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ABSTRACT

The interactions between lipids and proteins are crucial for many cellular
processes. Typically, the nature of these interactions is studied in simple
model lipid bilayers, which lack the complexity and heterogeneity of in vivo
systems. Thus, this thesis investigates the impact of the lipid bilayer
composition on protein dynamics and function. Both coarse grain and
atomistic molecular dynamics simulations have been used to model
membranes that contain lipid compositions approximating those found in vivo.
The influence of these complex lipid environments on the dynamics of a-helical
and B-barrel membrane protein is investigated. In particular, coarse grained
simulations of a bilayer composed of a complex mixture of lipids, representing
the Golgi apparatus, were used to identify preferential interactions of a helical
transmembrane peptide with PIP2 lipids. Furthermore, atomistic molecular
dynamics simulations have been used to identify several behaviour altering
interactions between lipopolysaccharide, which is a key component of the
Gram-negative bacterial outer membrane, and two outer membrane proteins,
Hia and FecA. Lastly, coarse grained unilamellar vesicles, containing a complex
mixture of phospholipids, were simulated in order to investigate protein

aggregation and the short-term anomalous diffusion of lipids.
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Chapter 1: Introduction

1.1 Lipid Membranes and Membrane Proteins

Phospholipid membranes are one of the fundamental building blocks of life.
They serve to protect biological cells and compartmentalise cellular processes.
However, this barrier to the movement of polar molecules, while essential for
cells to maintain a stable intracellular chemical environment, poses problems
for cell-to-cell communication, waste disposal of unwanted intracellular
components, and nutrient retrieval from the extracellular medium. Thus, cells
have developed sophisticated mechanisms to transport molecules across

phospholipid bilayers.

Biological membranes are not simply a sea of lipids that surround membrane
proteins. Indeed, membrane bilayers can have a broad spectrum of chemical
and physical properties as a result of the large diversity in lipid structures that
can be created. This diversity can allow membranes to regulate protein
behaviour. Protein function, for instance, can be dramatically altered, by
interactions with different lipid membranes. This is especially evident for the
diacylglycerol kinase from E. coli, where its activity was shown to be dependent

on the hydrophobic thickness of the surrounding phospholipid bilayer (7).

In addition to changing the hydrophobic thickness, lipids can alter the gross
properties of membrane in other ways to exert their influence. Indeed, the
lateral pressure of a membrane is key to regulating the activity of
mechanosensitive proteins. For example, the mechanosensitive channel from
E. coli called MscL relieves osmotic pressure within the cell by sensing changes

to membrane tension (2), acting like an emergency release valve.

It is believed that membrane proteins account for 25 % of all the proteins
encoded by the human genome (3, 4). Membrane proteins are often important
drug targets, not only due to prevalence in cells, but as a result of the key role
that they play in signalling pathways. By forming microdomains, membrane
bilayers can also provide a platform for membrane protein organisation within
cells, and thereby regulate signalling cascades. Microdomains form as a result

of a complex interplay between a combination of different lipid species.



Homogenous lipid bilayers, which contain only a single lipid species, undergo
a range of structural transitions when they are cooled and heated. At low
temperatures the homogenous bilayer will form gel-like structure. As the
temperature is raised the bilayer structure transitions to a liquid disordered
state. The temperature at which this occurs is called the phase transition
temperature. Every lipid has a characteristic temperature at which it will
undergo a phase transition. Increasing the complexity of bilayers, by mixing
two different lipids together, can dramatically alter the membrane behaviour.
Indeed, membrane bilayers containing a binary mixture of lipids, each with
very different phase transition temperatures, can be observed to organise into
phase separated domains, each with a uniform composition of lipids. In a
similar process, but involving by many more factors, microdomains are
thought to form in the complex lipid mixtures of biological membranes. Some
proteins may be preferentially included or excluded from these microdomains.
Signal transduction proteins, for example, have been shown to localise into

microdomains (5), which could favour the activation of signalling cascades.

In Gram-negative bacteria, membrane-spanning proteins of the outer
membrane (OM), called outer membrane proteins (OMPs), facilitate nutrient
collection. These proteins can act either as simple selectivity filters or as
energy driven machines, which actively move molecules into cells against their
concentration gradients. Other OMPs, called the autotransporters, are part of a
simple secretion mechanism, which allows them to transport one of their
domains into the extracellular medium, and thereby facilitate bacterial

colonisation and biofilm creation (6).

The structural diversity of lipids enables cells to construct membrane bilayers
with many different compositions. The unique, and complex, combinations of
lipids may alter the localisation and the function of membrane proteins. This
ability of different lipids to modulate protein behaviour has been investigated
in the following thesis. The overall aim is to provide predictions of membrane
protein behaviour in a number of different lipid bilayer environments. In all
cases herein, an attempt has been made to replicate in vivo membrane
compositions as accurately as possible. This thesis improves on previous
studies of membrane protein dynamics that use lipid bilayers with

homogenous compositions.



The study of membrane and protein dynamics is a unifying theme throughout
this thesis. In particular, the following chapters present Molecular Dynamics
(MD) simulations of membrane bilayers that contain a complex composition of
lipids. As a subsidiary theme, several of the studies concern proteins or
elements of secretory pathways, and, therefore, the effects of lipid

composition on protein diffusion have also been investigated.

In Chapter 3, the dynamics of a short membrane spanning peptide is
investigated in number of different membrane environments. The peptide
corresponds to the transmembrane o-helix of a human Golgi-located
glycosyltransferase called fukutin, which is involved in the post-translational
modification of secreted proteins. In Chapter 4, MD simulations of the
translocator domain from an autotransporter called Hia, within a complex
membrane, provide details about novel interactions that may anchor the
protein within the membrane. In Chapter 5, the effect of membrane bilayer
composition on the dynamics of an E. coli OMP called FecA is investigated.
Finally, in Chapter 6, the diffusion of lipids and proteins in OM vesicles is
examined. These vesicles are secreted from the surface of Gram-negative

bacteria in order to export insoluble material, including membrane proteins.



1.2 Lipid Compositions of Biological Membranes

1.2.1 Eukaryotic Cells

Biophysical and biochemical analyses have provided detailed information about
the composition and structure of membranes. Polar glycerophospholipids, or
glycerol-based phospholipids, are the major structural constituents of cell
membranes. They consist of a hydrophilic headgroup and a hydrophobic
diacylglycerol portion. Different combinations of hydrophilic and hydrophobic
regions can alter the physicochemical characteristics of the
glycerophospholipids. A number of different phospholipid headgroups are
found in eukaryotic cells. Phospholipids with headgroups composed of either
phosphatidylcholine (PC) or phosphatidylethanolamine (PE) are zwitterionic,
while those with headgroups composed of phosphatidylglycerol (PG),
phosphatidylinositol (PI) or phosphatidylserine (PS) are anionic (Figure 1). In
addition, an unusual anionic lipid called cardiolipin is found in the
mitochondrial inner membrane. Cardiolipin is created by the covalent

attachment of two PG phospholipids.
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Figure 1. The headgroup of common phospholipids: phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylserine
(PS), and phosphatidylinositol (Pl). The X denotes the position of the glycerol
backbone (not shown), to which the hydrophobic fatty acid tails are also

attached.



Eukaryotic membranes also contain a number of other important constituents.
The sphingolipids, which have a hydrophobic backbone of ceramide, represent
another class of structural phospholipid, of which the major type in
mammalian cells is sphingomyelin (SM). Sterols, such as cholesterol (CHOL),

are also present at high concentrations within eukaryotic membranes.

The organelles of eukaryotic cells have been found to contain different
proportions of the glycerophospholipids (7). The unique compositions, in part,
may result from local lipid metabolism. Both the Endoplasmic Reticulum (ER)
and Golgi apparatus (GA) are major sites of lipid synthesis. The ER specialises
in the production of phospholipids and sterols, while the GA is a significant

site of sphingolipid production (8).

The starkest difference in bilayer composition is between the ER and plasma
membranes (7, 9). The ER is enriched with PC and PI, while the plasma
membrane contains much more PS and SM. Starting from the ER, the
membranes of the GA gradually become more similar in composition to the
plasma membrane the further they are along the secretory pathway (70). Parts
of the plasma membrane may also be compartmentalised to perform special
functions. Indeed, epithelial cells are polarised, having unique apical
(environment facing) and basolateral (adjacent cell facing) domains. The apical
domain is enriched with sphingolipids, while the basolateral membrane

contains more PC (7).

In addition to differences in lipid composition, organelles can have
asymmetries in the distribution of lipids across their two leaflets. The
asymmetric distribution of lipids is created by protein pores, called flippases
and floppases, which flip certain lipids from one side of the membrane to
other (717-13). In addition, differences in the site of production of some lipids
can also contribute to the asymmetry (712). Once formed, the asymmetric
distribution of lipids is preserved by the slow rate of natural exchange, or flip-
flop, of phospholipids between the leaflets (14, 15). Nearly all of the PI, PS and
PE are found in the inner cytosolic leaflet of the cells. The functional
importance of this asymmetry in lipid composition is most clearly
demonstrated in programmed cell death, or apoptosis, in higher eukaryotes.

During programmed cell death, the negatively charged PS lipids are presented



on the outer extracellular leaflet of the cell (16, 17), signalling to the immune

system to remove the unwanted cell.

1.2.2 Gram-negative Bacteria

The precise composition of lipids in the bacterial inner membrane (IM) differs
from one bacterial species to another. In Gram-negative E. coli, the
composition of the IM phospholipids is approximately 70% PE, 20% PG, and
10% cardiolipin. In comparison, the Gram-positive B. subtilis plasma membrane
contains approximately 20% PE, 40% PG, 25% cardiolipin and the remaining 15%
is a zwitterionic lipid called lysyl-phosphatidylglycerol. However, it must be
noted that the compositions of the IM/plasma membrane phospholipids can
change during a bacterium’s life cycle, as has been demonstrated for both E.
coli and B. subtilis (18). Furthermore, the fatty acid composition of the
phospholipids is altered in response to temperature changes in the
environment, with cis-vaccenic and palmitoyl becoming more prevalent at

lower temperatures (19, 20).

The phospholipids of the Gram-negative IM are evenly distributed between the
two leaflets, forming a symmetric bilayer. Meanwhile, the OM contains an
asymmetric distribution of lipids between each of the leaflets. The inner leaflet
of the OM consists of glycerolphospholipids: PE, PG, and cardiolipin, while the
outer leaflet almost entirely consists of an unusual lipid called
lipopolysaccharide (LPS). Compared to the IM phospholipids, the inner leaflet
of the OM is enriched in PE and saturated fatty acids (27). However, the exact
proportions of PE, PG and cardiolipin in the inner leaflet vary during the cell
cycle. Similarly to the IM, the OM composition of fatty acids is dependent on

the environmental temperature (20).

The LPS in outer leaflet of the OM can be divided in three distinct regions
(Figure 2): i) the hydrophobic anchor of LPS is called Lipid A, ii) the core region,
which consists of a phosphorylated non-repeating oligosaccharide, is attached
to the polar end of the Lipid A anchor, and iii) an O-antigen of repeating
oligosaccharide is also attached to the core sugars in wild-type E. coli, but it is

absent in E. coli K-12 strains.
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Figure 2. A) A schematic representation of a Gram-negative bacterium showing
the position of the inner and outer membranes. A small section of the outer
membrane has been enlarged, showing the inner leaflet lipids in red, and the
lipopolysaccharide in green (lipid A) and yellow (core sugars). B) A single LPS

molecule displaying the levels of oligosaccharide attached to lipid A.



1.3 Glycosyltransferases of The Conventional Eukaryotic

Secretion Pathway

In the conventional secretion pathway, proteins are targeted to the plasma
membrane in a regulated and organised process. Conventional protein
secretion refers to the ER-GA mediated secretory pathway, in which an
N-terminal signal peptide directs a protein to the ER. Proteins that use this
pathway are fed co-translationally across the membrane of the ER. During the
translocation, proteins may be modified by the covalent attachment of a
preformed oligosaccharide at specific asparagine residues within the
polypeptide chain, a process called N-linked glycosylation. After folding is
completed in the lumen of the ER, the glycosylated proteins are transported in
COPII transport vesicles to the GA. The proteins enter the GA when the
transport vesicle fuses with the cis membrane sac (Figure 3A). In many cases,
the proteins will then be transported through the cis, medial and trans
cisternae. How this occurs is a matter of contention. Proteins may transit
between individual cisterna in the way described by the cisternal maturation
and/or rapid partitioning models (22). Conversely, proteins transiting the GA
may do so in forward moving COPI-generated transport vesicles. In all cases,

retrograde vesicles may be required to retrieve mislocalised proteins.

During passage through the GA, the N-linked glycan is modified. Additional
oligosaccharides can be attached to serine or threonine residues in a process
called O-glycosylation. The addition and modification of N- and O-linked
oligosaccharides is catalysed by glycosyltransferases (23), which are the major
integral membrane proteins of GA membranes. Glycosyltransferases are a
single-pass membrane protein with an N-terminal cytoplasmic tail (Figure 3B).

Their catalytic domain resides in the lumen of the GA.

Electron microscopy has shown the glycosyltransferases to have a non-uniform
distribution within the GA (24, 25), possibly assisting the sequential
modification of N- and O-linked oligosaccharides. The mechanisms that
organise glycosyltransferases in the Golgi are not understood. The
organisation of proteins in the Golgi is believed be the consequence of

iterative cycles of anterograde and retrograde transport. No single mechanism



can account for the retention of all glycosyltransferases in specific cisternae of
the GA.
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Figure 3. A) The possible mechanisms of membrane trafficking in the GA.
Anterograde vesicles on the right hand side of the diagram are coloured red,
while retrograde vesicles are on the left hand side. The large black arrow
demonstrates the direction of travel of secreted proteins. B) The domain
structure of glycosyltransferases. In shaded grey are the regions of fukutin that

were modelled and simulated in Chapter 3.

Several studies have highlighted the importance of motifs in the cytoplasmic
tail of glycosyltransferases (26). The hydrophobic region of the plasma
membrane is thicker than in membranes of the early stages of secretory
pathway. This is reflected in the transmembrane domains of GA resident
proteins, which have thinner hydrophobic regions than their plasma membrane
counterparts (27). Indeed, changing the length of the transmembrane
spanning region of certain glycosyltransferases affects their retention in the
GA (26). The correct localisation of some glycosyltransferases requires both
the cytoplasmic tail and transmembrane domains together, or the
transmembrane domain and stem region together. The localisation of other
glycosyltransferases is mediated by protein-protein interactions. The majority
of glycosyltransferases, however, appear to find their correct place of

residence using the cytoplasmic tail and transmembrane domain (28).



1.4 Bacterial Type V Secretion Pathway

The cell wall of Gram-negative bacteria contains two membrane bilayers. The
space sandwiched between these two membranes is known as the periplasmic
space, or periplasm (Figure 2). In Gram-negative bacteria, a protein that
crosses the inner membrane can become either a resident of the periplasm, an
integral part of the OM, or be exported into the extracellular milieu. At least
six distinct protein export pathways have been characterised in Gram-negative
bacteria, reviewed in (29-34). Perhaps, the simplest of these is the type V
secretion pathway, which transports proteins across both the IM and OM. Five
subtypes of the type V secretion pathway are known to exist, though they
share many mechanistic features in common (30). The apparent simplicity of
the type V secretion pathway has made it popular as a possible protein
expression system (35, 36). Efforts to exploit this pathway have been hindered,

however, by an inadequate understanding of the final stages of secretion.

The type V secretion pathway is used by a family of proteins called the
autotransporters. Two subtypes of autotransporter are known to exist, the
monomeric and trimeric autotransporters, though they have a unifying domain
structure. The autotransporters are characterised by three structural domains:
i) an N-terminal signal sequence, ii) a passenger domain, and iii) a C-terminal

translocator domain.

The passenger domain is the functional part of the protein, and it typically has
a virulence related activity, such as cell adhesion, proteolysis or lipolysis (6,
30, 37). The autotransporter passenger domain must, therefore, be
transported to the outside of cell in order to function. Both the N-terminal
signal peptide and C-terminal translocator domain help with the transport of
the passenger. The signal peptide directs the protein for secretion across the

IM, while the translocator domain enables the passenger to cross the OM.

The first stage of the type V pathway involves targeting the nascent
autotransporter polypeptide to the inner cytoplasmic membrane. This is also a
component of two of the other bacterial export pathways. Indeed, proteins that
integrate with, or cross, the cytoplasmic membrane often contain a N-terminal
signal sequence. This signal directs the nascent polypeptide, as it emerges

from the ribosome, to an inner membrane channel, called the Sec translocon
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(30, 38). The channel of the Sec translocon is able to detect residents of the
inner cytoplasmic membrane and release their transmembrane segments
laterally into the bilayer, but it ignores the transmembrane segments of the
OMPs. The OMPs pass through the Sec translocon unnoticed because they are
structurally distinct to integral IM proteins, with OMPs having much shorter
membrane spanning segments. As a rule, IM proteins have a a-helical
topology; while, OMPs are almost always B-barrel in structure. Perhaps, one
reason for this difference is that proteins destined for the OM would likely be
retained incorrectly in the cytoplasmic membrane if they were a-helical in

structure.

The N-terminal signal sequence of autotransporters is often longer than that of
other Sec-dependant proteins. Indeed, alterations to the length of the
N-terminal signal sequence results in misfolded aggregates in the periplasm
(39). The longer signal sequence appeared to slow translocation across the
inner membrane, presumably to allow time for chaperones of the periplasm to
bind and prevent premature folding. Like many OMPs, the autotransporters are
delivered to the OM by the chaperones, SurA and Skp (40, 41). Currently, it is
unclear how the autotransporter translocator domain aids in the transport of
the passenger domain across the OM. However, a number of models have been

proposed (Figure 4) (42).
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Figure 4. The different models that have been proposed to explain the

translocation of the autotransporter passenger domain across the OM. The
multimer model proposes that several translocator domains can associate to
create a large pore through which several passenger domains can be
transported, possibly in a fully folded state. In the threading model the
unfolded passenger domain is threaded through a pore in the translocator
domain in an N- to C-terminal direction. Similarly, the hairpin model proposes
that the unfolded passenger threads through a pore in the translocator
domain, but in a C- to N-terminal with a hairpin on the extracellular side of the
membrane. The Omp85 model proposes that the passenger could be
transported through the pore of another protein called Omp85. Experimental

evidence supports both, or a combination, of the hairpin and Omp85 models.

The structures of several autotransporter translocator domains have been
elucidated: EspP and Hbp from E. coli (43-45), Hia from H. influenzae (46), EstA
from P. aeruginosa (47), BrkA from B. pertussis (48), and NalP from N.
menigitidis (49). All of these translocator domains consist of a 12-stranded
B-barrel structure (Figure 5). Indeed, the translocator domain of the trimeric
autotransporters is also a 12-stranded p-barrel, but it is constructed from

3 identical subunits, each providing 4 B-strands.
12
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Figure 5. Structures of the autotransporter translocator domain. Each
translocator domain forms a 12-stranded B-barrel with either one or three
central a-helices in the pore. The B-strands are coloured separately in the
monomeric structures of EspP/Hbp, EstA and NalP. In the structure of the
trimeric autotransporter, Hia, each subunit is coloured separately in red, green
or blue. EstA is currently the only autotransporter to have been characterized

with the complete passenger domain attached (shown in grey).

The multimer model proposes that many translocator domains could assemble
into a large pore through which the passenger domain could pass into the
extracellular medium. This model was suggested as result of an observation
that the IgA protease from E. coli could form ring like aggregates (50).
However, most autotransporters have little propensity to aggregate into
complexes (49, 51, 52), and therefore the multimer model may not represent a

general mechanism for translocation of the passenger domain.
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The threading model suggests that the passenger is extruded through the
centre of the B-barrel in a N- to C-terminal direction. Similarly, in the hairpin
model the passenger is extruded through the centre of the p-barrel (53), but in
the C- to N-terminal direction, with a hairpin turn on extracellular side of the
membrane. Evidence from translocation-stalled mutants of the
autotransporters has demonstrated that the passenger translocation occurs in

the C- to N-terminal direction (40, 54), supporting the hairpin model.

It has been suggested that a key member of the OMP insertion complex called
BamA, also known as Omp85, could translocate the autotransporter passenger
domain through its pore. Indeed, crosslinking studies have demonstrated that
BamA and other key members of the OMP insertion complex are involved in
autotransporter maturation (40, 55). Thus, a new model combining elements
of both the hairpin and Omp85 models is likely to provide an overall

mechanism for passenger domain transport.
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1.5 Molecular Dynamics Simulations of Membranes with

Complex Compositions

The behaviour of complex lipid mixtures in membranes has been investigated
using both atomistic (AT) and coarse-grained (CG) simulation methods.
However, full atomistic studies are rarely used due to the limited timescales
that can be achieved in the simulations. Typically, AT simulations focus on the
molecular rearrangements of pre-formed domains. Meanwhile, the simplicity
and speed of CG simulations allows for study of long timescale organisation
within membranes, and therefore CG techniques have dominated the study of

lateral lipid domain formation.

A bilayer containing a mixture of two lipids, both with different phase
transition temperatures, can separate into domains of homogeneous lipid
compositions. Indeed, mixtures of di-lauroyl phosphatidylcholine (DLPC) and
di-stearoyl phosphatidylcholine (DSPC) are observed to form phase separated
domains in experimental systems. The phospholipids both contain unsaturated
acyl tails, but they differ in length: having 12 carbons in DLPC and 18 in DSPC.
This difference in length results in individual phase transition temperatures of
268 K for DLPC and 328 K for DSPC. However, in early CG simulations a bilayer
composed of a mixture of DLPC and DSPC was not observed to phase separate.
Interestingly, increasing the concentrations of DLPC had the effect of lowering
the phase transition temperature of the whole bilayer (56). This general
pattern is observed in the experimental phase transition temperatures, though
the exact transition temperatures were not reproduced in the CG simulations.
Using the same CG model, preferential separation of lipids has been observed
in simulations of DLPC and DSPC mixtures. The simulations demonstrated
demixing of DLPC and DSPC, with a distinct preference for the lipids to cluster
into small groups of the same type (57). Limited evidence of a two-phase
coexistence also was present in the simulations. In another study, a bilayer
containing equal mixtures of DPPE and DPPC showed phase coexistence in CG
simulations (58). The phase separation was confirmed by slower lipid diffusion
coefficients, more ordered acyl tails, and a change to the area per lipid in the

gel region.
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Mixtures of saturated and unsaturated lipids may also exhibit phase
coexistence in presence of CHOL. Initial studies reported domain formation for
ternary mixtures of lipids where one of the lipids had two polyunsaturated acyl
tails. Indeed, using the MARTINI CG force field, coexistence of gel-like and
liquid crystalline phases were observed in mixtures of DPPC/dilinoleyl-
phosphatidylcholine (DUPC)/CHOL and DPPC/diarachidonoyl-
phosphatidylcholine (DAPC)/CHOL (59, 60). The spontaneous separation was
also observed in unilamellar vesicles. Phase separation has also been observed
in ternary mixtures with one lipid containing a double mono unsaturated tail.
However, mixtures containing a saturated lipid, DPPC, mono unsaturated DOPC
lipids and cholesterol were seen to spontaneously separate only after the

original MARTINI parameter set was systematically modified (67).

The incorporation of model peptides into membranes with coexisting gel and
liquid crystal phase has been investigated (62). The peptides partitioned into
the liquid-disordered phase regardless of the hydrophobic mismatch. These
observations matched confocal microscopy images, which also showed the
peptides to concentrate in the liquid crystal phase. A membrane bound Ras
protein, which contains a lipid anchor, was shown to cluster at the interface

between liquid crystal and liquid ordered domains (63).

Mitochondria can be selectively stained using a cardiolipin-specific fluorescent
dye called N-nonyl-acridine orange (NAO) (64). The same dye has been used to
identify cardiolipin-rich membrane domains in E. coli (65). The cardiolipin
domains are localised to the cell poles and the site of cell division. Further
evidence for the polar localisation of cardiolipin has come from the analysis of
the lipid composition of minicells. Minicells are achromosomal products of
bacterials strains that are aberrant in cell division. The minicells are produced
at the poles of the bacterium, and are enriched for with cardiolipin at the
expense of PG (66).

Cardiolipin has been shown in MD simulations to increase membrane order
and decrease lipid mobility (67-69). More recently, CG simulations of
cardiolipin have shown hints at domain formation (70). The study examined
the effect of reducing the charge of the two phosphates of cardiolipin,
reflecting the effect of local changes in pH. The addition of a modified

cardiolipin to planar lipid bilayers containing a mixture of DOPE and DOPC
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resulted in aggregation of cardiolipin and subsequent induction of local
negative curvature. Therefore, electrostatic screening of the phosphates of
cardiolipin may allow more molecules to pack closer to form localised
domains. Furthermore, an overall charge of -1 may also be more realistic at pH
7 as, between them, the two phosphates of cardiolipin have a propensity to

trap a proton (71).

Asymmetric models of the bacterial OM have also been developed. They
display a distinct crosslinking of LPS by Ca* ions in outer leaflet (72). In
addition, subsequent MD simulations demonstrated the rigidity of the outer
leaflet that resulted from the large size of the LPS molecules and the networks
of crosslinking Ca* ions (73). Perhaps unsurprisingly, the complex simulations
of the bacterial OM showed that negatively charged molecules were excluded
from the surface of the outer leaflet, while the LPS showed greater affinity for

positively charged molecules (74).
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1.6 Molecular Dynamics Simulations of Model
Transmembrane Helices Derived from Membrane

Proteins

Although many membrane protein structures that have been discovered in
recent years, only ~800 out of ~94,000 total proteins structures in the Protein
Data Bank (PDB) are of membrane proteins. Furthermore, less than 420 of
these are unique membrane protein structures
(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html). Due to their
relative paucity in the PDB, membrane proteins have become a primary target
for the development of structure prediction methods. Using simple membrane
spanning peptides, MD simulations have provided insights into the folding and
assembly of helical membrane proteins. In many of the studies described
below, the mapping of AT particles back onto CG beads has allowed the
synergistic use of ATMD for specific details and CG models for improved

sampling.

A two-stage model has been suggested for a-helical membrane protein folding,
where transmembrane a-helices are inserted into the lipid bilayer
independently of one another prior to assembling into a functional bundle
(75). Coarse-grained MD simulations of the glycophorin A transmembrane
domain have provided supporting evidence for this two-stage model. Indeed,
structurally constrained a-helices were able to assemble into a phospholipid
bilayer and dimerise, forming a helix bundle that was in good agreement with
the NMR determined structure (76).

The M2 channel from the influenzae A virus is a simple membrane protein that
is formed from a symmetrical tetramer of parallel transmembrane a-helices.
The assembly of individual a-helical subunits was observed in a DPPC bilayer
using CGMD simulations. The resulting structures corresponded to the closed
form of the channel (77). Using a similar methodology, the lateral association
and dimerization was studied for several different transmembrane a-helices, all
of which contained the GxxxG or a similar motif. Destabilizing mutations were
observed to modify the distribution of the crossing angles of the dimers. Once
the dimers had formed in CGMD simulations, the structures were also refined

in full atomistic MD simulations, resulting in a closer agreement with
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experimental structures. This demonstrates the utility of a joint CG and

atomistic approach in the study of helix-helix interactions (78).

Multiscale simulation approaches have been used to gain insights into the
disruption of transbilayer signalling by mutations affecting the transmembrane
helices of an integrin heterodimer. The mutations adversely affected the
crossing angles of the helices, reducing the conformational stability of the
dimers (79, 80).

In ATMD simulations of the epidermal growth factor receptor, ErbB2, a
systematic search was performed in order to predict the crossing angle and
handedness of two transmembrane helices (81). In CGMD simulations, ErbB2
peptides were shown to dimerise by a different sequence of events in
phospholipid bilayers that contain CHOL. Curiously, high concentrations of
CHOL favoured a dimerization pathway similar to that observed in pure
phospholipid bilayers. The CHOL also altered the tilt angle of the helices in a
dose-dependant manner (82). Subtle changes in tilt angle were also observed
in mutated variants of the transmembrane helix 2 from Tar chemoreceptor
(18). The mutations were in key residues that cause Tar to either be inactive or

constitutively active.

In addition to providing insights into the molecular assembly of
transmembrane o-helices, MD simulations can be used to predict the structure
of the transmembrane regions of proteins. The histidine kinase, PhoQ, is a
transmembrane protein that is part of a two-component signalling complex,
but the structure of its transmembrane region is not known. A model of this
region was generated, however, using a combination of ab-initio modelling of
the transmembrane o-helices, ATMD simulations, and guidance from

crosslinking disulphide scanning data (83).
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1.7 Molecular Dynamics Simulations of Bacterial Outer

Membrane Proteins

The primary goal of many MD studies, particularly in protein research, is to
understand functional movements at an AT level of detail. While CG
approaches can be used to enhance sampling, it is an AT level of detail about a
proteins dynamics that provides most information for targeted engineering
and knowledge based drug design. In addition, AT simulations provide a
unique opportunity to study the process of selective uptake of ions and
molecules by OMPs. Nevertheless, CG methods have provided valuable details
about specific interaction sites for lipids on the membrane exposed surface of
OMPs (84). The following is a summary of the OMP simulations that have been
conducted by other investigators, prior and concurrent to the investigations

described in later chapters.

1.7.1 OmpF

Outer membrane protein F (OmpF) is a major porin that allows the passage of
water, ions, sugars, polar nutrients and waste across the OM. The X-ray
structures of OmpF show the protein to exist in a homo trimeric configuration
(85, 86). Each OmpF monomer forms a complete B-barrel with a pore in the
centre. The pore in each of the monomers is lined by parts of the B-barrel and
extracellular loop, L3. The interior position of L3 is the major obstruction in
the pore, and it has a predominately negative electric charge. A patch of
positive charge is located on the face of the B-barrel opposite L3, and this

creates a transverse electric field at the constriction site.

In short, 100 to 300 ps, simulations of OmpF, it was shown that MD could, in
principle, describe the correct behaviour of OMPs, when compared to
experimental data. As expected, the extracellular loops are many times more
flexible than the secondary structural elements (87). In addition, these
simulations provided clear evidence for the necessity to simulate membrane
proteins in their correct membranous environments, as opposed to a vacuum.
Indeed, a number of MD studies have investigated the structural dynamics of
the OmpF pore in a pseudo-vacuum, where the solvent and bilayer lipids were

not explicitly included in the system (87-89). These simulations showed large

20



conformational rearrangements in L3 that were thought to control the voltage
gating of the channel. However, the inclusion of explicit water (90), and later

membrane lipids, detected no large-scale motions in L3 (917).

lon permeation through OmpF was investigated in simulations with an applied
transmembrane potential. The translocation of a single ion was observed after
1.3 ns, with a transmembrane electric field applied at 500 mV. A mechanism
for channel voltage gating was proposed in which the configuration of counter
ions could block the channel (90). Insights into the water structure around the
pore, fluctuations in the pore radius, and membrane interactions were
obtained from 1 ns AT simulations of OmpF (917). This simulation study of
OmpF was the first to incorporate explicit solvent and membrane lipids. The
strong electric field at the pore constriction was found to restrict the
movements and orientation of water molecules. Longer simulations of OmpF
demonstrated the distinct pathways and solvation characteristics of ions that
pass through the pore. Contributions from both water and the protein side
chains were required to keep the ions properly solvated (92). The ion
selectivity of the pore can be modified by mutations of charged residues at the
constriction site (93). The formation of stable ion pairs within the OmpF pore

may also be partly responsible for the gating phenomenon (94).

A number of B-lactam antibiotics have been shown to utilise OmpF as a
gateway into E. coli. There is evidence to suggest that these antibiotics may
traverse the OM by passing through the pore of the B-barrel. Indeed, mutations
that narrow the pore radius of the B-barrel also inhibit antibiotic uptake (95).
The passage of various antibiotics through OmpF has been studied using
metadynamics simulations. These studies have revealed a potential high
affinity site for zwitterionic antibiotics at the constriction site within the OmpF
pore that improves the ability of some drugs to traverse the pore (96, 97).
Flexibility in the molecule was suggested to allow the antibiotic to pass
through the constriction site (98). Subsequently, these observations of
antibiotic binding to OmpF were found to be broadly consistent with X-ray
structures of OmpF with ampicillin and carbencillin bound in the pore (99).
Accelerated MD simulations of OmpF have also identified important residues in
OmpF that may maintain the selectivity of the pore to the fluoroquinolone

class of antibiotics (7100).
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The diffusion of OmpF trimers was investigated in crowded environment using
both atomic force microscopy and MD simulation. The OmpF trimer was found
to form stable assemblies with two minimum energy modes of interaction,
termed base-to-base and tip-to-tip. The specific protein-protein interactions
reduced the overall lateral diffusivity of OmpF, accounting for its unusually
slow diffusion when compared to other proteins of similar size (107). A
preference for tip-to-tip aggregation was observed in CG simulations of OmpF
in planar bilayers (102). The reduced lateral mobility of lipids in the vicinity of

OmpF was also demonstrated.

1.7.2 OmpA

Outer membrane protein A (OmpA) is a general porin of the E. coli OM.
Molecular dynamics simulations of OmpA have provided insight into a
salt-bridge gating mechanism, which may regulate the protein’s permeability
to water (7103). These observations were supported by subsequent
mutagenesis studies and growth assays, which suggested that OmpA could
play a role in the osmoprotection of E. coli cells (104). Lipids in direct contact
with OmpA have been shown to be motionally restricted in their acyl tails
(105). A comparative study, using OmpA as model OMP, revealed further
details of the reduced lateral mobility of annular lipids when compared to that
of bulk lipids (706). This reduce mobility has since been observed in
simulations of a number of OMPs and IM proteins. Specific lipid protein
interactions are key to function of many proteins. For example, the OM
protein OmpT from E. coli is a protease that requires LPS to be active. Analyses
of the contacts made between OmpT and a DMPC bilayer in MD simulations
have revealed two potential LPS binding sites (107), one that is similar to a site
proposed for other OMPs, and second site that also had a high affinity for

negatively charged phospholipid moieties.

Further functional insights into bacterial OMPs have been gained through
simulations in membrane bilayers that are more representative of the proteins
in vivo environments. Indeed, the general porin, OprF, from P. aeruginosa,
which is homologous to OmpA, displayed different dynamics depending on the
composition of the surrounding membrane environment. Strong interactions
between the extracellular loops of OprF and the saccharide core of LPS were
observed in a complex asymmetric membrane, which incorporated LPS in the
22



outer leaflet of the bilayer (108). Comparing these simulations to those
performed in a phospholipid bilayer (109), the strong interactions with LPS
appeared to cause the extracellular mouth of the B-barrel to close. These
differences in the dynamics of OprF between the two membrane environments

may have implications for investigations into the gating of the pore.

1.7.3 TonB-dependent Transporters

The bioavailability of iron is low in the environment due to its insolubility.
Therefore, bacteria release scavenger molecules called siderophores to
chelate, and thereby solubilise, the iron at its source. High affinity proteins
that reside in the bacterial OM bind the iron-chelated siderophores, but they
are unable to internalise the molecule without an external supply of energy.
Thus, translocation of the siderophore into the periplasm can only occur once
an integral protein from the IM called TonB binds to the complex. TonB utilises
the proton electrochemical gradient across the IM to facilitate the import of the

siderphore.

The structures of three TonB dependent siderophore transporters from E. coli
have been characterised by X-ray crystallography. These are FhuA, FepA and
FecA, which mediate the uptake of ferrichrome, ferric citrate, and enterobactin,
respectively. The structures of the three E. coli TonB dependent transporters
are structurally similar, all forming 22-stranded B-barrels. The crystal
structures of FhuA and FecA, with and without the siderophore bound, reveal
tantalising insights into the initial stages of siderphore internalisation. In
particular, two extracellular loops, L7 and L8, appear to undergo substantial
structural reorganisations, with L8 covering the ligand in binding site (Figure
6). Presumably, L8 blocks the escape of the ferric-citrate. Molecular simulations
have provided evidence that the dynamics of extracellular L8 are linked to the
liganded state of FhuA (7170). The later stages of siderophore internalisation
have been studied using a combination of protein modelling and normal
modes analysis. These models have suggested that communication may occur

between the loop regions at both ends of the protein (717).

23



Periplasm

Figure 6. A) apo-FecA. B) holo-FecA with siderophore bound, promoting
extracellular loops L7 and L8 to undergo a conformational change, where they
block the entrance to the binding site. C) TonB, bound to periplasmic side of
FecA, provides the energy for the internalization of the siderophore. The black

lines indicate the approximate hydrophobic width of the outer membrane.

1.7.4 The Autotransporters

The autotransporter secretion method is poorly understood. However, the
functions of some structural features of the autotransporters have been
revealed in MD simulations. Indeed, the extent of the flexibility of the B-barrel
translocator domain was revealed in simulations of NalP (772). Furthermore,
following the removal of the a-helical plug domain, the NalP B-barrel remained
structurally stable, with water filling the space previously occupied by the
a-helix. More recent evidence suggests that deletion of the a-helical plug
impairs autotransporter folding and OM insertion (7173). However, the
structural stability of NalP minus the a-helical plug in (172) may demonstrate
the stability of final fully folded B-barrel following OM insertion (49). Indeed,
site-specific cross-linking studies of EspP suggest that the B-barrel is inserted
into the OM in a semi-folded state (774). Subsequent to OM insertion and
folding of the B-barrel, the role of the a-helix may be to restrict access to the

pore, and it may not contribute much to the structural stability of the B-barrel.
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After release of their passenger domain, some autotransporters, like EspP,
have a short a-helix occupying the intracellular entrance of the pore. In these
instances, the long extracellular loops may occlude the opposite side of the
pore. In the X-ray structure of the post-cleavage EspP translocon, an
extracellular loop, L5, is enclosed within the mouth of the B-barrel (44). The
structural stability of this loop was assessed in steered molecular dynamics
simulations. A pulling force, normal to the plane of the bilayer, was applied to
L5 in attempt to remove it from the pore of the B-barrel (775). Remarkably, L5
was stably inserted into the pore, and it was resistant to removal by both high

pulling forces and thermal motion.

An autocatalytic mechanism, which in some autotransporters allows the
passenger to be released into the extracellular medium, involves the
cyclization of an asparagine inside the pore of the B-barrel (7176). Using MD
simulations of the pre-cleavage structures of Hbp and EspP, it was possible to
identify the position of a catalytic water molecule that may help promote

asparagine cyclization and cleavage (45).
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Chapter 2: Computational Methods

2.1 Particle-Particle Interactions in Molecular Dynamics

Simulations

Molecular dynamics simulations provide the time-evolved motions of a system
of particles with respect to an initial configuration. At its simplest, the MD
methodology involves the numerical integration of Newton’s equation of
motion. The method takes advantage of the relationship between force, F,
mass, #, and acceleration, a, where the force and acceleration are vector

quantities (Equation 1).

Equation 1

A series of equations and parameters are used to describe the pairwise
interaction energy between particles. The typical form of this set of equations
is shown in Equation 2. These describe a potential, V(r"), which is a function

of the positions (r) of N particles.
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The force that acts on each particle, F(r), has a direction opposite (the

negative) to the change in potential energy (Equation 3).

dV_ F)
dr r

Equation 3

2.1.1 Bonded Interaction Potentials

Many of the bonded properties of molecules, such as the length of the bonds,
the bond angles, and out of plane bending (impropers), are modelled using a

simple harmonic potential (Figure 7) with the form shown in Equation 4,

1
V) =Sk(y - ¥o)?

Equation 4

where k is a stiffness constant, y is the current displacement, and y, is the
equilibrium position. The potential energies involved in bond stretching over
short displacements from the equilibrium position are modelled well with this
function. However, at large displacements, which in practice do no occur
frequently, the harmonic approximation breaks down. In these circumstances
it is necessary to use other potential energy functions, such as the Morse

potential, which models the energies of bond stretching more accurately.

The AT simulations described in this thesis have been performed with the
bond lengths of non-water molecules constrained to their ideal length using
the LINear Constraints Solver (LINCS) algorithm (117, 118). Bonds in water
molecules have been constrained using the SETTLE algorithm (119).
Constrained bonds allow for an increase in the time step, up to 2 fs, for the
calculation of the time dependent evolution of the system, since the high
frequency bond and angle vibrations no longer need to be calculated explicitly.
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Figure 7. Harmonic potential used to model bond stretching, bond angles and
improper dihedrals. The blue and red lines show the effect of changing the

force constant.

The potential energy of 360-degree turns (torsions) around chemical bonds is
periodic (Figure 8). Thus, these motions are described by a cosine expression

with the form shown in Equation 5,

V(x) = %kx[l + cos(nx — o)]

Equation 5

where k, defines the height of the barrier between minima, o is the phase
shift, and n is the periodicity. The angle, x, is measured between two planes.
One plane is formed by the first three particles of a quartet, and the other by

the last three particles.
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Figure 8. The torsion potential to model rotations around bonds.

2.1.2 Non-bonded Interaction Potentials

The non-bonded interactions between particles are often split into two terms,
where one describes the influence of Pauli repulsion and London dispersion (or

van der Waals interactions), and the other describes electrostatic interactions.

The van der Waals interactions can be modelled with the Lennard-Jones 12-6
function (Equation 6) (120).

Equation 6

where ¢;; dictates the depth of the potential energy minima, o;; determines the
interaction distance at which the intermolecular potential is equal to zero, and

r;; is the distance between particle i and j (Figure 9). When the distance

A\12
between particles is small, the dominant term in the equation is (2> and its

Tij

O'ij

6
effect is to repel the particles. At intermediate distances, the term, — (r—> ,
ij
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predominates, which leads to an attraction between the particles. And, at large
values of r;; both the terms tend towards zero. However, the repulsive term
approaches zero slightly faster than the attractive term, and the function
asymptotes at zero but remains slightly negative. The Lennard-Jones potential
is attractive from a computational perspective, as r2 can be obtained by

simply squaring r°.
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Figure 9. The Lennard-Jones 12-6 potential to model van der Waals
interactions. The o term determines the position at which the intermolecular

potential is zero, and the € term determines the depth of the potential energy

well.

The electrostatic potential between charged molecules is calculated from point

charges, using Coulombs law (Equation 7)

aq _ 94
Y 4meq€E, Ty
Equation 7
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where q is the point charge of either particle i or j, ¢, is the permittivity of
electrical charge in a vacuum, ¢, is the relative permittivity of electrical charge,

and r;; is distance between the point charges of the particles (Figure 10).
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Figure 10. Electrostatic potential for point charges. The blue line shows the

Electrostatic Potential Energy, (V)
o

intermolecular potential for two like charges, and the red line shows the

potential for oppositely charged particles.

2.1.3 Boundary Conditions

The typical number of particles represented in MD simulations is between one
thousand and one million atoms, which represents a small volume. To avoid
effects caused by interaction with the edges of the simulation box, MD
simulations are performed using periodic boundary conditions to simulate the
effect of bulk material. Particles exist within a primary cell, but are surrounded
by cells that are exact replicas of the primary cell. The cells have open
boundaries and particles can move freely from one cell to the next. When a
particle exits the primary cell, another particle, identical to the particle that

exited, enters from the opposite replica cell.
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2.1.4 Long-Range Interactions

The calculation of the non-bonded interactions is a computationally intensive
task. It involves the sum over all the pairwise interactions in the system. In
order to reduce the computational cost, some potential energy functions are
truncated so that certain interactions are not considered beyond a cut-off
distance. For example, the Lennard-Jones potential approaches zero quickly
after 1.0 to 1.2 nm, and it is often inefficient to calculate the interactions
beyond this point. The calculation of electrostatic interactions also can be
limited to particles within a certain distance of one another. However, the use
of such a cut-off can cause large artefacts, since the interactions beyond an
arbitrary cut-off can still have a substantial influence on the potential energy.
Indeed, the rate of decay of the electrostatic potential is proportional to the

distance, r;;, while the number of interactions with a particle can increase at a

rate proportional to the distance squared, rj-.

While the influence of individual long-range dispersion interactions is small, it
is not negligible when summed over all pairwise interactions. A dispersion
correction has been developed to account, partially, for the dispersion energy
neglected beyond the cut-off in homogeneous liquids. The correction is

applied to the energy and pressure-volume virial at each time step (121).

The Ewald summation method can be used for the calculation of electric
potentials (122), and it takes into account the effects of distant electric
charges. The method was developed originally to calculate the long-range
electrostatic interactions in crystals. In the method, all the point charges are
summed across an infinite array of periodic images. The goal is to turn this
slowly converging summation into two more rapidly converging sums and a
constant. The first sum is performed in real space, while the second is

performed in reciprocal space.

The computational cost of the reciprocal part of the Ewald summation
increases at the rate, N2. Therefore, the calculation is not efficient for large
systems. The Particle-mesh Ewald (PME) method improves the speed of the
reciprocal sum, and it scales as N log(N) (123, 124). In the PME method the
charges are interpolated onto a grid. The grid spacing determines the accuracy

of the calculated electrostatic forces acting on the particles.
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2.2 System Configuration and Energy Minimization

2.2.1 Initial Coordinates

The atomic coordinates for proteins are in most cases obtained from
experimental data. It is also possible to model entire proteins, and small parts
of proteins, using information derived from homologous or similar proteins. In
addition, small peptides with a mostly a-helical structure, determined by
circular dichroism spectroscopy, can also be modelled by assuming ideal

a-helical phi and psi angles around the peptide bond.

In contrast, the lipid coordinates for membrane protein simulations are
normally obtained in the form of a homogeneous, pre-equilibrated bilayer from
the final snapshot of a MD simulation. The membrane can also be assembled
by adding lipids one by one around the protein (125). When a pre-equilibrated
bilayer is used, the coordinates of protein must be inserted into the
membrane. The simplest method to achieve this is to superimpose the two
sets of coordinates, with protein in the appropriate orientation, and then to
delete any lipids and solvent that overlap with the protein. However, the
deletion of an excessive number of lipids can lead to a sizeable hole in the
lipid bilayer, with the lipids loosely packed around the protein. A long
equilibration run is then required to close the gap between the protein and
lipid bilayer. Thus, a number of techniques have been developed to combine a
protein and lipid bilayer with the aim of disrupting the protein structure and

the integrity of the membrane as little as possible (126-128).

The program g_membed, which is part of the GROMACS simulation package, is
able to insert a protein into a membrane with minimal disruption to the lipid
bilayer (126). The program must be supplied with the protein coordinates, in
the correct orientation and position, superimposed on those of an intact, pre-
equilibrated lipid bilayer. Initially, the protein is compressed along the
dimensions orthogonal to the Cartesian z-axis, which has to be the plane of
the bilayer in the coordinate file. A small number of lipids and solvent
molecules are deleted to create a hole around the compressed protein. Over a
series of molecular dynamics steps the protein is expanded to its original size,
allowing the lipids to pack closely around the protein, and, thus, shortening

the time required to equilibrate the membrane.
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2.2.2 Energy Minimization

Overlapping or bad contacts in the structure files are removed using the
steepest descent energy minimisation method. The method moves the
particles in each step of the algorithm in the direction of the net force vector,
the negative gradient of the potential energy. The algorithm is usually
implemented so that the particles are moved along the force vector by an
arbitrary step size. The first iteration of the algorithm uses a default step size.
In subsequent iterations of the algorithm the step size is increased, so long as
the step reduces the potential energy of the system. Conversely, if a step
creates an increase in the potential energy then the step size is shortened. The
algorithm is stopped when either the number of user-defined iterations has
been reached or the maximum force component is smaller than the tolerance

value.

2.2.3 Initial Velocities

Once the starting positions of the particles have been defined they must be
given an initial velocity. These velocities are randomly derived from the
Maxwell-Boltzman distribution for a particular reference temperature. The
initial velocities are adjusted so that the total momentum of the system is

Zero.
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2.3 Integration Algorithm

In practice, the properties of a large number of particles cannot be calculated
analytically. The particles display chaotic behaviour and it is difficult to predict
the time-evolved configuration of a system from the starting positions and
velocities. Therefore, finite difference methods are used to integrate the

equations of motion to generate molecular dynamics trajectories.

All integration algorithms calculate the new atomic positions, velocities and
accelerations by approximation with a Taylor series expansion, and a small
change in time. The first MD integrator to be developed was the Verlet
algorithm. It uses the positions of the particles at time, t and t — 6t, to
calculate the new positions, t + 6t. The algorithm is arrived at after deriving a
Taylor series expansion for particle positions, r, at both r(t — 6t) and r(t + 6t).

The sum of the two expressions produces Equation 8, where a is acceleration.

r(t + 6t) = 2r(t) — r(t — 6t) + a(t)5t?

Equation 8

One major disadvantage of the algorithm is that it does not calculate velocities
explicitly, as the velocity terms are cancelled out in the summation. This can
have implications for the calculation of particle kinetic energies, since the
particle velocities have to be estimated. In addition, the Verlet algorithm is not
a self-starting algorithm. That is, the positions at r(t — 6t) are unknown at the
start, and thus, in order to begin the integration algorithm, the first time step

has to be approximated.

The leapfrog integration method has been used for all the molecular

simulations described in this thesis. The algorithm calculates velocities, v, at
half time intervals, %51:, %&, g&, etc, and new positions at full time intervals 6t,
26t, 36t, etc. The leapfrog algorithm can be derived from the Verlet algorithm

by defining the velocity at half time steps, at v (t - %) and at v (t + %) and
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then combining these with Equation 8. The result is a new expression for the

positions and velocities (Equation 9 and Equation 10).

1
r(t + 6t) = r(t) + 6tv (t + ES!:)

Equation 9

1 1
v(t +55t> = v(t—56t> + 6ta(t)

Equation 10

The leapfrog algorithm is also not a self-starting algorithm, but it has two
advantages over the Verlet algorithm: i) the leapfrog algorithm explicitly
calculates the velocities of the particles, and ii) the leapfrog algorithm, unlike
the Verlet algorithm, does not require the calculation of the difference of two

large floating point numbers, which can introduce a rounding error.
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2.4 Thermodynamic Ensembles

The simulations described in this thesis are performed in the NPT ensemble,

using a constant number of particles, N, pressure, P, and temperature, T. The
temperature and pressure are maintained at a reference value by coupling the
particles to a thermostat and barostat, respectively. The thermostats function
by altering the particle velocities, while the barostats change box volume and,

in some cases, the particle positions.

2.4.1 Thermostats

A number of thermostats have been developed and each have their advantages
and disadvantages. The Berendsen thermostat is a robust method that couples
all the particles in the system to an external heat bath (129). The bath is fixed
at the desired temperature, and it can provide or remove kinetic energy from
the system, as required. The heat exchanged is proportional to the difference

in temperature between the bath and the system.

dr(t) 1
— =TT (1))
Equation 11
ot

AT =21, -7(1)
T
Equation 12
A coupling parameter, T, determines how strongly the system is coupled to the
heat bath between successive time steps (Equation 11 and Equation 12). The

system is weakly coupled to the heat bath when < is large, and strongly

coupled when t is small.
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The actual velocities of the particles in the system are scaled every time step,

or series of steps, by a factor, A (Equation 13 and Equation 14).

(22 -1)7(1) = %(Tm -7 (1))

Equation 13

)Lz=1+g Loan _y
7(T()

Equation 14

The factor, A, emerges after considering the relationship between the kinetic
energy and the system temperature described by the kinetic theory of gases
(Equation 15, Equation 16 and Equation 17), where m is mass, v is velocity and
kg is the Boltzmann constant. From this relationship it is clear that the same
average kinetic energy between the heat bath and the system can be obtained
by scaling all the particle velocities in one step (Equation 18). However, the
Berendsen thermostat allows the temperature to be modified over a series of
small steps rather than one quick jump. An Instantaneous rescaling of the
particle velocities would not allow for fluctuations about the desired
temperature, which is necessary to more accurately represent the canonical

ensemble.

IQ 5, 3
Ezmivi =§NkBT
i=1

Equation 15
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Equation 16
SELEN I I S
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Equation 17

Equation 18

The Berendsen thermostat functions by uniformly scaling the velocity of each
particle in the system, without any consideration for how the velocities are
distributed among the particles of the system. If the solvent is not able to
exchange kinetic energy efficiently with the solute, the solvent can become
excessively hot and the solute, too cold, but without altering the average
temperature. Grouping some of particles together and coupling them to a

separate thermostat can alleviate this problem.

The instantaneous velocities created by the Berendsen thermostat do not form
a strict canonical distribution. Temperature is a macroscopic property, and it
can only be measured as a time averaged property. Therefore, a variation in
the instantaneous temperature about a central value is expected. The Velocity-
Rescaling thermostat (V-Rescale) is an extension to the Berendsen thermostat
in which a stochastic term is added to create artificial fluctuations that are

derived from the correct canonical distribution (163).
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2.4.2 Barostats

The amount of volume fluctuation in an isobaric system is related to the

isothermal compressibility, k (Equation 19)

B 1(5V>
*="v\spr/,

Equation 19

where V is the volume and P is the pressure. This coefficient represents how
much the volume of a substance is able to change as a result of a compressive
force. Fluids are relatively incompressible, and have small values for k. The
isothermal compressibility of lipids, x = 0.00005 bar™1, is similar to that of
water, k = 0.000045 bar~1, in the 0 to 100 °C range.

A constant pressure can be maintained with the Berendsen barostat (129),
which functions by scaling the box volume and particle positions, in a way
comparable to the scaling of particle velocities in the Berendsen thermostat. In
analogy to the thermostat, the Berendsen barostat couples the system to an
external pressure bath, with a coupling constant, z, to ensure that the change

in pressure happens gradually, over a series of steps.

dP(t) 1
a1 (Ppatn — P())
Equation 20

ot
1= 1_K?(P_Pbath)

Equation 21
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The volume of the box is scaled by a factor, A, (Equation 20 and Equation 21).
In an isotopic coupling scheme each box vector will be scaled by a factor, 1'/3.
Since the pressure is related to the virial, where the virial tensor is a product of
atomic positions and the force acting on them, the atomic coordinates can also

be scaled. As such, the new atomic positions are given by r/ = 11/3r,.

In membrane simulations it is useful to scale the xy box vectors, which is
typically the plane of the bilayer, independently of the z. This is known as
semi-isotropic pressure coupling. This allows the membrane to equilibrate

independently of the solvent.

The Berendsen barostat will provide the correct average pressure during a
simulation. However, it does not generate the correct canonical ensemble of
pressure and volume fluctuations. The correct fluctuations can be achieved
using the Parrinello-Rahman pressure-coupling scheme (130). In this scheme
the equations of motion are modified, but there is no instantaneous change in
the positions of atoms. Another advantage of the Parrinello-Rahman pressure-

coupling scheme is that it can be used for any shape of simulation cell.
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2.5 Coarse Grained Simulations

The desire to simulate events that occur on longer timescales than can be
reached with AT simulations has led to the development of CG molecular force
fields. These force fields group together selected clusters of atoms into a
single interaction centre, thereby reducing the number of interactions
calculated at each time step. Furthermore, the absence of high-frequency bond
oscillations and a smoothed potential energy landscape allows for increases in

the time step between force calculations to be in the range of 10 to 50 fs.

A number of CG models have been developed for phospholipid membranes
(137-133). The advantages of the Martini CG model over its counterparts are
its speed, easy of use and extensibility. The MARTINI model, in addition to
phospholipids, contains parameters describing molecules such as amino acids
(76, 134), detergents (134) and DNA (135).

Figure 11. Mapping of DPPC from an (A) AT representation to a (B) CG
representation. The choline group is coloured blue, the phosphate moiety is
coloured brown, the glycerol is coloured green, and the acyl tails are coloured

cyan.

The MARTINI CG model combines four heavy atoms into one interaction centre
(Figure 11). Though, it is not a strict mapping, and three or five heavy atoms
can be represented by a single particle (134, 136). Thus, a typical lipid

molecule such as DPPC is reduced to 12 particles in MARTINI, down from 130
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particles in an all atom model. Soft harmonic potentials between CG particles
are used to maintain the approximate shape of the AT molecule. These
harmonic potentials are equivalent in form to those for bond lengths and bond

angles in atomistic simulations (Figure 7).

The solvent in CG models can be modelled implicitly or explicitly. The CG
models that use an explicit representation for water often group a number a
number of water molecules into a single interaction site. In the MARTINI
model, four water molecules are grouped into a single interaction site. The
new particle has zero overall charge. Thus, the solvent is represented in the
MARTINI model as a simple apolar Lennard-Jones fluid. The lack of partial
charges in the water model means that it does not screen electrostatics as
water would normally. Consequently, a dielectric constant, ¢, = 20, for
electrostatic interactions is required to represent the permittivity of electric
charge through water. The Martini force field has been extended to include a
polarisable water model that resolves some of the issues with the apolar water
model (137).

The validity of martini model has been assessed by reproduction of
experimental observables. The MARTINI water model has been parameterised
so that its density and compressibility closely match that of normal water. A
similar approach was taken for the parameterisation of aliphatic carbons, but,
additionally, energies of hydration, vaporization and portioning were used to
calibrate the particle interaction potentials. Furthermore, other properties of
phospholipids are used to adjust the force field parameters, such as the rate of
diffusion, the average area occupied in a bilayer and the crystalline phase

behaviour.

The protein model in MARTINI has been through a number of development
iterations. In addition, an independent protein model has been developed that
use the original MARTINI particle types, but with a modified elastic network to
maintain the secondary structure of the protein (76). The Elastic Network
Model (ENM) consists of harmonic potentials connecting CG particles. In effect
the harmonic potentials serve as distance constraints between structural
elements of the protein. The force constant and equilibrium position used in
the harmonic potential is dependent on the structural component being

modelled. For example, a force constant of 35 kJ mol™! rad~2 and equilibrium

44



position of 90° is used for bond angles between backbone particles in o-helices,
while a weaker force constant of 25 kJ mol™! rad=2 and equilibrium position of
120° is used for residues in a random coil. The stability of secondary structural
elements is enhanced further by a set of relatively strong, 1000 kJ mol™! nm™2,

distance constraints that mimic hydrogen bonds.

New molecules can be parameterised for the MARTINI force field by using
information obtained from AT simulations (738). In this method, the CG
particles are mapped on to the AT molecule, following the examples set out in
the development of the force field. The distribution of bond lengths and angles
can then be matched by empirical refinement to the distributions obtained

from AT simulations.
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Chapter 3: Stability and Membrane
Orientation of the Fukutin

Transmembrane Domain

3.1 Abstract

The N-terminal transmembrane domain of fukutin is implicated in the
localisation of the protein within the Golgi apparatus. It has been proposed
that the transmembrane domain mediates retention by recognising the thinner
lipid bilayer of the Golgi. Molecular dynamics simulations have been used to
assess the structure, stability, and orientation of the short 36-residue
N-terminal peptide, representing the fukutin transmembrane domain, in lipids
with differing tail lengths. These simulations demonstrate that the N-terminal
peptide adopts a stable a-helical conformation in phosphatidylcholine lipids
when oriented with its principal axis perpendicular to the bilayer plane. The
stability of the helix is largely insensitive to the lipid tail length, preventing
hydrophobic mismatch by virtue of ability to tilt within the lipid bilayers. This
suggests that changes in the tilt of the fukutin transmembrane domain in
response to bilayer properties may be responsible for trafficking of the full
protein. Coarse-grained simulations of the complex Golgi membrane suggest
the N terminal domain may also induce the formation of microdomains in the
surrounding membrane by preferentially interacting with 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylinositol 4,5-bisphosphate (PIP2) lipids.

The study presented in this chapter has been published as part of a journal
article in Biochemistry (7173). A full copy of this article is included in
Appendix 8.2. The contributions of two authors to this article are discussed
briefly in the following chapter. Of note, Yuk Ming Leung performed the initial
atomistic simulations of the FK1TMD in a DMPC bilayer. These simulations
were later extended, and repeated. Additionally, Dr Thomas Piggot developed

the coarse-grained parameters for the PIP2 lipids.
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3.2 Introduction

3.2.1 The fukutin Glycosyltransferase

Fukutin is a single pass transmembrane (TM) protein that is normally found
associated with the Golgi apparatus (GA) (7139). The topology of the fukutin
protein is such that its N-terminal tail is located in the cytosol while its
C-terminal globular domain is located in the lumen of the GA. The precise
function of the fukutin globular domain remains unclear but there is strong
evidence to suggest that it acts as a glycosyltransferase involved in the
O-linked glycosylation of a-dystroglycan, a major structural muscle protein.
Indeed, it has been found that patients with Fukuyama-type muscular
dystrophy contain a much higher proportion of unglycosylated a-dystroglycan
(140, 141). In addition, the presence of a conserved DxD motif in the amino
acid sequence of the fukutin globular domain further supports the view that

fukutin operates directly in catalysis (142, 143).

The N-terminus of fukutin is highly hydrophobic, and is enriched with aromatic
residues. Indeed, secondary structure prediction algorithms suggest that the
N-terminal residues, 7 to 33, of fukutin exist as a transmembrane «-helix.
Furthermore, a peptide representing the first 36 N-terminal amino acids of
fukutin has been shown by Circular Dichroism to adopt a predominantly -

helical conformation in membrane mimetic environments (144).

3.2.2 Glycosylation and Sorting within the Golgi Apparatus

Glycosylation of proteins begins in the Endoplasmic Reticulum (ER) when
specific asparagine (N) residues are covalently linked to a branched
oligosaccharide that consists mostly of mannose. The O-glycosylation of serine
and threonine hydroxyl groups, and most of the subsequent assembly and
modification of N- and O-linked oligosaccharides, occurs within the GA.
Originally, it was believed that the many membrane enclosed compartments
(cisternae) of the GA allowed enzymatic events to be spatially separated. This
compartmentalization of processes was able to explain the directed way in
which oligosaccharide chains are assembled. Indeed, enzymes that acted
earlier in oligosaccharide assembly pathways were found to exist in separate

compartments to later acting enzymes (7145). Other studies using antibodies
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also showed the segregation of glycosylation enzymes into different cisternae
(146). More recent work, however, has shown that glycosylation enzymes are
not completely compartmentalized and, instead, they have a non-uniform
distribution across the cisternae from cis to trans(24). This is to say that each
cisterna was observed to contain a unique mixture rather than a unique set of
enzymes. The GA also appears to contain a unique phospholipid composition

when compared to the compositions of the ER and plasma membrane (70).

Protein retention within the GA is a highly dynamic process. Both antero-and
retrograde transport steps occur between different membrane enclosed
compartments (147). The mislocalisation of glycosylation enzymes within the
GA can result in the aberrant processing of glycoproteins, and this is a feature

of certain muscular dystrophies (7148).

Retrograde transport within the ER/GA involves receptor-mediated recognition
of an extramembranous motif, a C-terminal KDEL/HDEL sequence (7149). In
contrast, the correct sorting of membrane proteins within the GA is thought, in
part, to involve interactions of transmembrane domain with the membranes of
the Golgi cisternae. Indeed, the lipid composition varies between the ER and
plasma membrane, with cholesterol and sphingomyelin becoming more
prevalent towards the plasma membrane (7150). Furthermore, many GA
resident proteins are observed to have transmembrane domains with much
shorter hydrophobic regions than plasma membrane proteins (157). Thus, the
interactions of glycosylation enzymes with the unique lipid and protein

environment in the GA could lead to retention within specific compartments.

Glycosyltransferases attached to synthetic transmembrane domains have been
used to probe the effect on localisation when the hydrophobic length is varied.
In these studies, it was demonstrated that the correct localisation within the
GA appeared to depend on the thickness of the hydrophobic region (7149, 152,
153). These results, however, have to be interpreted with caution since the
effect of the synthetic transmembrane domain on the globular domain is

unknown.

Retention of ER/GA resident proteins may result from the interaction of the
glycosyltransferases transmembrane domain with the distinctive lipid

composition found within the ER/GA. Oligomerisation of transmembrane
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domains may also follow subsequent to partitioning into the correct lipid
environment (147, 154).

3.2.3 Simulations of FK1TMD

The following describes a molecular dynamics (MD) study into the structure
and membrane orientation of the fukutin transmembrane domain. The N-
terminal transmembrane domain of fukutin has been shown to be sufficient to
retain the protein within the GA (755). A short peptide corresponding to the
first 36 N-terminal amino acids of fukutin (FK1TMD) was modelled as an
idealized a-helix. The stability of this model was subsequently assessed in
atomistic molecular dynamics (ATMD) simulations. The conformational stability
of the FK1TMD was assessed in phospholipid bilayers of varying hydrophobic

thickness and head group composition.

Coarse-grained molecular dynamics (CGMD) simulations have been used to
study the tilt angle of the FK1TMD within phospholipid bilayers. The amino
acids that make specific contacts with the phospholipid headgroups particles
are also determined. The tilt angle and protein lipid contacts are also
investigated for membranes of differing hydrophobic thickness and head
group composition. Finally, the FK1TMD was simulated in a membrane with a
headgroup composition more representative of the GA. Examples of both the
AT and CG representations of the FK1TMD can be seen in Figure 12A and
Figure 12B, respectively.
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Figure 12. A) The top two panels display the final snapshots (after 50 ns of
simulation) from ATMD simulations of the FK1TMD in DMPC. The top left panel
displays the simulation of FK1TMD in which it was initially positioned with its
helical axis parallel to the surface of the bilayer. The top right panel displays a
simulation in which the FK1TMD was inserted initially in a transmembrane
arrangement within the bilayer. B) DPPC bilayer assembly and protein insertion
from CGMD simulations (bottom). Lipid headgroups are yellow, the tails are

grey and the FK1TMD is blue. Water and ions are omitted for clarity.
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3.3 Methods

3.3.1 Environments

The ATMD simulations of FK1TMD were conducted in (i) water, (ii) 1 M NacCl,
(iii) a 1,2-dimyristoyl phosphatidylcholine (DMPC) bilayer, and (iv) a
1,2-dipalmitoyl phosphatidylcholine (DPPC) bilayer. The insertion of FK1TMD
into (i) 1,2-dilauroyl phosphatidylcholine (DLPC) (ii) DPPC, (iii) POPC, (iv) POPS,

and (v) mixed lipid bilayers was studied using CGMD simulations.

3.3.2 Generation of the FK1TMD Model

The model of the 36-residue transmembrane domain of fukutin (FK1TMD) was
created using Modeller 9v7 (156) by constraining the FK1TMD sequence to an
idealized «-helix. The resulting helix was evaluated for stereochemical
integrity using Procheck (757). This model was used for all of the atomistic

simulations and also for creating the CG version of FK1TMD.

3.3.3 Details of Atomistic Simulations

The AT simulations were performed using GROMACS 4.0.7 (www.gromacs.org)
(158-160). The simulations used an extended united atom version of the
GROMOS96 force field (161). Berger parameters were used for phospholipids
(1671). Explicit water molecules were modelled using the SPC water model
(162). The charge of the simulation systems was neutralised with Na* and CI
ions. The LINCS algorithm was used to constrain the lengths of all lipid and
protein bonds (717), while the SETTLE algorithm was used for water molecules
(119). This allowed the use of a 2 fs time step. The system temperature was
maintained with the velocity-rescaling thermostat, with a time constant for
coupling of 0.1 ps (163). The system pressure was maintained at 1.0 bar using
the Berendsen barostat, with a time constant of 1.0 ps (729). The potential
energy of electrostatic interactions were calculated using the particle mesh
Ewald (PME) method, with a cutoff of 1.0 nm for the calculation of direct space
interactions (123). The energies of van der Waals interactions were calculated
using the Lennard-Jones potential, also using a cut-off of 1.0 nm. A long-range
dispersion correction was applied to the energy and pressure to account for

van der Waals interactions beyond the cut-off. The neighbour list was updated
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every 10 steps. A summary of the system components of each simulation is
shown in Table 1. All simulations were run for 50 ns. The conformational
properties of FK1TMD were analysed using GROMACS tools and DSSP (764).
Visualization was conducted with VMD (165).
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Table 1. Summary of the AT simulations. The Cax RMSD values reported are

the mean values calculated for the last 25 ns of each simulation.

Simulation System components Temp | Cx RMSD

FK1TMD | Lipids water | lons (K) (nm)

Al_wat 1 0 39,654 | 4 CI- 310 1.36 +
0.04

A2_wat 1 0 38,208 | 727 Cl-, | 310 0.60 +
723 0.10

Na+

A3_Sfdmpc 1 512 DMPC | 23,323 | 4 CI- 310 0.43 +
0.03

A4_25dmpc 1 497 DMPC | 33,423 | 4 CI- 298 0.37 +
0.03

A5_37dmpc 1 497 DMPC | 33,423 | 4 CI- 310 0.33 +
0.04

A6_43dmpc 1 497 DMPC | 33,423 | 4 CI- 316 0.13 +
0.03

A7_25dppc 1 502 DPPC | 31,611 | 4 CI- 298 0.13 +
0.02

A8_37dppc 1 502 DPPC | 31,611 | 4 CI- 310 0.28 +
0.02

A9_43dppc 1 502 DPPC | 31,611 | 4 CI- 316 0.26 +
0.03

A10_43popc |1 501 POPC | 28,352 | 4 CI- 316 0.30 +
0.03
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3.34 Details of Coarse Grained Simulations

All the CG simulations were performed using GROMACS 4.0.7
(www.gromacs.org) (158-160). The simulations were initiated from a random
configuration of protein, lipids, ions, and water, which were left to assemble
into a lipid bilayer in the presence of one FK1TMD molecule (76, 77, 134). The
CG parameters for DPPC, DLPC, POPC, ions, and water molecules were obtained
from the MARTINI CG force field (734). The parameters for the CG 1,2-
dipalmitoyl-sn-glycero-3-phosphatidylinositol 4,5-bisphosphate (PIP2) lipid
headgroup were obtained by matching the bond and angle distributions of a
CG inositol 1,4,5-trisphosphate (IP3) (738) to the distributions obtained from
AT simulations using the GROMOS carbohydrate parameters (166). The
glycerol and fatty acid portions of the PIP2 lipid parameters were the same as
those used for the CG DPPC lipid. Parameters for amino acids are given in (76),
(167), and (168). The a-helical structure of the FK1TMD was maintained using
an elastic network, as described in (76). For simulations of FK1TMD in the
more complex GA membrane, the MARTINI2.0 force field was used due to the
greater number of lipid models available (736). The complex GA membrane
was composed of 50% PC, 20% phosphatidylethanolamine (PE), 12% PIP2, 8%
phosphatidylserine (PS), and 10% sphingomyelin (SM). All phospholipids had
palmitoyl fatty acid tails (four coarse grain beads) in both the sn-1 and sn-2
positions of the glycerol backbone. The ratio of phospholipid to cholesterol
was 16:1 (0.06). The ratio of lipids was chosen to be similar to that of the GA
(169). As with the AT simulations, the analyses of the CG simulations were
performed using GROMACS tools and locally written code. Molecular images
were produced with VMD (765).
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Table 2. Summary of FK1TMD CG simulations.

Simulation |System components Temp (K)
FK1TMD lipids Water lons
CG1_dlpc 1 266 DLPC |3140 323
CG2_dppc |1 266 DPPC |3140 323
CG3_popc |1 266 POPC |3140 323
CG4_pops |1 266 POPS |3127 370 Na 323
3 Na+

CG4_real 1 200 DPPC |6736 264 Na+ 323

80 DPPE

32 DPPS

48 PIP2

40 SM

66 CHOL
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3.4 Results

3.4.1 Atomistic Simulations

Using ATMD, the structural stability of the FK1TMD model was assessed in an
aqueous environment. Much of the a-helical structure of the FK1TMD was lost
within the first 10 ns of simulation. By the end of the 50 ns simulation, only
residues V8 to L13 and L25 to H30 were in a a-helical conformation (Figure
14A and Figure 14B). A similar pattern a-helical structure loss is also observed
for the FK1TMD in aqueous simulations containing a 1 M concentration of NaCl
(Figure 14B). Therefore, it appears that the burying of hydrophobic residues,
and not electrostatic and hydrogen bond interactions, results in the loss of
a-helical structure in water. The NaCl ions seemed to slow the rate of
structural drift of the FK1TMD from the initial ideal o-helical conformation, with
an RMSD after 20 ns of 1.30 nm in pure water and 0.5 nm in 1 M NaCl (Figure
13). This may suggest that polar interactions between amino acids also help to
destabilise the o-helix. However, this cannot be concluded from the current

data, as there is only one example of the transition.

20 ' J ' ' ' ' T — Al_wat
— A2_wat
I A3_Sfdmpc
A5_37dmpc
15k — A8_37dppc |

Time (ns)

Figure 13. RMSD of the backbone (Ca atoms) of FK1TMD after a least squares
fit to the initial, idealized o-helix model. The details of the simulations referred

to in the legend, are provided in Table 1.
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Figure 14. DSSP matrices of the FK1TMD in a) water at 310K, b) 1M NaCl at
310K, c) the water-headgroup interface of a DMPC bilayer at 310K, d) a
transmembrane orientation within a DMPC bilayer at 310K, and e) a
transmembrane orientation within a DPPC bilayer at 310K. In the DSSP matrices
(a to ¢), each square represents the structure assignment of a particular
residue at an instance in time. Blue coloured squares represent residues in an
a-helical conformation; mauve represents residues in a 1r-helix conformation;
grey represents residues in a 3. -helix conformation; black represents residues
in an isolated B-bridge conformation; green represents residues in a bend;
yellow represents residues in a hydrogen bonded turn; and, white represents

residues that have adopted an undefined structure.
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The stability of the FK1TMD model was also evaluated in the vicinity of a
phospholipid bilayer. The simulations were initiated with the FK1TMD model in
two positions relative to the phospholipid bilayer (i) in the water-lipid interface
just above the headgroups of a DMPC bilayer and (ii) in a transmembrane
orientation, in which the principal axis of the a-helix was perpendicular to the
bilayer plane. Perhaps unsurprisingly, given that the FK1TMD exists in vivo in
the ER/GA membranes, the secondary structure of the model was more stable
near a phospholipid bilayer (Figure 14C) compared to that in just water or the
1 M NaCl environments (Figure 14A and Figure 14B). Indeed, when positioned
just above the lipid headgroups with the helical axis parallel to the bilayer
plane, the FK1TMD retained its a-helical structure in two short regions at either
end of the peptide (Figure 12A and Figure 14C). Meanwhile, the region
between these two a-helices (L13 to F20) became unstructured (Figure 14C). In
contrast, when inserted into the hydrophobic core of the bilayer in a
transmembrane orientation, the FK1TMD generally remained in a stable
a-helical conformation (between R3 and H30), although some unfolding was
observed at the C-terminal end (Y31 to N36) (see Figure 14D and Figure 14E).
The FK1TMD model was also simulated in a DPPC lipid bilayer to assess the
effect of the bilayer thickness on the structural stability. The hydrophobic core
region of DPPC bilayers is thicker, as a result of its longer fatty acid tails, than
that of DMPC. The pattern of unfolding at the C-terminal end observed in the
DMPC simulations was also present in the DPPC simulations (Figure 14E). The
structural drift of the FK1TMD was measured by calculating the root-mean-
square deviation (RMSD) of the backbone Ca atoms from their initial ideal
a-helical conformation. The RMSD values were similar in both lipid
environments, with an average, over the last 25 ns of simulation, of 0.33 nm in
DMPC compared to 0.28 nm in DPPC (Figure 13).
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3.4.2 Coarse Grained Simulations

The preferred membrane localization and orientation of the FK1TMD was
studied on longer time scales using CGMD, in which four heavy atoms are
replaced with a single, spherical particle, to reduce the complexity of the
system. A number of examples exist where CGMD has permitted the study of
bilayer self-assembly and the insertion of peptides into membranes (76, 77,
170). Here, an elastic network was used to constrain the secondary structure of
the FK1TMD model to an idealized o-helix. Each of the 1 ps simulations was
initiated from a random arrangement of lipids, peptide, water, and counter
ions to allow an unbiased insertion of the FK1TMD into a self-assembled lipid
bilayer. The effect of the bilayer thickness on the orientation and dynamics of
FK1TMD was assessed by simulating the idealized a-helical model in DLPC
(three particles in both tails), DPPC (four particles in both tails) and POPC (four
particles in one tail and five in the other tail) phospholipids. The bilayer
self-assembly proceeded in all cases via the stalk formation mechanism that
has been reported previously for DPPC lipids (76, 134). By the end of each CG
simulation, the FK1TMD adopted a transmembrane orientation within the
membrane, with the principle axis of the a-helix oriented approximately
perpendicular to the plane of the bilayer (Figure 12B). In a few cases, the
FK1TMD was oriented parallel to the plane of the bilayer at the start of the
simulations, particularly in DLPC lipids. However, one end of the a-helix would
insert into the hydrophobic core of the bilayer after a short period of time (less
than 75 ns), followed by full insertion of the rest of the a-helix, so that the
FK1TMD was traversing the bilayer. Once the FK1TMD had inserted into the
bilayer, it remained in a transmembrane orientation for the rest of the
simulation, although its precise tilt with respect to the bilayer plane was
observed to fluctuate. The tilt angle of the FK1TMD, calculated for the final
200 ns of the CG simulations, was 39 + 1.5° in DLPC and 30 + 1.5° in DPPC.
Presumably, the greater average tilt angle in the shorter DLPC lipid tails is a
result of a degree of mismatch between the hydrophobic region of the protein
and the lipid tails. The standard error was estimated by fitting either a single
or double exponential to the block-averaged tilt-angle data (7177). In block
analysis the time sequence data are divided into blocks of equal size, and the
number of divisions is reduced sequentially until the standard error of the
block averages reaches a plateau.

61



Additional CGMD simulations were performed using POPC phospholipids in
order to investigate, further, the effects of the lipid tail composition on the tilt
angle of the FK1TMD. The POPC CG lipid model implemented within MARTINI
has five particles for the oleoyl tail and four particles for the palmitoyl tail,
compared to the four particles for each palmitoyl tail in DPPC. The oleoyl tail
also contains an unsaturated bond, which causes the tail to bend outwards at
the end. In agreement with the trend observed in the DPPC and DLPC
simulations, of a smaller tilt angle in longer lipid tails, the mean tilt angle of
FK1TMD calculated during the final 200 ns of the CG simulations was 17.6 +
0.9° (Figure 15).
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Figure 15. The tilt of the FK1TMD with respect to the bilayer plane in DLPC
(black), DPPC (green) and POPC (blue) bilayers.

The correct localization of some glycosyltransferases within the GA requires
that a conserved motif, R/K-x-x-R/K, is present at their N-terminus (7172). The
R/K-x-x-R/K motif of FK1TMD (R-I-N-K) is located between residues R3 and K6.
The role of this motif in membrane localization and orientation of the FK1TMD
was investigated by examining its interactions with the polar headgroup

particles of the bilayer lipids. The number of contacts was calculated (contact
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defined as an interatomic distance of less than 6 A) between the protein and
the phospholipid headgroup particles by sampling the last 100 ns of the 1 us
CGMD trajectories at 0.4 ns intervals. The protein-lipid contacts for DPPC and
DLPC are presented in Figure 16. In all three of the lipid bilayers (DLPC, DPPC,
and POPC), the N-terminal residues between M1 and N7 made regular contacts
with the phospholipid headgroup particles. In particular, R3 and K6 had a
strong propensity to interact with lipid headgroup particles, and, together,
they accounted for >20% of all headgroup-protein contacts in all three lipid
bilayer simulations combined (Figure 16). Presumably, these charged residues
help to anchor the N-terminal end of the FK1TMD in the zwitterionic
headgroup region of the lipid bilayer.

>~ 30 A

Figure 16. Surface representation of FK1TMD coloured according to number of
contacts, defined as an interatomic distance of less than 6 A, with lipid
headgroup particles. The contacts have been summed for each residue over
the last 100 ns of the CG simulations and normalised by the total number of
contacts. This is represented pictorially by an RGB scale - red for no contacts,

and blue the highest number of contacts.

In the other leaflet of the bilayer, at C-terminal end of the FK1TMD, the
residues between Y28 and N36 made regular contacts with the lipid headgroup
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particles. In particular, residues K29, R35, and N36 show a particular
propensity to interact with the lipid headgroups, and, together, they make up
15% of the total headgroup-protein contacts in the DLPC simulations and 20%
in the DPPC and POPC simulations. These observations suggest that the
charged residues at both N- and C-terminal ends of the helix play a key role in

anchoring the protein in a transmembrane orientation in the lipid bilayer.

In addition to the protein-lipid contacts, the lateral motion of the FK1TMD was
also measured. The position of the centre of mass of the terminal residues was
monitored in the xy plane during the last 100 ns of the simulations. In all three
of the bilayer simulations, the lateral movement of the helix in the xy plane
was up to 7 nm in either the x or y dimension. This lateral movement in the
plane of bilayer, in addition to the fluctuations observed in the tilt angles of
the helix, suggest that there may be some mismatch between the width of the
hydrophobic patch on FK1TMD and the hydrophobic core of the bilayer defined
by the lipid tails.

3.4.3 In Vivo Environment of FK1TMD

The GA membrane is composed of a complex mixture of lipids, which includes
anionic and polyanionic lipid headgroups. In the previous sections, the
influence of the lipid tail length on the orientation and mobility of the FK1TMD
has been investigated in uniform zwitterionic PC lipid bilayers. Given the high
positive charge at both termini of the FK1TMD, the affinity of the protein for
other lipid headgroups was investigated, in particular anionic lipids. Firstly, the
role of anionic lipids was investigated in a self-assembly simulation of
FK1TMD, in a bilayer composed of only POPS lipids. Although the charge
distribution of a 100% POPS bilayer does not reflect the in vivo environment of
GA, these simulations were useful in determining the effect of anionic lipid
headgroups on the dynamics of the FK1TMD, as direct comparisons could be
made with the POPC simulations. The change of headgroup had a large effect
on the protein tilt angle. Indeed, an increase was observed in the tilt angle
from 17.6 £ 0.9" in POPC to 25.5 + 2.2° in POPS. This is presumably driven by
the increase in the number of contacts between the POPS headgroup atoms
and the N-terminal R3 and K6 and C-terminal K29 residues. The lateral mobility

of the protein in the two different lipid types was similar.
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In addition, a more complex bilayer was simulated to investigate the effect of
the different headgroups in an environment more representative of the GA
membrane. This complex bilayer consisted of a mixture of DPPC, DPPE, PIP2,
SM, and DPPS lipids in a 50:20:12:10:8 ratio and also cholesterol (CHOL) at a
16:1 phospholipid:CHOL ratio (7169). In the complex GA membrane, the
residues of the R/K-x-x-R/K motif, R3 and K6, at the N-terminus of FK1TMD
made a large number of contacts with the headgroups of all lipid types. These
two positively charged amino acids made the most contacts with the highly
negatively charged PIP2. Indeed, the interactions of PIP2 with R3 and K6
accounted for 12% of the total contacts between FK1TMD and the phospholipid
headgroups. At the C-terminus of the FK1TMD, in contrast, the interactions of
K29 and R35 with PIP2 accounted for only 5% of the total headgroup contacts.
Due to its position within the bilayer (Figure 17), the hydroxyl group of CHOL
makes the most contacts with an isolated region between 14 and L10 at the N-
terminus of FK1TMD. This region accounted for approximately 55% of the total
contacts between CHOL and FK1TMD. Conversely, the C-terminal amino acids
make fewer contacts with CHOL, and the interactions are spread evenly across
a large number of residues. The interactions of SM with the FK1TMD were
similar to those observed for DPPC. The tilt angle of FKITMD was 23.6 + 1.8°
in the complex GA membrane. This value is between the tilt angles observed
for the DPPC, DLPC and POPC bilayers, and is similar to the simulations of the
FKTTMD in a pure POPS bilayer, where a tilt angle of 25.5° was measured.
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Absolute numbers

Z (nm)

Figure 17. The panel on the left shows the number density of protein and lipid
headgroup particles along the z dimension. The curves representing the
different lipids are coloured as follows: DPPC is pink, DPPE is yellow, DPPS is
green, PIP2 is cyan, SM is dark orange, CHOL is grey and the black dashed line
represents FK1TMD. The panel on the right displays the lipid headgroup
particles within 3 nm of the R and K residues in N- (left) and C- (right) termini
(colours are as in the left panel, cholesterol and SM are omitted for clarity and
the FK1TMD is red). The trajectory is fitted on the protein using a least squares
procedure and the frames are superimposed at 40 ns intervals over the 1.5 s
trajectory. Clustering of the PIP2 lipids near the N-terminus is clear. Such
clustering does not occur in the bilayer leaflet interacting with the C-terminus,

which has a more random distribution of lipids (173).

The density profiles of the FK1TMD and the various lipid headgroups were
calculated along an axis normal to the plane of the bilayer (Figure 17). The
distribution indicates that DPPC, DPPE, and DPPS lipids occupy similar positions
with respect to the bilayer normal. This is perhaps expected given that all the
lipids contain the same acyl tails. The positional distributions for SM lipids are
slightly further apart than for the other lipids, thus they are displaced slightly
toward the solvent. This appears to be a result of lipid-lipid contacts within the
bilayer. In contrast, the distributions for CHOL are closer together than those
for the phospholipids, and so CHOL is located deeper into the hydrophobic
core of the bilayer. The slight asymmetry in the CHOL density is a result of one

molecule flipping into the opposite leaflet during the equilibration procedure.
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Figure 18. (A) Radial distribution of the glycerol linked phosphates in PIP2 and
DPPE. The reference points for the radial distribution are K6 for the
cytoplasmic leaflet and K29 for the luminal leaflet. (B) The GA model
membrane. The lipid tails are omitted for clarity. PE headgroups are coloured
cyan, PIP2 headgroups are coloured dark blue, PS headgroups are coloured
green, SM is coloured mauve, and CHOL is coloured yellow. The interaction of

K6 with PIP2 is indicated with an arrow.

A clustering of PIP2 lipids around the N-terminus of the FK1TMD was
discovered by visual inspection of the simulation trajectories (Figure 17). This
clustering was investigated further by calculating the radial distribution for the
glycerol-linked phosphates of PIP2 relative to the K6 and K29 residues of
FK1TMD (Figure 18). The distributions show that PIP2 is found more often in
the proximity (within T nm) of K6 than in the proximity of K29. The density of
the DPPE phosphates within 1 nm of FK1TMD was much lower than that of
PIP2. Indeed, compared to PIP2, the radial distribution of the DPPE phosphates
was similar in both leaflets of the bilayer, but fell below the bulk average
density close (< 2 nm) to the FK1TMD, suggesting some exclusion at this

distance.
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3.5 Discussion

ATMD simulations have been used in this study to assess the structural
stability of a a-helical model peptide, FK1TMD, representing the N-terminal
transmembrane spanning region of fukutin. The simulations have
demonstrated that FK1TMD forms a stable a-helix in DPPC, POPC and DMPC
bilayers when in a transmembrane orientation, but it partially unfolds when
lying parallel to the plane of the bilayer, at the headgroup-water interface. The
differences in fatty acid tail length of the phospholipids did not affect the
stability of the a-helix. Circular Dichroism measurements have also confirmed
that the helical content of the peptide is constant irrespective of the bilayer
thickness (173). The structural stability of the FK1TMD suggests that
partitioning into lipid domains is unlikely to be accompanied by a

conformational change in the transmembrane domain of fukutin.

The FK1TMD was demonstrated to preferentially adopt a transmembrane
orientation in self-assembly CGMD simulations. To be accommodated in
bilayers of different hydrophobic thickness, the FK1TMD transmembrane
domain adjusts its tilt relative to the plane of the bilayer. Positively charged
residues anchor both termini of FK1TMD in the headgroup region of the lipid
bilayer. These residues are responsible for much of the variation in tilt angles

that was observed in bilayers of differing compositions.

In addition to changing the headgroup composition, CGMD simulations of the
FK1TMD were performed in three different lipid tails, and in a mixture of
headgroups that closely mimics the in vivo Golgi membrane composition. The
tilt angle of the FK1TMD was found to be sensitive to the lipid tail composition
of surrounding lipid bilayer. Thus, it seems that the tilt angle is determined by
an interplay between the fluidity and headgroup composition of the bilayer.
Furthermore, the N-terminal residues of the FK1TMD exhibit a propensity to
interact with PIP2 lipids, and this may play a role in the formation of
microdomains by inducing clustering of these lipids. A possible limitation of
this study is that only the transmembrane domain of the fukutin protein is
considered. Similar studies of isolated transmembrane domains have
previously been used to explore membrane protein interactions within bilayers
(77, 170), though it is noted that the inclusion of neighbouring domains would

provide further insights into the dynamics of the functional protein.
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In summary, the transmembrane domain of fukutin exists as a stable a-helix in
a bilayer environment. The changes observed in the tilt angle of the a-helix as
a result of changes to the bilayer composition may suggest a method for the
localisation within the cell of the full-length protein. The FK1TMD may be able
to sense the bilayer compositions found in different intracellular
compartments, which has implications for protein packing and the formation
of higher oligomeric structures. While some aspects of the Golgi membrane,
such as varied lipid tail composition, have not been explored in the present
study, the simulations of the complex Golgi membrane represent a step

towards linking in silico experiments with real biological systems.
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Chapter 4: Stability and Membrane
Interactions of the Hia Translocator
Domain in a Complex Membrane

Environment

4.1 Abstract

Hia is a trimeric autotransporter found in the outer membrane of Haemphilus
influenzae. Each monomer of the Hia translocator consists of an a-helix
connected via a loop to a 4-stranded B-sheet. Thus, the topology of the trimer
is a 12-stranded B-barrel containing 3 a-helices that protrude from the mouth
of the B-barrel into the extracellular medium. Molecular dynamics simulations
of the Hia monomer and trimer have been performed to explore the
interactions between the a-helices, p-barrel and connecting loops that may
contribute to the stability of the trimer. In simulations of the Hia monomer, the
central o-helix is shown to stabilise the fold of the 4-stranded B-sheet. In
simulations of the Hia trimer, a hydrogen bond network has been identified
involving residues in the p-barrel, a-helices and connecting loops. In this
network, glutamine residues located in the connecting loops are orientated in
a triangular arrangement such that each forms 2 hydrogen bonds with a
glutamine in a neighbouring connecting loop. In the absence of the loops, the
B-barrel becomes distorted. Thus, this network may provide stability for the
trimeric arrangement of the monomers. The simulations also reveal that the
trimeric translocator domain, although inherently flexible, is unlikely to
accommodate the passenger domain in a folded conformation. In addition,
simulations were also performed of Hia in an asymmetric bilayer representing
the outer membrane of Haemphilus influenzae. These simulations showed
interactions between Hia and lipopolysaccharide that may anchor the protein

within outer membrane.

The study presented in this chapter has been published as part of a journal
article in Biochimica et Biophysica Acta (191). A full copy of this article is
included in Appendix 8.3. In contribution to the article, Dr Syma Khalid

performed the simulations of the Hia trimer in a DMPC bilayer, under the
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guidance of Professor Mark Sansom. These Hia simulations were later
extended, and additional simulations were performed. In addition, Dr Thomas
Piggot contributed to the article by creating the H. influenzae outer membrane

model, including the parameters for lipopolysaccharide.
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4.2 Introduction

Haemphilus influenzae is a Gram-negative bacterium and a human pathogen
responsible for a wide range of clinical diseases including sinusitis, bronchitis
and conjunctivitis (174). The initial step in infection involves adherence to
epithelial cells and colonization of the upper respiratory tract. A number of
adhesive factors facilitate the attachment of the bacterium to host epithelial
cells. One such factor is the trimeric autotransporter called Hia. In order to
mediate cell adherence, Hia must present its two protein binding domains on
the surface of H. influenzae (42, 175). The cell-surface display of the binding
domains requires that part of Hia be translocated across both the inner
membrane (IM) and the outer membrane (OM). To achieve this, Hia utilises the
autotransporter secretion pathway, also known as the type V secretion system
(30, 42).

The autotransporters can be divided into two subfamilies (42), monomeric and
trimeric autotransporters. However, both subfamilies share a common
structure. Indeed, like the monomeric autotransporters, Hia has three
characteristic structural features: i) an N-terminal signal sequence that directs
the nascent polypeptide to the Sec machinery for translocation across the IM,
ii) a passenger domain that contains the secreted cell surface binding domains,
and iii) a B-barrel translocator domain that is inserted into the OM to assist in
the translocation of the passenger domain (Figure 19A). A schematic
representation of the domain organisation of the autotransporters is shown in
Figure 19B.
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Figure 19. A) Two views of the X-ray structure of Hia. Looking down the
principal axis from the extracellular end (left), here the three monomers are
coloured individually (red, green and blue) and side view (right), here the
B-barrel is purple, the loops are green and the a-helices are red. B) Schematic
of domain organisation. The boundaries and residue numbers indicate the

portion of the Hia structure that was used in each simulation of this study.
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Figure 20. The hairpin model extended to the trimeric autotransporters.
Translocation of the passenger (orange) proceeds in the C- to N- direction
through the B-barrel translocator (purple). In A and B, six polypeptide chains
are in the B-barrel pore simultaneously (these have been omitted from the

figure for clarity).

A number of models have been proposed to explain the translocation of
passenger domains across the OM. The trimeric autotransporters, like their
monomeric cousins, presumably translocate their passengers in the C- to N-
terminal direction (30), and the process has been shown to involve the Bam
complex (176), which is also called the outer membrane protein (OMP)
insertion complex. If the translocation of the passenger follows a similar
pathway to the hairpin model (Figure 20) then there may need to be
substantial and complex conformation changes in the translocator domain.
The final stage of translocation is likely to be the full insertion and release of
the folded Hia into the OM. In contrast to many of the monomeric
autotransporters such as EspP and NalP (Figure 21), Hia does not release its

passenger via autoproteolytic cleavage after transocation, and it remains cell
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surface bound. The structure of the Hia translocator domain has been revealed
by X-ray crystallography (46, 177). It forms a p-barrel with 12 transmembrane
B-strands, with each subunit in the trimer contributing four B-strands. One
a-helix from each of the subunits occupies the central channel of the B-barrel.
The a-helices are connected to the first B-strand of each monomer by a long
loop (a1-B1 loop), which extends two thirds of the way into the pore. The
interface between the monomers is formed largely through symmetrical
interactions between elements of al1-B1 loop. The interface between the al-p1
loops is principally polar, and it is therefore hydrogen-bonding and

electrostatic interactions that are likely to contribute to the stability of the

trimer.

EspP NalP
autoproteolytic
cleavage
site

intrabarrel

autoproteolytic

cleavage

Figure 21. The translocator domains of the monomeric autotransporters, EspP
and NalP. The site of autoproteolytic cleavage of the passenger domain is
shown. The B-sheet residues are coloured purple, the pore «-helical residues
are coloured orange, and loops between secondary structural elements are

coloured green.

The Hia p-barrel has a 1.8-nm-diameter central pore that contains three
a-helices, one from each monomer. The pore diameter, although slightly
larger, is similar to that of the monomeric autotransporters, EspP (1.1 nm) (44)

and NalP (1.2 nm) (49). Given the similarity in their pore dimensions, it might
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be expected that the autotransporters share a common translocation
mechanism. However, experimental and simulation studies have suggested a
plug-like role for the a-helix in NalP, as well as promoting the correct fold of
the B-barrel (113). Though, the a-helix is not implicated in maintaining the
integrity of the B-barrel once it has formed (49). In contrast, experimental
studies have shown that the a-helices located within the Hia B-barrel and in
particular the loops that connect the a-helices to the pB-barrel (the al1-pB1 loop)

are essential to maintain the structural integrity of the trimer (46).

The following is an atomistic molecular dynamics (ATMD) investigation into the
structural stability and function of the Hia translocator domain. The a1-81 loop
is found to play a key role in maintaining the stability of the B-barrel. In the
absence of the al-p1 loops, the B-barrel becomes distorted. The simulations
show that, while the trimeric translocator domain B-barrel is inherently flexible,

it is unlikely to accommodate the passenger domain in a folded conformation.

The conformational dynamics of the Hia translocator domain is explored
further using an OM model membrane containing a realistic mixture of
lipopolysaccharide (LPS), also known as lipooligosaccharide, and
phosphatidylethanolamine (PE) lipids. The analysis of these simulations reveals
that a ring of positive residues located at the base of the a-helices, near the
extracellular mouth of the B-barrel, interacts with the negatively charged
moieties of the LPS inner core. These specific interactions in the OM may help

to anchor Hia within its native membrane environment.
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4.3 Methods

4.3.1 General Simulation Details

All simulations of the Hia translocator domain were performed using the
GROMACS simulation package, version 4.5.1 (158-160). The SPC water model
was used in all the simulations (7162), unless stated otherwise. The simulations
were undertaken in the NPT ensemble. The Nosé-Hoover thermostat, with a
time constant of 0.5 ps, was used to maintain the system temperature at 310
Kelvin (178, 179). The Parrinello-Rahman barostat (7130, 180) with a time
constant of 5.0 ps, was used to maintain a system pressure of 1 bar. Long-
range electrostatic interactions were calculated using the smooth particle mesh
Ewald method (123). A long-range dispersion correction was applied to the
energy and pressure to account for interactions beyond the cut-off used for the
Lennard-Jones calculations. The neighbour list was updated every 5 steps
during the simulations. The LINCS algorithm was used to constrain the lengths
of all bonds (117), allowing a 2 fs time step to be used in all simulations. The
steepest descent method was used for energy minimisations, and performed
for 1000 steps in all cases. Simulations in which position restraints were used
involved the application of a harmonic restraint force of 1000 kJmol'nm? to
non-hydrogen atoms. The Hia crystal structure used in the simulations was the
2.0 A model described by Meng et al. (PDB code 2GR7) (46). The protonation
states of all titratable residues of Hia were assigned using the standard
protonation states at pH 7. These protonation states were subsequently
checked with the H++ webserver (181-183). The repeats of all of the
simulations used randomly generated initial velocities. A summary of the

simulations described in this work is provided in Table 3 and Figure 19B.

4.3.2 Aqueous Simulations

The Hia structure from Meng et al. (PDB code 2GR7) (46) was solvated in a
cubic periodic box so that the protein was at least 1.5 nm from the edge of the
box. Water molecules were randomly replaced by Cl to neutralise the system.
The resultant system was energy minimized. A 1 ns simulation was performed
with position-restraints applied to the protein. This was to allow the water to

equilibrate around the protein. The restraints were removed and a further
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200 ns production simulation was performed. The protein was modelled using
the GROMOS 43A1 force field (184). The short-range cut-off for both the van

der Waals and electrostatic interactions was 1.0 nm.

4.3.3 Aqueous AMBER Simulations

The same initial system configuration to that of the aqueous GROMOS
simulations was used in the AMBER simulations. However, the TIP3P water
model was used (785) instead of SPC, and the protein was modelled using the
AMBER 99SB-ILDN force field. The short-range cut-off for both the van der
Waals and electrostatic interaction was 1.0 nm. The neighbour list cut-off was
1.05 nm. These simulation parameters match those used by Lindorff-Larsen et
al., (186). The AMBER simulations were also undertaken in the NPT ensemble.
The Nosé-Hoover thermostat (178, 179) with a time constant of 1.0 ps, was
used to maintain a system temperature of 310 Kelvin, while the Parrinello-
Rahman barostat (7130, 180), with a time constant of 5.0 ps, was used to
maintain the system pressure at 1 bar. Steric conflicts between the protein and
solvent were relaxed by energy minimisation. Subsequently, a 1 ns position-
restrained simulation was performed to allow an equilibration of the solvent
around the protein. These restraints were removed and a 200 ns production

simulation was performed.

4.3.4 Model Membrane Simulations

In the wild type simulations, the complete Hia X-ray structure was embedded in
a 1, 2-dimyristoyl phosphatidylcholine (DMPC) lipid bilayer. In order to create
the truncated variant of Hia, residues were deleted from the X-ray structure,
prior to inserting the protein into a DMPC bilayer. This variant of Hia
corresponds to one that was used by Meng et al. (177). The Hia model in each
simulation was inserted into a DMPC membrane by positioning the aromatic
belts of Hia at the water-membrane interface regions. Any overlapping lipids
were removed. The force field parameters for DMPC are described in (161). The
system was solvated by superimposition of a box of pre-equilibrated water.
Any waters that were too close to either the protein or lipid were removed.
Water molecules were randomly replaced by Cl ions to neutralise the system.
More than 30 water molecules per lipid were added to the system, consisting
of the protein in a bilayer of around 250 DMPC lipids. The simulation systems
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were energy minimized to relax any steric conflicts between protein, lipid and
solvent. Simulations of 1 ns in length with position-restraints applied were
performed to equilibrate the membrane around the protein. These restraints

were removed and a 100 ns production simulation was performed.

4.3.5 Outer Membrane Model Simulations

The simulations of the realistic H. influenza outer membrane used parameters
derived from the GROMOS 53A6 force field (7187). A snapshot of this complex
membrane is shown in Figure 22A. The force field parameters for the

H. influenza LPS were adapted from the E. coli LPS parameters (188). The LPS in
the complex bilayer has a minimal level of glycosylation, and it represents the
variant from the I-69 Rd-/b+ deep rough mutant strain. The LPS model is
composed of a lipid A plus one phosphorylated 3-deoxy-D-manno-octulosonic
acid (Kdo) sugar (Figure 22B) (189). The phospholipid inner leaflet contains a
1-myristol 2-palmitoleoyl phosphatidylethanolamine (MPoPE) lipid, which
contains a tail composition similar to that found in the inner leaflet lipids of
the OM (Figure 22C) (190). The force field parameters for MPOPE were taken
from the GROMOS-CKP PE lipid parameters (188). The complex membrane was
constructed from two individually equilibrated, symmetric LPS and MPoPE
bilayers. The LPS bilayer was equilibrated for 500 ns, and the MPoPE bilayer
was equilibrated for 100 ns. One leaflet of the symmetric LPS bilayer was
combined with another from the symmetric MPoPE bilayer to create the
complex H. influenza membrane. The area per chain of the LPS and MPoPE
lipids were used to guide the construction of the complex membrane, so that
the correct numbers of lipids were in each leaflet of the bilayer. The complex
model was equilibrated for 100 ns (197). The wild type Hia protein was
inserted into the complex membrane using the GROMACS program g_membed
(126). Neutralizing Cl ions, in addition to the Mg?** ions that are required to
maintain the stability of LPS leaflet, were added to the system. Steric conflicts
between protein, lipid and solvent were relaxed by energy minimisation.
Subsequently, a 20 ns position-restrained simulation was performed to allow
the bilayer to equilibrate around the protein. The restraints were removed and
a 200 ns production simulation was performed. The short-range cut-off for the
electrostatic interactions was 0.9 nm, with van der Waals interactions truncated

at 1.4 nm.
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Figure 22. (A) Snapshot of Hia from simulation 3-wt-Ips, the protein (B-barrel is
purple, the loops are green and the «-helices are orange) is surrounded by a
bilayer composed of (B) lipopolysaccharide (LPS) and (C) 1-myristol, 2-
palmitoleoyl-phosphatidylethanolamine (MQPE), where Carbon is cyan, Oxygen
is red, Nitrogen is blue, Hydrogen is white and Phosphorus is tan. Water and
ions are omitted for clarity. In this picture the LPS is in the upper leaflet and
the MQPE lipids are in the lower leaflet. Abbreviations: 3-deoxy-D-manno-

Octulosonic Acid (Kdo) and Glucosamine sugar (GIcNAC).

4.3.6 General Analysis

All analyses were performed using GROMACS tools, MDAnalysis (192), and
locally written code. Secondary structure analyses used DSSP (7164). The pore
within the B-barrel interior was analysed and visualised using HOLE (793, 194).
Molecular graphics images were generated using VMD (765). In the H-bond
analysis, a hydrogen bond was considered to have formed between a donor
and acceptor where there was an interatomic distance of less than 0.35 nm,

and an angle of less than 30° between the acceptor-donor-hydrogen.
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Table 3. Summary of Hia simulations

Simulation Hia model Lipids Solvent |length Co RMSD (nm)
(ns) | All [p-barrel |a-helices
1-wt-wat 1 x Hia,_ . 7Cl 3x [1.05 [0.27 [1.14
200
40,620 H,O
1-Oa-wat 1 x Hia 4 CI 3 X 0.65 |0.45
200
45,103 H,0
1-0c-wat |1 x Hia,___ 4 Cl 4x ]0.61 [0.35
200
40,620 H,O
T-wt-dmpc 1 xHia, . |194 DMPC |7 CI 2 X 0.89 |0.15 0.80
200
14,294 HO
3-wt-dmpc |3 x Hia,, . |426 DMPC |21 Cl 2x [0.27 [0.12  [0.25
100
49,778 H,0
3-Ou-dmpc |3 x Hia_ . [426 DMPC [12Cl 2x  [0.34 ]0.26
100
26,917 HO
3-wt-Ips 3 x Hia,, . [59LPS 219 Mg>  [2x  [0.30 [0.11  [0.24
200
161 MPoPE |46 CI
22,432 H,0
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4.4 Results

4.4.1 Monomer Stability

Trimerization of the Hia translocator domain is necessary for the efficient
translocation of the N-terminal passenger across the OM (7195). However, it is
still not clear whether trimerisation of the Hia translocator domain occurs
before or after membrane insertion. Therefore, the stability of a monomeric
component of the Hia translocator domain was investigated in both aqueous
and membrane environments. Any loss of secondary structure or disruption to
the local membrane environment would indicate that the simulated systems
were unlikely to represent real in vivo configurations. Thus, changes to the
membrane thickness and the protein conformation were used as measures of
the conformational stability of Hia in each environment. Three different
systems were constructed that were composed of (i) a wildtype (wt) Hia
monomer in water (1-wt-wat), (ii) a wt Hia monomer without any a-helices or
a1-B1 loops in water (1-Ox-wat), (iii) a wt Hia monomer that includes the «1-B1
loop but not the «-helices in water (1-Ox-wat__ ), and (iv) a wt Hia monomer in
a DMPC bilayer (1-wt-dmpc).

1037

The Cax root mean-squared deviation (RMSD) provides a measure of the protein
drift from the initial starting conformation derived from X-ray structure (Table
3). The overall plateau RMSD values were 1.05 nm in 1-wt-wat, 0.65 nm in
1-Ox-wat and 0.89 nm in 1-wt-dmpc. These large RMSD values indicate the
monomer is undergoing substantial structural changes. Much of the structural
instability of the monomers was the result of bending and unwinding of the
a-helices at the N-terminal end of the protein. However, the B-sheet residues
were substantially more stable, and had plateau RMSD values of 0.27 nm in

1-wt-wat, 0.45 nm in 1-Ox-wat and 0.15 nm in 1-wt-dmpc.
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Figure 23. The DSSP plot (i) and final simulation snapshots (ii) of (A) 1-Ox-wat,
(B) 1-wt-wat and (C) 1-wt-dmpc. The B-sheet residues highlighted in yellow are
A1049, A1051, and A1062. These residues form the boundaries of a pocket

into which L1037, from the N-terminal end of the «1-B1 loop, is inserted.
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The structural stability of both 1-wt-wat and 1-Oa-wat was examined further
using the DSSP secondary structure classification method. Interestingly, the
B-sheet had a noticeably less stable secondary structure when the central
a-helix and o1-B1 loops were removed (Figure 23A). Indeed, the average
number of residues in a B-sheet conformation during the simulations was
calculated to be 34 in the 1-wt-wat simulations and 26 in the 1-Oa-wat
simulations. These differences appeared mostly to be the result of the partial
unfolding of B-strand 1 in the 1-Oa-wat monomer. Such subtle changes in the
stability of secondary structure can sometimes be the result of force field
inaccuracies. Therefore, the 1-Oa-wat and 1-wt-wat systems were simulated
again using the AMBER99SB-ILDN all atom force field (786) in order to verify
that the differences in stability of the B-sheet were force field independent.
Encouragingly, these simulations showed similar trends to the GROMOS force

field simulations (see Figure 24).

OCoil WB-Sheet MB-Bridge EBend
OTurn W A-Helix W 5-Helix @ 3-Helix

Time (ns)

Figure 24. The DSSP plot (i) and final simulation snapshots (ii) of (A) 1-Ox-wat
and (B) 1-wt-wat. These simulations were performed using the AMBER 99SB-
ILDN force-field. The B-sheet residues highlighted in yellow are A1049, A1051,
and A1062. These residues form the boundaries of a pocket into which L1037,
from the N-terminal end of the «1B1 loop, is inserted.
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The greater stability of B-strand 1 in 1-wt-wat did not appear to result from
polar interactions with the a-helix. Indeed, there were relatively few specific
interactions between B-strand 1 and the a-helix, except for one hydrogen bond
(H-bond), which was present in 40% of the trajectory frames, between residue
S1053 of B-strand 1 and residue Q1036 from the a-helix. The low number of H-
bonds is surprising, given that there were approximately 20 barrel-helix H-
bonds reported in simulations of NalP (112). However, a greater number of
specific interactions occurred between the a1-B1 loop and B-strands 2 and 3. In
particular, H-bonds were formed between residue Q1039 in the a1-1 loop and
residue R1077 in B-strand 3. This H-bond was present in 45% of the trajectory
frames. It is interesting to note that neither the H-bond between Q1036 and
S1053 nor that between Q1039 and R1077 are present in the X-ray derived
structure, where the residues are oriented in such a way that they do not

appear to interact.

It was observed from visual inspection of the Hia X-ray structure that residue
L1037, at the N-terminal end of the a1-B1 loop, fits into a small pocket
bordered by A1049, A1051, and A1062 from B-strands 1 and 2 (Figure 24). It
seems likely that the favourable hydrophobic packing in this region may help
to stabilise the al1-pB1 loop in its position on the surface of B-strands 1 and 2. In
order to investigate the packing of L1037 further, a series of 200 ns
simulations were performed of a truncated Hia monomer containing residues
from L1037 to W1098 (1-Oa-wat

the al1-B1 loop but not the a-helix. This Hia variant was less stable than the

.0s,)- The Hia structure in 1-Oa-wat, . contains
intact monomer, with an RMSD of 0.35 nm for the B-sheet residues. In contrast
to 1-Oa-wat, however, the p-strand 1 of 1-Oc-wat, _ retained most of its the
B-sheet conformation (Figure 25A and Figure 25B), as assessed by DSSP, for
the full 200 ns. It must be noted that, in a few of the repeat simulations, the
residues in B-strand 1 showed signs of conformational instability, though the
B-sheet conformation did not completely disappear within 200 ns, as it did in

1-Oa-wat.

It seems that L1037, by itself, is unable to maintain the al1-p1 loop in its usual
position on the surface of B-strands 1 and 2. Indeed, L1037 became detached
from its hydrophobic pocket after about 80 ns of simulation. The point of
separation can be observed in Figure 25C, which plots, as a function of time,

the distance between the COM of L1037 and the COM of the hydrophobic
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pocket formed by residues, A1049, A1051, and A1062. Indeed, the distance
remained stable at 0.5 nm for the first 80 ns of the simulations, but increased
markedly, becoming greater than 2.0 nm, for the remaining 120 ns of the

simulations.
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Figure 25. Simulation 1-Ox-wat, . : (A) A DSSP structure analysis of Hia (B) final

simulation snapshot, and (C) the distance of L1037 from the hydrophobic
pocket formed by A1049, A1051, and A1062 (yellow).

Since the Hia translocator exists as an integral OM protein in vivo, it is of
interest to examine the structural stability of a single monomer within a lipid
environment. Thus, a single Hia monomer was embed within a DMPC bilayer in
a transmembrane orientation (1-wt-dmpc). In this simulation, the secondary
structure was mostly conserved throughout the 200 ns (Figure 23C), and less
secondary structure variability was observed compared to 1-wt-wat and
1-Oa-wat. However, the hydrophilic face, which would normally line the interior
of the B-barrel in the trimeric arrangement, caused a substantial distortion of
the lipid bilayer. The distortions were the result of the negatively charged
phosphate group from the DMPC lipids interacting with the positively charged
R1077 in the centre of B-strand 3 (Figure 23C). In addition, the hydrophilic face
was further accommodated within the hydrophobic core of the bilayer by the
formation of a water pore that spanned both leaflets of the membrane and
passed through the central cavity of the Hia monomer. These results suggest
that the insertion of a Hia monomer into the OM would need to be

accompanied by a substantial shielding of its central hydrophilic face.
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4.4.2 Barrel Flexibility and Stability of the Trimer

The flexibility and stability of the full trimeric B-barrel from Hia was
investigated in two simulations, each 100 ns in length. The two simulation
systems contained (i) a wt Hia trimer within a DMPC bilayer (3-wt-dmpc) and (ii)
a wt Hia trimer without any of the a-helices or a1-p1 loops within a DMPC
bilayer (3-0a-dmpc). An illustrative snapshot of the Hia trimer is shown in

Figure 19.

Residue

Time (ns)

[1Coil [l B-Sheet |l B-Bridge [l Bend [] Turn [l A-Helix [l 3-Helix [_] Chain_Separator

Figure 26. A DSSP secondary structure analysis of Hia in (A) 3-wt-dmpc and (B)
3-0x-dmpc. The secondary structure of the B-barrel remains intact for the full
100 ns in both simulations. In 3-wt-dmpc, all three helices unwind slightly at

the N-terminus.
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In contrast to the monomeric (1-wt-wat and 1-wt-dmpc) simulations, the
a-helices were stable in simulations of the intact, trimeric configuration of Hia
(3-wt-dmpc), although some unwinding of the a-helices was observed in the N-
terminal residues. Indeed, the unwinding of the a-helices was confined to the
regions exposed to the extracellular medium, outside the pore of the p-barrel
(Figure 26A). The combined RMSD value for the three a-helices was 0.25 nm
(Figure 27) for 3-wt-dmpc. A similar level of structural drift was reported for
the single a-helix of NalP, which had a plateau RMSD of 0.20 nm (112).
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Figure 27. The root mean squared deviation (RMSD) of Cax atoms in the

a-helical and the B-barrel portions of Hia.

A marked difference in the RMSD of the p-barrels was observed between
3-wt-dmpc and 3-Oa-dmpc, with values of 0.12 nm to 0.25 nm, respectively
(Table 3). The difference in RMSD values resulted from a large change in the
conformation of the B-barrel during 3-Oa-dmpc (Figure 28C). Indeed, at the end
of 3-Oa-dmpc, the B-barrel resembled the triangular prism conformation of the
12-stranded outer membrane protein, OprM (7196). In contrast, the overall
cylindrical shape of the p-barrel was maintained in 3-wt-dmpc throughout the

100 ns simulations (Figure 28B).
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Figure 28. A - Pore radius profiles for 3-wt-dmpc and 3-Ox-dmpc simulations.
The location of the B-barrel residue R1077 that participates in the H-bond
network is marked. The positions of the periplasmic (PERI) and extracellular
(EC) leaflets are also indicated. B and C - A top view (from extracellular side) of
the protein conformation at the end of (B) 3-wt-dmpc and (C) 3-Ox-dmpc. An
arrow marks the position of G1057 on one of the subunits. A distinct
narrowing of the extracellular mouth of the B-barrel can be observed in 3-Oa-

dmpc. The a-helices and a1-B1 loops have been removed for clarity.
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It is interesting to note that the plateau RMSD value of the p-barrel in 3-Oa-
dmpc is only slightly higher than in 3-wt-dmpc, even though there is
substantial distortion at the extracellular mouth of the B-barrel in 3-Oa-dmpc.
Furthermore, the pattern of H-bonds between the backbone elements of the
B-barrel was mostly unaffected in 3-Ou-dmpc when compared to the 3-wt-dmpc.
Thus, the removal of the a-helices and loops does not lead to loss of the
secondary structure in the p-barrel on the timescale of the simulations (Figure
26B); rather, the deletion of the a-helices and a1-B1 loops causes substantial

changes in the conformation of the p-barrel.

All-to-all RMSD comparisons were calculated in order to examine in more detail
the conformational rearrangement in 3-Oa-dmpc (Figure 29). Each monomer
was compared with every other monomer across all the frames in a trajectory.
In 3-0a-dmpc the monomers were observed to diverge rapidly in structure from
one another, reaching a maximum RMSD of 0.40 nm, almost immediately after
the start of the simulations. In contrast, the monomers of 3-wt-dmpc remained
in a similar conformation, with a maximum RMSD of 0.25 nm, across the
length of the trajectory. This demonstrates that there is a clear loss of
symmetry in 3-0Oa-dmpc, which may indicate an increased flexibility in the
B-barrel. Thus, the B-barrel is not a rigid cylinder, but, instead, may have the
ability to adapt its conformation in response to the number of a-helices and
al-B1 loops contained within the pore region. Indeed, a similar opening and
closing motion has been reported previously for the 12-stranded B-barrel of the

type | secretion protein, TolC (197).
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Figure 29 All-to-all RMSD plots comparing the B-barrel Ca atoms of each

monomer with every other monomer for 3-Ox-dmpc (A,C and E) and 3-wt-

dmpc (B,D and F) simulations. The all-to-all RMSD plots compare all the frames

from one trajectory with all the frames in another. A colour scale is used to

indicate the value of the RMSD.
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The extent of the conformational re-arrangement in the Hia translocator
domain in 3-wt-dmpc and in 3-0Oa-dmpc can be quantified by monitoring the
dimensions of the pore within the B-barrel. The HOLE code was used to
calculate the average pore radii in all simulations (798). In the 3-wt-dmpc
simulations, the a-helices and a1-B1 loops were removed prior to calculation of
the pore dimensions. In general the pore was narrower in 3-Ou-dmpc than in 3-
wt-dmpc, particularly at the extracellular mouth of the p-barrel. A constriction
point is observed in both simulations around R1077 (Figure 28A). The average
width of the pore in this region was similar in both 3-wt-dmpc and 3-0a-dmpc,
indicating the R1077 residues remain pointing into the p-barrel even in the
absence of the a-helices and a1-B1 loops. The pore is narrower in 3-wt-dmpc
than 3-Oa-dmpc at the periplasmic mouth p-barrel. This is a result of the al-p1

loops being forced into a tight arrangement by the bulk of the three a-helices.

The narrowest point within the pore of 3-Oa-dmpc is at the extracellular mouth
of the B-barrel. In this region, the B-barrel adopts a distinctly triangular
conformation in 3-Oa-dmpc (Figure 28), and the extracellular loops partially
fold into the pore and form H-bonds to each other. This leads to the overall
narrowing of the extracellular mouth of the pore observed in the pore radius
profile of 3-Oa-dmpc. Clearly, this H-bonding between the loops at the
extracellular end of the B-barrel is not possible in the presence of the a-helices.
A similar folding of the loops into the B-barrel was reported for the monomeric

autotransporter NalP upon removal of its central a-helix (112).

The conformations of the B-barrel at extracellular mouth can be studied further
by measuring the inter-monomer distances, across the mouth of the p-barrel,
of the Ca particles from G1057. In 3-wt-dmpc, these distances were ~23.6 A
after equilibration. During the simulation, these distances decreased 8 % on
average, indicating a slight narrowing. In contrast, these distances decreased
by 42 % in 3-0Oa-dmpc.
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Figure 30. A snapshot from simulation 3-wt-dmpc showing the H-bond network
proposed to be key in maintaining the structural integrity of the trimer. Helix,
S1035 and Q1036, residues are cyan, B-barrel, R1077, residues are yellow and
Q1039 residues in the a1-B1 loops are magenta. One monomer is completely

omitted for clarity. H-bonds are shown in blue.

A search for H-bonds within 3-wt-dmpc revealed an extended network to exist
between residues from the a1-B1 loops, the B-barrel and the a-helices (Figure
30 and Figure 31). The most notable aspect of this network is the triangular
arrangement of Q1039 residues, allowing them to form 2 H-bonds with a
corresponding Q1039 residue on a neighbouring loop. These residues also
form H-bonds to R1077 residues located in the B-barrel, which in turn form
H-bonds to S1035 and Q1036 residues in the a-helix. The side chains of R1077
residues also adopt a distinctly triangular arrangement near the ends of the

loops, connecting the base of the a-helices to the Q1039 residues.

The H-bond network observed within 3-wt-dmpc does not exist in the X-ray
derived structure (PDB ID: 2GR7), though R1077 is within 0.35 nm of S1035,
Q1036, and Q1039. However, there were 9.0 H-bonds present on average
between these residues in each frame of 3-wt-dmpc. In addition, the residues
were able to interact with water molecules, which tended to cross-link the H-
bonding groups (Figure 31, A and B). The water molecules were able to exist in
several pockets within the p-barrel (Figure 31C), though the highest density of
water was found in a pocket at the base of the a-helices between the al-B1
loops, where the H-bond network exists between the monomers.
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Figure 31. A) and B) Snapshots of 3-wt-dmpc showing the H-bond network with
cross-linking water interactions. Helix, S1035 and Q1036 residues are cyan,
B-barrel R1077 residues are yellow, Q1039 residues in the «1-B1 loops are
magenta, and water molecules are red. One monomer is completely omitted
for clarity. H-bonds are shown in blue. C) The water density around the
B-barrel has been averaged over the final 100 ns trajectory of 3-wt-dmpc. The
water density is represented as a blue isosurface. One subunit is completely

omitted for clarity.

4.4.3 Specific Protein-Lipid Interactions

The dynamics of Hia are likely to be influenced by the unique environment
created by the OM lipids. Therefore, an asymmetric bilayer was constructed
with components more closely resembling those found H. influenzae. This
bilayer contained a deep-rough variant of LPS in the outer leaflet and 1-
myristoyl 2-palmitoleoyl phosphatidylethanolamine (MPoPE) in the inner leaflet
(Figure 22). The simulations of Hia embedded within this membrane are

referred to as 3-wt-Ips from here on.

The structural drift of Hia in 3-wt-lps from the initial conformation was similar
to that observed in the DMPC bilayer simulations. Indeed, the backbone RMSD
values for the a-helices reached plateau values of 0.24 nm in 3-wt-dmpc and
0.18 nm in 3-wt-Ips after 100 ns, while values for the B-barrel reached a

plateau of 0.12 nm in both environments.
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Figure 32. The surface of the protein is coloured according to number of
contacts (where contact is defined as an inter-atomic distance of < 0.35 nm)
between (A) residues of Hia and DMPC headgroup atoms, and between (B)
residues of Hia and the polar groups of LPS. The numbers of contacts are
represented on a RGB scale, where red indicates 0 contacts with the lipid
groups and dark blue indicates that the residue makes contacts in 100% of the
frames analysed. The difference in the number of headgroup contacts (C) is
shown on a red-grey-blue scale where dark red means more contacts with the
polar regions of LPS, dark blue means more contacts with the DMPC
headgroups, and grey means that there were equal numbers of contacts in

both sets of simulation.

The protein-lipid interactions, defined as an interatomic distance of < 0.35nm
(109), produced the most noticeable differences between the two membrane
environments. In general, Hia made fewer contacts with the sugar and
phosphate atoms of LPS in 3-wt-Ips than it did with the headgroup atoms of
DMPC in 3-wt-dmpc (Figure 32). In addition, the sugar and phosphate moieties
of LPS predominantly made contact with the larger residues, Q1056, Q1058,
K1083 and Q1085, in the extracellular loops of Hia. Together, these
observations demonstrate that the LPS molecules were not able to approach
Hia over the 200 ns timescale of the simulations, hence the LPS could not gain
access to interact with the side chains of the smaller amino acids. Presumably,

the pattern of protein-LPS interactions are a result of both the slow diffusion of
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LPS compared to DMPC and the steric restrictions imposed by the larger amino

acids.

The residues of Hia exhibit broadly similar headgroup contacts in the inner
leaflet of 3-wt-Ips to those observed in 3-wt-dmpc (Figure 32). Indeed, the
interaction of the large aromatic residue, W1098, with the phospholipid
headgroup atoms was observed in greater than 80% of the simulations frames
in both 3-wt-Ips and 3-wt-dmpc. However, Hia made more contacts in general
with the PE headgroups in the inner leaflet of 3-wt-Ips than with PC headgroups
in the corresponding leaflet of 3-wt-dmpc. While the partial charges of the PE
and PC headgroups are identical in the force fields used for 3-wt-Ips and 3-wt-
dmpc, a smaller van der Waals radius allows the NH, group of PE to approach

the protein side chains more closely to form tighter electrostatic interactions.

In visual observations of the Hia structure, it has been noted that a ring of
basic residues (K1019, K1022, R1023 and K1087) is positioned close to the
extracellular mouth of the B-barrel (177). It is likely that this positive patch may
help to anchor Hia within the outer membrane via interactions with the
negatively charged LPS inner core. The simulations of 3-wt-Ips show that
K1019 and K1022, in particular, make regular interactions with the carboxylic
acid, phosphate and C5 hydroxyl groups of the Kdo sugar of LPS (Figure 33).
The H-bond and electrostatic interactions were observed to occur frequently.
Indeed, in one of the 3-wt-Ips trajectories, K1022 interacted with the LPS inner
core in greater than 90% of the frames. The electrostatic interactions between
the lysine residues on the a-helices with the negative moieties of the Kdo sugar
(carboxylic acid and phosphate) had occupancies in the range of 6% to 18% of
the simulation trajectory. H-bonds between the lysine residues and the Kdo
sugar had occupancies in the range of 1% to 39% of the simulation trajectory.
In addition, there was no obvious screening of electrostatic and H-bond
interactions as a result of the Mg?* ions, which typically cross-link the

negatively charged moieties of LPS.
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Figure 33. Interaction of LPS with Hia. (A) The relative position of Hia within the
sugar and phosphate groups of LPS. K1019 and K1022 are able to form
electrostatic and H-bond interactions with the (B) C4 phosphate, C5 hydroxyl
and the (C) C1 carboxylic acid of LPS. Electrostatic and H-bond interactions are
displayed as a blue dotted line in B and C. The LPS molecule is shown with the
acyl tails in pink in a space filling representation, while the Kdo and

glucosamine sugars are shown in a licorice representation.
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The LPS molecules diffuse many times more slowly than phospholipids (788).
This could mean that the 200 ns timescale of the 3-wt-Ips simulations is not
sufficient to correct the membrane position of Hia, if its initial position were
not at the appropriate height within the bilayer. Therefore, a further two
simulations of 3-wt-Ips were performed with Hia placed 0.5 nm higher within
the bilayer, so that the correct starting position within the model membranes
could be determined. The new position of Hia within the membrane exposed
the B-barrel to more of the extracellular side of the bilayer. In these extra
simulations, Hia was observed to move by 0.2 nm towards the inner
phospholipid leaflet after 200 ns of simulation (Figure 34A). In addition, the
new position of Hia resulted in a thinning of the inner leaflet, of approximately
0.3 nm, around the protein (Figure 34B). In contrast, no distortion of the inner
leaflet or change in position of Hia was observed in the original 3-wt-Ips
simulations. This suggests that Hia was positioned at the appropriate depth

within the membrane in the original 3-wt-lps simulations.

In the hairpin model of the autotransporter mechanism, it is suggested that
passenger domain to passed through the pore of the B-barrel. Therefore, it
might be expected that the a-helices would be free to move up and down
within the B-barrel pore. The movement of the a-helices relative to the p-barrel
was investigated by measuring the distance between the COM of the B-sheet
residues and the COM of Ca atoms from S1034 of each monomer. While the
distance oscillated between 0.2 nm and 0.3 nm, no net movement of S1034 in

the z-coordinate was observed in either 3-wt-dmpc or 3-wt-Ips.
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Figure 34. (A) The difference in the centre of mass of the f-barrel and the
centre of mass of the bilayer in the z-coordinate for the original simulations
(green and purple) and simulations where the initial position of the protein was
altered (blue and red). (B) Bilayer thickness based on the average of snapshots
taken at 0.5 ns intervals from a 100 ns trajectory. The space occupied by Hia
appears as a dark blue patch in the centre of the plots. A clear thinning of the
bilayer can be observed around Hia in the inner leaflet of 3-wt-Ips (moved) and
this is not apparent in 3-wt-Ips (original). The translational and rotational
motion of Hia in the xy plane was removed prior to performing all the

analyses.
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4.5 Discussion

Several molecular dynamics simulations have been performed of the intact Hia
translocator domain, and also of this domain with various structural elements
removed. In simulations of a single Hia monomer in isolation, it was
demonstrated that the a1-B1 loop and a-helix stabilise the pB-sheet through key
H-bond and hydrophobic interactions. It has been suggested that the central
a-helix of a monomeric autotransporter, EspP, from E. coli could be positioned
within the proto-p-barrel domain at an early stage in the protein’s biogenesis
(7199). While it is possible that the process of membrane integration may differ
for trimeric autotransporters and between bacterial species, it is interesting to
note that the simulations of the Hia monomer showed the a1-B1 loop and the
a-helix to have a stabilising effect on the p-sheet residues. Presumably, polar
interactions play a role in positioning the a1-B1 loop and a-helix so that they
can pack tightly onto p-strands 1 and 2. The tight binding of the p-strands
residues to the al-B1 loop and a-helix may restrict the movement of the al-p1
loops and thereby stabilise B-strand 1. Any disturbance of this binding could
reduce the stability of the monomer. In Hia, G1064 provides part of the base to
the hydrophobic pocked into which a a1-B1 loop residue, L1037, is inserted. In
YadA, mutations of G389, which is synonymous to G1064 in Hia, resulted in a
reduced stability of the trimeric form of the protein (200). Overall, the
monomer is observed to be relatively unstable in an aqueous environment, and
more stable when it is inserted in the membrane, where it causes local
distortion of the lipid bilayer. Taken together these observations suggest that

trimerisation of the Hia is likely to occur prior to membrane insertion.

In simulations of the full wild type translocator domain, the Hia trimer was
shown to be structurally stable in a DMPC bilayer on a 100 ns timescale.
Indeed, the plateau RMSD values were similar to those reported from
simulations of the monomeric autotransporter, NalP. In contrast, the plateau
RMSD value was larger when the a-helices were removed from the B-barrel.
Removal of all three a-helices at once did not cause destabilisation of the
B-barrel on a 100 ns timescale. However, large conformational changes were
observed, including distortion of the B-barrel and a loss of symmetry between
the monomers. Thus, the simulations suggest that the a-helices and al1-1

loops play a key role in maintaining the conformational integrity of the trimer.
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A number of H-bonds were also identified that form between residues of the
B-barrel, a-helices and a1-B1 loops. These interactions, which are not present in
the X-ray structure, may also contribute to the stability of the trimer. Using
immunoblot analysis, Meng et al. examined constructs in which (a) the a-helix
had been removed and (b) the o-helix and a1-B1 loop had been removed (46,
177). Whereas (a) was only detected in a monomeric form, the construct in (b)
was not detected at all. These experimental observations suggest that any
extension to the simulations of the translocator domain without the a-helices

or al-B1 loops may lead to the eventual collapse of the trimeric configuration.

The relatively narrow diameter of the central pore of Hia, as observed in the X-
ray structure, suggests the p-barrel would need to be flexible in order to
accommodate a passenger domain passing through. Encouragingly, the
simulations of translocator domain show that even the p-barrel of the wildtype
trimer exhibits a natural flexibility, particularly at the intracellular and
extracellular mouths. In the absence of a-helices and a1-p1 loops, the B-barrel
adopts a triangular conformation at the extracellular mouth. The flexibility of
the B-barrel in this region may have important implications for the mechanism
of passenger translocation. Indeed, the ability of the B-barrel to expand and
contract in response to the a-helices located within the pore could also be
extended to the presence or absence of the passenger domain. Even after
taking into account the ability of the p-barrel to expand, however, it is difficult
to conceive of a situation where the diameter of the pore could increase
sufficiently to allow the passenger domain to pass through in anything other
than an extended or unfolded conformation. Furthermore, the simulations of
the truncated monomer and trimer suggest that the central a-helices and a1-f1
loops enhance the structural stability to the B-barrel. Given this information, it
is difficult to envisage a mechanism where the three central a-helices were not
inside the B-barrel during the transport of the passenger. Thus, the
translocation would be especially difficult for the trimeric autotransporters
following the hairpin model, as 4 to 6 polypeptides would have to be
accommodated within the pore at the same time. In this context it seems
unlikely that the passenger domain would be transported through the central

cavity of the B-barrel.

In order to explore some of the specific membrane-protein interactions that

would occur in vivo, Hia was simulated within a complex membrane model that
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incorporates the asymmetry and some of the unique lipid components of the
H. influenzae OM. While Hia made certain specific interactions with the more
complex environment of the asymmetric membrane, it is important to note
that the nature of the dynamics of Hia were similar in both the realistic OM and
DMPC bilayers. The realistic bilayer, however, allowed the exploration of
certain features of Hia that could otherwise not have been investigated. For
example, the role of the positive patch, formed by lysine and arginine residues
from the extracellular loops and a-helices, at the extracellular mouth of the
B-barrel could be investigated. In the simulations of realistic OM model, Hia
residues, K1019 and K1022, located in the a-helices were observed to interact
regularly with the phosphate and sugar moieties of the LPS molecule. The
simulations suggest that these interactions serve to anchor Hia within the
outer leaflet of the OM. However, it is noted that the minimal LPS model,
located within the outer leaflet of the realistic membrane simulations, is found
only in an atypical strain of H. influenza. Though, it seems reasonable to
suggest that longer variants of the LPS molecule, which are more
representative of infectious strains of H. influenzae, would likely interact with
the o-helices to a greater extent, leading to stronger anchoring of Hia within
the OM. This is more important for the role of Hia as an adhesion than,
perhaps, for the monomeric autotransporters that autoproteolytically release

their passengers after translocation.

In summary, a number of key protein-protein interactions have been identified
that stabilise the both the Hia monomer and trimer. The simulations indicate
that the B-barrel of the Hia translocator domain is inherently flexibility, but it is
unlikely that the passenger domain could be accommodated in its pore in
anything other than an extended conformation. In addition, the simulations of
Hia in a complex model of the OM have enabled the characterisation of key

interactions that anchor the protein within its native membrane environment.
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4.6 Future Work

It remains to be seen whether the lipids of the OM play a significant role in the
translocation of the autotransporter passenger domain. Of particular interest is
extracellular loop 4 in the monomeric autotransporter that appears to play a
role in the transport of the passenger domain of BrkA (48), and has a similar
structure to the loop 4 of EspP and Hbp. This loop is likely to have modified
dynamics in a realistic environment that contains a full length LPS. Thus, a
logical next step is to simulate the translocator domain of the monomeric
autotransporters in a complex lipid environment. Currently, simulations of Hbp
and EspP are being performed, and the early indications are that the
extracellular loops have different dynamics in the complex membrane

compared to simulations in simple phospholipid bilayers.
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Chapter 5: The Dynamics of FecA in the
Complex Environment of the Outer

Escherichia coli Membrane

5.1 Abstract

Bacteria survive low iron environments by secreting siderophores, which
solubilise otherwise inaccessible sources of the metal. FecA is an E. coli outer
membrane protein that binds and internalises the siderophore, di-ferric di-
citrate. Experimental studies have identified loop regions that are essential for
the correct functioning of FecA. A number of these loops have been implicated
in ligand binding. Thus, atomistic molecular dynamics simulations have been
performed to investigate the impact of lipopolysaccharide and ligand binding
on FecA. Simulations were performed with FecA embedded within two different
bilayers: i) an asymmetric model membrane that incorporates
lipopolysaccharide molecules and ii) a simple phospholipid membrane. In
addition, comparative simulations of the apo and holo forms of FecA were
performed. The simulations provide insight into the influence of the
environment and ligand on the dynamics of the functionally important loops of
FecA. In addition, some evidence is obtained of ligand induced conformational

changes within the B-barrel of FecA.

The study presented in this chapter has been published as part of a journal
article in Biochimica et Biophysica Acta (221). A full copy of this article is
included in Appendix 8.4. The contributions of Dr Thomas Piggot, the lead
author, to the article include the construction of the outer membrane model
and development of the lipid parameters. Additionally, Dr Thomas Piggot
performed the analysis of the ligand protein interactions and conformational

changes in the switch helix.
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5.2 Introduction

5.2.1 Membrane Composition and Protein Function

Changes to the composition of cellular membranes can influence the function
of membrane proteins. The behaviours of enzymes, molecular pumps, and ion
channel proteins can be altered by variations in lipid headgroup compositions
and fatty acid chain length. Integral membrane proteins are also sensitive to
solutes, such as cholesterol and general anaesthetics, which alter the physical
properties of the membrane. Variations in the lateral pressure profile of the
bilayer may provide a general mechanism for the influence of lipid components
on membrane protein dynamics. In addition to changes in the general bulk
properties of the membrane, specific protein-lipid interactions may

stoichiometrically and allosterically modify protein structure and function.

The bacterial outer membrane (OM) contains an asymmetric distribution of
lipids, with phospholipids on the inner leaflet and a unique lipid called
lipopolysaccharide (LPS) in the outer leaflet. Typically, LPS has either 5 or 6 acyl
acid tails, depending on the species of bacteria. In E. coli, the LPS molecules
contain six acyl tails. The acyl tails combined with two glucosamine sugars
represent the Lipid A, or membrane anchor, region of LPS. The Lipid A sugars
are attached to a “core” set of sugars, which can be subdivided into the inner
and outer regions. In E. coli with the R1 type core, the inner core region
contains two KDO and three heptose sugars, while the outer core sugars
consist of predominantly hexose sugars (207-203). The Rd mutants of E. coli
lack the outer core sugars and one heptose sugar, while Rd, strains, in
addition, lack a phosphate group on the inner heptose sugar compared to Rd
mutants (203).

The integrity of the E. coli OM relies on the crosslinking of LPS molecules with
divalent cations. Indeed, exposure to EDTA results in the release of LPS from
the bacterial membrane (204). The LPS in the outer leaflet of the OM has been
associated with protein folding, assembly and sorting. While it is still a point of
contention, LPS has been shown to be useful, if not entirely necessary, for the
folding of denatured OMPs in vitro (205, 206). In bacterial species that
produce two types of LPS, with either a neutral or negative O-antigen, only the

negatively charged O-antigen is found in outer membrane vesicles (207).
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Mutations that disrupt the production of the negatively charged variant of LPS

affect the sorting of proteins into outer membrane vesicles (208).

LPS is an important ancillary molecule in the function of some enzymes and
porins, such as the Omptins and PhoE. The Omptins are a family of catalytic
OMPs, and they require the presence of LPS to be catalytically active. The LPS
binds to a specific site on the outside of the B-barrel (209, 210). How LPS
activates the Omptins is still unclear. However, LPS may alter the behaviour of
several extracellular loops, resulting in the widening the active site of the
enzyme (211). In the case of PhoE, a phosphoporin from Pseudomonas
aeruginosa, LPS has been implicated in the gating and trimerisation of the
protein pore. Interestingly, the gating activity of PhoE was observed to be
dependent on the length and composition of the sugar moiety attached to the
lipid A anchor of LPS (272), indicating that interactions between the LPS and

the extracellular loops of PhoE may be functionally important.

5.2.2 FecA: Ferric Citrate Transporter

Protein pores called porins mediate the transport of key nutrients across the
OM. Large ions and molecules, which are often scarce in the environment, are
actively transported across OM in a process that requires proteins located in
both the inner membrane (IM) and OM (213, 214). Like the other members of
the TonB-dependent transporters, the ferric citrate iron uptake transporter,
FecA, is a 22-stranded B-barrel, with short turns connecting the B-sheets on the
periplasmic side and the long loops on the extracellular side. In the centre of
the B-barrel there is a globular plug domain (Figure 35A). Upon ligand binding,
it is thought that FecA undergoes a large conformational change, allowing
TonB to bind to the C-terminus of the plug domain. This in turn leads to
another conformational change and passage of the ligand into the periplasm.
A number of extracellular loops in FecA are considered essential to its function
(215-218). Deletion of loops 3, 7, 8 and 11 of FecA results in a non-functional
protein, while deletion of loops 5, 9 and 10 reduce the activity of FecA. It
seems likely that residues located within the long extracellular loops of FecA
will form electrostatic and hydrogen bond interactions with the sugars of the
LPS in the outer leaflet of the OM. The interactions may have functional

implications. A hint at how LPS might interact with FecA comes from a related
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protein, FhuA, which has been crystallised with a bound LPS molecule at a
putative binding site (219, 220).

Citrate

A Extracellular Loops B

B-Barrel

Globular
Domain

C Extraxcellular

Outer
Leaflet

Inner
Leaflet

Figure 35. (A) The domain structures of FecA, (B) the structure of di-ferric-di-
citrate (DFDC), and (C) FecA in the OM model.
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5.2.3 Atomistic Molecular Dynamics Simulations of FecA

Previous simulation studies of bacterial OMPs in LPS membranes have indicated
that extracellular loops can display altered dynamics as a result of the unique
OM environment (7108). Therefore, it is of interest to investigate how the OM
environment affects the dynamics of FecA, given the functional significance of
its extracellular loops. In addition, the conformational rearrangements that
occur in FecA upon ligand binding are key to understanding the how

di-ferric-di-citrate (DFDC) (Figure 35B) is transported into the periplasm.

The effects of ligand binding and specific membrane interactions on the
dynamics of FecA are explored in the following comparative ATMD simulation
study. Simulations of FecA were performed in both a simple
phosphatidylcholine (PC) membrane and an E. coli OM model that contains Rd,
LPS molecules in the outer leaflet and a mixture of phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and diphosphatidylglycerol (DPG) in the inner
leaflet (Figure 35C). In addition, MD simulations were performed of an apo and
a pseudo-holo (DFDC bound) form of FecA in both the OM and PC membrane,
so that the combined effects of the membrane and ligand on the protein

dynamics could be investigated.
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5.3 Methods

5.3.1 The Simulations of FecA

Full details of the simulation protocols and starting structures are provided in

the Methods section of (2217), and the full journal article is included in

Appendix 8.4. For reference, the simulations of FecA were performed using the

apo conformation of the structure (PDB ID: 1KMO). Eight simulations each of

200 ns duration were performed (Table 4). The simulations performed with the

di-ferric-di-citrate (DFDC) ligand also used 1KMO as a starting structure, and it

therefore represents a pseudo-ligand bound structure.

Table 4. Summary of FecA simulations.

Simulation Membrane Composition |Ligand (DFDC)
apo_OM_v1 Outer Membrane Model |No
apo_OM_v2 Outer Membrane Model |No
DFDC_OM_v1 Outer Membrane Model |Yes
DFDC_OM_v2 Outer Membrane Model |Yes
apo_POPC_v1 POPC No
apo_POPC_v2 POPC No
DFDC_POPC_v1 POPC Yes
DFDC_POPC_v2 POPC Yes
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5.3.2 Statistical Analysis

A two-way Analysis of Variance (ANOVA) was used to assess the effect of the
ligand and membrane composition on the centre of mass (COM) displacements
of FecA Ca atoms within extracellular loops. The COM displacements were
calculated after every frame in a trajectory was least squares fitted to the
B-barrel Cax atoms of the initial X-ray derived structure. Block averaging was
performed in order to identify the longest correlation time in COM
displacements for each extracellular loop of FecA. Correlation times of up to
100 ns were identified from the start of the 200 ns trajectories. Thus, frames
from the first 100 ns of the trajectory were discarded and the block averaging
repeated. The COM displacements in the final 100 ns of the trajectory had
correlation times of less than 40 ns in duration. Thus, the COM displacements
of the final 100 ns of each trajectory were averaged in 2 x 50 ns blocks. The
averages obtained from each of the 50 ns blocks were used as a data points in
the ANOVA. The assumptions of the ANOVA require that the response
variables have homogeneity of variance and that they be normally distributed.

These properties of the data were confirmed by visual inspection of box-plots.

5.3.3 General Analysis

Analyses were performed using GROMACS tools and locally written code. The
COM movements of individual loops were calculated using the MDAnalysis
python tools (792). Statistical tests were performed using the program, R

(222). Molecular graphics images were generated using VMD (165).
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5.4 Results

5.4.1 Structural Drift

Information regarding the conformational stability and overall motion of FecA
in each of the simulations can be obtained by calculating the structural drift
from the starting configuration. The structural drift is typically measured using
the root mean square deviation (RMSD) after a least squares fit between two
structures of interest. The RMSD from the initial FecA structure as a function of
time was calculated independently for the extracellular loop and B-barrel Ca
atoms (Figure 36). In all simulations, the RMSD initially increased while the
system was relaxing, reaching a plateau value after 50 to 100 ns. The B-barrel
showed the least deviation from the starting structure (Figure 36C and Figure
36D), and the greatest deviation was in the extracellular loop regions of the
protein (Figure 36A and Figure 36B). Interestingly, differences in the plateau
RMSDs were observed between the POPC and OM simulations and also between

apo and DFDC-bound simulations.

The plateau RMSD values of the extracellular loops tended to differ depending
upon the membrane environment in which FecA was embedded. In the POPC
simulations the loop RMSD reached a value between 0.45 and 0.65 nm, while
in the OM simulations the loops RMSD reached a value between 0.30 and 0.40
nm (Figure 36A and Figure 36B; Table 5 and Table 6). Block analysis of the
RMSD values over the final 50 ns of the simulations was performed (223) to
ensure that these plateau RMSD values were converged. This analysis showed
that the standard error of the block means converged for block sizes of greater
than 10 ns. The mobility of the loops, and the impact of the membrane
environment, can be visualised in the average density plots of loop Ca atoms
(Figure 37). Indeed, the loop Ca atoms appear as small points in the OM
simulations (Figure 37A), while the densities are more dispersed in the POPC
membrane simulations (Figure 37B). Thus, there is an increase in the mobility
and conformational variability of the extracellular loops in the POPC membrane

compared to the OM.
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Figure 36. Root mean square deviations of A) the FecA loops in the POPC
membrane, B) the FecA loops in the OM, C) the FecA B-barrel in the POPC
membrane and D) the FecA B-barrel in the OM during apo (black solid and

dotted lines) and DFDC-bound (grey and brown solid lines) simulations. The

loops or B-barrel were fitted, using the least squares method, to the starting

conformations prior to calculating the RMSD.

113



150

50

50

100 150 200
Time (ns)

C 200

O

Loop 5
150
. L
Loop3 ' iV f B
¥ AR E 100
b " p E
» - ~o, * ® -
Yy %“ # :t:
5 - v .: 50
': ’0 % «* e
loopt0 ‘% Loop7
-

100 150 200
Time (ns)

RMSD (nm)

0.10
0.20
0.30
0.40
0.50
0.60
0.70

Figure 37. A top down view of the time averaged density of the Ca atoms from
the extracellular loops of FecA for A) POPC and C) OM simulations. The Cx

atoms from 400 sample frames were fitted, using the least squares method, to

the starting loop conformations. The Cx densities are displayed on a grey

scale, where black is high density and white is low density. The levels in this

image have been altered equally so that regions with lower Cax densities can be

seen more clearly. The differences in loop conformations are also shown in the
all-to-all loop RMSD plots of the two apo POPC (B) and the two apo OM (D)
simulations. The RMSD colour scale used in B and C is also shown in this

figure.
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Table 5. A table displaying the average extracellular loop RMSD values (nm) for
the final 50 ns of each simulation of FecA. Each simulation is split by two

factors: the membrane and the ligand state of FecA. The RMSD values for

repeat simulations are provided.

Membrane
Ligand State POPC oM
Apo 0.595, 0.586 0.376,0.317
DFDC bound 0.485, 0.433 0.357,0.298

Table 6. A table displaying the average B-barrel RMSD values (nm) for the final
50 ns of each simulation of FecA. Each simulation is split by two factors: the
membrane used and the ligand state of FecA. The RMSD values for repeat

simulations are provided.

Membrane

Ligand State POPC oM

Apo 0.268, 0.225 0.240, 0.238

DFDC bound 0.197, 0.201 0.181, 0.187
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The plateau RMSD values of the B-barrel also appeared to be lower if the DFDC
ligand was bound to FecA. This difference was similar in both membrane
environments, but was amplified in the OM. The RMSD of the p-barrel in the
DFDC bound simulations reached a plateau value between 0.18 and 0.21 nm
(Figure 36, C and D), while in the apo simulations the plateau value is higher,
between 0.23 and 0.27 nm.

5.4.2 All-to-All RMSD Comparisons

Differences in the plateau RMSD values can suggest that the simulated
proteins are sampling different regions of conformational space. However,
similar plateau RMSD values do not necessarily mean that the two proteins are
sampling the same region of conformational space (224). Indeed, the plateau
RMSD is a simple measure of the average distance from the initial structure,
where the distance is measured in a multidimensional space with 3N (three
times the number of particles) dimensions. Therefore, the similarities in the
conformational space explored by FecA in separate simulations can be
examined, further, using all-to-all RMSDs (Figure 37, B and D, and Figure 38,
Figure 39). The all-to-all RMSDs avoid the issues associated with using an
arbitrary reference (such as the starting structure) in the standard RMSD

calculation.

The all-to-all comparison of the extracellular loop RMSDs between two
independent POPC simulations showed a large and fast divergence from the
starting structure and between simulations, with a maximum RMSD value of
0.70 nm reached after 25 ns (Figure 37B). In contrast, the all-to-all
comparisons of two independent OM simulations displayed much lower RMSD
values in general. Indeed, the loop structures of two independent OM
simulations reached a maximum RMSD value of 0.6 nm after 180 ns, but,
thereafter, returned to a configuration more alike the starting structure, with
RMSD values between 0.20 and 0.30 nm (Figure 37D). The lower divergence of
the loop structures from the starting configuration in OM simulations is clear
in all-to-all RMSD plots with POPC simulations (Figure 38B). The plots
demonstrate that the loops in the POPC simulations diverge rapidly from the
starting structure, while the loops in OM simulations remain much closer in
structure to their initial configuration over the whole trajectory. This gives the

appearance of a gradient across one of the axes in the plot.
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The all-to-all plots of the B-barrel RMSDs showed fewer differences between
simulations than the plots of the extracellular loops. The largest RMSD value
between simulations was 0.25 nm, though the RMSDs remained below 0.20 nm
in general. The smallest differences in the B-barrel RMSDs were seen in
simulations where the DFDC ligand was bound to FecA. In these simulations
the RMSDs stayed mostly below 0.15 nm (Figure 39A). In a similar way, though
less dramatically, to the differences between the OM and POPC simulations in
the extracellular loop RMSDs, a gradient in the all-to-all plot can be observed
along one of the axis when DFDC simulations are contrasted with apo
simulations (Figure 39E). This indicates that the ligand may restrict the

conformational space that the p-barrel is able to explore.
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Figure 38. A selection of the Cux all-to-all RMSD plots of the extracellular loops,
highlighting the impact of the membrane upon the extracellular loop RMSD.
The colour scale for the RMSD is also shown in this figure (please note the
difference in scale compared to Figure 39). The all-to-all comparisons shown
are A) DFDC-bound in POPC vs apo in POPC; B) DFDC-bound in OM vs apo in
POPC; C) DFDC-bound in OM vs apo in OM; and D) apo in OM vs apo in POPC.
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Figure 39. A selection of the all-to-all RMSD plots of the B-barrel, highlighting

the impact of the ligand and the membrane upon the barrel RMSD. The colour

scale for the RMSD is also shown in this figure (please note the difference in

scale compared to Figure 38). The all-to-all comparisons shown are A) DFDC-
bound in POPC (v1) vs DFDC-bound in POPC (v2); B) DFDC-bound in OM (v1) vs
DFDC-bound in OM (v2); C) apo in POPC (v1) vs apo in POPC (v2); D) DFDC-
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bound in OM vs DFDC-bound in POPC; E) DFDC-bound vs apo in OM; and F) apo
in OM vs apo in POPC.

5.43 Essential Dynamics

The influence of the membrane and ligand on the conformational space
explored by FecA was examined further using a Principal Component Analysis
(PCA), which was performed on a 1.6 us trajectory constructed from the

8 independent 200 ns trajectories. A separate PCA was performed for the Ca
atoms of the B-barrel and extracellular loops. In both cases the original
trajectories were projected onto the first two principal components (Figure 40).
The first two principal components accounted for 30.8 % of the total variance

in the extracellular loops and 31.1 % of the total variance in the p-barrel.

The projections suggest that the extracellular loops of FecA are
conformationally restricted in the OM simulations, since their structures only
occupy a small region on the first two principal components (Figure 40B).
Meanwhile, the extracellular loop structures from POPC simulations are spread
across the first two principle components, suggesting a they able adopt more,

and different, conformations.

In contrast to the extracellular loop structures, there is a much greater
similarity between the simulations in the first two principal components of the
B-barrel structures. Of note, there are four distinct clusters for B-barrel
structures, and only one of these is occupied by the structures from
simulations of FecA with the DFDC ligand bound (Figure 40A). However, it may
be necessary to improve the sampling, by performing a larger number of
independent simulations, in order to gain conclusive evidence that DFDC

binding alters the dynamics of the p-barrel.

The covariance overlap compares all of the eigenvectors and eigenvalues, not
just the first two components, between individual simulations (225-228). A
value closer to 1.0 indicates greater similarity in the eigenvectors and
eigenvalues, and, hence, greater similarity in their conformational dynamics.
The subspace overlap of the extracellular loop motions appears to be
influenced by the membrane environment surrounding FecA (Table 7B).
Indeed, the subspace comparisons of independent OM simulations had values

between 0.32 and 0.37, while the comparisons of POPC simulations were
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mostly below 0.33. In contrast, the ligand appears to have little impact on the
B-barrel subspace movements, with a similar covariance overlap in all of the
simulations (Table 7A).
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Figure 40. Projections of the A) barrel and B) loop structures from different
simulations on the first two principal components determined from the
combined principal component analysis. The apo POPC simulations are shown
in black, the apo OM simulations in green, the DFDC-bound POPC simulations

in blue and the DFDC-bound simulations in yellow.
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Table 7. Overlap of the subspace defined by all of the eigenvectors and
eigenvalues for (A) the B-barrel and (B) the extracellular loops from the
different POPC and OM simulations.

A apo apo |apo OM|apo OM| DFDC | DFDC | DFDC | DFDC
POPC v1|POPC v2| I v2 POPC v1|POPC v2| OM vl | OM v2
apo
POPC v1
apo
P 0.484
POPC v2
apo OM
0.460 | 0.399
v
apo OM
0.484 | 0.411 | 0.454
v2
DFDC
0.534 | 0.469 | 0.430 | 0.457
POPC v1
DFDC
0.549 | 0.459 | 0.439 | 0.468 | 0.517
POPC v2
DFDC
0.476 | 0.406 | 0.475 | 0.469 | 0.447 | 0.477
OM vi
DFDC
0.478 | 0.431 | 0.507 | 0.484 | 0.460 | 0.482 | 0.506
OM v2
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5.4.4 Fast Fluctuations of the Extracellular Loops

The plateau RMSD values from the initial X-ray derived structure (Figure 36),
the all-to-all RMSD plots (Figure 37) and the PCA (Figure 40) have all
demonstrated that the LPS molecules reduce the overall conformation space
available to the extracellular loops. In order to explore the influence of LPS on
the local fluctuations of the loops, the short timescale (50 ps) centre of mass
(COM) displacements of the individual FecA loops, relative to the Ca atoms in
the B-barrel, were calculated. Block analysis was used to determine the longest
correlation times for the 50 ps COM movements. In nearly all cases the
correlations lasted for less than 100 ns (Figure 41A). Therefore, the frames
from the first 100 ns were discarded from each trajectory in order to remove
any influence from the system relaxing. The block averaging was repeated for
all the loops in the final 100 ns of the trajectories, and in this instance, the
longest correlation times for the 50 ps COM movements were less than 40 ns
(Figure 41B).
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Figure 41. Block analysis showing the estimate of the standard errors of the
block means for each extracellular loop of FecA over A) the complete 200 ns
and B) the final 100 ns from the same DFDC-bound POPC simulation. These

results are typical of all the POPC and OM simulations.
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In general, the COM displacements of the loops were smaller in the OM
simulations than in the POPC simulations. The statistical significance of
differences in COM loop displacements between simulations was evaluated
using an ANOVA. The ANOVA was performed using data averaged over two
50 ns blocks from the final 100 ns of each trajectory. The 50 ns blocks were
chosen so that the data were average over a time longer than the longest
correlation time (Figure 41). The movements of the loop COM over 50 ps
intervals were significantly different between the POPC and OM simulations at
the 5% level for extracellular loop 4 (p = 0.015), loop 5 (p = 0.016) and loop 6
(p =0.012) and at the 1% level for loop 1 (p < 0.001), loop 2 (p = 0.002), loop
3 (p <0.001), loop 7 (p = 0.006), loop 8 (p = 0.004), loop 9 (p < 0.001), loop
10 (p < 0.001) and loop 11 (p = 0.001) (Table S5). The ligand also had a
statistically significant effect at the 5% level on loop 5 (p = 0.039) and loop 9 (p
= 0.039) and at the 10% level on loop 11 (p = 0.055). These results suggest
that differences in membrane environment, and also binding of the DFDC

ligand, can alter the short timescale displacements of the FecA loops.
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5.5 Discussion

Simulations have been performed of FecA in both POPC and OM bilayers. They
have provided details regarding the nature of the interactions between the
FecA and its native OM environment. Perhaps as expected, the inner core
sugars of the LPS molecules interact extensively with the extracellular loop
residues, these interactions, understandably, are absent in the POPC
simulations. The novel interactions between FecA and LPS had a significant
impact upon the loop dynamics, increasing their conformational stability
compared to the POPC simulations. The short-term fluctuations in the
extracellular loop positions were significantly altered by interactions with LPS.
In addition, the number of conformations that could be adopted by the
extracellular loops was restricted in the LPS membrane compared POPC. Thus,
the bulky LPS molecules appear to provide a steric hindrance to large
conformational motions in the extracellular loops. These results highlight the
need for complex membrane models in simulations of proteins containing

long, functional extracellular loops.

It is noted that due to the slow diffusion rate of LPS, any influence on the
dynamics of FecA, resulting from specific protein-LPS interactions, is to some
extent influenced by aspects of the initial simulation setup, such as the
positioning of the protein within the membrane. Given that multiple
independent simulations, each of which is 200 ns in length, it is reasonable to
suggest that the level of sampling in the present study is sufficient to observe
the influence of LPS on the extracellular loop dynamics. However, with many
more simulations of greater length, it is expected that the differences between
environments will become more apparent, as the conformation space available

to FecA would be sampled more completely.
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Chapter 6: Coarse Grained Simulations of
Outer Membrane Vesicles: Lipid Diffusion

and Protein Aggregation

6.1 Abstract

Outer membranes vesicles are spheroid particles secreted by all Gram-negative
bacteria. Their composition is similar to that of the outer membrane from
which they are derived. The functions ascribed to the outer membrane vesicles
include long-range toxin delivery, sequestration of harmful agents and
communication between bacteria. Many features of outer membrane vesicle
production, and the selective uptake of protein and lipid cargo, are still
unknown. Therefore, the diffusion and aggregation of proteins, which may
lead to selective incorporation, has been investigated in coarse grained
molecular dynamics simulations of unilamellar vesicles that mimic the size and
composition of bacterial outer membrane vesicles. Indeed, the inner leaflet of
the simulated vesicles contains a mixture of phosphatidylethanolamine,
phosphatidylglycerol and cardiolipin lipids, closely resembling the composition
of inner leaflet of the E. coli outer membrane. A high protein concentration
within the vesicles is shown to slow the lipid diffusion, as a result of long-
timescale interactions between the lipids and proteins. These interactions
result in highly correlated lipid and protein motions at distances of less than

5 nm. A lower level of correlation is also observed between the lipids at the
same distance. Finally, the aggregation characteristics of the E. coli porin,
OmpF, is investigated, leading to the observation that changes in membrane

thickness around the protein may determine the orientation of interactions.
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6.2 Introduction

6.2.1 Outer Membrane Vesicles

Gram-negative bacteria continually discharge Outer Membrane Vesicles (OMVs)
from the cell surface during growth. While being formed, the OMVs capture
some of the periplasm within their interior. The natural, asymmetric
arrangement of the bacterial outer membrane components is maintained in
OMVs, and they are, in essence, small pieces of the bacterial cell wall. The
OMVs have a spherical structure with an average diameter of between 20 and
250 nm, depending on the strain of bacteria from which they are derived. The
OMVs produced by E. coli are typically 25 to 100 nm in diameter, with 75 % of
those being between 25 and 50 nm in size (229). The OMVs allow bacteria to

secrete lipids, membrane proteins and other insoluble material.

The biological functions ascribed to the OMVs are diverse. Mostly, the OMVs
are a means by which a bacterium can interact with its environment. OMVs are
produced constitutively in many bacteria, though the rate production of OMVs
can vary depending on environmental stimuli. Importantly, OMVs can serve as
virulence mediators for pathogens by carrying toxins, proteases and other
degradative factors. Thus, the OMVs allow bacteria to behave in a predatory
manner, through secretion, binding and lysis of host cells or other bacterial
species. Indeed, the OMVs can cause a severe inflammatory response, known
as sepsis, in host organisms (229-231). The ability of OMVs to activate the
immune system have made them potential vehicles for immunization against
bacterial pathogens (2371-236). The production of OMVs may also function as a
waste disposal pathway by collecting misfolded and unfolded proteins from
the periplasm, and then expelling them from the cell (237). It also seems likely
that OMVs provide short term protection for the bacteria against antimicrobials

by providing decoys to absorb the harmful agents (238).

The OMVs may play an important role in the communication and coordination
between bacteria, a process called quorum sensing. The P. aeruginosa
Quinolone-Signal (PQS) molecule is a hydrophobic molecule, and it is found to
preferentially intercalate into the OM, inducing membrane curvature. Indeed,
the PQS molecule appears necessary and sufficient for OMV formation in P.

aeruginosa. The finding that PQS cosediments with OMVs is further evidence
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for a role in quorum sensing. Indeed, the removal of OMVs from bacterial
populations results in the abolition of the group behaviour facilitated by PQS
(239).

The mechanics of OMVs production are still undetermined. It is also unknown
whether OMV production is a stochastic or regulated process. However, there
is mounting evidence suggesting that OMV production is a regulated process.
The production of OMVs is increased under OM or periplasmic stress, for
example. Furthermore, the stress response genes, rseA, degP and degS, cause
constitutively high levels of OMV production. In addition, certain proteins are
found to be in higher concentrations in OMVs than in the bacterial envelope,
suggesting a selective incorporation of cargo and virulence factors (208). In
some cases there also seems to be selective exclusion of some of the more
abundant periplasmic proteins (240). A stochastic process for OMV is thought
likely due to the inherent curvature stress induced by lipopolysaccharide in the
outer leaflet of the OM. Mutant bacteria lacking an OM anchor to the

peptidoglycan also show a marked increase in OMV production.

6.2.2 Molecular Simulations of Vesicles

Much like planar membrane simulations, small vesicles can be assembled
through self-assembly (241-243). In practice, however, it is simpler to create
the initial coordinates by either biasing phospholipids to form a vesicle with
artificial particles (244) or to generate loosely packed lipids with a lipid-
packing algorithm (245, 246).

Early CG vesicle simulations studied the tightly regulated process of vesicular
fusion, using two 15 nm vesicles with heterogeneous lipid compositions (247).
In other MD studies, a reverse mapping procedure has been used to gain
atomistic insights into the process of a vesicle fusion (248). Budding and
fission of DPPC vesicles has been observed from oversaturated DPPC lipid

bilayers.

Vesicle shape changes have been observed in molecular dynamics simulations.
Indeed, altering the composition of vesicles, to include lipids that introduce
spontaneous curvature, can generate a number of vesicle shapes (249).

Proteins have also been observed to induce shape changes in lipid vesicles.
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Small unilamellar vesicles have been used to study protein aggregation.
Indeed, a mismatch in the hydrophobic thickness between proteins and the
lipid bilayer was shown to promote protein aggregation. The nature of the
protein aggregation was markedly different in vesicles compared to that
observed in planar membranes (244). Simulations of a bacterial chemoreceptor
dimer, Tsr, in 70 nm vesicles, containing a biologically relevant mixture of
lipids, have revealed key lipid-protein interactions and oligomerisation events

(245).

6.2.3 The OMV Simulations

Key questions remain about how proteins can be selectively sorted into OMVs.
The OMVs produced by E. coli have been found to contain proteins such as
OmpF, FhuA and OmpA (240, 250). In contrast, the EspP translocator domain
has been found not to be associated with OMVs, and instead remains OM
bound (39). In order to better understand the dynamics of OMPs in the
bacterial OMVs, a number of CGMD simulations have been performed of
vesicles. The vesicles are approximately 50 nm in size and they contain a
complex mixture of lipids and OMPs. The inner leaflet of the vesicle membrane

approximates the composition of the inner leaflet of the E. coli OM.
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6.3 Methods

6.3.1 Outer Membrane Vesicles

The OMVs were constructed by modifying a 50 nm DPPC vesicle. The OMVs
have a complex composition of inner leaflet phospholipids (Table 8), similar to
that found in the inner leaflet of the E. coli outer membrane (19, 21, 251),
comprising a phospholipid headgroup composition of 90% PE and 5% PG (20,
21). Similar to the E. coli OM (252), the OMVs also contain approximately 5%
cardiolipin, a phospholipid created by the fusion of two phosphatidylglycerols.
The cardiolipin molecules, therefore, can have any combination of tail pairs
from the PG phospholipids in Table 8. In order of their abundance in the OMVs,
the cardiolipin molecules, abbreviated by the fatty acid tail types, are: PVPV,
PVPQ, PVVQ, PVDV, PVDP, PQVQ, PQDV, VQVQ, VQDV, VQDP, DVDV, DVDP,
PQPQ, PQDP and DPDP. Currently, there is not a lipopolysaccharide model
available for the MARTINI force field. Therefore, the outer leaflet of the OMVs
contains DLPC to approximate the thickness of the corresponding leaflet of the
OM.

Due to the coarse nature of the MARTINI force field, the same molecular model
can be used to represent more than one lipid tail. For example, the model for
DVPE is equivalent to DOPE. The double bond in the DVPE fatty acids tails
occurs at a different position to DOPE, but the coarse grain bead for the double

bond is mapped onto same position in both models.

A number of different proteins were inserted into the OMVs in varying
concentrations (Table 9). The proteins were inserted manually into the vesicles
so that they were equally spaced around the vesicle. Any overlapping lipids
were deleted. In addition to the OMVs, two other 50 nm vesicle simulations
were performed both containing no proteins. One of these contained only
DPPC (NoPro_DPPC), and the other contained a mixture of POPE to POPG in a
ratio of 3:1 (NoPro_POPE_POPG).
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Table 8. Approximate two-tailed phospholipid composition of the E. coli OM,

inner leaflet.

% of total
Chemical name oMV Abbrev.

lipids
1-palmitoyl 2-palmitoleoyl phosphatidylethanolamine 30.6 PQPE
di-palmitoyl phosphatidylethanolamine 12.6 DPPE
1-palmitoyl 2-cis-vaccenoyl phosphatidylethanolamine 25.2 PVPE
di-cis-vaccenoyl phosphatidylethanolamine 4.5 DVPE
1-palmitoyl 2-cis-vaccenoyl phosphatidylglycerol 1.6 PVPG
1-cis-vaccenoyl 2-palmitoleoyl phosphatidylglycerol 0.9 VQPG
di-cis-vaccenoyl phosphatidyglycerol 0.9 DVPG
1-palmitoyl 2-palmitoleoyl phosphatidylglycerol 1.2 PQPG
di-palmitoyl phosphatidyglycerol 0.4 DPPG
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Table 9. A list of OMV simulations.

Simulation ID  |Proteins Repeats Total
time (us)
NoPro_OMV None 2 2.1
2_0OmpA_OMV |2 x OmpA 2 2.5
2_0OmpF_OMV |2 x OmpF 2 2.3
2_FhuA_OMV |2 x FhuA 2 3.8
2_EspP_OMV 2 x EspP 2 4.1
4_OmpA_OMV |4 x OmpA 2 2.3
4_OmpF_OMV |4 x OmpF 2 2.3
4_FhuA_OMV |4 x FhuA 2 4.6
4_EspP_OMV 4 x EspP 2 4.8
4_Mix_OMV 2 X OmpA, 2 x OmpF 1 1.4
8_EspP_OMV 8 x EspP 2 2.5
8_Mix_OMV 2 x OmpA, 2 x OmpF, 2 x FhuA, 2 x 2 6.9
EspP
32_Mix_OMV 8 x OmpA, 8 x OmpF, 8 x FhuA, 8 x 2 4.6
EspP
32_OmpF_OMV |32 x OmpF 1 1.4

(outer leaflet
DLPE)
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6.3.2 Simulation Protocols and Analysis

All vesicles were simulated using the GROMACS package, version 4.0.7. The
MARTINI force field version 1.4 was used for the lipid, water and ions, while
the protein was modelled as described in (76). All the vesicles, apart from
NoPro_DPPC, were maintained at constant temperature of 313 Kelvin using the
Berendsen thermostat with a time constant of 10 ps. The NoPro_DPPC vesicle
was maintained at 323 Kelvin to be above its phase transition temperature of
314 K. A pressure of 1 bar was maintained using anisotropic pressure coupling
with the Berendsen barostat with a time constant of 10 ps. The van der Waals
interactions were shifted to zero between 0.9 and 1.2 nm. Electrostatic
interactions were truncated at 1.2 nm. The neighbour list was updated every
10 steps during the simulations. A rhombic dodecahedron simulation cell was
employed to reduce the number of solvent molecules in the system. The
analysis of the simulations was performed using GROMACS tools and locally

written scripts. The figures were generated using VMD and R.

6.3.3 Diffusion Coefficients of Lipids in a Vesicle

The diffusion coefficients, D, for lipids were obtained using the Einstein-Stokes

relation (Equation 22),

((r@® - r(0))*)

D =li
t1—>n; 2dt
Equation 22

where, d, is the number of dimensions, r(t), represents the position of the
particle at time, t, and r(0) is initial position of the particle The average of the
time displacements is taken over all particles in the system to lessen the
statistical error. In addition, the averaging is performed over multiple time
origins. In planar membrane simulations the random walk occurs in just 2

dimensions, typically the xy dimensions, so the value of d is set to 2.

In a vesicle, the lateral displacement of lipids occurs with a magnitude in all
three spatial dimensions, x, y, and z. Despite this, it is not acceptable simply to
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use the 3-dimensional form of the Einstein-Stokes relation to calculate the
lateral diffusion coefficient of lipids in a vesicle. The diffusion is still restricted
to a surface, which is not planar, but one that is approximately spherical. Thus,
the displacement of the lipids must be calculated in a way that accounts for

their restricted movement.

The spherical surface can be defined from the vesicles centre of mass (COM).
The radius of the sphere is calculated as the mass-weighted average radius, 7,

from the vesicles COM,

N
_ Y=g myn;

Ty = <N
Zi:1mi

Equation 23

where m; is the mass of particle i, and r; is the distance of particle i from the
vesicle’s COM. In practice, the average radius from the geometric centre of the
vesicle is calculated, rather than the mass-weighted radius from the COM,

since all the particle types in MARTINI version 1.4 have equivalent mass.

It is important to note that the spherical surface, which restricts the movement
of the lipids, is different for the inner and outer leaflets of a bilayer. In
addition, there are more particles in the outer leaflet than the inner leaflet, due
to the differences in the surface area. Thus, a sphere created using an average
radius of all the particles would not be midway between two spheres created
independently for each leaflet. In addition, a “midway” spherical surface for
both leaflets would not be desirable. A midway sphere would amplify lateral
displacements for inner leaflet lipids and contract those for outer leaflet lipids.
Therefore, the radius and COM need to be calculated separately for each
leaflet. In principle, this allows for direct comparisons to be made between the
inner and outer leaflets, since the spherical surface is placed at equivalent
depths in both leaflets.

In planar membrane simulations it is commonly assumed that the lipids move
a series of straight lines within the plane, since a straight line between two end

points is the shortest of all possible paths. If the spherical approximation of
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the vesicle is appropriate then for consistency with the planar approach, the
lipids can be assumed to move in small arcs across the surface of the sphere
following the path of the great circle though the end points of the motion,
since this represents the shortest path between two points on a sphere. An
important consequence of this assumption, also consistent with the planar
approach, is that it implies no rotation of the lipid about the surface normal
during the motion (since the surface normal is orthogonal to the axis of
rotation). This preserves the assumption, implicit in the planar approach, that
the particle motion is irrotational (an important concept in classical fluid
mechanics theory). Thus, the total distance travelled will be the arc of the great
circle between a lipid’s COM at time, t, and, t + At. It is possible to calculate
the great circle arc by first calculating the chord of a circle between two lipid’s
COM. However, this would only be accurate if the lipid COM were to move
exclusively within the surface of the sphere. In reality, a lipids COM will move
above and below the spherical surface, which is simply an average distance of
the particles from the leaflet’s COM. This out of surface movement of the lipids
would result in an overestimate of the great circle distances, if the arc length
were to be computed from the distance between lipids. Instead, the length of
the great circle arc, s, has been calculated using relationship, s = r8, where, 6,
in radians, is the angle of the segment defined by two points on a circle and
the centre of the circle and, r, is the radius of the circle. This method allows
the lipid COM position vectors, originating from the leaflet COM, at, t, and,

t + At, to be treated as though the lipid were located on an ideal circle,

obviating errors due to out of surface movements.

The angle between the lipid COM position vectors at, t, and, t + At, is

calculated using the scalar product.

a-b
9=cos'1< )
lal|b]

Equation 24

The great arc length, s, between the positions of a lipid at, t, and, t + At, is,

thus the angle, 6, multiplied by the leaflet radius. This is simply the projection
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of a lipid’s displacement onto a spherical surface. To account for variability in

the radius of the leaflet, the average radius is calculated between t, and, t + At.

The translational displacement of the entire vesicle between, t, and, t + At, is
removed before calculating the great arc between the two position vectors.
This is achieved by subtracting the COM movement from every particle

position at time t + At.

An overall rotation of the vesicle also can cause error in the calculation of lipid
displacements on a spherical surface. Before the lateral diffusion coefficient
can be calculated, it is important to remove the displacement as a result of the
vesicles angular momentum. This is achieved by repositioning the particles at
time, t + At, so that there has been no net rotation of the vesicle between time

t and t + At.

In planar bilayer simulations, the system has zero linear momentum if the sum
of all the mass-weighted particle velocities is zero. Before calculating the
diffusion coefficient, the effect of the systems linear momentum is removed
from particle displacements in planar bilayer simulations by a rigid body
correction, the subtraction of the system COM movement between trajectory

frames from every particle.

The angular momentum, L, of a body is related to the product of its moment of

inertia, I, and its angular speed, w (Equation 25).

L=Ilw

Equation 25

In the same manner as planar bilayer simulations, the angular momentum can
be removed from a vesicle with a rigid body adjustment by subtracting the

mass-weighted angular velocity of all the vesicle particles.
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The rotation of a position vector of a particle about an axis can be calculated

using the vector product between its position vectors, @ and b, relative to the
leaflet COM, at time ¢, and, t + At.

dxb = |a||b|sin 07

Equation 26

n, is a unit vector normal to the plane created by the origin (the leaflet COM)
and the particle positions at t, and, t + At and 0 the magnitude of the angle of
rotation of the particle’s position vector about the origin. The 7 vectors of two
particles moving in opposite directions around the same great circle will point
in opposite directions. The expression can be rearranged so that the
magnitude of the normal vector is 6. This transforms the length of the normal
axis to be equivalent to the total angle traversed by a particle about the axis,

in radians, between t, and, t + At.

axb
e—) — . _1 bd
n=sh (IallblsinG)n

Equation 27

Summing all the scaled normal axes for the individual particles, and
normalising for the number of particles, provides the angular rotation of the
leaflet between t and t + At. Dividing by the change in time in seconds gives

the average angular velocity, in radians per second.

1 N
w =—§ 0; 7i;
v AtN, , i t->t+At
1=

Equation 28
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Though not necessary for systems described by the MARTINI 1.4 parameters, it
is more accurate to calculate the angular velocity as a mass-weighted average,

which is the angular equivalent to the linear changes in the COM.

N
Wy = —av m;o;n;
N iViltit->t+At
At yiZ my =

Equation 29

It is possible, though unlikely, that a particle could move more than % radians

(90°) around the leaflet COM between two frames. Since the sine function is

symmetrical about % radians, in practice the scalar product is used to calculate

0. This expression produces unambiguous results for 0 < 6 < 11, while the
vector product was used to determine the axis of the rotation vector (Note that
0 is always assumed to be positive; the direction of rotation is determined by

the direction of the unit vector n which defines the axis of rotation).

The true displacement of each particle is its position minus the rigid body
rotation of the whole leaflet. Knowing the effective rotation axis of the leaflet
and the velocity at time, t, the particle positions at time, t + At, can be
corrected by rotating the particles around the leaflet axis of rotation by an
amount equivalent to —Atw,. The new position, r/,, ., of a particle can be

calculated using the Rodrigues rotation formula, Equation 30.
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Equation 30

All the expressions presented here assume that the leaflet COM is centred on
the origin. In practice, this requires that the particle be first repositioned by
subtraction of the vector for the leaflet COM. The calculations are then
performed, and the new coordinates can be obtained by adding the vector for
the leaflet COM.

6.3.4 Using GROMACS to Calculate the Mean Squared Displacement of

Particles in a Vesicle

Within the GROMACS molecular dynamics package contains a program called
g_msd, which can be used to calculate the diffusion coefficient for a group of
molecules. In order to calculate the lateral diffusion of particles on a spherical
surface, the program needs to be modified to include additional subroutines.
One of the new subroutines calculates the average angular displacement of the
particles in the vesicle between two frames (Appendix Figure 50A), another
calculates the vesicle’s COM (Appendix Figure 50B), and one more subtracts
the average angular displacement from every particle’s total displacement
(Appendix Figure 50C).

The g_msd program calculates the diffusion coefficient by fitting a straight line
to the mean squared displacement against time. Averaging is performed over
multiple molecules and start positions to reduce the statistical error. The
program loops over all frames in the trajectory, and stores the coordinates for
each of the new start positions. For each frame in the trajectory, the
displacement of each particle from each starting position is calculated.

Therefore, the angular displacement from each of the start positions is
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calculated separately for the particle positions in the frame currently being
read into the program. The angular displacement is then subtracted from the
particle positions in the current frame for each of the start positions, yielding
several separate sets of coordinates for the current frame, one for each start
position. This removes the extra displacement that results from the vesicles

angular velocity between each start position and the current frame.

Rather than calculate the radius for each leaflet separately, the average radius
of a particles position at t and t + At is used to calculate the arc length
between the two points. This is, perhaps, more realistic as each particle will
have its preferred position within the bilayer, a spherical surface with its own

radius.
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6.3.5 Lipid Direction Correlation

The lateral direction in which lipids travel can show a distance dependent
correlation with other nearby lipids. The direction vector in this case is
considered to be the unitised displacement vector between a lipid’s position at
t, and, t + At. The correlation between two direction vectors can be measured
using the scalar product, Equation 31. The angle between two unit vectors
pointing in same direction is 0 rad, and thus, cos0 = 1, while the angle

between two vectors that point in opposite directions is 7 rad, and cosm = —1.

. i b
COSU = ————
lallbl
Equation 31

In planar bilayer simulations, only the angle between the lateral components of
the displacement vector, typically the Cartesian x and y dimensions, is
calculated. For similar reasons as those stated for the calculation of the lateral
diffusion coefficient, it is not acceptable simply to incorporate the third
Cartesian dimension into the calculation of correlation between the direction
vectors of lipids in a vesicle. Indeed, the curvature of the vesicle would
introduce errors. For example, two lipids travelling in opposite directions
would have to follow the curvature of the vesicle, and the angle between their
direction vectors could never equal 7 rad, except in one unusual scenario: if
the lipids were at antipodal points at time, t, and had swapped positions at

time, t + At.

It could be supposed that the calculation of lateral diffusion in a planar bilayer
is a special case of lateral diffusion on a sphere with an infinite radius. Indeed,
a small patch on a large sphere would show little curvature, and would appear
approximately flat. The displacement of a particle in the patch could be
calculated with s = 8, where r, the radius, would be large and 6, the angle,
would be small. If the size of a particles displacement is kept constant and the
radius of a sphere is increased then the angle rotated becomes increasingly

small, and the length of the arc and the linear distance approach equivalency.
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In the calculation of lateral diffusion coefficients of lipids in a vesicle, the
displacements of particles on the surface of a sphere were considered to be
great arcs of a great circle. In this case, a particles direction of movement on
the vesicle surface is defined by the great circle. Two particles that are
traveling in opposite directions would move around the same great circle, one
turning clockwise and the other counter clockwise. Conversely, two particles
that are travelling in the same direction will move around the great circle with
the same rotation. Therefore, it could be proposed that if two lipids are
moving in the same direction then they are also rotating about the same axis
of a great circle. And, if two lipids are moving in opposite directions then the
axes of their great circles will point in opposite directions to one another.
Thus, it seems reasonable that the correlation of lipids in a vesicle can be
calculated from their rotation axis vectors that describe great circles. Indeed,
the angle between two great circles at the surface of a sphere, where they

intersect, is equivalent to the angle between their axes of rotation.

The rotation axis for a great circle between a molecules COM at t, and, t + At is
calculated using the vector product relation, where a and b are the two vectors
representing the position of a particle at t and t + At, 6 is the angle of rotation,

and 7 is the unit vector parallel to the axis of rotation.

axb .
lallblsine
Equation 32

The direction correlation between two molecules, i and k, is then the dot
product between their two axes of rotation, represented by unit vectors n; and

-
Ngk.

— —

cosO =n; -ny

Equation 33
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The distance dependent direction correlation is a subtle phenomenon, and it
would not be observed with a single observation. The true influence of
correlated motion on lipid diffusion can only be observed by averaging over
many observations. Thus, the direction correlation between all pairs of
molecules in all frames is calculated. Each value for the direction correlation is
binned based on the great arc distance between the molecules. The average of

the values in each bin is calculated.

6.3.6 Visualizing Correlated Motion

On a vesicle, the lipids are considered to move in arcs of a great circle across
the surface of a sphere, as described earlier. In order to visualise this motion
over different time periods, a number of lipids in the vesicle must first be
grouped together, so that an average of their displacement on the surface of
the sphere can be calculated. The lipids can be grouped together based on
their closest vertex of a tessellated sphere. Evenly spaced vertices are obtained
by tessellating the sphere with icosahedrons. The direction of motion of the
group of lipids is then displayed as an arrow, which is tangential to the surface
of the sphere. The arrow originates from the vertex of the group and it points
in the direction of the great circle that describes the irrotational motion of the
group. The size of the arrow is varied according to the magnitude of the angle,
0, of the arc of the great circle, as described previously. The angular velocity of

the entire vesicle was removed in each calculation.

6.3.7 Membrane Thickness

The thickness of a planar membrane can be estimated by calculating the
average height of a particle, typically the headgroup phosphate particle, with
respect to an axis normal to the plane of the bilayer. In a vesicle, there is no
fixed axis with which to compare the height of particles. Indeed, the vector
normal to a spherical surface is different at each point on the sphere. The axis
normal to the bilayer plane at any point within spherical vesicle will pass
through the COM of the vesicle. The thickness of the bilayer can be
determined, thus, by the difference in the radii of particles from the COM of

the vesicle. This can be calculated separately for each leaflet.
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The measurement of the bilayer thickness around a protein requires that the
protein’s irrotational and rotational motion about the vesicles surface normal
be removed between frames of a trajectory. A square grid is then projected
onto the surface of the vesicle, with the protein at the centre of the grid. The
lipids closest to each vertex are selected, and the distances of the headgroup
particles from the vesicle COM are summed. The average is taken over all

observations in all frames in a 1.1 us trajectory, with a 2 ns time interval

between fames.
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6.4 Results

6.4.1 The Spherical Surface for Lipid Displacements in Vesicles

The diffusion coefficients of lipids on a vesicle are calculated based on the
assumption that the vesicles remain approximately spherical throughout the
simulations. The RMSD can be used to monitor a vesicles average distance
from an ideal sphere. In each frame, the average radius of every particle is
determined from the vesicle COM. The RMSD is calculated using the mass

weighted squared difference of each lipid COM from the ideal leaflet radius.

The RMSD of both the inner and outer leaflets of NoPro_OMV reach a plateau
after 15 ns at approximately 0.30 nm (Figure 42A). The RMSD from an ideal
sphere remains stable at 0.28 nm for NoPro_DPPC and for NoPro_POPE_POPG.
The values for NoPro_DPPC and NoPro_POPE_POPG are similar to NoPro_OMV,
suggesting that the complex lipid mixtures do not cause an increase in the

deviation from a spherical surface for lateral diffusion.

There is some variability in the RMSD at the start of the NoPro_OMV that is
absent from NoPro_DPPC and NoPro_POPE_POPG. The initial variability in
NoPro_OMV could result from differences in the methods to generate the initial
coordinates, but it may also result from positional rearrangements in the
complex lipid mixtures to satisfy area constraints. Indeed, the OMVs are often
observed to contain water pores at the start of the simulations, which can
allow a few lipids to flip between leaflets. The water pores are typically closed
after 10 ns of simulation. After 200 ns of simulation time, only one DLPC
molecule was found to be in the inner leaflet of NoPro_OMV, and no lipids that

are normally found in the inner leaflet were found to be in the outer leaflet.

Proteins have been shown to distort the shape of vesicles in simulation
studies. Similarly, the distance of lipids from an ideal spherical surface appears
to be affected at high protein concentrations in the OMVs. Indeed, the RMSD
from an ideal sphere is 0.30 nm in both leaflets of 8_EspP_OMYV, similar to that
of NoPro_OMV, while the RMSD plateaus higher in 32_Mix_OMV, at 0.43 nm
(Figure 42A). Similarly, the RMSD plateaus at 0.37 nm in 32_OmpF_OMV,
slightly higher than NoPro_OMV. Thus, the type of protein, not just total

protein, in the OMVs may have an impact the shape of the vesicle.
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Figure 42. A) The RMSD of lipid positions from an ideal sphere overa 1 ps
trajectory. Only the outer leaflet values are displayed in the figure, although
the inner leaflet lipids show similar trends. B) The shape of the vesicles over a
1 us trajectory. Values below zero correspond to oblate spheroids, while

positive values correspond to prolate spheroids.

6.4.2 The Shape of the Vesicles

Although the RMSD describes how far, on average, a lipid is from the ideal
radius of the vesicle, it does not provide information about the shape changes
occurring within the vesicle. Indeed, a measure of asphericity, originally
developed to assess the shape of proteins (253), can be used to examine how
a vesicle’s shape fluctuates about its three principle axes. The method
compares the eigenvalues of three principal radii of gyration to assess how far
atomic coordinates are from an ideal sphere. The parameter calculated, A, has
values in the range 0 < A < 1. A value for A > 0 represents deviation from a
sphere, while the shape of the vesicle is perfectly spherical if A = 0. Membrane
proteins in the vesicles are likely to distort this measure in an unpredictable
way, so only a direct comparison of NoPro_DPPC, NoPro_POPE_POPG, and
NoPro_OMV can be performed.

In general, the value for A was close to zero, A < 1 x 107, for each of the
NoPro_DPPC, NoPro_POPE_POPG and NoPro_OMYV simulations, suggesting that
the vesicles have a close to spherical shape. As with the measure of RMSD from
an ideal sphere, the A parameter shows that NoPro_OMYV deviates from an ideal
sphere, A = 1.06 x 1072, at 6 ns into the simulation, but then returns to a more
spherical shape after 15 ns, A =5.78 x 1075,

147



Still using the three principal radii of gyration, another shape parameter, S, can
provide details about the approximate shape of the vesicle. The parameter, S,

has values in the range, (—1/4) < S < 2. Positive values suggest prolate shapes,
while negative values correspond to oblate shapes. Similarly to A, the vesicle is

exactly spherical if S = 0.

The value of S remains close to zero in all the simulation trajectories of
NoPro_DPPC, NoPro_POPE_POPG, and NoPro_OMV. However, there is a small
amount of fluctuation around S = 0, with a high value 9.2 x 107¢ and low value
—8.86 x 107% in NoPro_OMYV, which suggest some oscillation between prolate
and oblate spheroids. The oscillation was most pronounced in NoPro_OMYV,
which had larger extreme values than either NoPro_DPPC or NoPro_POPE_POPG
(Figure 42B).

6.4.3 Diffusion Rate of Lipids in NoPro_DPPC and NoPro_POPE_POPG

The NoPro_DPPC vesicle was simulated at 323 K (50 °C), above the phase
transition boundary, which is at approximately 314 K (41 °C). The lateral
diffusion coefficient of all DPPC lipids in NoPro_DPPC is 13.12 (+ 0.62) x

1077 cm?s~L. Interestingly, a small difference between leaflets was observed for
the rate of DPPC diffusion, with inner leaflet lipids appearing to diffuse more
slowly than those in the outer leaflet. The lateral diffusion coefficient was
13.51 (4 0.73) x 1077 cm?s~! for the outer leaflet lipids and 12.65 (+ 0.49) x

10~7 cm?s~! for the inner leaflet. With a factor 4 scaling for time, as has been
used in other studies (1 34), the diffusion coefficients are 3.16 and 3.38 x

10~7 cm?s~t. These values are similar to those reported in previous simulation
studies. In planar bilayers the diffusion coefficient for DPPC, using the MARTINI
force field, is reported to be 3.00 x 1077 cm?s~! (with the simulation time
multiplied by a factor 4) at 323 K (734) . In vesicles, the reported lateral
diffusion coefficients for DPPC is different for each leaflet, with a value of

2.50 X 1077 cm?s~1 for the outer leaflet and 4.80 x 10~7 cm?s~! for the inner
leaflet, both recorded at 323 K and using the scaling factor of 4 for time (241).
Experimental studies of the lateral diffusion coefficient of DPPC provide
estimates of 1.50 x 107 cm?s~! (254), using fluorescence quenching at 325 K,
and between 0.99 and 1.20 x 1077 cm?s™! at 321 K (255).
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In NoPro_POPE_POPG, the lateral diffusion coefficient for all lipids in the vesicle
is 9.40 (£ 0.05) x 1077 cm?s~1. Little difference was observed in the diffusion
coefficients between leaflets, though inner leaflet diffusion appears to be
slower, as was observed in NoPro_DPPC. The diffusion coefficient for the outer
leaflet is 9.63 (£ 0.05) x 10~7 cm?s~tand the inner leaflet is 9.11 (£ 0.18) X

1077 cm?s~t. These values suggest a faster rate of diffusion compared to the
reported rates for planar membranes of similar composition, where D, =

8.50 x 107 cm?s~! was calculated for long timescales at 313 K (702). It has
been reported that lipid lateral diffusion is, in general, slower in vesicles (244).
The discrepancy here may be attributed to anomalous diffusion at short
timescales and long time correlations between restarts, both of which were
accounted for in (102). Other factors may also be involved, such as the area

per lipid or the difference in the size of systems (256).

6.4.4 Diffusion Rate of Lipids in the OMVs

The diffusion coefficients, along with error estimates, for each lipid type in
NoPro_OMYV are displayed in Table 10. A non-zero value for the vesicle’s
angular velocity is likely to increase the distance travelled for lipids between
some time points, and reduce the distance travelled at others. Therefore, it
might be expected that the error estimate for diffusion coefficients would be
lower when the effect of the vesicle’s angular velocity is subtracted from the
particle displacements. Indeed, the error estimates are lower for many of the
lipids in the vesicle, such as DLPC, DPPE, and PVPE. However, the error values
are not consistently lower for all lipid types, and, therefore, it seems unlikely
that the angular velocity of the entire vesicle is one of the major sources of

statistical inaccuracy.

The rate of DLPC lateral diffusion, D, = 18.48 (¢ 0.61) x 10~ 7cm?s71, is
substantially faster than the other lipid species in the vesicles. This is perhaps
not unexpected due to its short fatty acid tails. The slowest diffusing lipids
were the cardiolipins, D, = 7.53 (£ 0.54) x10~7 cm?s~, presumeably due to their
large size. Slower rates of diffusion have been reported for the cardiolipin in

251 in planar membranes (257).

simulation studies, with D, = 3.00 x 1077 cm
The higher rate of diffusion in NoPro_OMV may be attributed to complex

mixture containing cardiolipin lipids with saturated and unsaturated fatty tails.
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Table 10. The diffusion coefficients (D,) of lipids, with error estimates in

parentheses', from the simulation NoPro_OMV. All values for D, are provided in

x 1077 cm?s~1.

Vesicle angular velocity

Vesicle angular velocity

Lipid type removed not removed
DLPC 18.48 (+ 0.61) 18.53 (+ 0.95)
PQPE 10.11 (+ 0.44) 10.13 (% 0.08)
DPPE 10.46 (+ 0.02) 10.51 (% 0.45)
PVPE 9.78 (£0.31) 9.84 (+ 0.76)
VQPE 9.69 (+ 0.36) 9.73 (£ 0.01)
DVPE 10.22 (+ 0.55) 10.30 (£ 0.11)
PQPG 9.80 (£ 0.73) 9.88 (£ 1.13)
DPPG 9.33 (x1.83) 9.34 (+2.35)
PVPG 10.57 (+ 1.46) 10.50 (+ 1.07)
VQPG 11.93 (+ 1.62) 12.03 (£ 1.43)
DVPG 11.76 (+ 1.33) 11.66 (+ 1.48)
Cardiolipin

7.53 (x0.54) 7.56 (+ 0.94)
(all types)

' Standard errors are estimated from the difference in the diffusion coefficients

over the two halves of the full fit interval.
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It has been noted in previous studies that proteins can slow the rate of lipid
diffusion (102, 244). Similarly, the rate of lipid diffusion is slowed in the OMVs
by integral membrane proteins, though the diffusion rate was largely
unaffected if the protein concentration in the OMV was low. The protein
content of the OMV simulations ranges from 0 to 15% of the total mass. All
protein containing OMVs had lower values than NoPro_OMYV for the diffusion
coefficients of lipids, though the differences were often marginal for OMVs
with only 2 proteins. The diffusion coefficients of the lipids in the OMV show
moderate correlation to the fractional protein content of the OMVs, with a R?
value of 0.62. This value must be treated with caution, however, as there is a
considerable difference between the OMV with the highest protein content,
32_Mix_OMV at 15% of the vesicle’s total mass, and second highest,
8_Mix_OMV at 4 % of the vesicle’s total mass. All the other OMV simulations
have a protein content of less than 3.5 % of the total mass of the vesicle. The
R? value is 0.13 for the subset of the dataset that does not contain the
diffusion coefficients from 32_Mix_OMV, suggesting that little or no correlation
exists at low protein concentrations. The lateral diffusion coefficient of all
lipids combined was 13.60 (£ 0.24) x 10~7 cm?s~! in NoPro_OMV. This compares
to D, = 10.29 (£ 0.28) x 10~7 cm?s~1 in 32_Mix_OMV and D, = 11.10 (£ 0.36) X
1077 cm?s~1 in 8_Mix_OMV.

In order to investigate whether some lipids are affected more than others by
the protein content of the vesicle, the diffusion coefficient was calculated for
subsets of phospholipids with the same headgroup particles, i.e. PE, PG and
PC, from both NoPro_OMV and 32_Mix_OMV. The high protein content of
32_Mix_OMV affected the PE and PG phospholipid diffusion equivalently, with
the diffusion coefficient of both being 3.00 x 1077 cm?s~! lower in 32_Mix_OMV
than in NoPro_OMV. In the outer leaflet, the diffusion coefficient of PC lipids
was 4.50 X 1077 cm?s~! lower in 32_Mix_OMYV than in NoPro_OMV.
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6.4.5 Correlated Motion in Vesicles

The lateral diffusion of lipids is driven by a concerted mechanism, involving
large groups of lipids. Two adjacent lipids are more likely than random chance
to have moved in the same or similar direction after a small change in time,
between 0 to 20 ns. The average great circle displacement of lipids after
different time periods are shown for NoPro_OMYV in Figure 44. The motions of
lipids appear to be correlated over distances greater than 10 nm, and over
time periods of greater than 10 ns. There also appears to be large correlated
motions between leaflets (Figure 44). Proteins can also be observed to move in

the same direction as the bulk lipids (Figure 43).

Figure 43. The displacement of OmpA (white) after 10 ns. The direction of lipid
displacements after 10 ns are displayed in both panels, A and B, as blue and

green arrows.
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Outer leaflet 1ns Inner leaflet

5ns

10 ns

20 ns

Figure 44. The average great circle displacement of groups of lipids in
NoPro_OMYV after different time periods. The arrows show the direction of the
displacement and are projected onto the surface of an ideal sphere. The

arrows are coloured blue (smallest displacement) to red (largest displacement).
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A more quantitative assessment of the lipid-lipid direction correlations shows
that their great circle axes are correlated for up to 20 nm (Figure 45E and
Figure 45F), and for times up to 16 ns. A similar degree of correlation,
between 0.30 and 0.40, at short distances is observed for inter and intra

leaflet lipids.

There is a greater statistical uncertainty with the protein-lipid direction
correlation data compared to the lipid-lipid direction correlation, due to a small
number of proteins in the vesicles. However, it is clear that close range
protein-lipid interactions result in a very high correlation, > 0.75, in the
direction of protein and lipid displacements (Figure 45A to Figure 45D).
Similarly to the lipid-lipid correlations, there is a positive direction correlation
between proteins and lipids up to 20 nm, beyond which there appears to be no
correlation between the great circle axes. In addition, a high level of direction
correlation of proteins and lipids existed up to 10 ns time periods. The
direction correlations may have been present for longer time periods, though
there was insufficient data to perform the analyses for a time period greater
10 ns. Interestingly, the protein direction vectors showed marginally less

correlation with the lipids for 0.2 ns time periods than for longer time periods.

Of note, the close range direction correlation of the molecules in the vesicles
means that some anticorrelated regions must exist elsewhere in the vesicle, as
there can be no overall angular velocity. Indeed, anticorrelation can be
observed at distances between 20 nm and 50 nm, where the plots in Figure 45
are all a fraction below zero. Whereas positive correlation is a large effect on a
small number of molecules, the negative correlation is a small effect on a large

number of molecules.
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Figure 45. The direction correlation of A) OmpA, B) FhuA, C) EspP and D) OmpF
with lipids is plotted as a function of the lipids distance from the protein COM.

The direction correlation of E) lipids within the same leaflet and F) lipids

between leaflets are plotted as function of the distance between lipids.
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6.4.6 Membrane Thickness Measurements

Proteins are able to distort the shape of phospholipid bilayers, altering their
curvature and thickness. The effect of the proteins on the OMV bilayer was
examined by measuring the phosphate distance of the lipids from the average
radius of the vesicle. The average height of the phosphate molecules of each
leaflet of the OMVs around OmpA and EspP are displayed in Figure 46.
Compared to OmpF and FhuA, the integral membrane domains of OmpA and
EspP are relatively small, at 19 kDa (B-barrel) and 30 kDa (B-barrel),
respectively. Both proteins have little impact on the relative height of the lipid
phosphate moieties within each leaflet of the OMVs. Of note, EspP, for its size,
appeared to thin a large area of the outer leaflet, with the lowest point being
0.5 nm below the bulk average phosphate height. A similar level of thinning is

seen for OmpA, but over a smaller area.

The average height of the phosphate molecules in each leaflet around FhuA
and OmpF are displayed in Figure 47. FhuA appeared to cause very little
distortion of either the outer or inner leaflets. The most notable changes in the
height of the lipid phosphates were caused by the OmpF trimer. Interestingly,
the inner leaflet phosphates were raised, by 0.2 nm, above the bulk height
near the interface of the three proteins in the trimer. In addition, OmpF caused
a substantial thinning of the inner leaflet lipids at the points on the protein
that are furthest away from the trimer interface. At these points, the

phosphates were lower by 0.7 nm than the average bulk height.
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Figure 46. The phosphate height of lipids from the centre of the bilayer around
A) OmpA and B) EspP. The outer leaflet phosphate heights are shown in (i), and
the inner leaflet phosphates are shown in (ii). In (iii), the positions of the Ca
particles from both proteins are shown in the same orientation as the plots.

The position of charge residues, -ve in red and +ve in blue, are also shown.
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Figure 47. The phosphate height of lipids from the centre of the bilayer around
A) FhuA and B) OmpF. The outer leaflet phosphate heights are shown in (i), and
the inner leaflet phosphates are shown in (ii). In (iii), the positions of the Ca
particles from both proteins are shown in the same orientation as the plots. The
position of charge residues, negative in red and positive in blue, are also

shown.

158



6.4.7 Protein-Protein Interactions

The OmpF trimer is known to aggregate in two orientations, termed tip-tip and
base-to-base (707). No base-to-base aggregation was observed in any of the
OMYV simulations. Three events of tip-to-tip aggregation were observed in
32_0OmpF_OMV, and one event was also observed in 32_Mix_OMV. The tip-to-
tip aggregation would seem to occur at the regions OmpF that thin the inner
leaflet of the OMVs, while base to base aggregation would occur at regions

around OmpF that appear to thicken the inner leaflet.

The aggregation of two OmpF trimers was examined over a 60 ns period
(Figure 48 and Figure 49). A degree of inner leaflet thinning was observed at
the interface between the two trimers of OmpF (Figure 48). The phosphates in
the areas of thinning were approximately between 0.3 nm and 0.4 nm below
the bulk average. Interestingly, a large thickened region, with the phosphates
about 0.5 nm higher than the bulk, was observed at 30 ns, presumably
hindering base-to-base aggregation. At 40 ns the protein is seen to
reorientate, and the thickened region disappears. The thickened region at

30 ns may result from a stream of lipids colliding with the proteins (Figure 49).

The lipids appear to dissipate at 40 ns.
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Figure 48. The dimerization of two OmpF trimers in the tip-to-tip orientation
over 50ns. The heights of the phosphates from the centre of the bilayer are
displayed in each of the panels. The plots were produced by averaging frames

over 5 ns, spaced at 0.2 ns, from the start time indicated in the panel.
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40 ns

Figure 49. The dimerization of two OmpF trimers in the tip-to-tip orientation
over 50ns. The direction of lipid displacements of inner leaflet lipids over 10
ns are displayed as arrows, coloured blue, for no displacement, to red, for the
largest displacement. The final position of the proteins (in white) after the lipid
displacements is also shown. The start time of the lipid displacements is stated

for each panel.
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6.5 Discussion

Removing the angular velocity, as a rigid body rotation, from the vesicles had
little effect on the calculation of lateral diffusion coefficients on the vesicles
surface. It is perhaps expected that the vesicle should not spin around an axis
during the simulation, since the friction with the vesicle’s periodic image

would tend to prevent such an event from occurring.

Contrary to previous studies, the rate of lipid diffusion has been found to be
similar between the two leaflets of a vesicle with symmetrical leaflet
compositions, though the diffusion of inner leaflet lipids was found to be
marginally slower. However, the observed differences may be due to area per
lipid (256) or the difference in the surface area. The lateral diffusion coefficient
calculations of lipids in the vesicles have assumed that the particles travel on
great circles, on the surface of a sphere. While the vesicles remain
approximately spherical during the simulations, lipids are able to move above
and below the surface of the sphere. This is not a unique problem associated
with spherical bilayer systems. Indeed, undulations or random movements
normal to the plane of planar bilayer systems may also affect the calculations

of lateral diffusion coefficients and bilayer thickness.

The OmpF trimer is observed to aggregate in a specific pattern (107). In the
OMVs the inner leaflet was observed to thin at the tips of the OmpF trimer, and
thicken at the base (the interface between the three OmpFs of one trimer). In
addition, the inner leaflet membrane was observed to thin at the interface of
the tip-to-tip aggregation of two OmpF trimers. Suggesting that membrane

deformations may help to drive protein aggregation.

Lipid and protein direction correlation appears to exist at long time periods,
greater than 10 ns. Interestingly, the correlation of protein and lipid direction
vectors was consistently lower at short time periods, 0.2 ns. This indicates that
the diffusion of proteins and lipids may be the result of a predominately long-
term concerted process. At close range, there appears to be an annulus of
lipids that move almost exclusively in the same direction as the proteins to
which they are attached, on the timescale of 0 to 10 ns. This close association
of lipids to proteins may be important in the process of protein-protein

interaction by mediating bilayer distortions. Indeed, more loosely associated
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lipids would likely not translate the effects of bilayer distortions to other lipids

around the protein.

The pattern of bilayer distortions caused by proteins would be affected by the
curvature stress already present within a bilayer. Indeed, this may account for
the differences in protein aggregation between planar membranes and vesicles
observed in (244). It is proposed that the pattern of lipid deformation around a
protein may be involved in the process of protein aggregation within vesicles
and bilayers, and differences in the curvature of the membrane may alter the

energetics of protein aggregation.

It is important to reiterate that the OMVs simulated here have an unnatural
outer leaflet. It is not known to what extent the results would change if the
outer leaflet were to contain LPS rather than DLPC. While the DLPC
approximates the hydrophobic thickness of the outer leaflet of the OM, it has
dissimilar physicochemical properties to LPS, which is a large, slow diffusing,

and heterogeneous molecule with unusual phase properties.
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Chapter 7: Concluding Remarks

The membranes of cells and cellular organelles are composed of a complex
mixture of lipids and protein. The correct sorting and function of membrane
proteins requires that they interact extensively with the complex membrane
environment. In this thesis, the role of bilayer composition on protein function
has been investigated using molecular simulation methods. Simulations of
membranes with complex mixtures of lipids have provided a number of
interesting outcomes, particularly in the dynamics of the short peptide
representing the transmembrane domain of fukutin. In more recent work, this
transmembrane domain has been shown to form homodimers in bilayers,
driven by interactions of a characteristic TXXSS motif (154). Future studies will
undoubtedly investigate the effect of the large globular glycosyltransferase
domain, of which there is currently no solved structure, on the dimerization

and tilt angle of the fukutin transmembrane domain.

The bacterial outer membrane contains an unusual lipid called
lipopolysaccharide, which has the potential to modify the behaviour of
proteins. Indeed, the presence of lipopolysaccharide in membrane simulations
of FecA resulted in substantial modifications of the extracellular loop
dynamics. The lipopolysaccharide may also help to anchor some proteins
within the outer membrane through electrostatic interactions, such as those
observed in Hia. Future studies will characterise the interaction of
lipopolysaccharide with the monomeric autotransporters, since, in contrast to
Hia, they contain a functional extracellular loop, L4. This loop may show
modified dynamics in the presence of lipopolysaccharide. In addition to L4,
another loop, L5, has been suggested to occlude the extracellular mouth of the
EspP translocator domain after the passenger has been cleaved. Thus, it may
be interesting to investigate whether L5 can insert into the translocator in the

presence of lipopolysaccharide.
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Often it is difficult to calculate a lateral protein diffusion coefficient in small
simulations, as there is insufficient data to obtain a good estimate of the mean
squared displacement. Therefore, large coarse-grained planar bilayer systems
with many proteins can be used to improve the statistics. These systems,
however, are affected by the periodic boundaries and pressure coupling of the
simulation cell. Indeed, work, currently in progress, is revealing that the size of
undulations in planar membranes is subject to the size of the simulation cells,
with larger bilayers having larger undulations. This has an impact on the
estimate of lateral diffusion coefficients. In contrast, simulations of vesicle
systems offer a perspective on protein and lipid diffusion that is unbiased by
periodic boundary conditions. The vesicles have been shown to remain
predominantly spherical in shape, in us timescale simulations, as long as they
enclose a sufficient amount of water. Future work will investigate whether
undulations differ for vesicles with different radii. The early indications are that
the distributions of lipids around the mean radius are similar for a range of
vesicle radii, with standard deviations much lower than those observed in

planar membranes.
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Chapter 8: Appendix

8.1

Subroutines added to g_msd for the calculation of

the diffusion coefficients of molecules in a vesicle

membrane

static void calc_angular_displacement(t _corr *this,int nmol,int *molindex,
rvec xeur([],rvec nx0[],rvec vecoml,rvec vcom2,rvec angvel)
a {
int m,mol,d;
rvec xprod,ppos,cpos,xprodt,angveltot;
mass,mtot, linvc, linvp,theta,sintheta,costheta;

clear_rvec(angvel);
clear_rvec(angveltot);
mtot=0;

for(m=0; m<nmol; m++) {

clear_rvec(ppos);

clear_rvec(cpos);

clear_rvec(xprod);

clear_rvec(xprodt);

mol = molindex([m];

mass = this->mass[mol];

for(d=0; d<DIM; d++) {
ppos[d] = nxO[mol][d] - vcom2(d];
cpos[d] = xcur[mol](d] - vcoml[d];

}
cprod(ppos, cpos, xprod) ;
linvp = norm(ppos);
linve = norm(cpos);
for(d=0; d<DIM; d++)
xprodt[d] = xprod[d]/(linvp*linve);
}
sintheta = norm(xprodt);
costheta = cos_angle(ppos,cpos);
if (sintheta > 0) {
if (costheta >= 0){
theta = asin(sintheta);
} else
theta = acos(costheta);
}
for(d=0; d<DIM; d++)
angveltot[d] += mass*theta*(xprodt[d]/sintheta);

} else {
clear_rvec(angveltot);

}
mtot += mass;

svmul(1l/mtot,angveltot,angvel);

static void cale_rot_rodrig(: avrot, r radt0)

g {

int d;
rvec xprod,uavrot,a,b,c;
real linv,cost,sint,dprod;

clear_rvec(uavrot);
clear_rvec(xprod);
clear_rvec(a);
clear_rvec(b);
clear_rvec(c);
linv = norm(avrot);
cost = cos(linv);
sint = sin(-linv);

for(d=0;d<DIM;d++) {
uavrot[d] = avrot[d]*(1/linv);

cprod(uavrot,radt0,xprod) ;
dprod = iprod(uavrot,radt0);
for(d=0;d<DIM;d++) {
a[d] = cost*radt0[d];
b[d] = xprod[d]*sint;
c[d] = uavrot[d]*dprod*(l-cost);
radt0[d] = a[d]+b[d]+c[d];
}

a

static void cale_ves_com(t corr *this,int nmol,
int *molindex, xa(],
vcom)

int m,mol,d;
xm;
mass,mtot;

clear_rvec(vcom);
clear_rvec(xm);
mtot = 0;

for(m=0; m<nmol; m++) {
mol = molindex(m];
mass = this->
for(d=0; d<
xm[d] += mass*xa[mol][d];
mtot += mass;

}
svmul(1/mtot,xm,vcom);

Appendix Figure 50. A) This subroutine calculates the total angular

displacement of the vesicle between two frames. B) This subroutine uses the

Rodrigues rotation equation to correct the positions of the particles at time

t + At. C) This subroutine calculates the vesicles COM.
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8.2 Stability and membrane orientation of the fukutin
transmembrane domain: a combined multiscale

molecular dynamics and circular dichroism study
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8.3

Stability and membrane interactions of an
autotransport protein: MD simulations of the Hia
translocator domain in a complex membrane

environment
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8.4 Conformational dynamics and membrane
interactions of the E. coli outer membrane protein

FecA: a molecular dynamics simulation study
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