) cells) and no fluorescence in the green or red
channels was detected. Images were taken and processed using the THUNDER Imager Cryo-

CLEM software (Leica Microsystems, Germany) and exported as tif format files.
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3. Results

3.1 Membrane Solubilisation Trials

Detergent membrane solubilisation trials were initially conducted in C43AacrAB cells as these

are optimised for membrane protein production (Miroux & Walker, 1996). Addition of 0.3 M

NaCl was also trialled to test for positive effect on production of all components (Marlovits et

al, 2004). The results are summarised in Table 3.3.1-1. Triton X-100 was found to be a very

poor detergent for all components. There was little difference between a-DMP and 3-DDM

in terms of their ability to solubilise the components under different expression conditions.

The best detergent concentration was found to be 1.5% B-DDM when all components were

expressed at the same time in LB media at 20°C without additional salt.

Table 3.3.1-1. Type | Secretion System membrane solubilisation trials. Expression level was

quantified visually via immunoblot.

Component | Temp | 0.3M | Media | Expression? | Detergent Culture Soluble?
(°C) Nacl Vol (mL)
HIyA-eGFP 37 No LB Very Weak 1% Triton 150/3 = No
X-100 50
HlyB 37 No LB Very Weak 1% Triton 150/3 = Very Poor
X-100 50
HIyD 37 No LB Medium 1% Triton 150/3 = Poor
X-100 50
TolC 37 No LB Medium 1% Triton 150/3 = Poor
X-100 50
HIyA-eGFP 37 No LB Very Weak 1.5% B- 150/3 = Yes
DDM 50
HlyB 37 No LB Very Weak 1.5% B- 150/3 = Yes
DDM 50
HlyD 37 No LB Medium 1.5% B- 150/3 = Yes
DDM 50
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TolC 37 No LB Medium 1.5% B- 150/3 = Yes
DDM 50
HlyD 37 No LB Medium 1% a-DMP 150/3 = Yes
50
TolC 37 No LB Very Strong | 1% a-DMP 150/3 = Yes
50
HIyA-eGFP 37 Yes LB Weak 1.5% B- 150 Yes
DDM
HlyB 37 Yes LB Strong 1.5% B- 150 Yes — lots
DDM insoluble
HIyD 37 Yes LB Medium 1.5% B- 150 Yes —tiny
DDM amount in
pellet
TolC 37 Yes LB Very Strong 1.5% B- 150 Yes
DDM
HIyA-eGFP 30 No LB Weak 1.5% B- 50 Yes
DDM
HlyB 30 No LB Very Weak 1.5% B- 50 Yes
DDM
HIyD 30 No LB Very Strong 1.5% B- 50 Yes — small
DDM amount in
pellet
TolC 30 No LB Strong 1.5% B- 50 Yes — lots
DDM in pellet
HlyA-eGFP 30 No 2YT Medium 1.5% B- 50 Yes
DDM
HlyB 30 No 2YT Very Weak 1.5% B- 50 Yes —
DDM mostly
insoluble
HlyD 30 No 2YT Very Strong 1.5% B- 50 Yes
DDM
TolC 30 No 2YT Strong 1.5% B- 50 Yes
DDM
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HlyA-eGFP 25 No LB Very Strong 1.5% B- 50 Yes
DDM
HlyB 25 No LB Very Weak 1.5% B- 50 Yes
DDM
HIyD 25 No LB Strong 1.5% B- 50 Yes
DDM
TolC 25 No LB Strong 1.5% B- 50 Yes
DDM
HlyA-eGFP 25 No 2YT Very Strong 1.5% B- 50 Yes
DDM
HlyB 25 No 2YT Very Weak 1.5% B- 50 Yes
DDM
HlyD 25 No 2YT Very Strong 1.5% B- 50 Yes
DDM
TolC 25 No 2YT Strong 1.5% B- 50 Yes
DDM
HIyA-eGFP 20 No LB Very Strong 1.5% B- 150 Yes — not
DDM in pellet
HlyB 20 No LB Strong 1.5% B- 150 Yes — not
DDM in pellet
HIyD 20 No LB Strong 1.5% B- 150 Yes — not
DDM in pellet
TolC 20 No LB Strong 1.5% B- 150 Yes — not
DDM in pellet
HlyA-eGFP 20 Yes LB Strong 0.5% B- 150/3 = Yes
DDM 50
HlyB 20 Yes LB Medium 0.5% B- 150/3 = Yes
DDM 50
HlyD 20 Yes LB Extremely 0.5% B- 150/3 = Yes
weak DDM 50
TolC 20 Yes LB Strong 0.5% B- 150/3 = Yes
DDM 50
HIyA-eGFP 20 Yes LB Strong 1% B-DDM 150/3 = Yes
50
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HlyB 20 Yes LB Medium 1% B-DDM 150/3 = Yes
50

HIyD 20 Yes LB Extremely 1% B-DDM 150/3 = Yes
weak 50

TolC 20 Yes LB Strong 1% B-DDM | 150/3 = Yes
50

HIyA-eGFP 20 Yes LB Strong 2% B-DDM 150/3 = Yes
50

HlyB 20 Yes LB Medium 2% B-DDM | 150/3 = Yes
50

HlyD 20 Yes LB Extremely 2% B-DDM | 150/3 = Yes
weak 50

TolC 20 Yes LB Strong 2% B-DDM | 150/3 = Yes
50

3.2 Expression Optimisation via Flow Cytometry

Although promising initial results were produced from the detergent optimisation trials, the

method has the major drawback that expression is confounded with solubilisation. In

addition, Western Blotting was used to confirm presence of components, which is very time-

consuming and hence fewer trials can be conducted. To fully optimise expression using a

more high-throughput method without adding the effect of solubilisation, flow cytometry was

used. By tagging the exposed FLAG on exported HlyA with Cy5, | could examine dual GFP and

Cy5 fluorescence as an indication of the production of full trapped T1SS (Figure 3.3.2-1).
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Figure 3.3.2-1. Schematic of expression optimisation via flow cytometry. a) Escherichia coli containing a mix of

non-expressing cells (empty), HlyA-eGFP only expressing cells, and trapped type | secretion system (T1SS) were

assessed in the flow cytometer for GFP and Cy5 fluorescence. Cells could be separated as either: low GFP, low

Cy5 fluorescence (Q3, empty); low Cy5, high GFP fluorescence (Q4, HlyA only); high GFP, high Cy5 fluorescence

(Q2, trapped T1SS); and low GFP, high Cy5 fluorescence (Q4, empty with excess Cy5 antibody). b) Example flow

cytometry result. The E. coli population is first found by plotting side scatter area (SSC-A) vs forward scatter area

(FSC-A) and gating appropriately. After finding these events, doublets are removed with another gate on the

forward scatter height (FSC-H) vs forward scatter area (FSC-A) plot; in this case, single cells will fall along a linear
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path of this plot. Final gates on the GFP vs Cy5 fluorescence are then completed, taking into consideration

controls. Percentages are then derived based on number of events from the parent (sorted cells).

The effects of cell type, media, temperature, expression timing, induction concentration,
antibiotic concentration, and length of induction were assessed. The noise signal in the Q1
region was large, and a significant optimisation of the antibody labelling protocol was
required to minimise the noise. To compare results across trials, a
normalisation/standardisation procedure was performed on the Q2 signal using the mean
and variance of the Q1 signal, excluding the controls. The results are summarised in Table C
(see Appendix C). Major determinants of T1SS expression levels were investigated. Media and
temperature had the biggest effect on T1SS expression, acting as an on/off switch. Expression
timing, induction concentration, antibiotic concentration, and length of induction acted as
modulators, pushing the cells into either low, medium, or high production levels depending

on their combinations.

It was found that BL21(DE3) cells produced the most trapped T1SS in 2xYT media at 37°C
under single induction concentrations. The next major effects on T1SS production were found
to be expression order, CaCl, concentration, and total expression time. Expression order had
a large effect. Expressing HlyA 30 minutes before HlyB/D resulted in no T1SS production (see
Table C in Appendix C). In contrast, if HIyA and HlyB/D were expressed at the same time, the
cells were pushed into a low-expression mode. However, if HlyB/D was expressed 30 minutes
before HIyA, the cells fall into medium and high modes of expression (Figure 3.3.2-3a). The
total expression time followed an interesting pattern: at 1 hour total expression time, cells
were at a low-to-medium mode of expression which was rapidly pushed to a high-expression
mode after 1.5 hours (Figure 3.3.2-3b). This was maintained until 3 hours post-induction,
where levels started to fall to medium-to-low modes (Figure 3.3.2-3b). There are two
explanations for this pattern: either the cells stopped producing T1SS after 1.5-2 hours, and
the remaining levels decreased as the cells divided (a “dilution effect”), or the cells continued
to produce and turnover T1SS but at a lower level. Previous experimental evidence would

suggest that the former explanation is more likely (Lenders et al, 2015).
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Figure 3.3.2-3. Effect of expression order and time on T1SS production in BL21(DE3) cells. a) Effect of
expression order on T1SS production. Note that HlyA 30 min before HlyBD was trialled and the amounts of T1SS
produced was found to be less than the noise level (see Table C in Appendix C). b) Effect of total expression
time on T1SS production. Production increases after 1 hour and stabilises after 1.5-2.5 hours before decreasing
after 3 hours. The colours are for illustrative purposes only. The data was grouped based on measured outcome
(i.e expression order or total expression time): see the Flow Cytometry Data Analysis Notebook available on

GitHub (https://github.com/AMKCam) (see Table B in Appendix B for details and Appendix C for the raw data on

the experimental trials). Note that Normalised T1SS (%) refers to a signal standardisation done to take into

account excess signal in the Q2 quadrant during flow cytometry measurements (see section 2.6 in Material &
Methods).

Antibiotic concentration also had an effect, but this was confounded with CaCl, concentration
and total expression time (Figure 3.3.2-4). In general, antibiotic concentration of 100 pg/mL
carbenicillin  with 30 pg/mL kanamycin performed the best under different CaCl,
concentrations. Interestingly, CaCl, concentration had a limited effect on T1SS production,
with similar levels being produced after 1.5 hours of expression time under the optimal
antibiotic concentration (Figure 3.3.2-4). Thus, it would seem that antibiotic and CaCl;
concentration had limited ability to modulate T1SS production compared to expression order

and total expression time.
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Figure 3.3.2-4. Effect of CaCl, and antibiotic concentration on T1SS production as a function of total expression
time. Mean Normalised T1SS (%) (x-axis) was plotted against the total expression time (hr) (y-axis) at different
CaCl, concentrations, coloured by antibiotic concentration. Note that Normalised T1SS (%) refers to a signal
standardisation done to take into account excess signal in the Q2 quadrant during flow cytometry measurements

(see section 2.6 in Material & Methods).

3.3 Cardiolipin Deficiency Decreases T1SS Production

After optimising production of the trapped T1SS, | wished to test the hypothesis generated
by the molecular dynamics simulation results (see Chapter Il) that the presence of cardiolipin
aids substrate translocation. | utilised a cardiolipin deficient strain (MG1655Acl/s) and
compared T1SS production levels to its parent strain using the flow cytometry protocol

(Figure 3.3.2-1). For an initial condition search, | used the results from the BL21(DE3)
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optimisation. As found for BL21(DE3) cells, media and temperature had the biggest effect on
T1SS production, with cells being switched “on” when using LB media at 37°C. In MG1655,
expression order also appeared to act as an on/off switch rather than a modulator, with no
T1SS produced expect when all components were expressed at the same time (see Table Cin
Appendix C). Comparing strains found that cardiolipin deficient MG1655 is trapped in a low-

to-medium expression mode compared to the parent strain (Figure 3.3.3-1).

BL21(DE3) A

MG1655 Parent -

Strain

MG1655 Delta cls A

20 30 40 50 60
Normalised_T1SS(%)

o
=
o

Figure 3.3.3-1. T1SS production by strain. Under different expression conditions, BL21(DE3) cells produce ~32%
trapped T1SS on average, with the level dropping to ~17% in the MG1655 parent strain. Cardiolipin deficient
MG1655 (MG1655 Delta cls) produces ~10% trapped T1SS on average, with cells appearing trapped in a low-to-
medium expression mode. Note that Normalised T1SS (%) refers to a signal standardisation done to take into
account excess signal in the Q2 quadrant during flow cytometry measurements (see section 2.6 in Material &

Methods).

Examining the effect of CaCl, concentration and total expression time in the MG1655 strain
found a similar pattern to BL21(DE3) cells (Figure 3.3.3-2). In the parent MG1655 strain, cells
stopped producing T1SS after 1.5 hours, while for cardiolipin deficient MG1655, there was no
pattern to T1SS levels. Like BL21(DE3) cells, increasing CaCl, concentration seemed to have a
limited effect on the level of T1SS for the MG1655 strain. Across all CaCl, concentration and
expression times, cardiolipin deficient MG1655 remained at around half the level of its parent

strain (Figure 3.3.3-2). Thus, it would seem that for cardiolipin deficient MG1655, modulation
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is limited with significant stochasticity observed, generally fitting with the observation that

the cells remain “trapped” in a low-production state irrespective of expression conditions.
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Figure 3.3.3-2. Effect of CaCl, concentration and expression time on T1SS production. Mean Normalised T1SS
(%) (x-axis) was plotted against the total expression time (hr) (y-axis) at different CaCl, concentrations, coloured
by MG1655 strain. Note that Normalised T1SS (%) refers to a signal standardisation done to take into account

excess signal in the Q2 quadrant during flow cytometry measurements (see section 2.6 in Material & Methods).

3.4 Cryo-Correlative Light Electron Microscopy

BL21(DE3) cells expressed under the optimum conditions found by flow cytometry were
examined under cryo-correlative light electron microscopy (cryo-CLEM). Two different grid
conditions were tested: 1) negative charge holey carbon grids, and 2) positive charge holey
carbon grids. No noticeable difference was found between the two treatments (Figure 3.3.4-
1). To test the use of cryo-CLEM for cryo-electron tomography data collection of whole cells,
squares with optimal fluorescence in the green and red channels were selected (Figure 3.3.4-
2a). From these optimal squares, T1SS producing cells which also lie over an open hole were
found (Figure 3.3.4-2b). In addition, it was observed that the cryo-CLEM agreed with the flow
cytometry results in that around 30-50% of the cells in any imaged square were producing

trapped T1SS (Figure 3.3.4-2c).
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Hydrophilic Negative Hydrophilic Positive

Figure 3.3.4-1. Effect of grid treatments on cryo-CLEM of BL21(DE3) expressing T1SS. Two different grid
treatments were trialled: one with normal glow-discharge (hydrophilic negative) and one with magnesium
acetate treatment after glow-discharge (hydrophilic positive). No effect of grid treatment was observed on

numbers or distributed of BL21(DE3) cells on the grids.

Grid Overview Selection of T1SS* E.coli

Figure 3.3.4-2. Cryo-CLEM Overview. a) Cryo-CLEM was performed on samples of frozen-hydrated BL21(DE3)
cells. Squares with a good fluorescence signal are highlighted (blue). b) Zoom in view of squares, showing the

distribution of HIyA-eGFP producing cells and those producing T1SS (yellow circle) that lie over a hole. c) Another
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Zoom in view, showing that cell producing T1SS constitute ~30-50% of the cell population, on average (white

arrows). An example of EM images taken can be seen in Chapter IV Figure 4.3.3-1.

3.5 T1SS Protein Purification

Protein purification tests were conducted to attempt to isolate T1SS for single-particle cryo-
EM (Figure 3.3.5-1). The tests were done in parallel to expression and detergent optimisation.
Purification utilised the FLAG or His-tag present in the trapped complex to isolate the complex
from the cell protein mixture (Figure 3.3.5-1a). First, | attempted to isolate a membrane
fraction using standard protocols. However, in my hands the T1SS complex dissociated in the
membrane pellet solubilisation step. Next, | tried chemical cross-linking of the complex using
glutaraldehyde on whole E. coli; however, that led to failure to solubilise the complex after
membrane preparation. To attempt to solubilise the complex without forming a membrane
pellet, | directly lysed cells in 1.5% BDDM (Figure 3.3.5-1b). This seemed to work, in that all
components were present in the soluble fraction on a Western Blot (Figure 3.3.5-1c). | also
checked for leaky plasmid expression: as expected, TolC is present in all uninduced fractions
as it is endogenous; there was a faint band for uninduced HIlyA, and an expected band for

uninduced HlyB/D; there was also a soluble band for uninduced HlyB and HIlyD.

125



a Trapped T1SS Construct b
Expression Solubility

Unfolded HIyA

9
2 Lysis Jb’[.lﬁ J'J
550
E. coli
Temperature: 20, 25, 30, 37°C Detergent: Triton X-100, B-DDM,
Media: 2YT or LB a-DMP

Additives: £ NaCl
Order of expressing components

Purification

53 J
Tg| _em ;J

58 —

\oee/ \o/ y
Glycerol Cushion FLAG/Ni2* Capture
C HlyD
Upper Upper
<
) T o
30% 30% o) & & &
ﬁ Lower| | ﬁ Lower | 9‘9 Q\QOQ & R
& *
“ 2
& N &
&

Upper

=2
.gﬁ Lower]

4

= S—

&
)
O 2.
& Q\\*Q’ \é\*v\&*‘b
> & & p
3 TS S @
XIENNMEN NN

126



Figure 3.3.5-1 (previous page). T1SS Purification Tests. a) Schematic of the trapped T1SS used for flow

cytometry and purification. N-terminal His-tag and C-terminal FLAG tag can be used for pull-downs. b) After
optimising for expression conditions and detergent, purifications were trialled, which included FLAG or Ni?* pull-
downs and the use of a glycerol cushion to remove excess HlyA-eGFP from trapped T1SS. c) Example Western
Blots from purification trials. Trials of glycerol cushioning and Ni?* affinity pull-downs were successful in
capturing all components. For the glycerol cushion step, all components were found in the soluble supernatant
that was loaded onto the column. Components are then separated into lower (between 30 and 70% glycerol)
and upper (above 30% glycerol) halves. The lower half was further bound to FLAG beads and concentrated. The
Ni%* shows purification without glycerol cushioning. Note the presence of excess HIyA in the soluble fraction.

Note that HlyB Western Blot forms two bands: a 79 kDa monomeric band and a ~160 kDa dimeric band.

HlyB/D are on the same plasmid, controlled by a lac promoter. Plasmids utilising the lac
promoter are known to be leaky so this is not unexpected. The ara promoter which controls
HIyA production is more tightly controlled, but there are sometimes still background levels
(Siegele & Hu, 1997). For Ni?* purification after solubilisation, there was a large amount of all
components in the unbound fraction; this could be traced to an excess amount of HIyA (Figure
3.3.5-1c). Encouragingly, there was substantial amounts of elution for all components. To
attempt to remove excess HIyA and improve T1SS yields, a glycerol cushion was trialled before
FLAG/Ni?* affinity purification. The results seemed promising, although there were low yields

(< 1 mg/mL) for the final Ni%* elution after the glycerol cushioning step (Figure 3.3.5-2).
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Figure 3.3.5-2. Glycerol cushioning and Ni** affinity purification Western Blots. A 40-70% glycerol cushion was
trialled to attempt to separate excess HlyA-eGFP from T1SS complex. HlyB and HlyD showed leaky expression,
while small amounts of HlyA were also detected in the uninduced fraction. All components could be found in
the soluble fraction, with varying levels of insolubility. As expected, an excess of HlyA was found in the upper
(>40%) glycerol fraction, while all components were found in the lower (between 40 and 70% glycerol) fraction.
Small amounts of each component were still detected in the unbound fraction, but this was a big improvement
over Ni?* affinity purification without glycerol cushioning (see Figure 3.3.5-1c). All components were present in
the elution fraction. Note that HlyB Western Blot forms two bands: a 79 kDa monomeric band and a ~160 kDa

dimeric band.

Attempts at making cryo-EM grids from this preparation did not yield any encouraging results.
There was uncertainty if this was the result of the low yield or due to complex dissociation

during plunge-freezing. | attempted the glycerol cushion with a FLAG purification,
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concentrating the final elution using ultracentrifugation and resuspension in a smaller buffer
volume (Figure 3.3.5-1c). This resulted in improved concentration (>1.5 mg/mL); however no
complex could be found on cryo-EM grids prepared on this sample. Since concentration is
unlikely to be an issue, and Western Blot confirmed the presence of all components (Figure
3.3.5-1c), there is a likelihood that the complex dissociates during plunge-freezing. | looked
for complex components in the EM grids, but could not find convincing particles even after
automated particle picking and classification in Warp using on-the-fly data collection. After
these results, purification trials were halted to focus on cryo-ET of whole/ghost cells (see
Chapter IV). This was to bypass issues with purification and complex dissociation and focus

on obtaining an in situ structure.
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4. Discussion

4.1 Membrane Solubilisation & Protein Purification

Determining the correct solubilisation and purification procedure for membrane proteins
relies on a trial-and-error approach, with pipelines adapted for the protein under
consideration. Due to time and resource constraints, it is typical for a detergent to be selected
which is found to satisfy most requirements for solubilisation and purification (Ratkeviciute,
Cooper & Knowles, 2021). | found that the T1SS can be solubilised in B-DDM, with Triton X-
100 acting as a very poor detergent for all components. Effects of detergent on solubility were
evaluated by Western Blot, which worked better than simple SDS-PAGE as there is less
ambiguity for the presence of each component, considering the heterogenous nature of the
supernatant and pellet samples. One downside with the Western Blots is that the antibodies
used are polyclonal, and hence there is some uncertainty if the off-band targets which appear
are degradation products or other proteins that are not the protein of interest. However, the
antibodies are more sensitive and can detect proteins at low concentration. Antibody quality
can affect the reproducibility of experiments, hence the call for more robust pipelines to
produce commercial antibodies (Bradbury & Pliickthun, 2015). As pointed out by others (e.g.,
Freedman, 2015; Polakiewicz, 2015) the key to antibody reproducibility is validation. The
antibodies | used are routinely applied in the Lutz group for different experiments (e.g.,
Lecher et al, 2012; Lenders et al, 2015, Lenders et al, 2016), and have been found to be quite
reliable. An additional consideration is that membrane protein oligomers can run
anomalously fast or slow due to the binding of SDS; in some cases, the difference can be up
to 50% off target molecular weight (MW) (Rath et al, 2009). This effect could also produce
multiple bands if there are species of oligomers present in the sample. | found a noticeable
effect of SDS-PAGE type used on band migration, with significant improvements in generating
monomeric HlyB (rather than dimeric HlyB) when mPAGE system was used (see Figures 3.3.5-
1 and 3.3.5-2). Anomalous SDS-PAGE band migration for HlyB has been noted before (e.g.,
Lecher et al, 2012; Lenders et al, 2015, Lenders et al, 2016), and may be due to multiple
oligomeric species of HlyB present in the sample (Rath et al, 2009). Furthermore, multiple

bands were found for HIlyA-eGFP and HlyD, but not TolC (see Figures 3.3.5-1 and 3.3.5-2). This
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may be due to multiple oligomers forming as the complex dissociates during denaturation,
with TolC forming the weakest interactions in the complex (see Figure 3.3.5-1a) and hence
full dissociation is more likely. Thus, considering the factors that may cause the presence of
multiple bands it is most probable that the observed bands are species of oligomers caused

by partial complex dissociation rather than an issue with the polyclonal antibodies.

For the protein purification trials, which were run in parallel with expression and detergent
optimisation trials, | found that excess HIyA appeared to interfere with binding of the T1SS to
Ni?* or FLAG beads. This was due to its presence in the supernatant, as trials to obtain
solubilised T1SS from membrane pellet were unsuccessful. To attempt to remove excess HIyA-
eGFP from trapped T1SS, | used glycerol cushioning. This was adapted from a previous sucrose
cushioning method | tried for isolating protein complexes (Kirykowicz & Woodward, 2020).
One issue with sucrose cushioning is that the isotonicity of the solution changes as the
proteins migrate through, leading to precipitation. This means using a low salt starting buffer
before cushioning to limit these effects. However, this is not feasible for membrane proteins
which require high salt in the starting buffer in order to extract them effectively from the
membrane. Switching from sucrose to glycerol can limit isotonicity effects while maintaining
the use of high salt starting buffer. The use of a double cushion should separate out excess
HIyA-eGFP from T1SS, as the much lower molecular weight (MW) of HlyA-eGFP (~150 kDa)
compared to T1SS (>1 MDa) means that it cannot migrate beyond the lower glycerol
concentration during ultracentrifugation. Western Blots seemed to indicate that it was
generally successful in reducing the levels of HlyA-eGFP and boosting levels of HlyB, HlyD, and
TolC (see Figures 3.3.5-1 and 3.3.5-2). Cryo-EM samples were made throughout different
purification trials, but no T1SS complex was observed. Initially, | thought this was due to low
sample concentration, however after concentrating the complex and checking for component
presence by Western Blot | still did not observe any T1SS complexes in cryo-EM grid samples.
Hence, | concluded that it was possible that the complex is dissociating during plunge freezing.
Grid preparation for cryo-EM depends on many factors, including protein concentration,
detergent type and concentration, salt concentration, and use of CHAPSO to prevent
orientation bias in membrane proteins (Kampjut, Steiner & Sazanov, 2021). In general, protein
concentration >1 mg/mL should yield sufficient particles on the grid although numbers will

depend on the size of the complex and ice-thickness (Passmore & Russo, 2016). Due to these
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factors, | decided to focus on optimising cryo-ET of T1SS samples as this method does not
require pure protein. Initial methods for using cryo-CLEM in cryo-ET data collection of whole

E. coli is discussed in the next section.

4.2 Locating T1SS* E. coli by Cryo-CLEM

| tested cryo-CLEM on BL21(DE3) cells expressing T1SS. As expected from the flow cytometry
data, there is a mix population of cells either expressing HlyA-eGFP only or expressing HIyA-
eGFP with HIyB/D to form a T1SS channel with endogenous TolC. | tried two grid treatments
to test if cell adherence to the grid changed: one with a standard hydrophilic negative charge
under glow-discharge conditions, or one with a hydrophilic positive charge following
magnesium acetate treatment after glow discharge. | did not find any differences between
number or types of cells on the grid after these treatments. Next, | selected grids which had
a good distribution of T1SS* BL21(DE3) and further selected individual cells which were over
open holes (see Figure 3.3.4-2). This was to image these cells in the TEM for cryo-ET data
collection of whole cells. Results of these experiments can be found in Chapter IV. Cryo-ET of
whole bacteria has been conducted over many years, with the main challenge being the
thickness of the cells. Bacterial species with widths ~350 nm (e.g. Caulobacter crescentus)
allows for visualisation of most internal cellular features, while in species with larger widths
~1000 nm (e.g. E. coli) only large cellular components with high-local contrast can be
visualised. However, in these larger cells it is possible to visualise membrane protein
complexes (e.g. chemotaxis arrays, flagellum rotor complex) (Milne & Subramaniam, 2009).
Thus, | showed it is possible to isolate T1SS* cells for tomographic data collection of whole

cells.

4.3 Factors Which Influence T1SS Expression

| used the sequential design strategy (Lu & Anderson-Cook, 2021) in order to optimise T1SS
production. The strategy works by starting with a prior hypothesis on what to test; this is then
updated with each iteration until N observations (Bradt, Johnson & Karlin, 1956). The main
benefit is that not all iterations are tested, and thus time and resources are saved. This

method was very successful in quickly finding the greatest determinants on T1SS production.
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One limitation is that the measured variance for each effect is not equal: by design, more tests
are done near the optimum conditions than conditions which are not optimal. Thus,
uncertainty is greater for the least optimal conditions. Practically, this may not have
appreciable consequence, as the goal is to maximise optimal conditions under a specific set
of hypotheses. The solution should converge to the correct set of hypotheses as N is increased

(Bradt, Johnson & Karlin, 1956).

| found that the greatest impact on T1SS production was bacterial cell strain, followed by
media type and temperature. These seemed to act as primary “on/off” switches. For example,
C43 cells did not express T1SS (above detection noise levels) no matter what media type or
temperature was used. After these effects, other factors such as order of plasmid induction,
length of induction, and antibiotic concentration seemed to act like modulators, tuning levels
to what the cell will tolerate. Cells could be divided at the population level into “low”,
“medium”, or “high” expression modes based on these factors. Here, clear differences
between strains emerge which can express T1SS above noise levels. BL21(DE3) cells were able

to produce higher amounts of T1SS compared to MG1655 cells.

One obvious influencing factor is membrane composition. During cell preparation for flow
cytometry, | noticed that the MG1655 cells formed softer pellets which were easier to disturb
than the BL21(DE3) cells. MG1655 cells are known to alter their phospholipid composition
during their cell cycle; intriguingly it is thought that cardiolipin is primarily localised to the cell
poles (Furse et al, 2015). This may explain the reduced levels of T1SS in the MG1655 parent
strains compared to the BL21(DE3) strain; if cardiolipin is required for transport (see Chapter
Il), then HIyA-eGFP can only be transported from the cell poles rather than the entire cell
surface. It is also known that membrane protein production can overwhelm the Sec
translocon machinery which is responsible for membrane protein insertion (Schlegel et al,
2014). This is why tapering down membrane protein production in overexpressed plasmids
may help in boosting overall production (e.g., Zhang et al, 2015). Thus, it is possible that the
production of HIyB/D creates a cellular stress response, possibly as a result of an overloaded
Sec translocon, and hence leading to the triggering of bacterial responses which inhibit
plasmid expression. This would explain the “dilution” effect observed after 1.5 hours of total

induction time, during which the cells appear to stop T1SS production and any remaining T1SS
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is subsequently divided between daughter cells (see Figure 3.3.2-3b). This would also explain
why the order of plasmid induction seems to have a large influence on T1SS levels. Induction
of HIyA 30 minutes before HlyB/D in the BL21(DE3) strain induces a catastrophic failure to
produce any T1SS component (not including endogenous TolC), including complete abolition
of HlyA-eGFP expressing cells. However, if plasmids are expressed at the same time there is
T1SS produced, but the levels remain trapped in low-to-medium expression modes. Indeed,
only when HIyB/D is expressed 30 minutes before HlyA-eGFP could cells access the high
expression range (see Figure 3.3.2-3a). This pattern was not observed for the MG1655 strain,
which only tolerated expression of the plasmids at the same time. Thus, MG1655 is likely
more sensitive to the presence of HlyB/D in its membrane. The cellular stress response may
be caused by ATP-consumption; ATP is required to thread HIyA through the channel, and
formation of a trapped complex may induce futile ATP-hydrolysis cycles that places a heavy
energy burden on the cell. Indeed, estimates for amounts of ATP hydrolysed per exported

HlyA is quite high (see Chapter VI).

| found that CaCl, concentration did not seem to influence T1SS production in either
BL21(DE3) cells or MG1655 cells. This is unexpected as CaCl is known to aid in the folding of
HIyA upon cell exit (e.g., Bumba et al, 2016). Indeed, it is also posited to play a role in transport
energetics by providing a “Brownian ratchet” and preventing backsliding of HlyA down the
channel (Lenders et al, 2015; Bumba et al, 2016; Lenders et al, 2016). However, there is some
evidence that CaCl, may not play a role in T1SS transport energetics (Lenders et al, 2016). One
factor may be the concentrations of CaCl, used or the stage of secretion; an effect may only
be observed for <1mM CaCl, concentrations at an early stage of HIyA secretion. | tested 0-10
mM CaCl; and cells were grown between 1-1.5 hours total induction time. Thus, if CaCl; is
responsible for aiding a “Brownian ratchet” mode of transport, it may only influence an early

(<1 hour) stage of secretion.

Lastly, | found that cardiolipin deficiency caused a clear decrease in T1SS levels in the MG1655
strain. As discussed above, decreased levels of T1SS production in MG1655 parent compared
to BL21(DE3) may be the result of the phospholipid composition of MG1655 and greater
intolerance of HlyB/D in its membrane leading to a cellular stress response which tapers down

HlyB/D levels by suppressing plasmid expression. Cardiolipin and PE phospholipid deficiency
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can cause severe membrane ultrastructure defects in E. coli, with an enlarged periplasmic
space observed in cardiolipin deficient cells from exponential phase (Rowlett et al, 2017).
Thus, the apparent decrease in T1SS levels in the MG1655 cardiolipin deficient strain
compared to its parent could be due to these effects. Since my results from Chapter Il seemed
to indicate that cardiolipin could play a role in substrate transport, further experimental tests
would need to be designed in order to test this further in vitro. This would require careful
design, as cardiolipin contributes to overall protein complex stability (e.g., McAuley et al,
1999; Lee et al, 2020; Xu et al, 2021) and also contributes to membrane curvature (Killian et
al, 1994). To tease out physical effects of lipid (e.g. protein stability and membrane curvature)
from energetic (e.g. charge) effects, multiple in vitro tests with different types of lipid would
be needed. One option may be to use different nanodiscs with different lipid compositions: a
PG/PE composition, a cardiolipin/PG/PE composition, and a phosphatidylserine/PE
composition. One challenge would be T1SS assembly; one option is to express HlyB/D in
nanodisc and TolC in a proteoliposome. Assembly could be mediated by a substrate which
can trigger assembly but not be secreted (e.g., Morgan, Acheson & Zimmer, 2017) until a
modified substrate (e.g. with luciferase with C-terminal HIyA) is added and secretion
measured by light emitted. By comparing secretion efficiency in the different proteoliposome
compositions, it would be possible to see if there is an energetic effect on T1SS transport
mediated solely by a charge effect or if it is a physical effect or a mix of physical and charge
effects. An example is given in Figure 3.4.3-1. From this example, it is evident that many
different trials could be run: for example, ATP consumption could also be measured with
secretion efficiency using an NADH-coupled ATPase assay (e.g., Souabni et al, 2021). One
evident difficulty is in ensuring control of the experimental setup: this would mean having
several controls. This would involve: 1) two background controls consisting of empty
nanodiscs/liposomes and a separate control consisting of empty proteoliposome with HlyB/D
nanodiscs, and 2) measuring light emission before and after addition of deficient substrate
and NanoLuc. Formation of liposomes with nanodisc could be monitored using either a

Raman-SEM or cryo-Raman microscope which has particle analysis capabilities.
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Figure 3.4.3-1. Secretion efficiency test. A small, modified 19kDa luciferase (England, Ehlerding & Cai, 2016) can
be used to monitor T1SS efficiency. Proteosome bound TolC containing the NanoLuc substrate, furimazine and
cofactor O,, is mixed with purified HlyB/D containing mixtures of different lipid types, cardiolipin,
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylserine (PS). Assembly is first
induced by adding in a secretion deficient substrate which can promote assembly without being secreted
(Morgan, Acheson & Zimmer, 2017). Then, NanoLuc with added C-terminal secretion tag is added; secretion of
NanoLuc into the proteasome results in a light emitting reaction as furimazine is catalysed to furimamide.
Titrating out the secretion deficient substrate as NanoLuc is titrated in will result in two rate changing curves: a
decrease in secretion deficient substrate level (1) with an increase in light emission (2) as NanoLuc outcompetes
the deficient substrate for secretion. The result will be a measure of the rate change in light emission as deficient
substrate is titrated out (3). Note that direct measurements of 1) is not necessary to derive 3) — all that needs to

be calculated is light emission rate change and titration levels of deficient substrate and NanoLuc.
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5. Conclusion

| optimised the expression conditions for the T1SS using a flow cytometry based sequential
design strategy. | found that T1SS production is predominantly driven by a couple of limiting
factors, which act as “on” or “off” switches to expression, after which other effects act as
modulators which tune levels to what the cell will tolerate. | propose that this observed effect
is driven by saturation of the Sec translocon, which is responsible for inserting expressed
membrane proteins into the cellular membrane. | find that the poor performance of the C43
strain is likely due to a robust ramping down of the expression of HlyB/D as a result of
mutations to its lacUV5 promotor controlling T7 RNA polymerase expression which inhibits
Sec translocon saturation. | also find that the performance of the MG1655 strain is likely due
to the distribution of phospholipids in its membrane, with cardiolipin confined to the poles
and hence could result in less routes of exit for the HlyA-eGFP substrate as well as a limited
tolerance for HlyB/D in its membrane compared to the BL21(DE3) strain. | used the flow
cytometry based sequential design strategy to test the cardiolipin requirement as suggested
by MD simulations (see Chapter Il). Results showed that the MG1655 cardiolipin deficient
strain has reduced levels of T1SS production as compared to its parent strain. Since cardiolipin
deficiency can cause structural defects in MG1655, | propose in vitro tests of secretion
efficiency with different lipid compositions to tease out physical effects from charge effects
and thus establish a more robust protocol for testing the impact of cardiolipin on substrate
secretion. | also optimised detergent for a T1SS purification protocol, and made progress in
optimising the purification strategy. | found that use of a glycerol cushion could aid in boosting
T1SS levels by separating out competing free HlyA-eGFP from trapped T1SS before affinity
pull-downs. | made cryo-EM grids for structural analysis, but found that the complex could be
dissociating during plunge-freezing. To circumvent problems with purifying T1SS for structural
analysis, | tested the use of cryo-CLEM to identify BL21(DE3) cells which are positively
expressing T1SS. | found that these results matched the flow cytometry data and can be used
for tomographic data collection. The use of whole cells for tomographic data collection and

in situ reconstruction is further explored in Chapter IV.
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Chapter IV: Cryo-Electron Tomography for In Situ Structural

Elucidation

1. Introduction

1.1 Imaging Biological Complexes

When giving his Nobel Lecture in 1986, Ernst Ruska, one of the founders of the electron

microscope, commented:

“The resolution limit of the light microscope due to the length of the light wave which had
been recognized 50 years before by Ernst Abbe and others could, because of lack of light, not
be important at such magnifications [of the electron microscope]. Knoll and | simply hoped
for extremely low dimensions of the electrons. As engineers we did not know yet the thesis of
the “material wave” of the French physicist de Broglie that had been put forward several years
earlier (1925). Even physicists only reluctantly accepted this new thesis. When [ first heard of
it in summer 1931, | was very much disappointed that now even at the electron microscope
the resolution should be limited again by a wavelength (of the "Materiestrahlung”). | was
immediately heartened, though, when with the aid of the de Broglie equation | became
satisfied that these waves must be around five orders of magnitude shorter in length than
light waves. Thus, there was no reason to abandon the aim of electron microscopy surpassing

the resolution of light microscopy.” (Ruska, 1987)

Indeed, the short wavelengths of electrons, their scattering effects from material, and the
ability to condense these scattered waves back into an image via electromagnetic lenses has
made electron microscopy a powerful tool for atomistic insights. The basic design of a
transmission electron microscope has remained relatively unchanged since their invention in
the 1930’s (Figure 4.1.1-1). The power of transmission electron microscopy (TEM) lies in two
parts: 1) Image formation of fine details, and 2) Image processing and 3D reconstruction to
reveal atomistic insights of a sample. Image formation is the ability of a TEM to produce

“undistorted” 2D projection images of a sample. Image processing for 3D reconstruction is
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the application of mathematical and computational methods to 2D images to generate
insights —this means applying signal-processing methods to convert 2D projection images into
a resulting 3D map. The success of 2) will depend on the ability of 1) to produce sufficient

structural detail. We will cover both in turn before looking at the limitations in TEM.
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Figure 4.1.1-1. Schematic of an electron microscope. Imaging in an electron microscope works by transmitting
electrons from a source towards a specimen. The condenser lens condenses the electron beam and focuses it
on the specimen. Electrons passing through the specimen will be diffracted and form the back focal plane after
passing through the objective lens. Finally, the real space image is formed by passing the electrons through the

projector lens and onto a detector. Note that not all the lenses are shown.

1.2 Part 1: Image Formation

Image formation in a TEM is a complex process, involving sample, the electron beam, electron
lensing, and image capture. This process will ultimately affect the output resolution of the 3D
structure obtained. Image formation relies on the interaction of the incoming electrons with
the atoms in a sample. Upon encountering an atom, the electrons can be scattered either
elastically (without loss in energy) or inelastically (with loss in energy). In terms of image
formation, elastically scattered electrons will result in an output image whilst inelastically

scattered electrons will contribute to noise in the image. Most electrons will not interact with
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the material at all and hence contribute to the background (unscattered) wave. It is the
intensity of the scattered electrons relative to the background wave from which an image is
derived. This scattering can be thought of as creating a change in direction in the paths of the
electrons: mathematically, we say that the electronic wave has undergone a phase shift
relative to the unscattered wave (Figure 4.1.2-1). In the case of biological samples, which
primarily contain light atoms (e.g. C, N, O, P), the observed scattering effect is small and hence

small phase shifts are created, leading to low-contrast images (Frank, 2006).

diffraction image
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Figure 4.1.2-1. Electron scattering in the sample. Electrons interacting with atoms in a sample can remain
unscattered (y,), backscattered, or elastically or inelastically scattered. Inelastically scattered electrons lose
energy as a result of collision with the nucleus or electrons of an atom and hence contribute to the noise in an
image. By contrast, elastically scattered electrons maintain the same energy after scattering and hence
contribute to the diffraction image. Image contrast is derived from the angle of scattering () relative to the
unscattered background wave. As shown in the Argand diagram, this scattering (red arrow) produces a resulting
phase shift, described by a wave amplitude (A) and phase (i0) relative to the unscattered wave (green arrow).

Interaction of electrons with the atomic Coulombic potential is described by the function C(r,z).

The electron microscope essentially takes the scattered electrons and projects them back to
a 2D image. Thus, to understand image formation, we must understand the relationship

between the 3D object being imaged and its resulting 2D projections.

Since biological samples are weak-phase objects, we start with the weak-phase

approximation for biological samples, which is based on Taylor expansion of the spatial
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function for the wave outgoing from the illuminated specimen (Frank, 2006) (see Figure 4.1.2-

1)

Y() = Y, [1 +ip(r) —%d)(r)2 + ] (equation 4.1.2-1)

where Y (r) describes the outgoing wave and 1, the incoming wave. The weak-phase
approximation of equation 4.1.2-1 only considers the first two terms due to the nature of
biological samples, where only small changes in contrast are observed. The observed phase-

shift (¢(r)) is described by (Frank, 2006) (see Figure 4.1.2-1):
()= [C(r,z)dz (equation 4.1.2-2)

where C(1, z) is the 3D Coulomb potential of the object and r is a 2D vector of coordinates
(x,y). Note that in equation 4.1.2-1, the first term describes the unscattered wave, while the
subsequent terms describe the scattered wave.

The observed phase contrast in the image is determined by the contrast transfer function

(CTF) (Frank, 2006):
CTF = siny(k) (equation 4.1.2-3)

where k is the 2 dimensional spatial frequency (k=(kx,ky)) and y describes the effect of lens
aberrations and defocus on the phase shift (see Frank (2006) for more details on equations).
Here, frequency is related to scattering: high scattering results in high-frequency, while low

scattering results in low frequency.

The CTF describes how phase-contrast is transferred from the lens to the image, dependent
on defocus used. This results in regions of negative (black on white), positive (white on black),
and no contrast transferred (zero crossings) (Figure 4.1.2-2). In practice, the CTF is dampened

at high spatial frequencies (Figure 4.1.2-2).
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Figure 4.1.2-2. Image contrast and spatial resolution. Resolution information of the real-space image can be

viewed as a function of the Contrast Transfer Function (CTF) and Fourier Transform (FT). The CTF describes how
the electron microscope transfers contrast (amplitude) from the object to the resulting image as a function of
spatial frequency. Contrast transferred can be negative (black on white) or positive (white on black), or no
contrast can be transferred (zero crossings). The zero crossings represent a loss of information which must be
filled in by applying different defocuses during data collection. The relationship between CTF and image spatial
resolution is shown; all spatial resolutions can be described before the first zero crossing (orange line) which
shows the largest frequency encapsulating the imaged object. Intermediate frequencies (e.g. pink line) then
describe different resolvable distances in the object up to the smallest frequency (red line), after which there is
no real signal which can be resolved. As the spatial frequency increases the amplitudes are dampened and hence
high-resolution information becomes more sensitive to noise compared to the low-resolution information. The
FT is another way of showing the same information; in this case, instead of a 1D sine function, it is a 2D contour
of image spatial resolution. White “Thon rings” (Thon, 1966) show contrast transferred while black represents
no transfer of contrast. The smallest spatial frequency will be visible as the last Thon ring; in this example, it
corresponds to the Nyquist limit (Nyquist, 1928) which is twice the pixel size (red line). Downstream image
processing will apply CTF-correction, which at a minimum involves converting negative phase contrast to positive
phase contrast (“phase-flipping”). Boosting high-resolution information will also involve upweighting high spatial

frequency amplitudes and down-weighting low spatial frequency amplitudes (e.g. Wiener filter) (Wiener, 1964).
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The projected image can be described by (Frank, 2006):

I(r) = ¢(r)oh(r) (equation 4.1.2-4)

where I (1) is the intensity of the image, ¢ (1) is the phase-shift (described in equations 4.1.2-
1 and 4.1.2-2), h(r) is the point spread function (PSF), and o is a convolution operation
between the two functions. This relationship is essentially describing what was mentioned in
the first paragraph: over the whole image plane, by what amount (frequency) are the
electrons scattered to produce the observed contrast. The point spread function is therefore

a 2D representation of spatial resolution in the object.

Finally, we could decompose this spatial resolution information into a series of cosines,
describing all frequencies (spatial distances) observed, from lowest to highest frequency

(Frank, 2006):

FT(k) = 0(k).A(k).CTF (equation 4.1.2-5)

where 0 (k) is the Fourier transform of the outgoing wave, and A(k) is the aperture function.
The function A(k) is step-wise and describes what frequencies are captured based on the
objective aperture (see Frank (2006) for details).

We can also write equation 4.1.2-4 as (Frank, 2006):

I(r) = |y;(1)|? (equation 4.1.2-6)

where Y;(r) is the inverse Fourier transform of equation 4.1.2-1. Equation 4.1.2-6 is the
power spectrum of the 2D projection. This is another way of describing equation 4.1.2-3
(Figure 4.1.2-2). Here it may be noted that while the Fourier transform decomposes our
object plane into a series of observed spatial resolutions, the inverse Fourier transform
describes the resulting image intensity. Thus, to recreate the exact 3D slice in which we

observe our 2D projection, we only need to apply the inverse Fourier transform.
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1.2.1 A note on resolution

One may have noted from equation 4.1.2-4 that although the PSF describes what can be
spatially resolved in an object, it is not directly observed in the resulting image (Figure 4.1.2-

2). In terms of resolution, as noted by Scherzer (1949), the minimum resolvable distance is:

__ 061

sina

(equation 4.1.2-7)

where d is the resolvable distance between two object points (e.g. atoms), A is the wavelength
in the object plane, and a is the aperture angle of the objective lens. Equation 4.1.2-7 is what
is known as the Rayleigh criterion for minimum resolvable distance. As noted above, we
cannot directly measure this as the PSF is not directly observed in the resulting image, and

hence the FT is used instead (discussed in the next section).

1.3 Part 2: Image Processing and 3D Reconstruction

To convert a series of 2D projection images that include effects of PSF and optical aberrations
of the microscope and limitations of the detector into a 3D reconstruction that represents the
true object, mathematical methods are applied. DeRosier & Klug (1968) first proposed the
method of 3D object reconstruction via Fourier synthesis. Here defocus is estimated by fitting
the CTF to the image power spectrum; from the CTF, phase and amplitude are known and 3D
reconstruction proceeds by fitting 2D projections to 3D Fourier slices (“central slices”). This is
known as the projection theorem: the 2D Fourier transform of a 2D projection gives a central
section through the 3D transform of the 3D density. The real-space object is then fully
recovered by applying the inverse Fourier transform after all the slices have been determined.
This requires adequate sampling of the Fourier space describing the object (Figure 4.1.3-1).
Here, symmetry is useful as symmetries in real-space will have Fourier counterparts and
hence fewer projections will be required to reconstruct the entire object; for example, in the
case of n-fold rotational symmetry the number of required projections to represent the entire
object will be reduced by a factor of n. Obtaining different projections will then either rely on

tilting the microscope stage to obtain different views of the object, or using different images
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with different particles. For single-particle 3D reconstruction, the latter method is applied,
while for tomographic reconstruction the former is applied. Since these particle projections
are in unknown orientations, accurate orientation estimation is paramount in order to
correctly determine the 3D Fourier slice the projection represents; DeRosier & Klug (1968)
proposed creating an initial model and iteratively refining particle orientations based on this
model. All 3D reconstruction algorithms are based on this idea (e.g., Ludtke, Baldwin & Chiu,
1999; Castaiio-Diez et al, 2012; Scheres, 2012; Galaz-Montoya et al, 2016; Punjani et al, 2017,
Himes & Zhang, 2018).

145



Real Space Object 1D Line Projections

3
1,5 2,6
A ! A '
3,7 4,8
A ! A !
8 6
7
FT
Reconstructed Object Fourier Slice
3

Original Object Hand Inverse Hand

Figure 4.1.3-1. Fourier Slice Theorem and Object Reconstruction. Object reconstruction proceeds by taking
projections of the object at different orientations. Some projections will be common depending on the
orientation sampled. The Fourier Transform (FT) of the projections gives a central slice through the Fourier
transform of the object. Interpolation (I) between Fourier slices is done before the object can be reconstructed
by applying the inverse Fourier Transform (FT). As shown in this example, faithful reconstruction of the object
will depend on adequate sampling of the Fourier space. Note that reconstruction can give two different hands,
only one of which will belong to the original object; this is because their projections will be identical. Also note

that fine features observed in the reconstructed object will depend on Fourier space sampling.
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Klug & Crowther (1972) recognised that the 3D reconstruction procedure is highly sensitive
to noise. They introduced the idea of a reliable reconstruction as one in which a certain degree
of error can be tolerated. They thus formulated the problem of reconstruction: for a given
radial cut-off, Ro, in the spatial frequency spectrum of the object, the number of parameters,

P, needed to specify a 3D object is:
P = volume x R, (equation 4.1.3-1)

From this, P’ is derived: the number of parameters that can be extracted from the given
projections according to a criterion of error tolerance. This will depend on the number and
relative geometry of various views (e.g. symmetry) and also the maximum spatial frequency

present in the data.

Klug & Crowther (1972) also recognised that the number of P" recoverable parameters will
not represent the object uniformly and hence interpolation is required between projections

to obtain a uniform sampling. Reconstruction is then formulated as:

=30 Lo, (equation 4.1.3-2)

where p,. is the number of projections required to reconstruct an object, ?, and 4, describe

the respective eigenfunctions and eigenvalues of a particular set of projections, and ¢, are

the unknown coefficients for each Py - The summation describes all recoverable P’

components from the data. The function ¢ is described by:
¢ = FlISF (equation 4.1.3-3)

where Flis the inverse Fourier Transform, | is an interpolation on the sampling S of the object,

and F is the Fourier transform.

The formulation by Klug & Crowther (1972) intuitively describes what can be “restored”

unambiguously (with limited error) from a given set of projections, given the presence of
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noise. They also introduce the idea that final resolution of a reconstructed 3D object will
depend on the size of the object and the number of projections available. Too few projections
means that the Fourier space is sampled inadequately, and introduced errors will have a

magnified effect due to the limited sampling (i.e., errors g, with eigenvectors ?, will be

amplified on the order of 1/, (Klug & Crowther, 1972). Smaller objects will have fewer pixels
(dependent on magnification) to describe their spatial sampling (see equation 4.1.3-3) than
larger objects, and hence they will have fewer degrees of freedom. In this case, errors

introduced by interpolation is a concern.

In the above description, we introduced the idea of a radial cut-off (Ro) in the spatial
frequency spectrum describing an object. Minimum resolvable distance in an object is thus
determined by the smallest spatial frequency which can be determined above the noise level.
This can be seen by last “Thon” ring (Thon, 1966) in the image power spectrum (Figure 4.1.2-
2) and is what is known as the Nyquist limit. This comes from the work by Nyquist (1928) in
relation to telegraph signalling; to reconstruct a transmitted messaged composed of a series
of sinusoidal waves, the minimum number of components is half of the number of signal
elements. Similarly, we can derive the sampling rate (v) required to recover all Fourier

components in a waveform:
1 .
fryquist = 5V (equation 4.1.3-4)
Conversely, in TEM at a magnification with a sampling of S A /pixel, the resolution will be
limited to 2 x S A. A full description of the sampling theorem and how it relates to 3D

reconstruction can be found in Hanszen (2018). It is sufficient to know the following: 1) the

lowest spatial frequency contained in an object is:
R, =— (equation 4.1.3-5)

where 2x, is the object field diameter. All higher frequencies are described by:

_ k

)
2Xe

Ry k=234.. (equation 4.1.3-6)
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We thus have the following sampling points in an object, described by AR, the change in

sampling radial frequency, and 4x,,; the change in the sampling point in a Gaussian image:

M'— M,
AR, = i; Axys = %(M—,Q) (equation 4.1.3-7)

where A is the wavelength of the electrons, f is focal length, M’ is the magnification, and
M& is the magnification of the image of the electron source located in the plane of the exit
pupil.

From equation 4.1.3-7, we can see that for each sampling point, the wavefunction () has

only one spatial frequency, i.e:

1 o

_ 1 z-1
Re = 100A
_ 2 R-1
R, = 100A
_ 3 g-1
Ry = 100A
etc. (equation 4.1.3-8)

The complete wavefunction describing the object field is then determined by the number of
countable spectral points (equation 4.1.3-8). At each sampling point, the image of the
electron source is broadened by diffraction at the borders of the object; this is further

broadened by lens aberrations (Hanszen, 2018).

There are two types of lens aberrations: spherical and chromatic. Spherical aberration is
caused by the path distortions during refocusing of electrons in the electromagnetic lens after
diffraction; the outer part of the lens is more prone to path distortion than the inner part
(Rose, 2008). This causes distortion of the relative values of the spectral points (equation
4.1.3-8) (Hanszen, 2018). Chromatic aberration is caused by small changes in electron velocity
as it passes through the lens (Rose, 2008). Both aberrations cause unintended phase shifts
(Hanszen, 2018). There are methods to reduce these defects: monochromators ensure the

electron energy is more uniform before passing through the specimen which helps reduce the
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effects of chromatic aberration; while the use of aberration correctors in the microscope and

energy filters to remove inelastically scattered electrons also helps (Rose, 2008).

Finally, we are ready to discuss some algorithms for 3D reconstruction, synthesizing the above
points. From the projection theorem, we can see that there must be some relation between
different projections; if we project a 2D projection (object), we get a 1D line indicating
changes in image intensity through the object. Now we can see that different 2D projections
(objects) in different orientations will have intersecting 1D projections, which we call common
lines (Figure 4.1.3-1). Orientation search is then a matter of determining corresponding
common lines (Penczek, Zhu & Frank, 1996). For convenience, Euler space is used instead of
standard Euclidean space for parameterising a 3D object (Figure 4.1.3-2a). Reconstruction is
then a matter of determining correct Euler angles for each projection (Figure 4.1.3-2b), as
well as x- and y-shifts (for 2D single-particle) and an additional z-shift (for 3D tomography).
Iteratively optimising these parameters for each projection to achieve a reasonable 3D
reconstruction can proceed via back-projection (Figure 4.1.3-2b) (Penczek, 2010a). Further
developments aimed to use mathematical methods such as maximum likelihood to improve
parameter estimation (Scheres, 2012) or a mix of maximum likelihood and stochastic gradient

descent for 3D reconstruction (Punjani et al, 2017).
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Figure 4.1.3-2. Image orientation and projection matching. a) The orientation of a projection is defined by three

Euler angles, o, B, and y. The angle a represents in-plane rotation of the object while angles 3 and y represent
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out-of-plane rotations relative to the respective z- and x-axis. b) Object reconstruction by projection matching
proceeds by starting with a reference and assigning initial Euler angles to all projections. The projections are
backprojected along these angles to make a new reference. The angles are updated based on projection
matching to this reference and a new reference made by backprojection. This proceeds until the N iteration,
where the model should converge to a solution. Note that particle shifts (in the x- and y-plane or additional z-

plane) are not included in this example but they will be taken into account to get optimal alignments.

1.4 Limitations in TEM

Despite the promises of atomistic insights, use of transmission electron microscopes on
biological materials was hampered for many decades due to their sensitivity to ionising
radiation. To image the biological samples in a vacuum, preservation methods were needed,
and first attempts settled on the use of heavy metals such as uranyl acetate in a method called
negative staining (Ohi et al, 2004). This produced high-contrast images of the shells of the
biological samples under investigation, due to the large atomic weight of the metals used that
could produce strong amplitude contrast, but also created resolution-limiting effects and
structural distortions (Frank, 2006). The next breakthrough was pioneered Jacques Dubochet,
who trialled the use of plunge-freezing methods to produce “frozen hydrated” biological
samples (Adrian et al, 1984). Rapid freezing and preservation at ultra-low temperature
allowed these samples to be imaged in a near-native glass-like state. As biological material is
highly sensitive to radiation damage, low electron doses are required to preserve sample
integrity whilst imaging the frozen specimens (Orlova & Saibil, 2011). This means that fewer
electrons are detected per pixel on the camera, creating noise and hampering 3D
reconstruction methods. Thus, cryo-TEM was for many decades in a state of “blobology” until
the development of direct-electron detectors which vastly improved obtained resolution
(Danev, Yanagisawa & Kikkawa, 2019). The main benefit of direct electron detectors is their
improved detective quantum efficiency (DQE) over traditional charge-coupled device (CCD)
cameras (Farugi & Henderson, 2007). In CCD cameras, the incoming signal from the electrons
is detected by the camera pixels by first being converted to photons which activates an
electric current that is detected by the camera sensor. This adds noise to the resulting image,
lowering the signal-to-noise ratio (SNR) of the camera detector (Farugi & Henderson, 2007).

In contrast, direct electron detectors remove the need for photon conversion, resulting in
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higher SNR of the detector and thus more signal can be extracted from the resulting images

to produce high-resolution 3D reconstructions (Kihlbrandt, 2014).

As mentioned, lens aberrations create distortions to 2D images although efforts have been
made to reduce these effects. CTF estimation is also an essential requirement to image
processing; to account for phase modulations, phase flipping is applied. Additional filters can
also be applied to boost the SNR at high frequencies (e.g. Wiener (Wiener, 1964)). A range of
defocus values must also be used if missing information is to be filled in from the zero
crossings (Penczek, 2010b). Although defocus is an essential requirement to obtain contrast
in an image (Hanszen, 2018), defocus gradients can arise across an image. One method to
account for this is to apply a per-particle CTF-correction (Galaz-Montoya et al, 2016). Other
problems include Ewald sphere correction for non-flat 2D projections in large objects (Zhu et

al, 2018), beam tilt, and dynamic electron scattering (Zhang & Zhou, 2011).

Lastly, 3D reconstruction is an optimisation problem and hence one must be careful not to
overfit the data; a well-known issue is the “Einstein from noise” problem where a model is
fitted to noise (Henderson, 2013). This is particularly an issue if a template is used to find
particles (“template matching”) (e.g., van Heel, 2013; Subramaniam, 2013). Resolution
estimation is also another contentious issue; as mentioned above, direct observation of the
PSF to derive a resolution estimate is not possible (as it is convoluted with the microscope FT)
and Fourier methods are used. A popular choice is the Fourier Shell Correlation (FSC) which
estimates resolution by comparing the Fourier components in two independent
reconstructions (“half-maps”); a threshold cut-off is applied upon which the reported
resolution is based. Resolution estimates are really two problems: 1) with the data collected,
what is the variation in estimated resolution of my 3D map?, and 2) with the data collected,
what is the overall variance in resolution had | assigned particles differently between the half-
maps? Although subtle, we can see that problem 1) is not identical to problem 2). Problem 1)
is really an issue with particle flexibility; some parts of the map are more resolvable than
others as they are more rigid and undergo less thermal motion. Therefore, their atomic B-
factors show less “spread”. Using B-factor information has been used to “sharpen” resulting
3D maps (e.g., Kaur et al, 2021). Other methods have been applied to obtain local-resolution

estimates (Vilas et al, 2020). Problem 2) appears when it comes to comparisons, for example
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trying to determine the effect of a particular collection strategy on the resulting resolution.
In this case, a point estimate of resolution is not particularly helpful without the variance
information over the entire dataset. This has only been addressed relatively recently (Beckers
& Sachse, 2020). In either case, independent methods of resolution validation are
recommended, such as examination of observed secondary structure and amino acid density

profiles (Orlova & Saibil, 2011).

1.5 Cryo-Electron Tomography

Cryo-electron tomography is a method of creating 3D volumes from a 2D tilt series of a
vitrified specimen under investigation (Figure 4.1.5-1). ET has been a method practiced since
the 1960’s (Hart, 1968), where specimens were preserved in plastic resin and thin sections
cut-out using a diamond cutter (Olins et al, 1983). Due to the preservation methods used, fine
structural details were lost (Luther & Crowther, 1984; Skoglund et al, 1986; Baumeister,
2005), and cutting often led to artifacts (Al-Amoudi, Studer & Dubochet, 2005). Use of
vitrification methods for cryo-ET was optimised in the late 1990’s to early 2000’s (Grimm et
al, 1998; Matias et al, 2003; Al-Amoudi, Norlen & Dubochet, 2004; Zhang et al, 2004). A
breakthrough came in 2007 with the publication of cryo-focused ion beam (cryo-FIB) milling
(Marko et al, 2007). In this case, frozen-hydrated specimens are cut using a beam of gallium
ions instead of traditional diamond cutters, avoiding some of the cutting artifacts such as
compressions, knife marks, and crevasses (Marko et al, 2007). Although successful in making
specimens thin enough (<200 nm) for TEM imaging, implementing a cryo-FIB and subsequent

lift-out procedure for imaging remains challenging (Parmenter & Nizamudeen, 2020).
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-15°

Figure 4.1.5-1. Object Reconstruction by Electron Tomography. Different views of the 3D object are obtained
by tilting the stage in increments. These are then projection matched to reconstruct the object in 3D. Note that
most stages cannot go beyond 60° and hence a wedge of information will be missing (“missing wedge”) (Hagen,

Wan & Briggs, 2017).

Data collection of a vitrified specimen proceeds via a tilt-scheme; this is usually dose
symmetric if subsequent subtomogram averaging is applied to ensure high-resolution
features are not lost due to radiation damage (Hagen, Wan & Briggs, 2017). Data collection
follows a procedure of tracking, focusing, and imaging to acquire a tilt series; subsequent
processing then follows a typical workflow (Figure 4.1.5-2). As a first step, each tilt series must
be motion corrected using the acquired movies (e.g. MotionCor2 (Zheng et al, 2017)),
followed by stack generation and CTF estimation (Pyle & Zanetti, 2021). Due to tilting of the
stage during acquisition, CTF estimation is not as straightforward as single-particle methods.
Higher tilts cause defocus gradients across the tilt axis which must be accounted for if high-
resolution information is to be extracted from a subtomogram averaging procedure
(Turoniovd et al, 2017; Himes & Zhang, 2018). Before generating a tomogram, the stacks must
be aligned, with procedures accounting for shifts in-plane as the tilt series is acquired
(Mastronarde & Held, 2017). Since the microscope stage cannot go beyond a 60-to-70-degree
tilt, and the sample becomes too thick at higher tilts for electrons to pass through,

reconstructed tomograms will have a “wedge” of missing information. Recent algorithms
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have been developed to account for this lost information and reduce resulting Fourier
artifacts (e.g, Deng et al, 2016; Ding et al, 2019). Another method is to apply subtomogram
averaging to a particle of interest. Here, a good 3D reconstruction of the target particle can
be obtained provided that the tomogram contains a sufficient number of particles with
different views. For subtomogram averaging, particle coordinates must be determined from
the tomograms (usually binned for greater contrast) and used to generate and refine maps.
Per particle CTF correction is then usually applied (Pyle & Zanetti, 2021). After model
generation, tomogram alignments can be improved (sub-tilt refinement) and particles re-
extracted with updated parameters to improve the final resolution of the structure (Pyle &
Zanetti, 2021). For cryo-ET data processing, pipelines are typically adapted for each specimen
and may involve one or more programmes (e.g., Bharat & Scheres, 2016; Himes & Zhang,

2018; Chen et al, 2019; Burt et al, 2021).

Motion Correction CTF Estimation
X > . »| Generate Tomogram
Stack Generation Stack Alignment 9
MotionCor2 IMOD IMOD EMAN2
Warp EMAN2 emClarity Dynamo
Warp Relion4
emClarity v

Generate Initial
Model

Pick Particles

A
A

Model Refinement

emClarity EMAN2 emClarity EMAN2 emClarity A EMAN2
Relion4 Relion4 Dynamo Dynamo

>

Sub-Tilt Refinement

EMAN2
emClarity

Figure 4.1.5-2. Cryo-Electron Tomography Workflow for Sub-Tomogram Averaging. After data collection,
motion correction is applied on the movie frames and a stack generated of the 2D tilt-series. CTF estimation can
be applied at this point and the stack aligned before a tomogram is generated. Particles are usually picked on
the binned tomogram and positions extracted to make an initial model. This model is then refined. At this stage,
more particles can be picked at a lower (or no) binning and the process repeated until the best model is

produced. Finally, sub-tilt refinement can be applied by using the particle positions as fiducials to produce a
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more accurate tomogram and hence a better model downstream. Examples of common programmes used at
each step is given: MotionCor2 (Zheng et al, 2017), Warp (Tegunov & Cramer, 2019), IMOD (Mastronarde &
Held, 2017), emClarity (Himes & Zhang, 2018), EMAN2 (Chen et al, 2019), Dynamo (Castafio-Diez et al, 2012),
and Relion4 (Bharat & Scheres, 2016; Zivanov et al, 2022).

1.6 Aim & Objectives

Cryo-ET with sub-tomogram averaging is a powerful method for determining 3D structures
from complex samples. It is particularly useful for in vivo structures, especially where
purification procedures may strip the sample of key partners, or remove the specimen from
its biological context, or such as native membrane in the case of transporters such as MacAB-
TolC and the Type | Secretion System (T1SS). The aim of this chapter is to determine a 3D in
vivo structure for the MacAB-TolC system (see Chapter V). This system was chosen as there
is a good cryo-EM structure available to act as a reference for subtomogram averaging
(Fitzpatrick et al, 2017). In addition, its shape and environment are similar to the T1SS so it is
a good test specimen for sample preparation and data processing. Finally, there are questions
on MacAB-TolC function which an in vivo structure can help elucidate (see Chapter V). The
aim of the chapter will be answered with the following objectives:

1) Test the “ghost cell” protocol for generating thin (<200 nm) bacterial samples

expressing MacAB-TolC

2) Determine good cryo-ET data collection parameters for the sample

3) Find a good cryo-ET processing pipeline for the sample

4) Process the collected data and determine a 3D structure using available methods

5) Compare the in vivo structure to the cryo-EM structure (pdb ID 5nik) (Fitzpatrick et al,

2017) to see if it can answer relevant biological questions (e.g. flexibility of the NBDs)
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2. Materials & Methods

2.1 Ghost Cell Production

A 1 L expression culture of BL21(DE3) cells was produced for MacAB-TolC (Fitzpatrick et al,
2017) or the T1SS (see Chapter Il for the expression protocol). MacAB-TolC and T1SS cells
were resuspended in 50 mL buffer (MacAB-TolC: 20 mM Tris (pH 8.0), 400 mM NacCl; T1SS: 50
mM Tris-HCl, 350 mM NacCl, 50 mM KCI, 5 mM CaCl,, pH 7.5). Ghost cells were made by
passing the 50 mL dense suspension twice through an Emulsiflex C5 (Avestin, Ottawa, Canada)
at <1000 bar with protease inhibitor cocktail (Sigma-Aldrich, Germany). The suspension was
spun at 37,500 g for 20 minutes and resuspended in 45 mL buffer (20 mM Tris-HCI, 100 mM
NaCl, 50 mM KCI, 5mM MgCl,, 10% glycerol) with 1 U/ul DNase |. The homogenised mixture
was pelleted again at the same speed and time and resuspended in PBS (phosphate buffered
saline) (pH 7.4) (with 1 mM CaCl; for T1SS) normalised to ODggo 0.5-0.7. Gold beads (10 nm)

were added in a 1:5 ratio of beads to supernatant, 20 pl total volume, before plunge-freezing.

2.2 Plunge Freezing

Plunge freezing was performed using a VitroBot™ (ThermoFischer Scientific, USA) or GP2

(Leica Biosystems, Germany) as done previously in Chapter lll (see section 2.13).

2.3 Dataset Collection

The MacAB-TolC ghost dataset was collected on the Krios Ill with a Falcon IV detector at the
electron Bioimaging Centre (eBIC) at the Diamond Light Source (Harwell, UK). The tilt series
was collected at x81,000 magnification which gives a pixel size of 1.5 A /pixel under a dose
symmetric scheme from -50° to +50°in 2° increments. The total dose was 120 e/ A2 with a
dose rate of 1.426 e/ A%/sand an exposure time of 1.65 seconds. For the T1SS ghost dataset,
collection was done on the same microscope at the same magnification under a dose
symmetric scheme from -60° to +60° in 3° increments. The total dose was 140 e/ A2 with a

dose rate of 7.58 e/ A?/s and an exposure time of 1 seconds. For the T1SS whole E. coli
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dataset, a tilt series was collected at a magnification of x42,000 which gives a pixel size of 2.9
A /pixel under a dose symmetric scheme from -60° to +60° in 3° increments. The total dose

was 120 e/ A2 with a dose rate of 0.62e/ A2/s and an exposure time of 4.66 seconds.

2.4 Data Processing & Subtomogram Averaging

Initial motion correction and stack generation was completed using in-house scripts for
MotionCor2 (Zheng et al, 2017) and etomo (Mastronarde & Held, 2017). For the MacAB-TolC
ghost dataset, initial Warp (Tegunov & Cramer, 2019) processing of movie frames and CTF
estimation was also trialled. For stack alignment and tomogram generation, IMOD
(Mastronarde & Held, 2017) and emClarity 1.5.3.10 (Himes & Zhang, 2018) were trialled as
well as Dynamo (Castaifo-Diez et al, 2012) after Warp processing. For particle picking,
emClarity 1.5.3.10 automated reference-based picking was trialled as well as the Dynamo
membrane model. For initial model generation, both emClarity 1.5.3.10 and Dynamo were

trialled.

For processing in EMAN2, stacks from the five best tomogram stacks identified in previous
processing attempts were imported and tomograms reconstructed using their automated
workflow. CTF estimation was completed before particles were picked using either manual
boxing or neural network segmentation. Initial models were generated using either a
template (neural network picking, pdb ID 5nik (Fitzpatrick et al, 2017) or a random reference

(manual picking). Model refinement was then trialled using the best initial model.
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3. Results

3.1 Ghost Cell Protocol for Producing Thin Specimens

Trials of the ghost cell protocol produced thin specimens with intact single and double
membranes (Figure 4.3.1-1). From zero tilt views, side views of MacAB-TolC were visible.
Tomographic dataset collection revealed the presence of top views at higher tilts in the
tomograms (Figure 4.3.1-2). Due to the tendency of the ghost cells to cluster at the hole
edges, the tilt range was restricted to -50°C to +50°C, otherwise the grid bar obstructed the
view above this range. Beyond this range the grid bar prevents imaging at higher tilts. The

data was further processed for subtomogram averaging.

Figure 4.3.1-1. Initial screening of ghost samples. Initial screening results of ghost samples containing MacAB-

TolC reveal the presence of single and double-membrane partially lysed cells. Both side (blue box) and top (red

circle) views appear to be present. The dense dots are gold fiducials (10 nm).
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Negative Tilt Untilted Positive Tilt

Figure 4.3.1-2. Different views of MacAB-TolC in the tomogram. In the untilted range, side views of MacAB-
TolC are present (blue box) with top views becoming apparent at higher tilts (red circle). When tilted, an array-

like formation of MacAB-TolC can be seen. Note that not all examples are highlighted.

In the raw data, the appearance of a lattice-like arrangement of MacAB-TolC pumps is
apparent (Figure 4.3.1-3a). The lattice appears consistent with a diameter of approximately
150 A and a between pump spacing of around 30 A. The packing arrangement shows a
series of trimeric triangles, consistent with a hexagonal lattice. Side views of the pump shows

a between pump spacing that is consistent with a lattice (Figure 4.3.1-3b).
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Figure 4.3.1-3. Lattice-like arrangement of MacAB-TolC. a) From the top views of the MacAB-TolC pump, a
hexagonal lattice (red) is apparent with a central pump and six on each corner. The lattice is approximately 150
A in diameter. b) Side views of the MacAB-TolC pumps shows a between pump spacing (green) of around 30 A

which corresponds to the lattice spacing seen in the top views.
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3.2 Subtomogram Averaging of MacAB-TolC

The 2D images from the tilt series were imported into IMOD (Mastronarde & Held, 2017) for
stack production after motion correction by MotionCor2 (Zheng et al, 2017). The five best
stacks were imported into the EMAN2 tomography workflow (Chen et al, 2019). EMAN2
automatically aligns the tilt series for tomogram production. After this, CTF estimation was
done. For particle picking, a neural net was trained on each tomogram and a segmentation
produced (Figure 4.3.2-1). The neural network was checked for performance before being
applied to tomogram segmentation (Figure 4.3.2-1a). Comparison of this segmentation to the
original tomogram showed general isolation of density from the ghost cells, with minimal
false positives from background parts of the tomogram (Figure 4.3.2-1b). Particles were

extracted automatically from these segmentations (Figure 4.3.2-1b).

good particles segmentation

bad particles

particle picks

ref man net ref man net

Figure 4.3.2-1. Training of neural network for particle picking. a) A neural network was trained to recognise
MacAB-TolC in membrane by manually selecting reference sets of good particles (MacAB-TolC) and bad particles
(carbon, background, gold beads). Training of the neural network was analysed by comparing the network
annotation (net, red) to manual annotation (man, red) of the reference image (ref, red). If a network is well-
trained the network should replicate the good particle manual annotation (left example, bottom) and leave bad
particles unannotated (right example, bottom). b) The neural network was applied to the tomograms (above
panel) to find densities corresponding to MacAB-TolC. From this segmentation, particles were extracted (bottom

panel). Note that at this stage the programme does not know the orientation of the particles.
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Since particle extraction is a very time-consuming and computationally intense task, a test
tomogram was used for initial extraction and box size estimation. Approximately 8700
particles were extracted and an initial model produced using the cryo-EM structure as the
template (pdb ID 5nik (Fitzpatrick et al, 2017) (Figure 4.3.2-2). The initial model showed the
presence of a MacAB-TolC like density in the centre, with partial densities present which could

correspond to the lattice arrangement (Figure 4.3.2-2).

=
Reference Iteration 1 Iteration 2 Iteration 3 Iteration 4 Iteration 5
C1
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Figure 4.3.2-2. Initial Model Generation and Test Refinement for Neural Network Picked MacAB-TolC. An initial
model of MacAB-TolC was generated using the cryo-EM single-particle map as a reference (pdb ID 5nik)
(Fitzpatrick et al, 2017) with C3 symmetry applied. The second iteration was chosen to go into refinement.
However, after one round only a single small density was isolated. This may indicate there are issues with the

centering of the particles in the box.

A test refinement on these ~8700 particles was conducted which resulted in isolation of a
single small density (Figure 4.3.2-2). This could indicate that there may be issue with the
automatic picking, in particular the particles may not be centred well-enough to get good

alignments for the refinement stage.

To test if automatic picking is a reliable strategy for picking out the pumps, ~4500 particles
were manually picked from the five best tomograms and underwent initial model generation
and refinement (Figure 4.3.2-3). To limit template bias, a random reference model was
created and C6 symmetry was applied to try and tease out the MacA part of the structure.

This resulted in the extraction of the full pump, with membrane either side and a putative
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ring of peptidoglycan (Figure 4.3.2-3). The lattice-like arrangement was also apparent, with
six partial densities around the central density. Since the hexagonal lattice is not strictly
uniform, efforts at producing a refined model from the initial model failed. The use of a tight

mask would likely improve refinement efforts.
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Figure 4.3.2-3. MacAB-TolC Initial Model Generation. An initial model for the MacAB-TolC pump was obtained
using an initial random reference from the set of ~4500 manually picked particles. Application of C6 symmetry
led to a defined density in the centre of the inner and outer membranes, consisting of TolC and MacA. After five
rounds, a density siting below the inner membrane could also be seen, likely consisting of MacB. The structure
from iteration 5 was used as the starting model for model refinement. PG: peptidoglycan, OM: outer membrane,

IM: inner membrane.

3.3 Tomography Trials Type | Secretion System

Since promising results were obtained from cryo-correlative light microscopy (cryo-CLEM) of
whole E. coli (see Chapter Ill), dataset collection was attempted after localising T1SS* cells on
the grid; this was done by comparing fluorescence images to bright field and picking cells with
dual red and green fluorescence that appeared over a hole (see Figure 3.3.3.4-2 in Chapter
Ill). Screening tests for “ghost” and intact (whole) E. coli expressing the T1SS were initially
promising (see Figure 4.3.3-1). Tomographic datasets were collected for both ghost and
whole E. coli samples. However, analysis of the whole E. coli stack after initial processing
showed that the outer membrane was too thick for downstream subtomogram averaging or
segmentation. The ghost cell dataset also showed no promising leads, with samples either

being thin but containing no visible particles or too thick.
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Ghost E.coli | Whole E. coli

Figure 4.3.3-1. Screening samples for “ghost” and intact (whole) E. coli expressing the T1SS. White arrows show
striations through the membrane of the ghosts which could be T1SS.
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4. Discussion

4.1 Reconstruction Workflow for In Situ MacAB-TolC

| successfully reconstructed an initial in situ model of MacAB-TolC (see Figure 4.3.2-3). The in
situ structure shows that MacAB-TolC could exist in a lattice-like arrangement, as shown in
the raw images (see Figure 4.3.1-3); this is not entirely unexpected as previous research has
established that outer-membrane proteins (OMPs) cluster in these arrangements (Webby et
al, 2022). The use of the ghost protocol was very successful in sufficiently thinning the E. coli
sample (<200 nm) to generate high-contrast images (see Figures 4.3.1-1 and 4.3.1-2). In
addition, a lattice-like arrangement is clearly apparent and may have functional significance.
The initial in situ structure also shows a structured density around TolC in addition to the
densities corresponding to the membrane bilayer; this is likely a peptidoglycan layer which
was previously found to interact with TolC in a tomography reconstruction of the multi-drug
efflux pump, AcrAB-TolC (Shi et al, 2019). The initial model was produced from a starting
random reference, and model convergence started to appear from iteration one (see Figure
4.3.2-3). Considering that there is no introduction of template bias in the initial model
generation, and that the model has the presence of a ring of PG as seen in the related AcrAB-

TolC drug efflux pump, is a good indication of the promise of the overall workflow.

Recent work in the Luisi group has established that the lipoprotein YbjP interacts with TolC.
This was based on a single-particle cryo-EM structure of MacAB-TolC, where the TolC-YbjP
interaction was maintained after extracting particles in peptidiscs (Kaplan et al, in
preparation). The exact functional significance of the TolC-YbjP interaction is unknown,
although it may aid pump to pump interactions if MacAB-TolC exists in a lattice-like
arrangement in cells. Although the raw images (see Figure 4.3.1-3) and the initial models
hinted at a possibility of this arrangement (see Figures 4.3.2-2 and 4.3.2-3), a refined model
is needed. One difficulty is the particle alignments, where an irregular lattice-like
arrangement would confuse alignments and result in a failed refinement. Another
complication is the flexibility of the MacB nucleotide-binding domains (NBDs) (see Chapter

V). This could be seen in the initial models, where the MacB density is the weakest (see
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Figures 4.3.2-2 and 4.3.2-3). One method for accounting for these complications is to
separate the TolC-MacA and MacB parts of the structure with a mask and conduct separate
refinements on each — this strategy worked for in situ AcrAB-TolC (Shi et al, 2019). Refinement
of TolC-MacA would determine if the YbjP-TolC interaction occurs in situ and thus strengthen
the previous finding from the single-particle structure. Furthermore, separate refinement of
in situ MacB with 3D variability analysis would determine if NBD flexibility occurs in the cell
and thus impact translocation. This is covered further in Chapter V. Placing the densities back
into the tomogram after refinement would then allow us to see if a lattice-like arrangement

is possible and if YbjP could be facilitating those pump-to-pump interactions.

Although neural network (NN) picking was able to pinpoint MacAB-TolC density in the ghost
cells (see Figure 4.3.2-1), an initial model was very close to the input reference and
refinement did not lead to an improved structure (see Figure 4.3.2-2). This is likely due to off-
centering of the picks in the defined box; accurate alignments depend on the particles being
relatively centred in the box (e.g, Heimowitz, Sharon & Singer, 2021). However, in contrast to
attempts at using template matching, where significant false positive picks in the background
and carbon were detected, the NN picks had a relatively low background false positive rate.
Going forward, improvements in picking for this sample would utilise more than one NN to
home in on the region of interest (Chen et al, 2017), and attempt to separate the pump from
the membrane so that a more “centred” region is defined. The need for manual picking for
downstream model generation is not unusual considering the complexity of the sample; this
strategy was successfully employed for tomographic reconstruction of AcrAB-TolC (Shi et al,
2019). Bias may be introduced when particles are manually picked, however it should be
stressed that the risks are the same as for a picking “clean-up” operation that is essential to
remove false positives after NN or template-matching picking. Template matching relies on a
good signal-to-noise ratio for the programme to cross-correlate template to tomogram
positions; the template is rotated and cross-correlations with the tomogram density
computed to find matches (Bohm et al, 2000). Since membrane has a high signal and a
continuous structure that is indistinguishable from the signal generated by a “side view” of a
pump-like object, high rates of membrane picks are often observed when template picking is

employed, in addition to other false positive signals such as background. This entails a
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significant clean-up step to manually remove probable false positives. If this is not done, noise

will dominate the downstream reconstructions.

4.2 Biological Relevance of In Situ MacAB-TolC

Reconstruction by subtomogram averaging showed that TolC and MacA are relatively static
structures in situ, with densities matching that of the cryo-EM structure (Fitzpatrick et al,
2017). The structure for MacB was less well-defined (see Figures 4.3.2-2 and 4.3.2-3). This
corresponds to previous single-particle cryo-EM reconstructions for MacB, where attempts
resulted in an averaging out of MacB in the full complex model (Fitzpatrick et al, 2017).
Isolation of MacB density showed a structure in an “open” conformation, and the presence
of an unknown density between the MacB protomers. Thus, the orientation of MacB NBDs in
situ is unknown and its flexibility may have a role in substrate translocation. This is covered
further in Chapter V. The biological role of the TolC-YbjP interaction is not known, although
its absence does not seem to affect the ability of the pump to extrude antibiotics (Kaplan et
al, in preparation). The interaction may facilitate pump-to-pump interactions in the cell and
thus aid in the formation of exporter “islands” in the cellular membrane; lipids have been
known to mediate these OMP interactions in the cell and hinder the permeability of
antibiotics (Webby et al, 2022). Thus the TolC-YbjP interaction could aid in the organisation
of the pump in the cell with respect to other membrane transporters. As discussed above, a

refined model of TolC-MacA is needed to see if the TolC-YbjP interaction occurs in vivo.

Interestingly, a peptidoglycan layer was found hemming TolC, as was the case for the sub-
tomogram reconstruction of AcrAB-TolC (Shi et al, 2019). This suggests that the peptidoglycan
layer may be a general feature of TolC interactions with its myriad periplasmic adapter protein
partners (Horiyama, Yamaguchi & Nishino, 2010). The layer may act as an extra stabilising
force, facilitating periplasmic adapter protein interactions with TolC. In general,
peptidoglycan interactions tend to be lost during the protein purification process required for
single-particle EM structural studies. In addition, its unstructured nature means that any
density tends to be averaged out during image processing and model generation (Meroueh
et al, 2006). Thus, my sub-tomogram averaged initial in situ structure reveals a rare glimpse

of protein-peptidoglycan interactions. As predicted, the peptidoglycan layer forms a ring-like
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structure around the pump (see Figure 4.3.2-3) (Meroueh et al, 2006). However, as also found
by sub-tomogram averaging of AcrAB-TolC, my structure shows that the peptidoglycan ring is
located in the TolC-MacA interface rather than the TolC equatorial domain (Shi et al, 2019;
Gumbart et al, 2021). In addition, it is known that the peptidoglycan layer is anchored to the
outer membrane via Braun’s lipoprotein (Lpp); a recent molecular dynamics study has posited
that it sits perpendicular to the membrane, providing an anchor between OM and
peptidoglycan layer (Gumbart et al, 2021). My structure shows a corresponding space (~90
A') between the OM and peptidoglycan layer that could fit perpendicular Lpp, but no
corresponding density, likely as a result of averaging out during reconstruction (see Figure
4.3.2-3). Hence, any presence of Lpp is likely to be unordered, in contrast to the peptidoglycan
layer which forms an ordered ring. It is known that TolC forms transient tip-to-tip interactions
with its partner periplasmic membrane proteins (Horiyama, Yamaguchi & Nishino, 2010; Xu
et al, 2011; Fitzpatrick et al, 2017); the relative weakness of this interface interaction
compared to interactions between the periplasmic adapter protein and inner membrane
protein is likely a feature that allows TolC to interact with many different periplasmic protein
partners. Hence, an additional stabilising force via a structured ring-like peptidoglycan layer
may explain the relative static structure of TolC and MacA compared to inner membrane

protein MacB.

4.3 Type | Secretion System Tomography Trials

Sample preparation of the T1SS for tomography did not yield a suitable sample for
downstream processing. Initial trials of whole E. coli expressing T1SS did not yield a thin-
enough (<200 nm) sample, while ghost cell preparation resulted in a lack of obvious pump-
like striations through the membrane. One difficulty is the lack of T1SS per E. coli; estimates
of T1SS numbers based on flow cytometry (see Chapter lll) places a range of 10,000 to 15,000
per cell. This contrasts with a packed membrane, where 40,000 can be accommodated. Thus,
T1SS levels could be 3—4x less than that of MacAB-TolC, which forms a packed arrangement
in the ghost cells (see Figure 4.3.1-2). Another difficulty is the transient arrangement of the
T1SS; a stable complex is made in vivo via a fast-folding eGFP which prevents full translocation
of the HIyA substrate (see Chapter lll). Disturbance of the complex via purification trials or

ghost production could dissociate the complex. Hence, future trials would need to focus on
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producing a cross-linked complex which maintains the HlyD-HIyB interaction, as was done to
produce a full MacAB-TolC complex (Fitzpatrick et al, 2017). Thus, with a cross-link in place to
stabilise the complex, ghost production is more likely to be successful. Since the T1SS is very
similar in topology and location to MacAB-TolC, downstream processing by EMAN2 is the

most likely to be successful.
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5. Conclusion

| found that the “ghost” cell protocol produces “thin enough” (<200 nm) bacterial samples for
cryo-ET sub-tomogram reconstruction whilst maintaining in vivo interactions. This was
evidenced by the initial reconstruction of MacAB-TolC, where the inner and outer membranes
were present in addition to a ring of peptidoglycan. The initial reconstruction also suggested
a lattice-like arrangement of the pumps is possible. Further work to produce a refined
structure is needed, although the in situ organisation of the pump would entail separate TolC-
MacA and MacB refinements. | also tested strategies for cryo-ET data collection of the T1SS;
efforts were hampered by the thickness of the whole E. coli even in the outer membrane
region, whilst efforts to produce “ghost” cells resulted in no visible particles, likely due to the
dissociation of the complex during preparation. Future work would focus on chemical cross-
linking of the HlyB-HIyD interaction to ensure the complex remains intact during sample
preparation. My work has established a successful cryo-ET sub-tomogram workflow, from

sample preparation to initial 3D reconstruction of membrane pumps.
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Chapter V: Molecular Dynamics to Investigate Transport

Mechanisms in the MacAB-TolC Efflux Pump

1. Introduction

1.1 Role of Efflux Pumps in Antibiotic Resistance

Pathogenic bacteria have evolved a range of defences against antibiotics since their
introduction in the 1950’s (Davies & Davies, 2010). In 2019, 4.95 million deaths were
estimated to be associated with antibiotic resistant infections (Antimicrobial Resistance
Collaborators, 2022). Indeed, the problem is so severe that the 2016 Review on Antimicrobial

Resistance noted that:

“The magnitude of the problem is now accepted. We estimate that by 2050, 10 million lives a
year and a cumulative 100 trillion USD of economic output are at risk due to the rise of drug-
resistant infections if we do not find proactive solutions now to slow down the rise of drug

resistance.” (O’Neill, 2016)

Thus, it has become imperative to study mechanisms of resistance to antibiotics in order to

design effective treatments in the future (Richardson, 2017).

Efflux pumps are one of the molecular mechanisms conferring antibiotic resistance in Gram-
negative bacteria (Darby et al, 2022). Their function is to form a membrane-spanning channel
in order to pump out the antibiotic and protect the cell (Ebbensgaard, Lgbner-Olesen &

Frimodt-Mgller, 2020).

One such efflux pump is the MacA-MacB-TolC (MacAB-TolC) complex, consisting of ATP-
binding cassette (ABC)-transporter and inner membrane protein MacB, periplasmic adapter
protein MacA, and outer-membrane protein TolC (Figure 5.1.1-1a). The complex was first
identified based on its ability to export the macrolide antibiotic erythromycin in Escherichia

coli (Kobayashi, Nishino & Yamaguchi, 2001). Subsequent studies have found that it promotes
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virulence in Salmonella infections in mice and that its expression is regulated by two-
component sensing system PhoP/PhoQ (Nishino, Latifi & Groisman, 2006), which suggests
that its main function is to export antimicrobial peptides (Greene et al, 2018). Analysis of sub-
Saharan African strains of Salmonella enterica from clinical isolates have shown that
mutations in macA and macB genes are associated with its evolution as a causative agent of
gastrointestinal disease in human hosts to an invasive blood-borne one (Honeycutt et al,
2020). This evolution is associated with its ability to export antimicrobial peptides: macA and
macB genes in gastrointestinal Salmonella provide resistance to antimicrobial peptides under
the regulation of PhoP, while stop-codon mutations in macB render it non-functional in
invasive blood-borne Salmonella strains. This suggests the antimicrobial peptide activity of
the MacAB-TolC pump is specifically associated with gut-colonising Salmonella strains
(Honeycutt et al, 2020). The MacAB-TolC pump has also been shown to contribute to biofilm
development in Acinetobacter baumannii, an opportunistic bacterium associated with

hospital-acquired infections (Robin et al, 2022).
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Periplasmic Head

50 A

Figure 5.1.1-1. Overview of the MacAB-TolC Complex. a) MacAB-TolC complex consists of dimeric MacB coupled
to hexameric MacA which in turn interacts with trimeric outer membrane protein TolC. MacA and TolC interact
in a tip-to-tip fashion to form a tunnel, with a guard helix above MacB controlling substrate exit (Xu et al, 2011;
Fitzpatrick et al, 2017). b) Structural composition of MacB with nucleotide-binding domain (NBD, pink) (residues
1-246) coupled to transmembrane domain 1 (residues 247-305, red). The periplasmic domain (residues 306—
506, blue) is then recoupled to the NBD via transmembrane domain 2 (residues 507-648, green). Note the
approximate location of the lipid bilayer is shown (grey). Structures shown are from pdb ID 5nik (Fitzpatrick et

al, 2017).

1.2 Structure and Function of MacAB-TolC

To form a functional pump, the MacAB-TolC complex interacts in a ratio of 6:2:3: MacB
interacts with MacA via its periplasmic head region while MacA forms a tip-to-tip interaction
with TolC (Xu et al, 2011; Fitzpatrick et al, 2017) (Figure 5.1.1-1a). This tip-to-tip interaction
functions as a cogwheel, allowing for substrate transport through the otherwise closed
channel (Xu et al, 2011), in a similar manner to transport in the resistance to nodulation family
(RND) efflux pump AcrA-AcrB-TolC (Wang et al, 2017). TolC is a multi-functional outer-
membrane protein, associating with many different periplasmic adapter proteins to extrude

various substrates (Horiyama, Yamaguchi & Nishino, 2010).
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The ABC-transporter inner-membrane component MacB has been classed in the type VII
family of transporters (Thomas & Tampé, 2020). Type VII has certain structural features that
make it unique from other types of transporters: the presence of a large periplasmic head
domain, a thin transmembrane stalk region, and coupling helices to the nucleotide-binding
domains (NBDs) (Figure 5.1.1-1b). MacB is also unusual from other transporters in that its
macrolide antibiotic and polypeptide virulence factor substrates are exported from the
periplasm rather than the cytoplasm (Yamanaka et al, 2008; Thomas & Tampé, 2020). Like
other ABC-transporters, MacB provides the energy for transport via ATP-hydrolysis
(Tikhonova et al, 2007). ATP binding is stimulated by the presence of MacA via the periplasmic
head region of MacB which also aids to recruit TolC during substrate transport (Lu &
Zgurskaya, 2012). Furthermore, the presence of substrate does not seem to influence ATP-

activity in the MacAB complex (Tikhonova et al, 2007; Souabni et al, 2021).

1.3 Routes for Substrate Entry and Mechanotransmission

The MacB periplasmic domain contains a port opening to allow for substrate entry, although
the exact substrate-binding mechanism remains elusive (Yamanaka et al, 2008; Crow et al,
2017; Fitzpatrick et al, 2017). Comparison of available MacB structures led to the proposal of
the “molecular bellows” mechanism of transport by Crow et al (2017). In this model
nucleotide-free MacB shows an “open” periplasmic port with an undimerised NBD, while ATP-
bound MacB shows a “closed” periplasmic port with a dimerised NBD. Substrate export is
thought to follow a mechanotransmission mechanism whereby the substrate is squeezed out
of the periplasmic cavity after ATP-binding (Crow et al, 2017). A crystal structure of MacB
from Acinetobacter baumannii with bound ADP analogue adenosine-5'-(B-thio)-diphosphate
(ADPBS) showed a dimerised NBD with an open periplasmic head domain, suggesting that this

is indeed a post-substrate transport state (Okada et al, 2017).

Comparison of MacB to more recent MacB-like structures offers some further clues to
mechanisms of transport. Haem-detoxification in Gram-positive bacteria is driven by HrtBA;
characterisation of this transporter in Corynebacterium diptheriae, the causative agent of
diptheria, established a mechanism of transport based on comparisons of unliganded, haem-

bound, and nucleotide-bound states (Nakamura et al, 2022). Unlike MacB, the functional unit
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of HrtBA has a separate NBD (comprised of HrtA) from the transmembrane and periplasmic
domains (comprised of HrtB). In terms of sequence similarity, C. diptheriae HrtA shows ~40%
sequence similarity to E.coli MacB NBD, while HrtB shows ~19% sequence similarity to E. coli
MacB transmembrane and periplasmic domains. Such a separation of NBD from
transmembrane and periplasmic domains is also found in a MacB-like structure from
Streptococcus pneumoniae (Yang et al, 2018) and also lipoprotein transporter LolCDE (Kaplan
et al, 2018). HrtB extracts haem from the membrane, squeezing it between its protomers
before extruding it by ATP-hydrolysis from HrtA. In the unliganded state, HrtB periplasmic
binding site is accessible to haem, however, upon binding of a non-hydrolysable ATP-analogue
(adenylyl-imidodiphosphate, AMPPNP), dimerization of HrtA causes this site to become
closed. This led to the proposal of a mechanism of transport in which haem binds HrtB in the
“open” unliganded state and ATP-binding induced HrtA dimerisation causes haem extrusion
from HrtB. ATP hydrolysis then resets the system to the “open” state. Since basal ATP-activity
is possible without substrate transport, ATP-binding induced HrtA dimerisation without

bound substrate can lead to futile hydrolysis cycles (Nakamura et al, 2022).

The structures from an efflux pump from Gram-positive Streptococcus pneumoniae was also
solved (Yang et al, 2018). Like HrtBA, the structure has a separable NBD consisting of Spr0694
which interacts with Spr0695 to from the full inner-membrane component. These then
interact with Spr0693 to form a full efflux pump. Although the sequence similarity to E.coli
MacAB is low (21% sequence similarity Spr0693 to E. coli MacA, 37% sequence similarity
Spr0694-Spr0695 to E. coli MacB), there are striking structural similarities. Like MacB and
HrtBA, the functional form of Spr0694-Spr0695 is a dimer, with the periplasmic head domain
of Spr0695 containing a guard helix for substrate access. Like MacA, Spr0693 is hexameric,
associating with Spr0694-Spr0695 to allow substrate extrusion via its hollow tunnel-like pore.
As in MacAB, ATP-activity of Spr0694-Spr0695 is augmented by the presence of Spr0693 and

ATP-binding induces Spr0694 dimerisation which is required for hydrolysis (Yang et al, 2018).

LolCDE is a complex involved in the transport of lipoproteins from the inner to the outer
bacterial membranes of Gram-negative species. Like HrtBA and Spr0694-Spr0695, the NBDs
are a separable component from the transmembrane and periplasmic domains: LolC and LolE

associate to form the heterodimeric transmembrane/periplasmic domains, while LolD acts as
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the dimeric NBD. Together, they capture lipoproteins from the inner membrane to load into
carrier protein LolA, which moves through the periplasm to offload the cargo to LolB
(Matsuyama, Tajima & Tokuda, 1995; Matsuyama, Yokota & Tokuda, 1997; Yakushi et al,
2000; Kaplan et al, 2018). Structural analysis of the complex has yielded some insights into
the transport mechanism. The periplasmic head of LolC has a similar fold to MacB periplasmic
domain and can bind lipoprotein carrier LolA; this interaction is independent of ATP binding
or hydrolysis (Kaplan et al, 2018). Cryo-EM structures of LolCDE established capture of a
lipoprotein sandwiched between the two LolC and LolE transmembrane structures, as was
found for HrtBA (Sharma et al, 2021). Like HrtBA and Spr0694-Spr0695, LolD dimerisation is
induced by ATP-binding, and this leads to a closed LoICDE complex. Hence, as in HrtBA it is
postulated that ATP-binding can only occur after lipoprotein binding, after which the
dimerisation of LolD induces lipoprotein extrusion to LolA carrier while ATP-hydrolysis then
resets the structure (Sharma et al, 2021). Further characterisation of LolCDE complex in apo-
form, nucleotide-bound, lipoprotein-bound, and LolA-bound showed a diversity of
conformations. As found previously, the presence of ATP-analogue AMPPNP induced
dimerisation of LolD. However, two states were found: one with lipoprotein bound and one
without. This led to the proposal that ATP-hydrolysis provides the power-stroke for
lipoprotein export, with the dissociation of post-hydrolysis products ADP+P; providing the
reset mechanism (Tang et al, 2021). Intriguingly, an apo-LolCDE form was captured which
showed a closed conformation, with a similar structure to lipoprotein-bound LolCDE (Bei et
al, 2022). This indicates the highly dynamic nature of the transportation process, with

available structures providing “snapshots” in time.

1.4 Rationale for This Study

Although available evidence offers clues as to the dynamics of transport in the MacAB-TolC
system, there is a lack of functional insight particularly with regard to protein-lipid
interactions. Molecular dynamics simulations have shown to be particularly useful in
understanding functional dynamism in protein structures and was successfully applied in the
Type | Secretion System (T1SS) to yield insights into its transportation process (see Chapter
I). I applied a similar methodology developed for the T1SS protein-lipid interactions to study

these interactions in MacB. Isolation of MacB from the full MacAB-TolC complex for the
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simulations was done to make the study more tractable considering the size of the system
(Jung et al, 2020) and the lack of accurate force-fields for peptidoglycans (Tschampel,
Kirschner & Woods, 2006). Nevertheless, considering that functional insights could be
obtained from structure snapshots of isolated MacB and MacB-like structures, it is expected

that this will also apply in simulation.

As done for HlyB-HIyA coarse grain system (see Chapter Il), multiple replica trajectories would
need to be performed to generate robust statistics (Wan, Sinclair & Coveney, 2021). During
equilibration of the first trajectory, POPE lipids were observed to enter the MacB dimer in the
upper leaflet, remaining wedged between the protomers during production. At first, | thought
this was an artefact of the simulation conditions. However, there is experimental evidence
that MacB has internal PE binding sites. It is not clear if PE is a substrate or if it remains bound
while other substrates are exported (Barrera et al, 2009). Given the amphiphilic nature of
phospholipids, studying dynamics of PE transport would offer clues to the transport of
antibiotic substrates, considering that they can be either hydrophobic or hydrophilic. This
offered an opportunity to simulate MacB under two conditions: 1) with bound POPE, and 2)
without bound POPE. Combined with repeat simulations at a sufficient length of simulation

time, this would provide an in silico experiment for uncovering MacB transport dynamics.

The Aims of this Chapter involves answering the following questions:
1) How does the conformational dynamics of MacB change throughout the simulation?
Are the dynamics similar across trajectories?
2) How do potential MacB substrates access the periplasmic port/cavity? What are the
dynamics affecting access?
3) Is the lipid environment important for substrate access?
4) Do the observed dynamics fit with the experimental evidence and current model of

substrate transport?
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These Aims will be addressed with the following Objectives:
1) Prepare the MacB model using available structures
2) Prepare the system(s) by placing the MacB model in simplified membrane
3) Conduct MD simulations with and without internal POPE lipid

4) Develop an analysis pipeline to answer the questions of the Aims

179



2. Methodology

2.1 Overview of the Simulation Pipeline
The simulation and analysis pipeline were the same as Chapter Il. Data analysis pipelines are
available on GitHub (see Appendix B). An overview of the simulations conducted is given in

Table 5.2.1-1.

Table 5.2.1-1. Overview of simulations conducted for this study

Name Temperature # Repeats Atomistic/Coarse Simulation
(K) Grain? Length (ns)
MacB Internal 303.15 4 Coarse Grain 2160

POPE Lipid (ul-
u5)

MacB No 303.15 4 Coarse Grain 2160
Internal POPE
Lipid (u6—u10)

2.2 Structure Preparation

MacB was obtained from the deposited cryo-electron microscopy structure of the MacA-
MacB-TolC complex (pdb ID 5nik) (Fitzpatrick et al, 2017). The missing loop region G246—-N224
in protomers A and B was modelled using MODELLER 9.23 (Sali & Blundell, 1993). The best
model was chosen based on DOPE score (Shen & Sali, 2006) and visual inspection of the

output structure. Side chain rotamers were then refined using Scwrl 4 (Krivov et al, 2009).

2.3 Molecular Dynamics Simulations

Coarse grain molecular dynamics simulations were conducted as described in Chapter Il (see
Section 2.2.2). A membrane of system size 140 A was built using 75% POPE, 25% POPG, and

5% cardiolipin (Raetz & Downhan, 1990) in a 1:1 ratio between top and bottom leaflet.
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For repeats, MacB was equilibrated at 310.15 K before being cooled to 303.15 K to reset
starting velocities. Repeats 1-2 (trajectories u2—u3/u6—u7) were then run from this starting
structure. For repeats 3—4 (trajectories u4—u5/u9—ul0), a random starting structure was

generated from the last 2 ns of equilibration time.

2.4 Analysis Pipeline

The same analysis pipeline was used as described in Chapter Il (see Section 2.2.3). The code
developed for the final analyses is available on GitHub (see Table B in Appendix B). For cavity
estimation, at each time step mean distances were calculated between protomer A and
protomer B periplasmic hotspot residues (T349, Y376, F444, and W505) (Crow et al, 2017)
using the Distances method in MDAnNalysis (Michaud-Agrawal et al, 2011; Gowers et al, 2016).

Analysis codes | developed can be found on GitHub (https://github.com/AMKCam) (see Table

B in Appendix B).
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3. Results

3.1 MacB Conformational Changes

As with the HlyB MD simulations (see Chapter Il), energy terms were checked after each
equilibration and production runs. Membrane leakage was checked by lipid density analysis

and manual inspection. No obvious issues were encountered with the trajectories.

After minimisation, the two halves of MacB adopted a more open conformation, driven by
the NBDs. This was maintained in equilibration due to the structural restraint conditions.
However, in production when the restraints were removed it was observed that the MacB
dimer converted to a closed conformation within 40 ns of simulation time (Figure 5.3.1-1).
After the NBDs adopted the closed conformation, the periplasmic heads altered conformation
such that no substrate access was possible by the end of the simulation. This was an
interesting observation considering that the closure of the MacB NBD in the transportation
process is supposed to be driven by energy changes from ATP-binding (Crow et al, 2017;
Fitzpatrick et al, 2017). Repeat simulations also showed the same dimeric closure, in both
cases where the starting structure was the same (internal lipid trajectories u2 — u3 and no
internal lipid trajectories u7 — u8), and the case where the starting structure was randomly
selected from the last 2 ns of equilibration (internal lipid trajectories u4 — u5 and no internal
lipid trajectories u9 — ul10). The system was equilibrated to 37°C and cooled back down to
30°C before the repeat runs, and hence the lipid configuration is also not identical between

the repeat trajectories and the initial trajectory.

The simulation results suggest that this closure occurs under normal equilibrium dynamics of
the molecule, without any energy from ATP binding or hydrolysis required. In addition, it was
observed during initial equilibration of MacB that two POPE residues entered the stalk region
separating the two dimeric halves, forming a wedge and opening up the periplasmic head
region. These POPE lipids appeared to be drawn up from the membrane to the periplasmic
head cavity, possibly indicating a substrate access channel (Figure 5.3.1-1). Internal POPE

binding sites have been proposed experimentally (Barrera et al, 2009). This presented an
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opportunity to observe dynamics under two conditions: one with and one without internal
POPE residues. Given the diversity of MacB substrates, particularly its ability to excrete a
variety of antibiotic substrates, this offered an opportunity to study the dynamics of
transport; comparison of the two simulations would provide useful insights into the

mechanism of the transportation process.
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0ns 37.5ns 2160 ns
Figure 5.3.1-1. MacB closure of dimeric halves. At the beginning of the initial simulations, dimeric halves (chain
A, green; chain B, blue) are in an open state after minimisation and equilibration. After around 40 ns simulation
time, the two halves form a closed conformation which remains to the end of the simulation. Note the presence
of internal POPE lipids (black, circle) which act as a wedge between the two protomers. Independent closure

was observed when the internal POPE residues were deleted. Without the internal POPE residues, the
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periplasmic heads appear to close before the NBDs. Approximate location of the lipid bilayer is shown (black
line, dotted). Note that the POPE lipid appears to be drawn up to the MacB periplasmic head cavity, which may
indicate a substrate access channel. A close-up view of the internal POPE lipid is shown (black box) at each time
point. Lipid movement was seen in repeat simulations (ul— u4) in both cases where the starting structure was

the same (ul — u2) and where they were different (u3 — u4).

It should be noted that the MacB protein was simulated using an elastic network model. This
model is used to study protein dynamics around a reference structure, with the protein
atomic structure represented as point-like objects and their interactions by springs obeying
Hooke’s Law. This reduces the resultant protein conformational space and hence makes it
possible to study motions over a longer timescale. This makes it particularly useful for
studying a range of processes, including protein-ligand interactions (Togashi & Flechsig,

2018).

3.2 RMSD, RMSF, PCA, and Ensemble Similarity

As with the HlyB-HlyA MD simulation study (see Chapter Il), MacB simulations were checked
by radius of gyration, root mean square deviation (RMSD), root mean square fluctuation
(RMSF), Principle Component Analysis (PCA), and ensemble similarity of the backbone atoms.
Two initial trajectories were performed (one for internal POPE lipid and one without internal
POPE lipid) and the outputs examined every 1080 ns until the desired length of run-time.
Repeat trajectories were then run according to this desired length of time. Example outputs
are given in Figure 5.3.2-1. There was no difference in the radius of gyration between
trajectories — each trajectory showed either a decrease or a stabilisation, indicating that the
structure is stable throughout the simulation (Figure 5.3.2-1a). For RMSD, the only differences
observed was in chain (protomer) A domains (Figure 5.3.2-1c—d), while chain (protomer) B
showed no differences between domains (Figure 5.3.2-1e). RMSF plots were variable
between simulations, with no obvious pattern between internal and no internal lipid
trajectories (Figure 5.3.2-1f). PCA indicated that 2160 ns simulation time was sufficient for

the study (Figure 5.3.2-1g-h).
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Figure 5.3.2-1. Radius of gyration, RMSD, RMSF, and PCA. a) All simulations showed a decrease or stabilisation

in in the radius of gyration. Example taken from trajectory u8. b) Root mean square deviation (RMSD) for each

chain. Most simulations showed no RMSD difference between chains. Example taken from trajectory u5. c) For
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no internal lipid trajectories, similar RMSD values were found for all domains (nucleotide-binding domain (NBD)
residues 1-126, transmembrane domain 1 (TM1) residues 247-305, periplasmic head domain residues 306-506,
and transmembrane domain 2 (TM2) residues 507-648) in chain A. Example taken from trajectory u9. d) For
internal lipid trajectories, the periplasmic head domain and TM2 showed higher RMSD values than the NBD and
TM1 for chain A. Example taken from trajectory u3. e) For both internal and no internal lipid trajectories, chain
B showed similar RMSD values in all domains. Example taken from trajectory u9. f) Example RMSF plot taken
from no internal lipid trajectory u6. No difference was found between internal and no internal lipid trajectory
RMSF plots. g) — h) Example taken from trajectory u6. PCA indicated that conformations were well-sampled after
1080 ns simulation time (g), with increased sampling after 2160 ns simulation time (h). Thus, 2160 ns simulation
time was determined to be sufficient for this study. Note each point is a time frame. Also note that h) will look
denser than g) as there are more frames plotted —the clustering of the points gives an indication of the trajectory
sampling. More “island” clusters could potentially indicate inadequate sampling of certain conformations, as

these were visited less often in the trajectory.

Re-projection of the first five principal components onto the backbone showed similar large-
scale movements between trajectories. After taking into account the closure of the
protomers, periplasmic head rotations were the next main movements in both internal lipid
and nointernal lipid trajectories (Figure 5.3.2-2). No other large-scale transitions occurred for

any of the trajectories.
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Internal Lipid No Internal Lipid

Periplasmic Domain

Figure 5.3.2-2. Visualisation of main structure movements. Re-projection of the first five principal components
back onto the backbone atoms reveals the main structural movements in the trajectories. After taking into
account the dimer closure, the next two main movements involve periplasmic head rotations (x to z rotation,
“bobbing” or x to y rotation, “twisting”). Movements of the periplasmic head towards the membrane (black line,
dotted) filters down via the transmembrane domain (TM) to the nucleotide-binding domain (NBD) causing a
concomitant movement. Expansion and contraction of the dimer is also observed. Note that no difference
between the internal lipid (a) and no internal lipid (b) trajectories was observed. POPE lipid is shown (circled,
black). Example structures shown are from trajectory u4 (internal lipid) and trajectory u8 (no internal lipid)

sampled at 1080 ns.

Ensemble similarity clustering analysis revealed a distinction in the structures produced by
the two conditions (Figure 5.3.2-3). Both internal lipid and no internal lipid trajectories
showed higher in-group similarity than out-group similarity. Interestingly, there does appear
to be a pattern of alternating similarity and dissimilarity for the u7 trajectory, but this is likely
to be a result of the K-means clustering method than due to presence of bias as the effect

disappears for low values of K.
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Figure 5.3.2-3. MacB ensemble similarity. K-mean clustering of samples of protein conformations taken every
1000 frames for all trajectories. Jensen-Shannon divergence provides a measure of conformation similarity, with
0 indicating complete similarity and 1 indicating complete dissimilarity. ul to u5: trajectories with internal POPE

lipid; u6 to ul0: trajectories without internal POPE lipid.

3.3 Substrate Cavity Access in MacB

The next question was how MacB interacted with the trapped POPE lipids. This was to provide
clues as to its ability to export a variety of substrates, given the amphiphilic nature of
phospholipids. It was observed that these POPE lipids underwent a “drawing up” into the
MacB cavity after becoming trapped between the dimers (Figure 5.3.1-1). Thus, this cavity
could possibly show a route of entry during the transportation process. The exact access route
for substrates in MacB remains elusive; four periplasmic “hotspot” residues (T349, Y376,
F444, and W505) have been proposed as substrate interaction sites based on a mutagenesis
study (Crow et al, 2017). Thus, to estimate the size of the MacB cavity between internal POPE
lipid and no internal POPE lipid trajectories, | calculated the distance between these hotspot
residues between protomer A and protomer B. The results reveal a much more open cavity
in the internal lipid trajectories (Figure 5.3.3-1a). This is likely the result of the presence of
the POPE lipid, which acts as a wedge between the protomers. Fascinatingly, each trajectory
showed a diversity of cavity openings, reflecting deep dynamics in this region (Figure 5.3.3-
1b). In contrast, MacB structures without internal POPE lipid showed the same uniform closed

structure (Figure 5.3.3-1c).
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Figure 5.3.3-1. Periplasmic cavity dynamics. a) The MacB periplasmic head cavity maintains an open state when
POPE lipid is bound (internal lipid, blue) compared to the closed state without bound POPE lipid (no internal

lipid, orange) throughout the simulation time. Moving averages are shown (internal lipid, green, n=5 (ul-u5)
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trajectories; no internal lipid, red, n=5 (u6-ul0) trajectories). b) POPE bound trajectories (ul-u5) show a
diversity of structures. Note how protomer A (blue) moves in relation to protomer B (green), indicating more
open and closed conformations in the periplasmic cavity. Sample structures taken at time 1080 ns. c) No POPE
lipid trajectories (u6—ul10) show a uniform closed structure. Note how protomer A (blue) does not move in
relation to protomer B (green), indicating a uniform closed conformation when no internal POPE is present.

Sample structures taken at time 1080 ns.

The binding cavity for the MacB trajectories were examined further. Without POPE lipid, the
trajectories showed a similar pocket, with residue F444 pointing away from the pocket and
residues T349, Y376, and W505 remaining buried in the central cavity (Figure 5.3.3-2a).
Unexpectedly, the MacB protomers with internal POPE lipid appeared to adopt either a more
open or closed conformation which reflected the degree of binding of POPE (Figure 5.3.3-2b).
This was not seen in the trajectories without lipid, which all adopted a closed conformation,
without rotation of the periplasmic head regions. In this case, binding pockets appeared very
similar between trajectories (Figure 5.3.3-2a). In contrast, when POPE is present for the most
open conformation observed, POPE interacted with residues Y376, F444, and W505. As the
conformation became more closed, POPE disengages from F444 and an opening starts to
appear at the top of the periplasmic domain (Figure 5.3.3-2b). Since T349 was not observed
to interact with POPE in any of the trajectories, it is possible that this interaction takes place
only during extrusion rather than initial binding. Interestingly, initial trajectory ul is the only
one to contain two POPE lipids; one lipid was subsequently lost during equilibration for the
repeat trajectories. This could indicate that substrate binding is reversible. Considering that
extrusion is unlikely to occur when the periplasmic port is open, examination of the structural
diversity in the trajectories gives a likely path of substrate interaction from most open to most
closed conformations (Figure 5.3.3-2b). This binding flexibility reflects dynamics of the

protein cavity where substrate is likely to pass.
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a No Internal Lipid

b Internal Lipid

Figure 5.3.3-2. Changes in MacB Binding Cavity. a) MacB trajectories without an internal POPE lipid show similar
binding pockets. Periplasmic hotspot residues (T349, Y376, Y444, W505) are shown. Note how residue F444
points away from the binding pocket in the closed state. Trajectories u6 and u8 shown as examples, taken at
time 1080 ns. b) Protomer A POPE binding dynamics with the periplasmic hotspot residues (T349, Y376, Y444,
WS505) for trajectories (u1l-u5). In the most open conformations (u4), POPE interacts with Y376, Y444, and W505.
As the cavity becomes more closed, POPE disengages from F444 and starts to interact only with Y376 and W505
(u2>u3->u5). Note for ul, there are two engaged POPE lipids. The loss of the second POPE lipid in trajectories

u2-u5 during equilibration may indicate this this binding is reversible. Also note that T349 was not observed to
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interact with POPE lipid in any of the trajectories, which may indicate that it interacts with substrate during

extrusion rather than initial binding. Structures taken at time 1080 ns.

3.4 Protein-Lipid Interactions

Analysis of the MacB cavity with POPE lipid provided a fascinating indication of the dynamics
of substrate binding and possible routes for extrusion. Next, | wanted to test if there was any
difference in how MacB interacted with the lipid bilayer when internal POPE was present vs
when it was absent. As for the HlyB-HIyA MD simulation analysis (see Chapter Il), | split the
interactions into three scales: 1) an overview of interactions across the entire membrane
(lipid enrichment), 2) within 15 A of the protein (lipid clustering), and 3) close protein-lipid
contacts (within 3.5 A). Lipid enrichment analysis found no difference between internal POPE
and no internal POPE trajectories, except for POPE lipid which was expected given that it is
bound in the cavity (Figure 5.3.4-1). It must be noted that lipid enrichment does not account
for the length of protein-lipid interactions. Thus, an enriched lipid could occur through long-
term interactions with a few lipids or many short-term interactions. The former seems to
account for the appearance of cardiolipin enrichment in MacB (Figure 5.3.4-1) as shown by

the close contact analysis (see below).
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Figure 5.3.4-1. Lipid enrichment between internal and no internal lipid trajectories. No difference was found
between lipid enrichments for internal lipid (a) and no internal lipid (b) trajectories, except for POPE. This was
expected as there is POPE bound in the cavity. Note the cardiolipin (CDL2) enrichment does not reflect long-

term interactions (see close contact lipid analysis). Bars in the x-axis show each 5 A band used in the lipid
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enrichment calculation, while bars in the y-direction are error bars showing standard deviation (n=5 for internal

lipid and n=5 for no internal lipid).

Lipid clustering also shows no difference between internal lipid and no internal lipid
trajectories, except for POPE in the protomer A and B periplasmic domain and protomer A

transmembrane 1 domain (Figure 5.3.4-2). Again, this is expected as this reflects the bound

POPE lipid.
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Figure 5.3.4-2. Lipid clustering between internal lipid and no internal lipid trajectories. Lipid clustering analysis
for protomer A and protomer B separated by domain. Statistically significant (star, p < 0.01) differences between
internal lipid (“yes”) and no internal lipid (“no”) trajectories was found for POPE in the periplasmic domain of
protomer A and B, and protomer A TM1 (star). Domains: nucleotide-binding domain (NBD) (residues 1-246),
transmembrane domain 1 (TM1) (residues 247-305), periplasmic head domain (Periplasmic) (residues 306—
506), and transmembrane domain 2 (TM2) (residues 507—648). Significance was determined using a permutation
test with Bonferroni correction for multiple testing (n=5 for internal lipid “yes” and n=5 for no internal lipid
“no”). Counts were found by taking the median lipid interaction values over the trajectory and scaling by the
number of amino acids queried in each region. Error bars show the 90% confidence interval (Cl) centred around

the scaled median count.

Next, lipid close contacts (“lipid preference”) were examined to find critical interactions
between MacB and specific lipids. Close contact (within 3.5 A) lipid interaction differences
between trajectories with and without internal POPE lipid were calculated. Figure 5.3.4-3
shows the critical lipid interactions (>0.05 fraction frames). Statistically significant (p-value <

0.01) interactions are highlighted.
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Figure 5.3.4-3. Lipid close contact interactions between internal lipid and no internal lipid trajectories.
Differences in lipid close contacts (fraction frames) between internal lipid (“yes”) and no internal lipid (“no”)
trajectories were examined for POPE (a), cardiolipin (CDL2) (b), and POPG (c) lipids separated by interactions in
protomer A and B. Statistically significant (p<0.01) interactions are highlighted (star), based on the Monte Carlo
permutation test with a Bonferroni correction for multiple comparisons (n=5 for internal lipid “yes” and n=5 for
no internal lipid “no”). No discernible difference could be found between trajectories, apart from four outliers
in POPE interactions at amino acids $S288, T520, N542, and S591. Note that POPE interactions in the periplasmic
domain are expected due to the presence of the internal POPE lipids. Error bars show the 90% Cl centred around

the mean fraction frames.
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Examination of significant lipid close contact interactions with different states of MacB (see
Figure 5.3.3-1) yielded no discernible pattern of interaction between states. Lipids tended to
interact in certain regions (e.g. 5245 in the NBD; S252, S255, T259, and N268 in TM1; Q441,
S442, 5446, S447, and N506 in the periplasmic domain; T513, T520, S566, Q570, Q599, N610,
and N635 in TM2), but apart from the periplasmic domain there was no difference in
interactions between internal POPE lipid and no internal POPE lipid trajectories (Figure 5.3.4-
3). Although multiple residues appear as statistically significant, statistical significance on its
own does not imply biological significance. For there to be a case for biological significance, |
would expect a correspondence of regions between the lipid clustering and lipid preference
analysis, as well as differences to appear in the lipid enrichment analysis. The fact that this is
not the case, and that the statistically significant regions appear evenly distributed
throughout MacB in the lipid preference analysis, seems to suggest that the significance is the

result of the simulation rather than reflecting biology.

However, there were four noticeable outliers in POPE interactions between internal lipid and
no internal lipid trajectories — S288, T520, N542, and S591 showed unusually high levels of
interaction when no internal lipid was present. These could be traced to trajectory ul0, and
examination of this trajectory showed an astonishing interaction of one particular POPE lipid
with the transmembrane stalk region of MacB over 1 us of simulation time (Figure 5.3.4-4). It
was observed in this trajectory that a POPE residue detached from the lipid bilayer and started
to interact with the stalk region after ~1 ps simulation time. This interaction continued to the
end of the simulation, with the POPE lipid becoming more buried into the stalk, creating a
local distortion of the membrane. It was also found that residue N542 operated an
asymmetric gating mechanism when interacting with lipid; in protomer B, N542 remained
closed to lipid contact, while in protomer A, N542 started interacting with lipid around 900 ns
into the simulation time. Interestingly, a disruption of lipid interaction in residue T520 was
observed during the burial process of POPE residue 1131. These interactions could reflect
multiple possible sites of entry for MacB substrates, particularly lipids or substrates with a

hydrophobic character.
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Figure 5.3.4-4 (previous page). ul0 trajectory interaction of POPE lipid with MacB. Interaction with POPE lipid
1131 with S288 and S591 in protomer A over 2160 ns simulation time. At the start of the simulation, POPE 1131
is present in the bilayer, while T520 in protomer B interacts with POPE lipids. After 900 ns, protomer A residue
N542 protomer starts to interact with POPE lipid while protomer B residue T520 continues interactions with
POPE lipids. After 1050 ns, T520 stops interacting with lipids while POPE residue 1131 detaches from the bilayer
and interacts with residues S288 and S591. This interaction continues until the end of the simulation, with
residue 1131 becoming more buried into protomer A. This process appears to create a local distortion of the
bilayer around POPE residue 1131. Note that residue N542 in protomer A maintains interaction with lipid from

1050 ns simulation time, while N542 in protomer B never interacts with lipid in the simulation time.
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4. Discussion

4.1 MacB Conformational Changes in Light of “Molecular Bellow” Mechanism of Transport

| found a separation of “closed” and “open” states of MacB which depended on whether there
was trapped POPE lipid between the two MacB protomers. The current model of MacAB-TolC
transport posits a “molecular bellows” mechanism whereby ATP-binding provides the energy
for substrate transport and hydrolysis resets the structure (Figure 5.4.1-1a) (Crow et al, 2017).
In this model, the MacB NBDs remain in an undimerised “open state” until ATP-binding where
it then adopts a dimerised “closed state”. ATP-binding provides the “power-stroke” to
transfer substrate to the MacA channel, while hydrolysis resets the structure from the closed

state back to the open state (Crow et al, 2017) (Figure 5.4.1-1a).

ATP-binding
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Contraction Snik 51j7 slil

MacB
MacA
MacB

Expansion \/ Closed

ATP-hydrolysis

Substrate
A

Substrate |

Figure 5.4.1-1. “Molecular Bellows” mechanism of transport by the MacAB-TolC assembly. a) Schematic of the
“molecular bellows” mechanism of MacAB-TolC transport proposed by Crow et al (2017), where substrate enters
MacB via the periplasmic port to the gated MacA channel. Substrate is expelled during ATP-binding which causes

a contraction allowing the MacA gate to open. ATP is still bound during MacA gate closure and is finally
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hydrolysed as the last step to reset the system for substrate transport by structure “expansion”. b) Structures
used by Crow et al (2017) to support their “molecular bellows” model. The ATP-Free state shows undimerised
NBDs and an open periplasmic head port (pdb ID 5nik) (Fitzpatrick et al, 2017). The unmutated ATP-bound state
(pdb ID 51j7) (Crow et al, 2017) shows dimerised NBDs, suggesting that dimerisation of the NBDs is a pre-requisite
of hydrolysis. In this structure, the periplasmic port is closed but the apex of the head region is slightly open.
Finally, the ATP-bound structure with E169Q mutation (pdb ID 5lil) (Crow et al, 2017) shows dimerised NBDs and

a slightly open periplasmic port.

The model proposed by Crow et al (2017) is based on comparing two structures of MacB
which were available at the time: X-ray crystal structures of ATP-bound MacB (pdb IDs 5lil,
51j6, 51j7) and a cryo-EM structure without ATP (pdb ID 5nik) (Fitzpatrick et al, 2017) (Figure
5.4.1-1b). The former was the model | used to conduct these simulations, removing the MacA
and TolC components (Figure 5.4.1-1b). This model was unusual in that it had density for a
feature that appeared trapped in the periplasmic cavity, providing a wedge between the
protomers. It is unknown whether these were substrates frozen mid-transport, as the
densities could not be identified. The structure also has a disulphide bond linking MacB with
MacA in the periplasmic head region of MacB (MacA N271 to MacB G465), which could also
potentially limit MacB movement within MacA (Fitzpatrick et al, 2017). One downside of the
simulations is that the MacB periplasmic head is unconstrained and exposed to water
molecules, which is unlikely to occur during active transport as the head region is gripped by
MacA. However, the NBDs are located in the cytoplasmic side and are not in contact with
MacA. Thus, even if movement of the periplasmic head is constrained by MacA there could
still potentially be movement of the NBDs between an open and closed state. To understand
dynamics using real examples, we turn our attention to experimental MacB-like structures

which have been isolated in various dynamic states.

To date, structures of MacB and MacB-like structures have been solved in various states
(Figure 5.4.1-2a). Different structures reveal the MacB NBD in undimerised and dimerised
states, while the periplasmic head region is also in various states of “openness” (Figure 5.4.1-
2a). Indeed, MacB appears to be a very dynamic molecule and it is possible that it can adopt
different conformations in its energy landscape (Gershenson et al, 2014). Conformational
diversity can also be seen in MacB-like structures (Figure 5.4.1-2b) even when substrate is

bound.
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Figure 5.4.1-2. Structural diversity of MacB and MacB-like ABC-transporters. a) MacB and MacB-like structures
show a range of conformations, particularly around the placement of the nucleotide-binding domains (NBD)
relative to the periplasmic head region. MacB from Aggregatibacter actinomycetemcomitans bound to ATP
shows a closed conformation of both NBDs and periplasmic head (pdb ID 5l1j7) (Crow et al, 2017). MacB from
Escherichia coli without ATP or substrate shows an open conformation in both the NBDs and periplasmic head
(pdb ID 5nik) (Fitzpatrick et al, 2017). In contrast, MacB with bound ADP-analogue from Acinetobacter baumannii
shows a closed NBD (like structure 5lj7) but a larger opening in the periplasmic head region compared to
structure 5nik (pdb ID 5ws4) (Okada et al, 2017). Non-canonical MacB-like structure from Streptococcus
pneumoniae R6 also shows a closed NBD and an open periplasmic head region (pdb ID 5xul) (Yang et al, 2018).

Note that the NBDs (cyan, lime green) do not form a continuous chain with the stalk and periplasmic head (blue,
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green). b) MacB-like structures with substrates also show structural diversity. Like structure 5xul, these MacB-
like structures have NBDs (cyan, lime green) which bind to the stalk of each protomer (blue, green) rather than
form a continuous chain like MacB. Haem-transporter HrtBA from Corynebacterium diphtheriae NCTC 13129
binds haem between the protomers (pdb ID 7w7d) (Nakamura et al, 2022). Note that the NBDs are dimerised.
LolCDE also adopts a closed NBD when AMP (yellow) is bound (pdb ID 7ark), although the periplasmic head is in
an open conformation (Tang et al, 2021). LoICDE also binds RcsF substrate (red) between the protomers,
although in this structure the NBDs are in an undimerised conformation (pdb ID 7v8l) (Bei et al, 2022). LolCDE
with lipoprotein substrate (red) has recruited carrier protein LolA (orange) with undimerised NBDs (pdb ID 7arm)

(Tang et al, 2021).

| found that in my simulations MacB could adopt a “closed” NBD dimerised state within 50 ns
of simulation time. In the examples of the POPE-trapped “open states”, a variety of
conformations was observed showing the dynamism of these regions. Given the short
simulation time, it is possible that the MacB NBDs and periplasmic head region are in
equilibrium between “open” and “closed” state over a micro-to-second timescale. This would
conflict with the proposed “molecular bellows” mechanism, which posits that closure can only
occur under non-equilibrium ATP-turnover conditions (Crow et al, 2017). Recently, there is
experimental evidence to suggest that ATP-turnover in MacB is tightly coupled to substrate
transport, which is in conflict with the current MacB transport paradigm (Souabni et al, 2021).
In this study, it was found that 1 ATP molecule was hydrolysed per 3 substrates transported,
and that ATPase activity was not linked to the presence of substrate (Souabni et al, 2021).
Although this would appear puzzling, it is in agreement with a model of substrate turnover
where different states are in equilibrium until export which drives MacB to open the
periplasmic cavity to the MacA channel. Although this might be considered unusual, recent
experimental evidence suggests a range of dynamic conformations are possible under active
export for an ABC transporter; in Thermus thermophilus multi-drug resistance proteins A and
B (TmrAB) it was established that phosphate exit was responsible for a conformational reset
(Hofmann et al, 2019). Furthermore, it was found through MD simulations that the switch
from an inward facing narrow to an inward facing wide conformation were in dynamic
equilibrium. ATP-binding caused the NBDs to dimerise, occluding substrate access to the
inward-facing wide conformation but allowing for substrate transport through the outward
facing open conformation (Hofmann et al, 2019). The dynamics of MacB transport is discussed

in the next section.
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4.2 Substrate Entry and Turnover Mechanisms

The exact route of substrate entry into MacB remains elusive. A recent structure has found
haem trapped between the protomers of a MacB-like structure (Nakamura et al, 2022), in a
similar conformation to my trajectories with trapped POPE lipid. MacB-like structures LolCDE
also bind their lipoprotein substrates between protomers (Figure 5.4.1-2b). These structures
(Figure 5.4.1-2b), along with the MacB cryo-EM structure with unknown trapped density (pdb
ID 5nik) (Fitzpatrick et al, 2017) (mentioned above) suggests that the periplasmic port is an
entry point for substrates. It should also be noted that structures of MacB and MacB-like
proteins with bound ATP or ATP-analogues show conformations closed to substrate binding
(Crow et al 2017; Tang et al, 2021; Bei et al, 2022). Mutagenesis studies of the periplasmic
head region also established the existence of “hotspot” residues (T349, Y376, F444, and
W505) that could be involved in substrate transport (Crow et al, 2017). If the periplasmic port
is the route of entry, substrates would need to either reside in the periplasm or be exported

there by another transporter. The upper membrane leaflet is also another point of entry.

The diversity of exported substrates would appear to indicate that the MacB port can
accommodate substrates in a non-specific manner. The fast turnover of substrates observed
by Souabni et al (2021) (3 per ATP hydrolysed) would also indicate that the MacB port can
accommodate more than one substrate at a time. Indeed, in one of my POPE-trapped
simulations (trajectory ul), | observed two POPE lipids in the periplasmic cavity, one of which
was subsequently lost during equilibration for the repeat simulations. This would appear to
suggest that substrate binding could potentially be an equilibrium process. | observed
interactions of the “hotspot” residues Y376, F444, and W505 with the trapped POPE
substrate, with these interactions showing a high-level of dynamism between trajectories,
which was not observed in the closed, substrate-free state. This led to my proposal that a
pathway of “open” to “closed” substrate-bound states could exist during the transportation
process. In addition, | did not observe any interaction with T349 which remained buried in the
cavity. Thus, it is possible that interaction of substrates with this residue could occur during a

conformational change induced either by ATP-binding or hydrolysis.
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Mechanisms of transport must account for the energetics of the process (Gershenson et al,
2014). Like enzyme catalysis, substrate export is an energetically unfavourable process that
requires input energy to overcome the energetic barrier (Sousa et al, 2020). In the case of
MacAB-TolC export, this energy appears to be derived solely from ATP-hydrolysis. The
qguestion then remains not only when the input energy is occurring, but the pre- and post-
hydrolysis states. As in enzyme catalysis, we need to consider several states and their
energetic barriers: the substrate-free “closed” and “open” states (respectively named M¢losed
and M°Pe"), the substrate-bound state (named Msubstrate°®"), the ATP-bound state with and
without substrate (named respectively Msubstrate" and MA™joseq), and post-ATP hydrolysis
states (named MAPP*Pi .q). We can presume that MAPP*Pi o4 is a state that does not bind
substrate, since the energy of transport has gone into moving substrate from the cavity into
the MacA channel. This irreversible path: MA™® & MAPP*Pi must be necessary for one-direction
export to be possible. In fact, the release of products ADP+P; from the MacB NBDs could
“reset” the structure to an M°%¢d and M°Pe" equilibrium. The exact path would then depend
on energy accounting and the evidence we have accumulated so far from the available
structures. | will propose that the unobserved “transition” state that places MacB on the
irreversible MATP > MADP*PI path is in fact the dual ATP- and substrate-bound state.
Energetically, binding of ATP first could cause futile hydrolysis cycles as the structures
observed indicate that ATP-bound structures are closed to substrate binding (see Figure
5.4.1-2). If substrate is bound first while MacB is in the open state, this could lead to the

export pathway. | provide a proposed pathway in Figure 5.4.2-1.
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Figure 5.4.2-1. Proposed MacB Transport Free Energy Pathway. Proposed MacAB-TolC transportation process,
accounting for current experimental evidence and protein dynamics. At the ground state energy level, MacB can
cycle between “closed” (M9°*¢9) and “open” (M°Pe") states, causing concurrent expansion and contraction of
MacA (box). We assume that like most ABC-transporters, ATP binds when the nucleotide-binding domains
(NBDs) are dimerised or favours NBD dimerisation (Marp©°¢? state). ATP-binding of the M€/°*¢¢ state can lead to
futile hydrolyses cycles without substrate transport (red box). However, binding of substrate before ATP can
lead to non-futile ATP-hydrolyses cycles that actively transport substrate (purple box). Binding of substrate
occurs in the M°Pe" state (Msubstrate®P") leading to a series of equilibrium states towards the NBD dimerised closed
state with substrate bound (Msubstrate®°%%). In this state, binding of ATP leads to irreversible substrate export once
hydrolysis occurs. We assume that the dual substrate and ATP-bound state is an unseen “transition” state
(Msubstrate™ ™) which rapidly leads to hydrolysis and the short-lived Mexport State. This provides the energy for
transport by opening of the periplasmic head region causing rapid expansion of MacA and opening of the

periplasmic gate. Release of ADP+P; resets the structures to the ground energy state.

Available structures have provided “snapshots” of MacB and MacB-like structures. Combined
with current experimental evidence, and my MD simulations, the proposed model (Figure
5.4.2-1) takes into account the following observations: 1) Dimerisation of NBDs can occur

without ATP-binding (structure snapshots), 2) Dimerisation of NBDs can occur under
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equilibrium molecular dynamics within a short time-frame (though the reverse may take a
longer time) (my study), 3) There appear to be multiple substrate-bound states of MacB (my
study and structure snapshots), 4) MacB can undergo futile ATP-hydrolysis cycles were no
substrate is transported (Souabni et al, 2021), 5) Substrate binding can occur before ATP-
binding and needs an open periplasmic cavity (my study and structure snapshots), 6) ATP-
binding and hydrolysis requires a dimerised NBD (structure snapshots), 7) Presence of
substrate does not prohibit NBD dimerisation (my study and structure snapshots), and 8)
Once ATP is bound, substrate cannot be bound (structure snapshots). The proposed model

offers a more dynamic free-energy landscape approach to MacAB-TolC substrate transport.

4.3 Effect of Lipid on Transportation

| did not find an effect of the lipid or lipid types between the internal POPE lipid and no
internal POPE lipid trajectories, apart from the obvious clustering of the internal POPE lipid to
the periplasmic cavity. While cardiolipin did appear to be enriched within 30 A of MacB, there
was no difference between internal lipid and no internal lipid trajectories, suggesting it is a
constitutive effect. | did find amino acid sites which appear to favour lipid interaction, but
again there was no discernible difference between internal lipid and no internal lipid
trajectories which could suggest a biological mechanism of action. The only outliers observed
were four sites which favoured POPE interaction when no internal POPE was present — this
could be traced to a single trajectory (u10) where it was observed that a POPE lipid detached
from the bilayer and interacted with the transmembrane stalk over 1 ps of simulation time. |
proposed that this could be a point of entry into the MacB complex, particularly for substrates
that are not in the periplasm. Observation of other sites interacting with lipid in this trajectory
also suggested multiple routes of entry into the stalk region, where they could be “pulled up”
into the periplasmic cavity for export. Of course, it is also possible that the observed dynamics
are an artefact of the simulation (since it was only found in one trajectory) and further

experimental studies would need to be conducted.

Different lipid types have been shown to influence export by LoICDE, a complex which is in
the same family as MacB (Miyamoto & Tokuda, 2007). Both PE and cardiolipin were found to

stimulate LolCDE activity, while PG acted as a suppressor. It was suggested that these lipids
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exert their effects physically, with PE and cardiolipin exerting a lateral pressure on the LolCDE
transmembrane helix at high Mg?* concentration (Miyamoto & Tokuda, 2007). | could not find
a correspondence between lipid interactions in my trajectories and different states of MacB.
It is possible that any differential effect of lipids on the complex would only be observed at
longer simulation times. My results however do correspond with previous MD work
establishing that MacB does not appear to cause local membrane distortion (Rao et al, 2020).
However, LolCDE with open periplasmic heads and dimerised NBDs did appear to cause

significant local distortion, which was abolished after the heads closed (Rao et al, 2020).
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5. Conclusion

| conducted MD simulations of MacB with and without a trapped internal POPE lipid. | found
that the MacB NBDs converted to a “closed” state in both simulations. | found that the
periplasmic cavity adopts multiple conformations when POPE lipid is present, suggesting
dynamic movement in both the MacB NBDs and periplasmic head region. Using these results,
previous structures, and experimental evidence | was able to expand the mechanism of the
MacB transportation cycle taking into account the free energy landscape of transport. My
simulations also suggest there could be multiple routes of entry into the MacB periplasmic
cavity. | was not able to find any biologically significant role of lipid in MacB transport, though
this could be due to the short simulation times. My study contributes to our understanding
of the function of the MacAB-TolC complex to aid future treatments to antibiotic resistant

infections.
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Chapter VI: Type | Secretion System Substrate Transport in a Free

Energy Landscape

1. Introduction

1.1 Hierarchical Free Energy Landscape

Since the 1980’s it has been recognised that proteins are highly dynamic biological machines.
Working with structures of ligand-bound and unbound haemoglobin, Ansari et al (1985)
proposed a “hierarchy” of free energy states to explain dynamic behaviour. At the top of the
energy hierarchy, the protein is in its folded, functional state. Moving down the hierarchy
leads to lowering of energy barriers and the appearance of “substates” of the protein (Figure
6.1.1-1). Dynamic function is then explained by moving across these substates; for example,
ligand binding causes small changes at the lowest level in the energy hierarchy which then
“ripples” up the energy levels leading to a large conformational change. These
“proteinquakes” which lead to functional protein states has broad appeal; it elegantly
explains how small perturbations in the atoms of the protein lead to large, collective motions

which convey function.
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Figure 6.1.1-1 (previous page). Hierarchical energy landscape. The landscape describes function as produced

from a hierarchy of collective motions of the molecule. Folding is at the highest level which confers function via
its states in the next energy level. States, in turn, can be described as a collection of substates, and each substate
will have a collection of modes. As you go down the hierarchy, the free energy barriers decrease. Function is
then a cause of cascading collective motions, where a perturbance in the modes can “ripple up” the energy

landscape to cause the functional change in state. Four levels are shown for illustrative purposes.

ltoh & Sasai (2004) applied the “proteinquake” model to understand the photocycling
behaviour of photoactive yellow protein. The hierarchical free energy landscape has since
been extended and explored (Fraunfelder, Sligar & Wolynes, 1991; Levy & Becker, 2001;
Moffat, 2001; Henzler-Wildman & Kern, 2007; Rico & Moy, 2007; Senet et al, 2008; Elenewski,
Velizhanin & Zwolak, 2019).

1.2 Molecular Motion and the State of Equilibrium

Uncovering dynamic motions in proteins is the goal of molecular dynamics (MD) simulations.
Statistical exploration of these dynamics have been investigated using principal component
analysis (PCA) (Hess, 2002), root mean square deviation (RMSD) (Kuntz et al, 1982; Sargsyan,
Grauffel & Lim, 2017), and root mean square fluctuation (RMSF) (Welford, 1962; Keskin,
Jernigan & Bahar, 2000; Maguid et al, 2006; Fuglebakk, Echave & Reuter, 2012). These
methods are descriptive, analogous to using a scalpel to peel back layers of collective motion.
At the heart is the idea of protein dynamics existing in a series of microstates, which
collectively describe a macroscopic ensemble. In statistical mechanics, a macroscopic state is
said to exist in an equilibrium when there is no observed change in the energy between the
microstates (Gibbs, 1902). Consider a gas diffusing in a room; as the gas diffuses, it occupies
a series of microstates with changing energy until it eventually fills the room. At this point,
mixing between the gases is still occurring but there is no observed change in the macroscopic
ensemble (Figure 6.1.2-1). Overall changes between microstates can be modelled
energetically by considering changes in heat (enthalpy) and changes in state order (entropy).
At the microscopic level, diffusion dynamics govern the gas particle behaviour; each particle
has momentum and velocity, with collisions leading to small heat exchanges. Entropy can be
thought of as a measure of the particle ordering: at which position each gas particle occupies

in the room at that point in time. The highest entropy level occurs when the first gas is
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introduced into the room, and successive microstates are entropically driven to the lowest
energy level. From this energetic perspective, we get the idea of sampling the macroscopic
ensemble: by observing all possible configurations of microstates. These configurations are
“ordered” by a time (entropy) component. In theory, reverse mixing of the two gases could

occur, given an infinitely long period of time (Gibbs, 1902).
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Figure 6.1.2-1. Thermodynamic equilibrium. A gas diffuses in a box — each particle has position and momentum
(arrow). At time t=0, another gas is introduced into the box, causing a change in energy of the system. The energy
of the box fluctuates until time t=tequi, where an equilibrium is achieved, and the energy no longer changes. H
(“Hamiltonian”) describes all the particle positions and momentums in the box (“the microstate”). Time
irreversibility is defined as one microstate following another, based on the previous microstate’s observed
particle momentums. Particles are assumed to collide elastically with each other and the box. The Gibbs Free
Energy (G) is then defined as the sum of the box energy (E), the observed pressure (p) times the box volume (V),
and the entropy (S) at a temperature (T). Changes in G is then based on changes to the temperature at entropy
(S), changes to pressure on the box from the particle collisions (at constant volume, V), and changes in the

number of particles (N) times the particle potential (). Explanation adapted from Gibbs (1902).

The idea of proteinquakes leading to changes in protein substates is then a reformulated
description of the statistical mechanics described above. A protein state is said to exist in
equilibrium when all substates (with submotions) have been observed with no overall
changes to the protein macroscopic ensemble. A defining feature of biology, however, is that
most of the time things are not in equilibrium; chemical reactions are occurring, substances
are being transported, mechanical motion is in place (Astumian, 2012). Although we have a

hierarchical description of protein free energy which could explain dynamics, the natural
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question is: how does the protein change state? Or: how does changes in protein microstates
ripple up the energy landscape to lead to large non-equilibrium changes? This question is non-
trivial and several suggestions have been proposed to probe it. The first is to understand the
physical first principals: how does perturbations in heat transfer alter dynamics? In proteins,
efforts have been made to understand how thermal heat is funnelled through the protein,
splitting pathways into short “ballistic” bursts and long-range heat diffusion (e.g., Nadler et
al, 1987; Li, Magana & Dyer, 2014; Elenewski, Velizhanin & Zwolak, 2019). The second is also
physical models, but examining large-scale structure movements, especially in relation to
protein allostery: how does changes in one site of the protein affect other sites? On this
guestion, various coupling models have been proposed (e.g., Monod, Wyman & Changeux,
1965; Koshland, Némethy & Filmer, 1966; Hilser, Wrabl & Motlagh, 2012; Weinkam, Pons &
Sali, 2012). The third is an examination of protein allostery, but with added evolutionary
coupling: what does amino acid conservation at different sites say about potential free energy
paths (e.g., Lockless & Ranganathan, 1999)? On the last question, graph-theoretic approaches
have been particularly useful (e.g., Bode et al, 2007; Amor et al, 2014; Amor et al, 2016;
Mersmann et al, 2021). Under this model, atoms in a protein are represented as “nodes” and
“edges” define their interactions, split by covalent and non-covalent bonds (Bdde et al, 2007).
Potential allosteric pathways can then be found by considering perturbations in these
interactions; subgraphs are made at different scales (to represent different dynamics) and
Markov processes modelled to find signal propagation pathways (Amor et al, 2014; Amor et

al, 2016; Mersmann et al, 2021).

1.3 Structure Prediction in the Context of the Free Energy Landscape

Utilising biology instead of physical first-principals underlies the success of prediction
programmes such as AlphaFold (Jumper et al, 2021). Here, physical information is gleamed
from multiple-sequence alignments (MSAs) and input experimental structures mined from
the Protein Data Bank (PDB). The uncannily accurate predictions (Hegedds et al, 2022; Porta-
Pardo et al, 2022) is not magic but sophisticated landscape navigation; this is represented as
a multi-layer neural network (NN) with nodes and weights (“Evoformer”). Tuning this
landscape is achieved by altering the network weights by training it with a large amount of

data (Jumper et al, 2021). Viewing proteins (and their sequences) as existing in a multi-
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dimensional fitness landscape is not new and has been around since the 1970s (Smith, 1970).
Navigation of this landscape, however, is a non-trivial problem and has been examined under
the guise of various models with differing levels of complexity (e.g., Kauffman & Levin, 1987;
Kauffman & Weinberger, 1989; Perelson & Macken, 1995; van Nimwegen, Crutchfield, &
Huynen, 1999; Kryazhimskiy, Tkacik & Plotkin, 2009; Nagel et al, 2012). Approaching
structure-prediction as optimising a graph-based NN can then be seen then as finding the
nearest structural minimum for a given input sequence. However, if proteins exist in a series
of microstates at equilibrium, sometimes separated by tiny energy barriers, an immediate
issue with AlphaFold prediction comes to mind: what is the biological relevance of the output
structure? Indeed, for partially unfolded proteins (intrinsically disordered), problems arise
with AlphaFold predictions (Perrakis & Sixma, 2021). This is the inevitable consequence of
(static) protein prediction on dynamic molecules: the algorithm will output the structure at
the nearest minimum it can find, but that does not imply that is the only structure that
physically exists. Thus, while AlphaFold is extremely useful for protein structure prediction (at

an energy minimum), further work is required to understand the dynamics of the molecule.

Although understanding protein dynamics through physical first-principals remains the goal
of many research areas (e.g., Hsueh et al, 2022; Moore et al, 2022; Chen et al, 2023), the
success of programmes such as AlphaFold show that it is not necessary to achieve a full
physical description to find useful results. Indeed, inputting the biology (through MSAs) can
be thought of as a useful heuristic for the underlying physics. Indeed, this has been a noted
biological phenomenon for decades; the fact that many proteins share significant structural
homology, sometimes with little corresponding sequence conservation hints at the
underlying physical driving force (e.g., Shakhnovich, Abkevich & Ptitsyn, 1996; Pearson &
Sierk, 2005; He et al, 2017).

1.4 Aims & Objectives

Incorporating multiple sources of information (phylogeny, structure, dynamics) is then a
powerful method for understanding the biological mechanism of action. In Chapter II, |
introduced molecular dynamics (MD) simulations of haemolysin B (HlyB), the ABC-transporter

component of the Type | Secretion System (T1SS). By examining dynamics with and without
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substrate, | was able to tease apart critical interactions, in particular the impact of lipid on
protein dynamics. In Chapter lll, | experimentally tested the hypothesis that cardiolipin aids
substrate transport, and found corroboration. In Chapter V, | uncovered the dynamics of
transport in a related system, the MacAB-TolC efflux pump, and used these dynamics and
experimental structures to propose a mechanism of action based on pathways in a free
energy landscape. Here, | do the same for the T1SS, incorporating multiple lines of evidence
to propose a mechanism of action from a free energy point of view. Furthermore, | propose

experiments to test this model by probing free energy states.

The Aims of this Chapter are as follows:
1) What are the dynamics governing T1SS transport (e.g. enthalpic and entropic
contributions to free energy?)
2) How conserved is the transportation process?

3) How do we test models of transport in relation to free energy?

This will be achieved through the following Objectives:

1) Examining the phylogeny of HlyB and related peptidases/bacteriocins

2) Examining possible allosteric transport pathways through ProteinLens (Mersmann et
al, 2021)

3) Placing previous MD studies (Chapter Il) in light of sequence conservation and the
results of the allosteric pathway analysis

4) Combining the above points with available experimental structures

5) Combining information (phylogeny, structure, dynamics) with a literature search to
propose a mechanism of transport

6) Offer experimental tests of the model as a means to uncover further insights
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2. Materials & Methods

2.1 Phylogenetic Analysis

HIyA-like, and related HlyB and peptidase protein sequences were found using the BLAST
server (https://blast.ncbi.nIm.nih.gov) (Altschul et al, 1990; Altschul et al, 1997). E. coli HIyA

and HlyB, and Acetivibrio thermocellus ATCC 27405 peptidase amino acid sequences were
used as queries on the non-redundant protein sequences database using the blastp (protein-
protein BLAST) algorithm. A sample of 25 HIyA-like sequences were aligned in UCSF-Chimera
using the default parameters in the “Realign Sequences” option (Petterson et al, 2004). For
HlyB and peptidase sequence alignment, retrieved sequences were further trimmed manually
to have a sample of 150 sequences from a range of organisms. HlyB/peptidase sequences

were then aligned using the T-Coffee web-server (https://tcoffee.crg.eu/) (Notredame,

Higgins & Heringa, 2000; Tommaso et al, 2011). The PSI-TM Coffee option was used for
transmembrane proteins using UniRef100 for homology extension. The aligned sequences

output was then fed into Phylogeny.fr (http://www.phylogeny.fr/) (Dereeper et al, 2008) to

make the phylogenetic tree. PhyML 3.1/3.0 aLRT (Guindon et al, 2010) was used to compute
phylogeny with SH-like Approximate Likelihood Ratio Test to compute branch support, and
the Jones-Taylor-Thornton matrix as the substitution model. Other settings were left as

default. The output tree was viewed using TreeDyn (Chevenet et al, 2006).

2.2 Allosteric Pathway Analysis

Allosteric pathway analysis was computed using ProteinLens (https://www.proteinlens.io)

(Mersmann et al, 2021). For HIlyB, three models from atomistic molecular dynamics
trajectories 1-3 sampled at 375 ns were used as input (see Chapter Il). For peptidase, model
6v9z (Kieuvongngam et al, 2020) retrieved from the Protein Data Bank (Berman et al, 2000)
was used as input. For defining substrate binding site, substrate chains in the respective

models were selected (HlyB — chain C; peptidase — chain C/D).
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2.3 Sequence Conservation

To visualise sequence conservation, HlyA and HlyB/peptidase aligned sequences were read
into Jupyter Notebook (Kluyver et al, 2016) using Biopython (Cock et al, 2009). Logomaker
(Tareen & Kinney, 2019) was then used for visualisation at selected sites. See Table B in

Appendix B for information on the data analysis pipeline | developed.
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3. Results

3.1 Phylogeny of HlyB and HlyB-like Structures

To understand the context of HlyB and HlyB-like structures in terms of functional similarity, a
phylogenetic tree was calculated for a sample of 150 representative protein sequences. This
was further trimmed to 53 sequences for figure and evolutionary clarity (Figure 6.3.1-1). HlyB
and HlyB-like proteins are known to reside in virulence plasmids in addition to existing in
genomes, complicating phylogenetic relationships (Smith & Halls, 1967; Knapp et al, 1986;
Rawlings & Bateman, 2019). The main issue is that a gene acquired via horizontal gene
transfer will show in a phylogeny that the organisms are more closely related than they
actually are, in addition to other complicating factors such as the presence of false positives
and contaminants (Rawlings & Bateman, 2019). Nevertheless, we can still gain useful insights

by how protein sequences cluster, without the need to invoke strict lateral inheritance.

Interestingly, two phylogenetic clusters are formed: a peptidase/bacteriocin branch and a
HlyB/HlyB-family branch. Within these branches, the sequences then diverge by Gram-
positive and Gram-negative species. This implies that the original split between the two
structures occurred before the division of Gram-positive and negative species, which could
potentially be billions of years ago (Gupta, 2000; Gupta, 2011; Antunes et al, 2016; Hug et al,
2016). Intriguingly, the E. coli H47 microcin sequence does not fall with the other E. coli
peptidases and bacteriocin sequence clusters as expected, suggesting that microcins could
form a third sequence cluster. This analysis suggests that there was strong evolutionary
pressure to maintain multiple copies of these proteins, which then diverged function over

time.
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Figure 6.3.1-1. Phylogeny of HlyB-family and peptidases. Representative protein sequences for HlyB-family
members (26) and peptidases (26) fall into their own branches, with a further separation by Gram-positive (blue)
and Gram-negative (orange) species by class name. Unexpectedly, the E. coli H47 microcin did not fall into either
the peptidase or the HlyB-family branch, suggesting microcins could form a separate lineage. Sequences for the
two structures used in MD simulations (see Chapter Il) are highlighted in green. Bootstrap values for branches
provided by SH-like support via the Phy-ML server (Dereeper et al, 2008; Guindon et al, 2010). Scale bar shows

amino acid substitutions per site.
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3.2 Allosteric Pathway Analysis

To examine possible allosteric pathways for substrate binding, both HlyB and peptidase
structures were examined by ProteinLens (Mersmann et al, 2021). ProteinLens allows for the
visualisation of communication away from a queried site. The bond-to-bond propensity is a
measure of how likely other residues in a protein will be influenced by energetic changes to
the queried site. The strength of connection between the queried site and other residues in
the protein is represented as a quantile score, with 0 indicating no coupling to the queried
site and 1 indicating complete coupling to the queried site. Transient hotspot analysis is
similar to bond-to-bond propensity in that it is also a measure of site communication, except
in this case it asks: if | start from the queried site, what is my likely path away from this site in
a random walk? In this case, the quantile scoring is a measure of communication speed rather
than strength, with 0 indicating no escape and 1 indicating instantaneous communication.
Note that in actual proteins, we expect scores to be between 0 and 1 but not to be exactly

equal.

The bond-to-bond propensity hotspots clustered around the transmembrane domain for both
HIyB and peptidase structures, while the transient hotspot analysis showed clustering of sites
at the top of the transmembrane, at the bottom of the NBD, and in the CLD/PEP (Figure 6.3.2-
1). The transient hotspot analysis seems to match with the main movements observed in the
atomistic trajectories; movement from the NBD towards the substrate is simultaneously
communicated to the transmembrane domain (see Chapter Il). This would explain why only
one half of HlyB dimer shows transient hotspot residues, as substrate is only bound to one
CLD (Figure 6.3.2-1a), while in the peptidase structure there is no such discrepancy (Figure

6.3.2-1b).
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Figure 6.3.2-1. ProteinLens Analysis. ProteinLens (Mersmann et al, 2021) analysis results for structures from
atomistic trajectories of HlyB and 6v9z peptidase. For each structure, the ligand-binding site was queried (green).
Hotspot propensity is an edge-based method for detecting allosteric sites from the queried site, while transient
hotspots is a node-based method of site-communication from the queried site. For both HlyB and peptidase
structures, the bond-to-bond propensity shows hotspot residues cluster in the transmembrane (TM) domain,
while transient hotspots show additional sites in the CLD/PEP and nucleotide-binding domains (NBD). For HlyB,
representative structures were taken from the trajectory midpoint (375 ns). Hotspots are coded from a quantile

scale of O (dark blue) to 1 (dark red), with 1 indicating most significant residues.

3.3 Sequence Conservation at Key Sites

Sequence conservation at key protein-substrate interactions sites found in the MD
simulations (see Chapter IlI) was checked across all 150 sequences (Figure 6.3.3-1). These
residues showed strong sequence conservation, even though overall sequence similarity is
low (~30%). In the CLD/PEP domains which bind substrates, very strong sequence
conservation was found for a string of lysine residues (Figure 6.3.3-1a). In MD simulation,
these residues act to stabilise the substrate tail and aid correct positioning in the binding

pocket. In peptidases, a catalytic triad is formed between C21, H99, and D115 —these residues
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are not conserved in HlyB-family members as they do not need to trim their substrates as
required for peptidase function. The residue E79 in HIyB is strongly conserved among HlyB-
family members (E/D at this site), but there is no such conservation in peptidases (mutated
to G/Q/N/K) (Figure 6.3.3-1a). This is probably due to the relative positioning of the loop
where it is found (Figure 6.3.3-1c). In HlyB, this loop is positioned so that it interacts directly
with the substrate, allowing for charge-charge interactions. In peptidases, however, this loop
does not directly interact with substrate. In the transmembrane region, striking conservation
is found in R247 (K262 in peptidase) and S331 (S346 in peptidase) (Figure 6.3.3-1b) which lie
at the substrate entrance channel (Figure 6.3.3-1c). In simulations these residues form
respective critical charge-charge and polar contacts with the substrate. As expected, there is
also a pattern of hydrophobic residues in the transmembrane region showing strong
conservation. A notable exception is the residue R256 in HlyB which is always R/K in HlyB-
family members, but again there is no such pattern in peptidases (mutated to M/S/Q/N). Like
R247, this residue could form charge-charge contacts in HlyB-family members which is likely
not required for peptidases. In the NBD, very strong conservation is found in the loop region
that interacts with the substrate (Figure 6.3.3-1b/c). Strikingly, very strong conservation is
found in E601 (E618 in peptidase). Polar/charged residues N556 in HlyB, K607 and N617 in
peptidase were found in simulation to form polar contacts with the substrate; conservation
of these residues thus likely reflects a conserved requirement for polar contacts (Figure 6.3.3-
1b). In HlyB, R592 can form charge-charge interactions with the substrate in simulation.
Interestingly, strong conservation of this residue is only found in other Gammaproteobacteria
HlyB-family members, and is otherwise mutated to an inactive proline residue (Figure 6.3.3-
1b). Thus, this likely reflects a functional requirement for substrates secreted by

Gammaproteobacteria.
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Bits
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[ | | |

™ NBD

Figure 6.3.3-1. Sequence conservation for key protein-substrate interaction sites. a) Sequence conservation in
key residues in the C39-like domain (CLD) and PEP domain. The most conserved amino acids are the K-cluster
(purple), which in simulation act to stabilise the tail of the substrate and aid in correct positioning to allow for
favourable polar contacts. b) Sequence conservation in key residues in the transmembrane domain (TM, gold)
and nucleotide-binding domain (NBD, pink). In the TM, conserved residues are the charged R/K (K262) at the
transmembrane entrance and a cluster of hydrophobic residues. In the NBD, conserved residues (pink) are found
in a critical substrate-interacting loop. c) Visualisation of key conserved residues in peptidase structure from

Acetivibrio thermocellum (pdb ID 6v9z). In the CLD, K tail stabilisation residues are highlighted (purple). Residues
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H99 and D115 which form the catalytic triad are shown (orange). Note that C21 (mutated to A21 in 6v9z) is
behind H99 (not shown). In the TM, key charged residue K262 and polar residue S346 along with critical
hydrophobic residues are highlighted (gold). Note in HlyB, R256 is in place of peptidase M271. In the NBD, key

residues lie in a loop region which can interact with the substrate (pink).

Sequence conservation for HlyB key protein-lipid interactions was calculated for all 150
sequences (Figure 6.3.3-2). Residues in the CLD/PEP domains show a high-degree of sequence
conservation (Figure 6.3.3-2a). In the substrate unbound state, it is likely these residues could
form charged/polar contacts with residues in the neighbouring protomers NBD and also with
HIyD arm regions. However, when substrate is bound there could be a switch to form more
contacts with lipid (Figure 6.3.3-2c). In simulation, HlyB residues N68, T87, and K88 (PEP
residues K81, 1103, and Y104) form a preference for cardiolipin when substrate is present. In
the HlyB/D complex, these residues form interdomain contacts and are positioned away from
the lipid. However, if substrate is present these residues can interact with lipid at the PEP
equivalent sites (Figure 6.3.3-2c). Certain key residues in the HlyB transmembrane arm and
top region could also interact with HlyD (Figure 6.3.3-2b/c). In simulation, HlyB residues T141,
Q268, K369, and S402 (peptidase residues V156, A283, K384, and K417) were found to
interact more with cardiolipin when substrate was present. Mapping these residues onto the
HlyB/D complex shows they are in close contact with HlyD arm and lipolyl regions (Figure
6.3.3-2c). Interestingly, in simulation R151 and Q435 (peptidase K166 and Q450) showed a
decrease in close cardiolipin interactions when substrate was present; these two amino acids
are very conserved in both HlyB and peptidases (Figure 6.3.3-2b). In the unliganded HlyB/D
complex, these amino acids are too far (>9 A) to interact with the HlyD arm (Figure 6.3.3-
2¢). However, in ATP-bound HlyB/D complex, R151 is in close contact (< 5 A) with R26 and
D30 on the HlyD arm. In simulation HlyB substrate entrance channel residues $S312, Q429,
Q432,Q435, and Q436 (peptidase residues N327, D444, P447,Q450, and T451) showed either
an increase or decrease in POPE/POPG interactions. Of these, Q429, Q432, Q435, and Q436
are the most conserved (Figure 6.3.3-2b). In HlyB-family members, Q432 and Q436 is strictly
conserved while in peptidases this is mutated respectively to P447 and T451 (Figure 6.3.3-
2b). The positioning of these residues at the substrate entrance channel in the HlyB/D
complex, but too far way to interact directly with HlyD is intriguing (Figure 6.3.3-2c). Thus, it

is possible that these residues, along with key CLD lipid interacting residues, do allow for a
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particular lipid architecture to form around the CLD with substrate entrance channel of the

TM as found in simulation.

CLD/PEP
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HyB Q19  N22  N68 87 K88 $90 N94  N105  S112
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& .
Peptidase V156 K166 N204 H207 A283 1287 N327 K384 K417 Q424 D444 P447 Q450 T451
HIyB  T141 R151 S189 N192 Q268 S272 S312 K369 S402 Q409 Q429 Q432 Q435 Q436

HlyD
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Figure 6.3.3-2 (previous page). Sequence conservation for key protein-lipid interactions. a) Sequence

conservation in key residues in the C39-like domain (CLD) and PEP domain. In the unbound state, CLD domain
residues (purple) can interact with HlyD arm regions and nucleotide-binding domain (NBD) of the neighbouring
protomer. When substrate is bound, the domain is rearranged to accommodate protein-lipid interactions
(black). b) Sequence conservation in key residues in the transmembrane (TM) domain. Residues in the
transmembrane arm and top (gold) can interact with HlyD arm and lipolyl domains. However, residues in the
substrate entrance channel and transmembrane (pink) arm are likely to interact with lipid. ¢) Mapping of
conserved residues onto the HIlyB-HIyD structure (pdb ID 7sgr) (Zhao, Lee & Chen, 2022) with peptidase

protomer B (green) with non-translocating substrate (cyan) (pdb ID 6v9z) (Kieuvongngam et al, 2020).
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4. Discussion

4.1 Relation of Peptidases and HlyB-Family Members in their Evolutionary Context

Phylogenetic analysis placed HIlyB-family members as a separate branch from
peptidases/bacteriocins and microcins. Within each branch, a separation by Gram-positive
and negative species is observed (see Figure 6.3.1-1). The current model of gene
diversification posits that gene duplication is a prerequisite for diverging function (Ohno,
1971). Once duplicated, the new gene can then undergo selection for novel function
(Bershtein & Tawfik, 2008). Peptidases/bacteriocins are remarkably diverse, secreting a range
of antimicrobial peptide substrates (Gonzales & Robert-Baudoy, 1996; Paetzel, Dalbey &
Strynadka, 1998; Chavan & Riley, 2007; Paetzel, 2014). Peptidase/bacteriocin and microcin
diversity seems to reflect ecological niches occupied by bacterial species (Sosunov et al, 2007,
Nguyen, Myrold & Mueller, 2019; Cole et al, 2022). Indeed, my phylogenetic analysis reflects
a range of species including ones found in harsh environments (e.g. anaerobic
Thermoanaerobacter and Thermohydrogenium species isolated from hot springs (Zacharova
et al, 1993; Wagner et al, 2008b; Hess et al, 2014), Petroclostridium xylanilyticum isolated
from an oilfield in China (Zhang et al, 2018), and cold-adapted Psychrobacter species (Welter
et al, 2021). Additionally, | found members of both peptidases/bacteriocins and HlyB-family
members in the same species (e.g. Escherichia coli, Salmonella enterica, Anaerocolumna
xylanovorans, Ruminiclostridium sufflavum, Ruminiclostridium sp. MA18, Cellulosilyticum
ruminicola). Indeed, considering the phylogenetic separation of peptidases/bacteriocins,
microcins, and HlyB-family members, it is likely that HlyB-family members evolved from
peptidases/microcins and acquired mutations which allowed them to secrete larger
substrates without proteolytic processing. It is known that both peptidases (Rawlings &
Bateman, 2019) and type | secretion system elements (Smith & Halls, 1967; Knapp et al, 1986)
can be acquired via horizontal gene transfer which further complicates their phylogeny.
Nevertheless, considering the diverse range of organisms which contain peptidases it is likely
that these were the functional units in the universal last common ancestor (Rawlings &

Bateman, 2019).
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4.2 Structure of Peptidases and HlyB-Family Members in Relation to their Function

Previously, experimental structure determination of the E. coli HlyB substrate-binding domain
found that it was structurally very similar to peptidases —thus it was named “C39-like domain”
(CLD) after the C39 proteases (Lecher et al, 2012). The main difference between the two lies
in the fact that peptidases need to cleave their substrates in order for them to be active after
transport (Havarstein, Diep & Nes, 1995; Ishii et al, 2010). This takes place via its PEP
(“peptidase”) domain, consisting of a conserved catalytic triad (cysteine, histidine, and
aspartic acid). For substrates, a conserved double-glycine motif acts to position the sequence
for cleavage by the cysteine residue (Schnell et al, 1988; Havarstein, Diep & Nes, 1995; van
Belkum, Worobo & Stiles, 1997). Although HlyB-family members and peptidases only share
~30% sequence identity, the structural similarity is very striking. This should not be too
surprising considering the phylogenetic relationship between the two (see above). The cryo-
EM structure of the peptidase from Acetivibrio thermocellus ATCC 27405 (formally Clostridium
thermocellum) (“PCAT1”) with bound substrate was deposited in 2020 (Kieuvongngam et al,
2020); this was used as the basis for my HlyB homology model, with the HlyB CLD modelled
using the NMR structure solved in 2012 (Lecher et al, 2012). The recently solved structure for
the HIlyB/D complex (Zhao, Lee & Chen, 2022) confirms that the two structures are very
conserved in the architecture of their transmembrane domains and NBD; as expected, the
main uncertainty lies in the exact positioning of the HlyB CLD. In HlyB/D complex, one CLD in
a protomer interacts with the neighbouring protomer, while the other is structurally flexible.
Structural flexibility in CLD/PEP domains without substrate has been noted in previous
unliganded PCAT1 crystal structure (Lin, Huang & Chen, 2015). In unliganded HlyB/D complex,
only one protomer has an open transmembrane helix for possible substrate entry. This

becomes closed in all three protomers once ATP is bound (Zhao, Lee & Chen, 2022).

My HlyB homology model with bound substrate offers a prediction for CLD positioning when
substrate is present. Since contraction of the transmembrane helices is observed when ATP
is bound, caused by the NBD dimerisation, it is unfeasible for ATP-hydrolysis to be driven by
the protomer which binds and translocates the substrate. Instead, ATP-hydrolysis must occur
in the neighbouring protomers to drive translocation. It has been found that substrate

secretion of HIyA is very slow; around 16.0 + 1.3 amino acids could be translocated per T1SS
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per second (Lenders et al, 2016). In light of the HlyB/D complex (Zhao, Lee & Chen, 2022), the
slow rate could reflect the fact that more than one ATP cycle is required for transport. Indeed,
due to the large nature of the substrate being transported (HIyA is 1024 amino acids long),
and the fact that the NBDs undergo dimerisation when ATP binds leading to a closure of the
transmembrane helices at the channel opening, it is very unlikely that the substrate-binding
HIyB protomer undergoes ATP-hydrolysis. In addition, photo-cross linking experiments have
demonstrated that substrate is not transported through the central pore of the complex, but
must go through via the CLD and transmembrane domain of one protomer (Zhao, Lee & Chen,
2022). This could explain the requirement for HlyB coupling in a trimer which is not found in
peptidases. Since peptidases cleave their substrates, NBD dimerisation upon ATP-binding

would not preclude transport from the same protomer (Kieuvongngam & Chen, 2022).

4.3 Sequence Conservation and Substrate Transport

In my previous MD simulation study for E. coli HlyB and A. thermocellus peptidase with and
without substrate, | found a cluster of residues responsible for substrate recognition and
binding. These seemed to facilitate favourable charge-charge and polar contacts within the
CLD and PEP binding pockets (see Chapter Il). Comparison of these residues in light of their
sequence conservation found a cluster of conserved K-residues, which in both HlyB and
peptidase simulation acted to stabilise the substrate tail. In HlyB/D complex, lysine residues
K56, K58, and K62 interact with the negatively charged arm region of HlyD in the neighbouring
protomer (Zhao, Lee & Chen, 2022). In addition, there is a cluster of conserved charged and
hydrophobic residues in the transmembrane domain and a highly conserved loop in the NBD
which shows some sequence divergence between peptidases and HlyB-family members (see
Figure 6.3.3-1). Some of these residues have been identified in photo-crosslinking
experiments of the HlyB/D complex: R256, F323, and A327 were identified previously (Zhao,
Lee & Chen, 2022). In PCAT, residue A55 was also previously identified as involved in substrate
recognition (Kieuvongngam et al, 2020). However, for both HlyB and PCAT no NBD residues
were identified as being critical for substrate transport though this is likely due to the cross-
linking experiments used to identify critical residues which may impact ATPase function
(Kieuvongngam et al, 2020; Zhao, Lee & Chen, 2022). Intriguingly, in simulation it was found

that non-translocating PCAT1 peptide substrate loses contact with NBD residue N617, which
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is part of the critical NBD loop region (see Figure 6.3.3-1). The proximity of the NBD substrate-
binding loop to the ATP-binding region in both PCAT peptidase and HIyB/D complex is
interesting; conserved residue E590 in HlyB is ~8 A from E610 which forms part of the
catalytic complex in dimerised ATP-bound state (pdb ID 8dck) (Zhao, Lee & Chen, 2022), while
equivalent residue K607 in PCAT1 is ~6.5 A from Q627 (pdb ID 7t54) (Kieuvongngam & Chen,
2022).

Sequence conservation for protein-lipid interacting residues in HlyB may partly be explained
by preferable interactions with HlyD in the HlyB/D complex. However, there are lipid
interacting residues in the substrate entrance channel which are too far away to interact
directly with HlyD. In E. coli HlyB, a string of four conserved glutamine residues lies at the
substrate entrance channel. In peptidases, only two of the four glutamine residues are
conserved. These differences between HlyB-family members and peptidases may reflect
formation of a particular lipid architecture as found in simulation for HIyB. It is possible that
critical cardiolipin interacting residues on the HlyB CLD also aid in formation of this
architecture, as in simulation the CLD with bound substrate was found to promote membrane
interaction. As discussed in Chapter Il and Chapter lll, cardiolipin does seem to be required
for transport. The role of cardiolipin in relation to the free energy landscape of transport will

be discussed in the next section.

4.4 Free Energy Landscape of Transport for T1SS

Several structures for PCAT peptidase were solved with bound substrate and ATP
(Kieuvongngam & Chen, 2022). Unlike in MacAB-TolC transport, simultaneous substrate and

ATP-binding appears to be possible, although the NBDs are not fully dimerised although

substrate does appear to enter the cavity. The PCAT1 structures are shown in Figure 6.4.4-1.
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Substrate ATP Substrate + ATP Substrate + ATP Substrate + ATP

Figure 6.4.4-1. Peptidase PCAT1 Structures. Structures for PCAT1 have been solved in an array of conformations.
With bound substrate (red, cyan) but no ATP (yellow), the nucleotide-binding domain (NBD) dimers are closed
by not fully dimerised (pdb ID 6v9z) (Kieuvongngam et al, 2020). With ATP alone, full dimerisation of the NBDs
can take place. This allows the transmembrane domain (TM) to form an opening (pdb ID 7t54). With both bound
substrate and ATP, NBDs can exist in a variety of fully open (pdb ID 7t55) to more closed states (pdb IDs 7t56

and 7t57) (Kieuvongngam & Chen, 2022). Note that structure 6v9z was used for MD simulations in Chapter II.

Without substrate, ATP-binding causes complete dimerisation of the NBDs which travels up
to the transmembrane domain and allows for a pore opening. With substrate, several
structures are possible, with and without ATP-binding, although there is no complete NBD
dimerisation and the transmembrane pore remains closed (Figure 6.4.4-1). Thus, for
transport to occur in peptidases with ATP-hydrolysis, cleavage must take place which then
allows for complete NBD dimerisation, which transmits to the transmembrane domain to
allow pore opening. Hydrolysis may then induce a further conformational change to push the
substrate out of the cavity, with release of ADP+P; products then resetting the structure for a
further round of transport. The kinetic control seems to be the presence of Mg?* ions which

promote ATP-hydrolysis (Kieuvongngam & Chen, 2022).

Transient hotspot analysis did indicate a strong link between PEP domains, NBD, and the
upper transmembrane region (see Figure 6.3.2-1b), suggesting there is interdomain
communication. In the context of microstates and free energy sampling, it is likely that in the

absence of Mg?* to drive ATP-hydrolysis, many structures are sampled in various states of
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NBD dimerisation; switching between these states would be possible through low energetic
barriers as the structure samples its energy distribution via atomic motions (modes to
substates, see Figure 6.1.1-1). When Mg?* is introduced, a change of state is possible through
the energy release of ATP-hydrolysis, at a particular substate (in this case, fully dimerised

NBDs with bound substrate).

In the context of T1SS transport, the following must be accounted for: 1) Substrate transport
likely occurs through a single protomer, with the other two protomers providing energy via
ATP-hydrolysis (HlyB/D structure with bound ATP analogue (pdb ID 8dck) (Zhao, Lee & Chen,
2022), 2) There may be energy via a proton-motive force (Koronakis, Hughes & Koronakis,
1991), with cardiolipin likely playing a role (see Chapter Il and lll), and 3) There is a minimum
sequence requirement of 60 amino acids, which roughly corresponds to the length of the
Gram-negative cell envelope (Jarchau et al, 1994). The main mystery is where the proton-
motive force fits into the transportation process (Bumba et al, 2016). Recently, a paper was
published on the Sec machinery which proposed that a proton-motive force could be
generated via lysine and arginine deprotonation of the substrate. Reprotonation of these
residues as the substrate exits the machinery would then provide the complete proton-
motive force for transport (Allen et al, 2022). Intriguingly, | found a string of lysine and
arginine residues throughout the E. coli HIyA sequence and related Repeat in Toxin (RTX)

substrate sequences (Figure 6.4.4-2).
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Figure 6.4.4-2. Sequence conservation for HlyA-like substrates. HlyA-like substrates show a pattern of
conserved lysine and arginine residues (black arrow) throughout their sequences. Conserved GG-motifs (grey
arrow) are also shown. Residues highlighted when conservation is greater or equal to 0.8 bits. See Sequence

Conservation Analysis Notebook available on GitHub (https://github.com/AMKCam/Sequence-Conservation-

Analysis) [last accessed 15" October 2023] and Table B in Appendix B for a description of the Notebook.

In atomistic simulations, | also found a tendency for the HIyA substrate to be exposed to
hydrophobic residues in the pocket leading to tail destabilisation; hydrophobicity promotes
lysine and arginine deprotonation of the substrate in the SecYEG mechanism (Allen et al,
2022). If this is the case for the T1SS, then this deprotonation and reprotonation mechanism
would provide the “Brownian ratchet” of the proton-motive force, and not GG-motif Ca?*
binding. The role of Ca?* in the transportation process remains contradictory; although it
promotes folding (Holland et al, 2016; Spitz et al, 2019), tying it to a proposed “Brownian
ratchet” motion in transport has remained elusive (Lenders et al, 2015; Lenders et al, 2016).
Indeed, Bumba et al (2016) found an electrophoretic effect for CyA secretion, where the
presence of negative charges throughout the protein sequence promotes secretion. This may
reflect the balancing out of positive K and R residues also present in RTX sequences, as can be
seen in sequence conservation analysis (Figure 6.4.4-2). Thus the observed electrophoretic

effect could be explained by the model proposed by Allen et al (2022), where deprotonation
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would make an overall local negative charge for the part of the sequence being transported.
Considering the relation of HlyB-family to peptidases, whose substrate also contain a GG-
motif (for substrate cleavage), it could also be the case that the GG-motif in HlyB-family
members underwent neofunctionalization (Rastogi & Liberles, 2005; Deng et al, 2010) to
promote protein folding upon substrate exit. Thus, the role for cardiolipin could be to act as
a proton sink for the deprotonated lysine and arginine residues. A proposed mechanism is

provided in Figure 6.4.4-3.
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Figure 6.4.4-3 (previous page). Proposed mechanism of transport for the T1SS. Three HIyB dimers assemble

with HlyD (not shown). In the open state (1), one dimeric HlyB can recruit substrate (2). Substrate recruitment
triggers concomitant recruitment of cardiolipin to the substrate-bound protomer’s substrate entrance channel
and CLD (hexagon) as well as TolC (not shown). This recruitment is transmitted to the next protomer which starts
to stimulate substrate threading (4). In the first stage, the substrate is partially destabilised which promotes
deprotonation of lysine and arginine residues in the binding pocket. Protons are shuttled to the recruited
cardiolipin head groups. ATP-hydrolysis of the neighbouring HlyB nearby protomer NBD (small circle) is also
stimulated, catalysing ATP (triangle, gold) to ADP+P; products (pentamer, orange). This stimulates the second
stage, where atomic movement which is transmitted to its dimeric half, stimulating its ATP-hydrolysis and
causing movement to be transmitted to the next protomer. Movements cascade until reaching the protomer
with bound substrate, creating work to move the substrate. As the substrate exits, it is reprotonated which
creates a proton motive force. The overall work is retransmitted to the next protomer and the cycle starts again

until the substrate is fully exported (5).

The proposed mechanism accounts for the following observations are made: 1) substrate-
binding can only occur via one HlyB dimeric protomer (HlyB/D complex, pdb ID 7sgr), 2)
substrate binding stimulates formation of a cardiolipin architecture around the substrate-
bound HIyB (Chapter Il and lll), 3) when substrate is bound this creates a polarisation between
the dimeric halves which could potentially create a directional signalling-pathway (transient
hotspot analysis), 4) for work to be created in order to move the substrate, the neighbouring
protomers must catalyse ATP (HIyB/D complex, pdb ID 8dck), 4) ATP-binding and hydrolysis
occurs on dimerised NBDs (literature and HlyB/D complex), 5) work to move the substrate
also comes from a proton motive force, in this case deprotonation of substrate lysine and
arginine residues followed by reprotonation upon substrate exit (e.g., Allen et al, 2022;
Koronakis, Hughes & Koronakis, 1991), and 6) presence of bound substrate starts an ATP
catalysis cascade (“threading”) which functions to perform work required to move the
substrate. Exactly how the work is transferred from the ATP-hydrolysing dimers to the
substrate-exporting dimer is speculative without a structure of a trapped, substrate exporting
state. However, based on available structures | would speculate that work could be
transferred from the catalytic domains to the CLD and transmembrane via the
transmembrane elbow helix which sits adjacent to the Q-loop (see Chapter ). Since each CLD
acts as a trimer bridge, stimulation of the CLD would be transmitted to the neighbouring NBD

to start another cycle.
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4.5 Experimental Tests of the Proposed Mechanism

The above proposed mechanism offers some predictions which could be tested by
experiment. Overall, | predict around 4 ATP cycles are required to move a portion of substrate
(one threading cycle). If we consider the positions of the charged lysine and arginine residues,
then a portion moved could equate to 20-30 amino acids. Since the minimum sequence
length for transport is around 60 amino acids (Jarchau et al, 1994), then at least 2—3 threading
cycles are required per proton motive force, which would equate to 8-12 ATP cycles in total.
Thus, full-length HlyA would need around 36-54 threading cycles to be exported, equalling
144-216 ATP cycles. We might consider this an overestimate, since it is possible that a full 60
amino acids can be transported per threading cycle, which would impose a lower limit of
(17x4=) 72 ATP cycles. A coupling assay could be performed to test the number of ATP cycles
per substrate transported, as completed for MacAB-TolC (see Souabni et al, 2021).
Concomitantly, testing the role of the trimer could be achieved by mixing stalled (NBD H662A
mutated) to unstalled (wild-type) HlyB protomers. If only two of the three dimers are
catalytically active, then by mixing a 2:4 ratio of inactive to active HlyB should not change the
resulting substrate export and ATP-hydrolysis on average (on the assumption that mutating
the catalytic unit won’t affect inter-domain communication). However, if a ratio of 4:2 or 3:3
is mixed, we would expect to see a substantial decrease in substrate export and concomitant
ATP-hydrolysis activity on average. This would also allow us to test the role of the NBD loop
(see Figure 6.3.3-1) in sensing substrate presence — if we again mix NBD loop mutants with
wild type, then all ratios (2:4, 4:2, or 3:3) should show a decrease in substrate export, but not

ATP-hydrolysis activity.

Capturing intermediates during transport would also be feasible and allow for comparison to
the proposed mechanism. T1SS complex could be purified and incubated with ATP, with and
without substrate and Mg?* as performed for PCAT1 peptidase (Kieuvongngam & Chen, 2022).
Plunge-freezing and reconstruction by cryo-electron microscopy (cryo-EM) could then be
performed to determine the variety of structures present under these conditions. This is likely
to be quite difficult considering the size of the complex if protein purification is performed.
Another method may be to keep the complex in the cell, or in a lipoproteosome and perform

a similar experiment but apply reconstruction by cryo-electron tomography (cryo-ET).

236



As a very interesting but extremely challenging study would be to perform ancestral sequence
reconstruction (Jermann et al, 1995) on peptidase and HlyB-family members. This approach
relies on inferring ancestral protein sequences through statistical methods at different
branching-points in the evolutionary history of the protein family in question. It has been used
to address a variety of questions which is difficult to address via standard biochemical and
structural studies, for example the emergence of enzyme substrate promiscuity, receptor-
binding specificity, and protein fluorescence (Merkl & Sterner, 2016). Finding a plausible
ancestral sequence too far back in evolutionary history is likely not feasible, however there
are a few branch points which would be of interest to explore: 1) The last common ancestor
separating the Gammaproteobacteria, particularly those which later became relevant as
disease-causing organisms, and 2) The last common ancestors for Clostridia peptidases and
HlyB-family members as these organisms are known to inhabit harsh environments (see
Discussion section 4.1). A complicating feature is that substrates for peptidases and HlyB-
family members have also undergone co-evolution with their respective transporters. Thus,
ancestral sequence reconstruction would also have to be done on the substrates. This would
open up exciting possibilities to test the function of these ancestral substrates and could also
indicate how these proteins could potentially be modified for therapeutic (e.g. natural

antibiotic production) or synthetic biology applications (e.g. vaccine design).
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5. Conclusion

| proposed a mechanism for T1SS transportation based on previous simulation and
experimental work completed in Chapters Il and Ill, along with further bioinformatic analysis
(this chapter) and a literature search. This mechanism applies our understanding of protein
function via a series of hierarchical energy states: energy from ATP-hydrolysis ripples up the
energy hierarchy, creating changes in modes that ultimately lead to a change in state. In the
case of the T1SS, presence of substrate leads to a series of such changes that creates a
“threading cascade” and allows for substrate transport via ATP-hydrolysis and the proton
motive force. A role for cardiolipin is proposed in which it acts as a proton-sink for
deprotonated lysine and arginine residues; reprotonation of these residues upon exit from
the cell then creates the required proton-motive force. | also offer some experimental tests
for the proposed mechanism; this would involve an attempt to capture transport
intermediates and solve their structures by single-particle cryo-EM or cryo-ET, and also
determining the number of ATP-cycles per substrate transported. | also propose ancestral
sequence reconstruction experiments as a possible proof-of-principle method for potentially

producing peptidase and HlyB-family proteins for biotechnological applications.
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Appendix A: Statistical Methods

Hypothesis Testing: Permutation Test and Monte Carlo Sampling

For hypothesis testing, a distinction is made between theoretical and empirical distributions
to test the null hypothesis against. While theoretical distributions are good when the
underlying assumptions are valid for the data, and good estimates can be obtained for the
sample mean and variance, it is more difficult to test assumptions when the data is sparse.
One difficulty is that with less data there is the risk that the calculated sample variance is very
different to the population variance, potentially invalidating the results of the test. One way
to overcome these difficulties to use an empirical test on the data. Say you have two samples,
A and B, and wish to test if the mean difference between them is 0 (i.e pa — ps = 0). A
permutation test works by randomly reshuffling our N total observations, calculating the
resulting mean difference (jia — [is), and repeating this procedure R times to give a resulting

distribution for the estimate ({ia — [is) (Figure A-1).
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Figure A-1. Permutation test example. a) There are two populations, A and B, each containing black, blue, red,
and green balls. The differences between the colours is given by pa—ps. b) The permutation test works by
shuffling balls randomly between the two sample groups and recalculating the differences (fia—{is) for an R
number of times. ¢) From the permutation test, expected differences for each colour ball are calculated and an
empirical distribution produced. As can be seen, we expect the average difference for black and green to be 1/3

and for red and blue to be 1/2 which converges to the population distribution as the resample rate increases.

The permutation test works well when N is small; however if N is too large, the resulting
distribution may not reflect the full variance in the data due to sampling, as not all
permutations can be calculated. This becomes an issue as the tail ends of the distribution will
show smaller values than expected, and potentially lead to overestimates of “significant”
results. One way to correct for this is to apply Monte Carlo sampling; here, instead of
reshuffling all of the data we now take a sample, n, from A and B and calculate our mean

difference as before. As long as n is sufficiently large to not be skewed by outliers, but not too
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large (e.g. 0.1-0.3N) the resulting distribution should give a better estimate of the tails of the

difference distribution (Figure A-2).
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Figure A-2. Monte Carlo Permutation Test. a) Instead of 14 balls in each population, A and B, say we have 100
more of each ball. Here, a permutation test is unrealistic as the chances of sampling each permutation decreases
as Nincreases. Instead, we take a Monte Carlo sample. b) For a Monte Carlo permutation test, we take a random
sample (n=14) for A and B and compute the difference ({ix—{is) for R iterations. c) The empirical distribution is
calculated based on the samples, which should approximate the same probabilities as the permutation test for

a sufficient number of iterations.
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Appendix B: Data Pipelines

The code for the data pipelines developed for this thesis are available on GitHub

(https://github.com/AMKCam) [last accessed 24t July 2023]. An explanation for each analysis

Notebook is given in Table B.

Table B. Data pipelines used in this thesis.

HlyB

Analysis NoteBook Chapters Used In Data Presentation Explanation
[Chapter Figures]
Coarse-Grain-Analysis- Il Figure 2.3.3-3 This NoteBook

Figure 2.3.4.1-1
Figure 2.3.4.1-4

analyses coarse grain

molecular dynamics

Peptidase

Figure 2.3.5-1 trajectory data for
Figure 2.3.5-2 HlyB
Figure 2.3.5-3
Figure 2.3.5-4
Coarse-Grain-Analysis- Il Figure 2.3.3-3 This NoteBook

Figure 2.3.4.1-2
Figure 2.3.4.1-3
Figure 2.3.4.1-4

analyses coarse grain
molecular dynamics

trajectory data for

Trajectories-Analysis

Figure 2.3.5-1 PCAT
Figure 2.3.5-2
Figure 2.3.5-3
Figure 2.3.5-5
HlyB-Atomistic- Il Figure 2.3.3-2 This NoteBook

Figure 2.3.4.2-1

analyses atomistic
molecular dynamics
trajectory data for

HlyB

HlyB-Peptidase-

Homologoues-Analysis

Figure 2.3.6-1
Figure 2.3.6-3

This NoteBook
analyses coarse grain
molecular dynamics

trajectory data mined
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from MemProtMD
(see Table 2.2.2.4-1)

Flow-Cytometry-Data- 11 Figure 3.3.2-2 This NoteBook
Analysis Figure 3.3.2-3 analyses flow
Figure 3.3.2-4 cytometry data for
Figure 3.3.3-1 T1SS production in E.
Figure 3.3.3-2 coli
Coarse-Grain-Analysis- \Y Figure 5.3.2-3 This NoteBook
MacB Figure 5.3.3-1 analyses coarse grain
Figure 5.3.4-1 molecular dynamics
Figure 5.3.4-2 trajectory data for
Figure 5.3.4-3 MacB
Sequence- \ Figure 6.3.3-1 This NoteBook
Conservation-Analysis Figure 6.3.3-2 analyses aligned
Figure 6.4.4-2 sequence data for

HIyB, peptidases, and
HIyA-like sequences to
visualise sequence
conservation at key

sites
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Appendix C: Raw Data

Table C. Flow Cytometry Raw Data

Column Labels (inputs):

1.
2.

10.

11

12.
13.
14.
15.
16.
17.
18.

Date (DDMMYYY): date of the experiment

Strain: bacterial strain used — C43AacrAB, BL21(DE3), MG1655 parent, MG1655 Acls,
Minicell

Media: media used to grow the strain (LB, 2xYT)

Expression Order: order of plasmid induction (HIyA 30 min before HlyB/D, HlyA 1 hr
before HlyB/D, HlyB/D 30 min before HIyA, HIyB/D 1 hr before HIyA, same time)
Induction: inducer concentration (single — 6.8 mM arabinose + 1 mM IPTG, double —
13.6 mM arabinose, 2 mM IPTG)

Carbenicillin concentration (ug/mL): carbenicillin antibiotic concentration used (0,
100 pg/mL, 50 pg/mL)

Kanamycin concentration (ug/mL): kanamycin antibiotic concentration used (0
ug/mL, 25 pg/mL, 30 ug/mL, 50 pg/mL)

Chloramphenicol concentration (ug/mL): chloramphenicol antibiotic concentration

used (0 pg/mL, 17.5 pg/mL)

. Temperature (°C): temperature used for induction (20°C, 25°C, 37 °C)

CaCl (mM): calcium chloride concentration used for induction (0 mM, 1 mM, 2 mM,

5 mM, 8 mM, 10 mM)

. Total expression time (hr): total time after inducers added (0 hr, 0.5 hr, 1 hr, 1.5 hr,

2 hr,2.5hr,3 hr,3.5hr)

Non-expressing (%): percentage of cells in Q3 quadrant
HIyA (%): percentage of cells in Q4 quadrant

T1SS (%): percentage of cells in Q2 quadrant

Excess (%): percentage of cells in Q1 quadrant

Total (%): quadrant Q1+Q2+Q3+Q4

T1SS:Excess Ratio: ratio of cells in Q2 vs Q1 quadrant

Control?: is this a control sample?
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19. Primary Ig?: was primary anti-rabbit added?

20. Secondary Ig?: was secondary Cy5 anti-mouse added?

21. Repeat measurement?: is this a repeat measurement? (i.e measured twice in the
flow cytometer?)

22. Normalised T1SS (%): quadrant Q2 standardised on quadrant Q1 (see Chapter Il

section 2.6)
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Total

Car Cl Expression Non-
Date Expression Concentration Concentration C i CaCl Time expressing HiyA T1SS Excess Total T1SS:Excess Primary Secondary Repeat Normalised_T1SS
(DDMMYYYY) Strain Media Order (pug/ml) (ug/ml) (pug/ml) (°C) (mM) (hr) (%) (%) (%) (%) (%) Ratio Control? Ig? Ig? Measurement? (%)

17.05.2021 C43deltaAcrAB LB HlyA 30 min double 100 30 0 20 5 15 59.1 40.7 0.1 0.1 100 1 No Yes Yes No -6.2587206
before HlyBD

17.05.2021 C43deltaAcrAB 2XYT HlyA 30 min double 100 30 0 20 5 15 91.7 8 0.1 0.2 100 0.5 No Yes Yes No -6.2587206
before HlyBD

24.05.2021 C43deltaAcrAB LB HlyA 30 min single 100 30 0 20 5 2 44 55.5 0.2 0.2 99.9 1 No Yes Yes No -6.1643176
before HlyBD

24.05.2021 C43deltaAcrAB LB same time single 100 30 0 20 5 2 72.6 27.2 0.1 0.1 100 1 No Yes Yes No -6.2587206

24.05.2021 C43deltaAcrAB LB HlyBD 30 min single 100 30 0 20 5 2 68.1 317 0.1 0.1 100 1 No Yes Yes No -6.2587206
before HIlyA

24.05.2021 C43deltaAcrAB 2XYT HlyA 30 min single 100 30 0 20 5 2 79.9 19.6 0.2 03 100 0.66666667 No Yes Yes No -6.1643176
before HlyBD

24.05.2021 C43deltaAcrAB 2XYT same time single 100 30 0 20 5 2 44.1 55.5 03 0.1 100 3 No Yes Yes No -6.0699145

24.05.2021 C43deltaAcrAB 2XYT HlyBD 30 min single 100 30 0 20 5 2 90 9.6 0.2 03 100.1 0.66666667 No Yes Yes No -6.1643176
before HIlyA

09.06.2021 C43deltaAcrAB LB same time single 100 30 0 37 0 1 7.8 91.7 0.5 0 100 inf No Yes Yes No -5.8811085

09.06.2021 C43deltaAcrAB LB same time single 100 30 0 37 5 1 9.5 89.4 1 0.1 100 10 No Yes Yes No -5.4090933

09.06.2021 BL21(DE3) 2XYT same time single 100 30 0 37 0 1 16.4 55.4 22,6 5.6 100 4.03571429 No Yes Yes No 14.9819631

09.06.2021 BL21(DE3) 2XYT same time single 100 30 0 37 5 1 15.2 20.7 45.5 18.6 100 2.44623656 No Yes Yes No 36.600259

18.06.2021 C43deltaAcrAB 2XYT same time single 100 30 0 37 5 1 14.4 83.5 1.8 0.2 99.9 9 No Yes Yes No -4.653869

18.06.2021 C43deltaAcrAB 2XYT same time single 100 30 0 20 5 1 45.7 54 0.2 0.1 100 2 No Yes Yes No -6.1643176

18.06.2021 C43deltaAcrAB LB same time single 100 30 0 37 5 1 7.4 91.4 11 0.1 100 11 No Yes Yes No -5.3146902

18.06.2021 C43deltaAcrAB LB same time single 100 30 0 20 5 1 36.7 63 0.2 0.1 100 2 No Yes Yes No -6.1643176

18.06.2021 BL21(DE3) 2XYT same time single 100 30 0 37 5 1 4.1 73.6 20.3 2 100 10.15 No Yes Yes No 12.8106932

18.06.2021 BL21(DE3) 2XYT same time single 100 30 0 20 5 1 28.9 69.9 0.9 03 100 3 No Yes Yes No -5.5034963

18.06.2021 BL21(DE3) LB same time single 100 30 0 37 5 1 4.8 93.2 19 0.1 100 19 No Yes Yes No -4.5594659

18.06.2021 BL21(DE3) LB same time single 100 30 0 20 5 1 17.9 81.4 0.6 0.2 100.1 3 No Yes Yes No -5.7867054

21.06.2021 BL21(DE3) 2XYT same time single 100 30 0 37 5 15 3.7 82.2 13 11 100 11.8181818 No Yes Yes No 5.9192714

21.06.2021 BL21(DE3) 2XYT HlyA 30 min single 100 30 0 37 5 15 43 94.9 0.9 0 100.1 inf No Yes Yes No -5.5034963
before HlyBD

21.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 5 15 31 6.3 64.8 25.7 99.9 2.52140078 No Yes Yes No 54.8200455
before HIlyA

21.06.2021 BL21(DE3) 2XYT same time double 100 30 0 37 5 15 3 91.7 5 03 100 16.6666667 No Yes Yes No -1.6329717
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21.06.2021 BL21(DE3) 2XYT HlyA 30 min double 100 30 37 5 15 31 96.2 0.7 0 100 inf No Yes Yes No -5.6923024
before HlyBD

21.06.2021 BL21(DE3) 2XYT HlyBD 30 min double 100 30 37 5 15 7.5 16.8 61.7 14.1 100.1 4.37588653 No Yes Yes No 51.8935513
before HIyA

21.06.2021 BL21(DE3) 2XYT same time single 100 30 37 5 15 2.8 82.1 14 11 100 12.7272727 No Yes Yes Yes 6.86330178

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 15 51 4 59.5 314 100 1.89490446 No Yes Yes No 49.8166845
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 50 37 5 15 5.8 5.7 55.7 329 100.1 1.69300912 No Yes Yes No 46.229369
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 50 37 5 15 4.8 19 52.9 40.4 100 1.30940594 No Yes Yes No 43.5860839
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 37 5 15 6.1 13.4 66.2 143 100 4.62937063 No Yes Yes No 56.1416881
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 15 7.7 6.4 56.6 293 100 1.93174061 No Yes Yes No 47.0789964
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 1 15 6 23 54.9 36.8 100 1.49184783 No Yes Yes No 45.4741447
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 2 15 7 6 59.6 27.4 100 2.17518248 No Yes Yes No 49.9110875
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 15 7 9.4 58.7 249 100 2.35742972 No Yes Yes No 49.0614602
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 8 15 7 2.2 50.8 40 100 127 No Yes Yes No 41.6036201
before HIlyA

24.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 10 15 7.3 2.8 54.4 35.6 100.1 1.52808989 No Yes Yes No 45.0021295
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 0 99.7 03 0 0.1 100.1 0 No Yes Yes No -6.3531237
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 0 99.7 0.1 0 0.2 100 0 No Yes Yes No -6.3531237
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 0.5 99.9 0.1 0 0 100 Undefined No Yes Yes No -6.3531237
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 0.5 99.8 0.1 0 0.1 100 0 No Yes Yes No -6.3531237
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 1 20.4 12 16.2 62.3 100.1 0.2600321 No Yes Yes No 8.94016864
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 1 20.4 6.1 36.5 37 100 0.98648649 No Yes Yes No 28.1039855
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 15 11.1 7.7 49.9 313 100 1.5942492 No Yes Yes No 40.7539927
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 15 14.7 25.1 49.2 11 100 4.47272727 No Yes Yes No 40.0931715
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 2 33 10.4 70.2 16.1 100 4.36024845 No Yes Yes No 59.9178096
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 2 4.2 32 59 4.7 99.9 12.5531915 No Yes Yes No 49.3446693
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 0 25 26 15.8 71.8 9.7 99.9 7.40206186 No Yes Yes No 61.4282583
before HIlyA

28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 25 11 36.5 61.2 1.2 100 51 No Yes Yes No 51.4215361
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 0 99.7 03 0 0 100 undefined No Yes Yes No -6.3531237
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 0.5 99.9 0 0 0 99.9 undefined No Yes Yes No -6.3531237
before HIlyA

302




30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 1 40.1 9.7 26.4 23.8 100 1.1092437 No Yes Yes No 18.5692786
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 15 16.5 36.3 40.9 6.2 99.9 6.59677419 No Yes Yes No 32.2577192
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 2 6.3 41.4 49.1 33 100.1 14.8787879 No Yes Yes No 39.9987684
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 25 4.8 53.1 40.6 1.5 100 27.0666667 No Yes Yes No 31.9745101
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 3 1.9 51.6 45.8 0.7 100 65.4285714 No Yes Yes No 36.8834682
before HIlyA

30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 35 25 82.2 15.1 0.2 100 75.5 No Yes Yes No 7.90173521
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 0 99.9 0.1 0 0 100 undefined No Yes Yes No -6.3531237
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 0 99.9 0 0 0 99.9 undefined No Yes Yes No -6.3531237
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 0.5 99.9 0.1 0 0 100 undefined No Yes Yes No -6.3531237
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 0.5 99.9 0 0 0.1 100 0 No Yes Yes No -6.3531237
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 1 66.7 11.9 12 9.4 100 1.27659575 No Yes Yes No 4.97524101
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 1 64 17.8 121 6 99.9 2.01666667 No Yes Yes No 5.06964405
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 15 42.6 353 18.5 3.5 99.9 5.28571429 No Yes Yes No 11.1114385
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 15 383 326 24 5.1 100 4.70588235 No Yes Yes No 16.3036057
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 2 20 44.5 323 3.2 100 10.09375 No Yes Yes No 24.1390579
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 2 16.6 49.4 311 2.9 100 10.7241379 No Yes Yes No 23.0062214
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 25 125 55.8 30.1 17 100.1 17.7058824 No Yes Yes No 22.062191
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 25 9.6 57.7 315 12 100 26.25 No Yes Yes No 23.3838336
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 3 8.7 62.2 28.3 0.9 100.1 31.4444444 No Yes Yes No 20.3629363
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 3 6.3 61.8 313 0.6 100 52.1666667 No Yes Yes No 23.1950275
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 0 37 35 4.8 63 316 0.6 100 52.6666667 No Yes Yes No 23.4782366
before HIlyA

13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 35 6.7 60.8 322 0.4 100.1 80.5 No Yes Yes No 24.0446549
before HIlyA

19.07.2021 Minicell 2XYT same time single 50 25 17.5 37 1.5 0.5 99.2 0.2 0.1 100 2 No Yes Yes No -6.1643176

19.07.2021 Minicell 2XYT same time single 50 25 17.5 20 15 5.7 93.8 0.4 0 99.9 inf No Yes Yes No -5.9755115

19.07.2021 Minicell 2XYT same time single 50 25 17.5 37 15 0.6 99.1 0.1 0.1 99.9 1 No Yes Yes No -6.2587206

19.07.2021 Minicell 2XYT HlyA 30 min single 50 25 17.5 37 15 0.5 99.2 03 0 100 inf No Yes Yes No -6.0699145
before HlyBD

19.07.2021 Minicell 2XYT HlyBD 30 min single 50 25 17.5 37 15 0.6 99.2 0.2 0 100 inf No Yes Yes No -6.1643176
before HIlyA
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22.07.2021 Minicell 2XYT same time single 50 25 17.5 20 17 60 39.1 0.8 0.1 100 8 No Yes Yes No -5.5978993
22.07.2021 Minicell LB same time single 50 25 17.5 20 17 66.3 28.2 5 0.5 100 10 No Yes Yes No -1.6329717
22.07.2021 Minicell 2XYT same time single 50 25 17.5 20 17 46.3 534 0.3 0 100 inf No Yes Yes No -6.0699145
22.07.2021 Minicell 2XYT HIyA 1 hr single 50 25 17.5 20 18 57.8 41.8 03 0 99.9 inf No Yes Yes No -6.0699145
before HlyBD
22.07.2021 Minicell 2XYT HIlyBD 1 hr single 50 25 17.5 20 18 61.8 37.8 0.4 0 100 inf No Yes Yes No -5.9755115
before HIlyA
22.07.2021 Minicell 2XYT same time single 50 25 17.5 25 17 40.5 59.1 0.4 0 100 inf No Yes Yes No -5.9755115
22.07.2021 Minicell LB same time single 50 25 17.5 25 17 45.1 54.7 0.2 0 100 inf No Yes Yes No -6.1643176
22.07.2021 Minicell LB same time single 50 25 17.5 25 17 47.8 51.9 0.3 0 100 inf No Yes Yes No -6.0699145
22.07.2021 Minicell LB HIyA 1 hr single 50 25 17.5 25 18 49.8 50 0.2 0 100 inf No Yes Yes No -6.1643176
before HlyBD
22.07.2021 Minicell LB HIlyBD 1 hr single 50 25 17.5 25 18 50.5 49.1 0.4 0 100 inf No Yes Yes No -5.9755115
before HIlyA
23.07.2021 MG1655 2XYT same time single 100 30 0 37 1 62.2 10 6.7 211 100 0.31753555 No Yes Yes No -0.0281201
Parent
23.07.2021 MG1655 LB same time single 100 30 0 37 1 32.8 49.7 12.6 4.9 100 2.57142857 No Yes Yes No 5.54165924
Parent
23.07.2021 MG1655 Delta LB same time single 100 30 0 37 1 69.4 25 33 2.3 100 1.43478261 No Yes Yes No -3.2378234
cls
26.07.2021 MG1655 LB same time single 100 30 0 37 2 216 719 5.9 0.6 100 9.83333333 No Yes Yes No -0.7833444
Parent
26.07.2021 MG1655 Delta LB same time single 100 30 0 37 2 9.3 90.5 0.2 0 100 inf No Yes Yes No -6.1643176
cls
26.07.2021 MG1655 LB same time single 100 30 0 20 2 41.5 583 0.1 0 99.9 inf No Yes Yes No -6.2587206
Parent
26.07.2021 MG1655 Delta LB same time single 100 30 0 20 2 56.3 43.7 0 0 100 undefined No Yes Yes No -6.3531237
cls
26.07.2021 MG1655 LB same time single 100 30 0 20 2 47.4 52.6 0 0 100 undefined No Yes Yes No -6.3531237
Parent
26.07.2021 MG1655 Delta LB same time single 100 30 0 20 2 47.1 52.9 0 0 100 undefined No Yes Yes No -6.3531237
cls
26.07.2021 MG1655 LB HIyA 1 hr single 100 30 0 20 2 44.8 55.1 0.1 0 100 inf No Yes Yes No -6.2587206
Parent before HlyBD
26.07.2021 MG1655 Delta LB HIyA 1 hr single 100 30 0 20 2 41.5 58.4 0 0 99.9 undefined No Yes Yes No -6.3531237
cls before HlyBD
26.07.2021 MG1655 LB HIlyBD 1 hr single 100 30 0 20 2 98.3 17 0 0 100 undefined No Yes Yes No -6.3531237
Parent before HIyA
26.07.2021 MG1655 Delta LB HIlyBD 1 hr single 100 30 0 20 2 98.5 15 0 0 100 undefined No Yes Yes No -6.3531237
cls before HIlyA
29.07.2021 MG1655 LB same time single 100 30 0 37 1 26 65.1 7.5 1.5 100.1 5 No Yes Yes No 0.72710426
Parent
29.07.2021 MG1655 Delta LB same time single 100 30 0 37 1 17.8 76.2 5.7 03 100 19 No Yes Yes No -0.9721504
cls
29.07.2021 MG1655 LB HlyA 30 min single 100 30 0 37 1 8.4 89.9 17 0 100 inf No Yes Yes No -4.748272
Parent before HlyBD
29.07.2021 MG1655 Delta LB HlyA 30 min single 100 30 0 37 1 3.7 96 03 0 100 inf No Yes Yes No -6.0699145
cls before HlyBD
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29.07.2021 MG1655 LB HlyBD 30 min single 100 30 37 0 1 73.1 0.2 0.1 26.6 100 0.0037594 No Yes Yes No -6.2587206
Parent before HIlyA
29.07.2021 MG1655 Delta LB HlyBD 30 min single 100 30 37 0 1 81.9 0.2 03 17.6 100 0.01704546 No Yes Yes No -6.0699145
cls before HIyA
29.07.2021 MG1655 LB same time single 100 30 37 0 1 8.1 84.8 5.7 1.4 100 4.07142857 No Yes Yes No -0.9721504
Parent
29.07.2021 MG1655 Delta LB same time single 100 30 37 0 1 9.3 84.7 5.9 0.1 100 59 No Yes Yes No -0.7833444
cls
29.07.2021 MG1655 LB same time single 50 30 37 0 1 17.5 66.6 14 1.9 100 7.36842105 No Yes Yes No 6.86330178
Parent
29.07.2021 MG1655 Delta LB same time single 50 30 37 0 1 7.3 88.4 4.2 0.1 100 42 No Yes Yes No -2.388196
cls
09.08.2021 MG1655 LB same time single 100 30 37 5 1 26 57.2 15.8 1 100 15.8 No Yes Yes No 8.56255648
Parent
09.08.2021 MG1655 Delta LB same time single 100 30 37 5 1 11.1 73.6 14.5 0.8 100 18.125 No Yes Yes No 7.33531698
cls
09.08.2021 MG1655 LB same time single 100 30 37 5 1 26.5 40.8 23.9 8.8 100 2.71590909 No Yes Yes No 16.2092026
Parent
09.08.2021 MG1655 Delta LB same time single 100 30 37 5 1 11.9 64.3 22 1.7 99.9 12.9411765 No Yes Yes No 14.4155449
cls
09.08.2021 MG1655 LB same time single 100 30 37 0 1 239 44.5 24 7.5 99.9 3.2 No Yes Yes No 16.3036057
Parent
09.08.2021 MG1655 Delta LB same time single 100 30 37 0 1 8 716 19.4 1 100 19.4 No Yes Yes No 11.9610659
cls
09.08.2021 MG1655 LB HlyA 30 min single 100 30 37 5 1 19.3 70.4 10 03 100 33.3333333 No Yes Yes No 3.08718023
Parent before HlyBD
09.08.2021 MG1655 Delta LB HlyA 30 min single 100 30 37 5 1 9.1 84 6.8 0.1 100 68 No Yes Yes No 0.06628299
cls before HlyBD
09.08.2021 MG1655 LB HlyBD 30 min single 100 30 37 5 1 41.9 0.1 0.5 57.4 99.9 0.0087108 No Yes Yes No -5.8811085
Parent before HIlyA
09.08.2021 MG1655 Delta LB HlyBD 30 min single 100 30 37 5 1 44.4 0.1 16 53.9 100 0.0296846 No Yes Yes No -4.842675
cls before HIlyA
11.08.2021 MG1655 LB same time single 100 30 37 0 1 4.1 56.2 38.6 11 100 35.0909091 No Yes Yes No 30.0864494
Parent
11.08.2021 MG1655 Delta LB same time single 100 30 37 0 1 53 76.3 18 03 99.9 60 No Yes Yes No 10.6394233
cls
11.08.2021 MG1655 LB same time single 100 30 37 2 1 3.6 52.4 42.7 13 100 32.8461539 No Yes Yes No 33.9569739
Parent
11.08.2021 MG1655 Delta LB same time single 100 30 37 2 1 7.8 69.4 21.7 11 100 19.7272727 No Yes Yes No 14.1323358
cls
11.08.2021 MG1655 LB same time single 100 30 37 5 1 33 423 52.6 1.8 100 29.2222222 No Yes Yes No 43.3028748
Parent
11.08.2021 MG1655 Delta LB same time single 100 30 37 5 1 5.6 72.8 213 0.4 100.1 53.25 No Yes Yes No 13.7547236
cls
11.08.2021 MG1655 LB same time single 100 30 37 8 1 3 49.1 46.9 1 100 46.9 No Yes Yes No 37.9219016
Parent
11.08.2021 MG1655 Delta LB same time single 100 30 37 8 1 55 68.9 25 0.5 99.9 50 No Yes Yes No 17.2476361
cls
11.08.2021 MG1655 Delta LB same time single 100 30 37 10 1 6.4 67.4 25.5 0.7 100 36.4285714 No Yes Yes No 17.7196513
cls
23.08.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 5 2 10.8 58 25.4 5.8 100 4.37931035 No Yes Yes No 17.6252482
before HIlyA
23.08.2021 MG1655 LB same time single 100 30 37 5 0.5 14.8 76.1 7.1 2 100 3.55 No Yes Yes No 0.3494921
Parent
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23.08.2021 MG1655 Delta LB same time single 100 30 37 0.5 10.3 85.9 3 0.8 100 3.75 No Yes Yes No -3.5210325
cls
23.08.2021 MG1655 LB same time single 100 30 37 1 8.1 44.5 28.1 193 100 1.45595855 No Yes Yes No 20.1741303
Parent
23.08.2021 MG1655 Delta LB same time single 100 30 37 1 7.5 74.2 13.9 43 99.9 3.23255814 No Yes Yes No 6.76889875
cls
23.08.2021 MG1655 LB same time single 100 30 37 15 9.8 473 25.9 17 100 1.52352941 No Yes Yes No 18.0972634
Parent
23.08.2021 MG1655 Delta LB same time single 100 30 37 15 55 79.8 11.8 3 100.1 3.93333333 No Yes Yes No 4.78643493
cls
23.08.2021 MG1655 LB same time single 100 30 37 2 10 46.8 26.9 16.3 100 1.65030675 No Yes Yes No 19.0412938
Parent
23.08.2021 MG1655 Delta LB same time single 100 30 37 2 4.6 73.1 16.6 5.7 100 2.9122807 No Yes Yes No 9.3177808
cls
23.08.2021 MG1655 LB same time single 100 30 37 25 7.4 423 27.5 22.8 100 1.20614035 No Yes Yes No 19.607712
Parent
23.08.2021 MG1655 Delta LB same time single 100 30 37 25 5.2 78.2 13.8 2.9 100.1 4.75862069 No Yes Yes No 6.67449571
cls
17.05.2021 C43deltaAcrAB LB None None 100 30 20 15 100 0 0 0 100 N/A Yes No No No N/A
17.05.2021 C43deltaAcrAB LB None None 100 30 20 15 99.8 0.1 0 0.1 100 N/A Yes No Yes No N/A
17.05.2021 C43deltaAcrAB LB HIyA Only double 100 0 20 15 55.5 44.5 0 0 100 N/A Yes No No No N/A
17.05.2021 C43deltaAcrAB LB HIyA Only double 100 0 20 15 55.1 44.8 0 0 99.9 N/A Yes No Yes No N/A
17.05.2021 C43deltaAcrAB 2XYT None None 0 0 20 15 100 0 0 0 100 N/A Yes No No No N/A
17.05.2021 C43deltaAcrAB 2xYT None None 0 0 20 1.5 100 0 0 0 100 N/A Yes No Yes No N/A
24.05.2021 C43deltaAcrAB LB None None 0 0 20 2 99.9 0 0 0 99.9 N/A Yes No No No N/A
24.05.2021 C43deltaAcrAB LB None None 0 0 20 2 99.9 0 0 0.1 100 N/A Yes No Yes No N/A
24.05.2021 C43deltaAcrAB LB HIyA Only single 100 0 20 2 81.7 183 0 0 100 N/A Yes No No No N/A
24.05.2021 C43deltaAcrAB LB HIyA Only single 100 0 20 2 73.6 26.1 0.2 0.1 100 N/A Yes No Yes No N/A
24.05.2021 C43deltaAcrAB LB None None 100 30 20 2 99.9 0 0 0.1 100 N/A Yes Yes Yes No N/A
24.05.2021 C43deltaAcrAB 2xYT None None 100 30 20 2 99.7 0 0 0.3 100 N/A Yes Yes Yes No N/A
09.06.2021 C43deltaAcrAB 2XYT None None 0 0 37 1 99.9 0.1 0 0 100 N/A Yes No No No N/A
09.06.2021 C43deltaAcrAB 2xYT None None 0 0 37 1 100 0 0 0 100 N/A Yes No Yes No N/A
09.06.2021 C43deltaAcrAB LB HIyA Only single 100 0 37 1 12.8 87.2 0 0 100 N/A Yes No No No N/A
09.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 99.9 0.1 0 0 100 N/A Yes No No No N/A
09.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 100 0 0 0 100 N/A Yes No Yes No N/A
09.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 1 11.6 88.4 0 0 100 N/A Yes No No No N/A
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18.06.2021 C43deltaAcrAB 2XYT None None 0 0 37 1 100 0 0 0 100 N/A Yes No No No N/A
18.06.2021 C43deltaAcrAB 2xYT None None 0 0 37 1 99.9 0.1 0 0 100 N/A Yes No Yes No N/A
18.06.2021 C43deltaAcrAB 2XYT HIyA Only single 100 0 37 1 16.3 83.6 0 0 99.9 N/A Yes No No No N/A
18.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 98.9 1 0 0 99.9 N/A Yes No No No N/A
18.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 99.9 0.1 0 0 100 N/A Yes No Yes No N/A
18.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 1 10.6 89.4 0 0 100 N/A Yes No No No N/A
21.06.2021 BL21(DE3) 2XYT None None 0 0 37 15 99.9 0.1 0 0 100 N/A Yes No No No N/A
21.06.2021 BL21(DE3) 2XYT None None 0 0 37 15 99.9 0 0 0 99.9 N/A Yes No Yes No N/A
21.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 15 6.6 93.4 0 0 100 N/A Yes No No No N/A
21.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 15 59 94.1 0 0 100 N/A Yes No Yes No N/A
24.06.2021 BL21(DE3) 2XYT None None 0 0 37 15 100 0 0 0 100 N/A Yes No No No N/A
24.06.2021 BL21(DE3) 2XYT None None 0 0 37 15 99.9 0 0 0 99.9 N/A Yes No Yes No N/A
24.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 15 6.5 93.5 0 0 100 N/A Yes No No No N/A
24.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 15 6.8 93.2 0 0 100 N/A Yes No Yes No N/A
28.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 100 0 0 0 100 N/A Yes No No No N/A
28.06.2021 BL21(DE3) 2XYT None None 0 0 37 1 100 0 0 0 100 N/A Yes No Yes No N/A
28.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 1 55 94.5 0 0 100 N/A Yes No No No N/A
28.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 1 3 97 0 0 100 N/A Yes No Yes No N/A
28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 25 11.6 87.7 0.6 0.1 100 N/A Yes No Yes No N/A
before HIlyA
28.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 25 6.3 93.5 0.1 0 99.9 N/A Yes No Yes No N/A
before HIlyA
30.06.2021 BL21(DE3) 2XYT None None 0 0 37 35 99.6 03 0 0 99.9 N/A Yes No No No N/A
30.06.2021 BL21(DE3) 2XYT None None 0 0 37 35 99.6 0.1 0 03 100 N/A Yes No Yes No N/A
30.06.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 35 7.3 92.7 0 0 100 N/A Yes No No No N/A
30.06.2021 BL21(DE3) 2XYT HlyBD 30 min single 100 30 37 2 9.9 89.7 03 0.1 100 N/A Yes No Yes No N/A
before HIlyA
13.07.2021 BL21(DE3) 2XYT None None 0 0 37 35 99.7 03 0 0 100 N/A Yes No No No N/A
13.07.2021 BL21(DE3) 2XYT None None 0 0 37 35 99.8 0.2 0 0 100 N/A Yes No Yes No N/A
13.07.2021 BL21(DE3) 2XYT HIyA Only single 100 0 37 35 16.6 83.4 0 0 100 N/A Yes No No No N/A
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13.07.2021 BL21(DE3) 2XYT HlyBD 30 min single 50 30 0 37 2 16.5 83.5 0 0 100 N/A Yes No Yes No N/A
before HIlyA
19.07.2021 Minicell 2XYT None None 0 50 0 37 15 92.9 7 0 0 99.9 N/A Yes No No No N/A
19.07.2021 Minicell 2XYT None None 0 50 0 37 15 92.9 6.7 0 03 99.9 N/A Yes No Yes No N/A
19.07.2021 Minicell 2XYT HIyA Only single 100 0 0 37 15 0.6 99.4 0 0 100 N/A Yes No No No N/A
19.07.2021 Minicell 2XYT HIyA Only single 100 0 0 37 15 0.5 99.3 0.2 0 100 N/A Yes No Yes No N/A
19.07.2021 Minicell 2xYT same time single 50 25 17.5 37 1.5 0.5 99.5 0.1 0 100.1 N/A Yes No Yes No N/A
22.07.2021 Minicell 2XYT None None 50 25 17.5 20 0 99.3 0.6 0 0 99.9 N/A Yes No Yes No N/A
22.07.2021 Minicell 2XYT HIyA Only single 100 0 0 25 1 17 98.3 0 0 100 N/A Yes No No No N/A
23.07.2021 MG1655 Delta 2XYT None None 0 0 0 37 1 99.8 0.2 0 0 100 N/A Yes No No No N/A
cls
23.07.2021 MG1655 Delta 2XYT None None 0 0 0 37 1 99.9 0.1 0 0 100 N/A Yes No Yes No N/A
cls
23.07.2021 MG1655 2XYT HIyA Only single 100 0 0 37 1 17.4 82.6 0 0 100 N/A Yes No No No N/A
Parent
23.07.2021 MG1655 2XYT HIyA Only single 100 0 0 37 1 16.5 83.5 0 0 100 N/A Yes No Yes No N/A
Parent
23.07.2021 MG1655 Delta 2XYT HIyA Only single 100 0 0 37 1 17.4 82.6 0 0 100 N/A Yes No No No N/A
cls
23.07.2021 MG1655 Delta 2XYT HIyA Only single 100 0 0 37 1 17.6 82.4 0 0 100 N/A Yes No Yes No N/A
cls
23.07.2021 MG1655 2XYT same time single 100 30 0 37 1 82.9 17 0 0 99.9 N/A Yes No Yes No N/A
Parent
26.07.2021 MG1655 LB HIlyBD 1 hr single 100 30 0 20 2 99.3 0.7 0 0 100 N/A Yes No No No N/A
Parent before HIlyA
26.07.2021 MG1655 2XYT HIyA Only single 100 0 0 37 2 15.5 84.5 0 0 100 N/A Yes No No No N/A
Parent
26.07.2021 MG1655 Delta 2XYT HIyA Only single 100 0 0 37 2 30.8 69.2 0 0 100 N/A Yes No No No N/A
cls
26.07.2021 MG1655 Delta LB HIyA 1 hr single 100 30 0 20 2 316 68.4 0 0 100 N/A Yes No Yes No N/A
cls before HlyBD
26.07.2021 MG1655 LB same time single 100 30 0 37 2 23.1 76.8 0 0 99.9 N/A Yes No Yes No N/A
Parent
26.07.2021 MG1655 Delta LB same time single 100 30 0 37 2 8.2 91.8 0 0 100 N/A Yes No Yes No N/A
cls
29.07.2021 MG1655 2XYT HIyA Only None 100 0 0 37 1 100 0 0 0 100 N/A Yes No No No N/A
Parent
29.07.2021 MG1655 Delta 2XYT HIyA Only None 100 0 0 37 1 100 0 0 0 100 N/A Yes No No No N/A
cls
29.07.2021 MG1655 2XYT HIyA Only single 100 0 0 37 1 16.7 833 0 0 100 N/A Yes No No No N/A
Parent
29.07.2021 MG1655 Delta 2XYT HIyA Only single 100 0 0 37 1 12.4 87.6 0 0 100 N/A Yes No No No N/A
cls
29.07.2021 MG1655 LB same time single 100 30 0 37 1 25.1 74.9 0 0 100 N/A Yes No Yes No N/A
Parent
29.07.2021 MG1655 Delta LB same time single 100 30 0 37 1 16.8 83.2 0 0 100 N/A Yes No Yes No N/A

cls
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09.08.2021 MG1655 2XYT None None 0 0 37 5 1 99.1 0.9 0 0 100 N/A Yes No No No N/A
Parent
09.08.2021 MG1655 2XYT None None 0 0 37 5 1 98.7 0.8 0.1 0.4 100 N/A Yes Yes Yes No N/A
Parent
09.08.2021 MG1655 Delta 2XYT None None 0 0 37 5 1 99.9 0.1 0 0 100 N/A Yes No No No N/A
cls
09.08.2021 MG1655 Delta 2XYT None None 0 0 37 5 1 99.7 0.1 0 0.2 100 N/A Yes Yes Yes No N/A
cls
09.08.2021 MG1655 2XYT HIyA Only single 100 0 37 5 1 9.6 90.4 0 0 100 N/A Yes No No No N/A
Parent
09.08.2021 MG1655 Delta 2XYT HIyA Only single 100 0 37 5 1 16.6 83.4 0 0 100 N/A Yes No No No N/A
cls
09.08.2021 MG1655 LB same time single 100 30 37 5 1 38.7 613 0 0 100 N/A Yes No Yes No N/A
Parent
09.08.2021 MG1655 Delta LB same time single 100 30 37 5 1 11.8 88.1 0 0 99.9 N/A Yes No Yes No N/A
cls
11.08.2021 MG1655 LB HIyA Only None 100 0 37 5 1 99.7 03 0 0 100 N/A Yes No No No N/A
Parent
11.08.2021 MG1655 Delta LB HIyA Only None 100 0 37 5 1 100 0 0 0 100 N/A Yes No No No N/A
cls
11.08.2021 MG1655 LB HIyA Only None 100 0 37 5 1 99.9 0 0 0.1 100 N/A Yes Yes Yes No N/A
Parent
11.08.2021 MG1655 Delta LB HIyA Only None 100 0 37 5 1 99.9 0.1 0 0 100 N/A Yes Yes Yes No N/A
cls
11.08.2021 MG1655 LB HIyA Only single 100 0 37 5 1 9 91 0 0 100 N/A Yes No No No N/A
Parent
11.08.2021 MG1655 Delta LB HIyA Only single 100 0 37 5 1 4.9 95.1 0 0 100 N/A Yes No No No N/A
cls
11.08.2021 MG1655 Delta LB same time single 100 30 37 10 1 7.7 923 0 0 100 N/A Yes No Yes No N/A
cls
23.08.2021 MG1655 LB same time None 100 30 37 5 0 99.8 0.2 0 0 100 N/A Yes No No No N/A
Parent
23.08.2021 MG1655 Delta LB same time None 100 30 37 5 0 99.5 0.5 0 0 100 N/A Yes No No No N/A
cls
23.08.2021 MG1655 LB HIyA Only single 100 0 37 5 25 21 97.9 0 0 100 N/A Yes No No No N/A
Parent
23.08.2021 MG1655 LB HIyA Only single 100 0 37 5 25 21 97.9 0 0 100 N/A Yes No Yes No N/A
Parent
23.08.2021 MG1655 LB same time single 100 30 37 5 15 24.4 75.6 0 0 100 N/A Yes No Yes No N/A
Parent
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