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ABSTRACT

A large number of key cellular functions such as signalling and transport are performed and
regulated by membrane proteins. The focus of this thesis is on a sub-class of membrane
proteins, namely the monotopic and bitopic peptides. Analysis of several aspects of these
peptides such as their orientation, electrostatics and association is reported here. The envi-
ronment of these peptides is represented by a continuum model that distinguishes between
water, membrane core and head-group region. The orientation of membrane peptides such
as glycophorin A and melittin is calculated and reproduces the experimentally-calculated
tilt angles. The length dependence of synthetic peptides such as WALPs is reproduced and
found to depend on the cost of cavity formation in the aqueous layer. It is shown that the
solvent reaction field plays a crucial role in determining the orientation of polypeptides.
The reaction field is also shown to screen the helix dipole of membrane-bound helices de-
pending on the proximity and geometry of the aqueous phase relative to the helix termini.
As a result, the helix dipole of transmembrane helices is found to decrease with peptide
length. The analysis is extended to helices in soluble proteins and rules of thumb are es-
tablished to estimate the effective helix dipole from visual inspection of protein structures.
The association of glycophorin A helices is modelled and the decomposition of free energy of
dimerisation shows a favourable contribution from the residues experimentally implicated
to contribute to the process. The association of erythropoietin receptor transmembrane
dimers and that of its mutants is also modelled. The inefficient lipid raft localisation of the
T242N mutant is proposed to be related to its helix packing. The thesis provides insight

into the structural organisation and energetics of membrane proteins.






ZUSAMMENFASSUNG

Eine grofile Anzahl zellularer Schliisselfunktionen, wie Signaltransduktion oder Stofftrans-
port, werden von Membranproteinen ausgefithrt und reguliert. Das Augenmerk dieser Ar-
beit ist auf eine Unterklasse der Membranproteine, die monotopen und bitopen Peptide,
gerichtet. Verschiedene Eigenschaften dieser Peptide, im Besonderen ihre Orientierung,
Elektrostatik und Assoziation, werden analysiert. Die Membranumgebung wird durch
ein Kontinuummodell beschrieben, welches zwischen Wasser, Kopfregion der Lipide und
innerem Membranbereich unterscheidet. Die berechneten Neigungswinkel von Membran-
peptiden, z.B. von Glycophorin A und Melittin, sind in guter I"Jbereinstimmung mit den
experimentellen Werten. Die Abhingigkeit des Neigungswinkels von der Peptidlange wird
am Beispiel von WALPs ermittelt und es wird gezeigt, dass dieser von den Kosten der
Hohlraumformation in der Wasserschicht abhangt. Das Reaktionsfeld des Losungsmittels
spielt eine wichtige Rolle bei der Bestimmung der Orientierung von Polypeptiden. Dieses
Reaktionsfeld schirmt die Helix-Dipole membrangebundener Helices ab, was von der Umge-
bung und Geometrie der wassrigen Phase relativ zu den Helixenden abhéngt. Der Helix-
Dipol von Transmembranproteinen nimmt daher mit der Peptidlange ab. Diese Analyse
wird erweitert auf Helices 16slicher Proteine, und Faustregeln fiir die Abschatzung des effek-
tiven Helix-Dipols mittels visueller Untersuchung der Proteinstruktur werden aufgestellt.
Weiterhin wird die Assoziation der Glycophorin A-Helices modelliert. Eine Zerlegung der
freien Energie der Dimerisierung in ihre Komponenten liefert einen gunstigen Beitrag fir
genau die von Experimenten implizierten Residuen. Die Assoziation von Erythropoiet-
inrezeptortransmembrandimeren und ihrer Mutanten wird ebenfalls modelliert. Vermutlich
ist die dichte Packung der Helices ein Grund dafiir, dass der T242N-Mutant nicht in Lipid
Rafts vorkommt. Die vorliegende Arbeit liefert Einblicke in die strukturelle Organisation

sowie die Energetik von Membranproteinen.
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CHAPTER 1

B10-MEMBRANES AND MEMBRANE PROTEINS

“Where shall I start... I will start with a fairly recent event, sub specie alternitatis...
and work both ways: backwards and forwards”, Thomas Gray, The Philosopher Cat, Philip
J. Davis.

The cell is the basic unit of all living organisms. It is a complex but highly organised entity
separated from the outside by a sophisticated transport and signalling membrane system.
The genetic information is stored in nucleic acids which act as templates for proteins,
which in turn carry out the basic functioning of the cell. Two general cell types can be
distinguished: prokaryotic and eukaryotic. Both types are enclosed by bio-membranes, but
eukaryotic cells contain additional membrane-bound organelles and structures that carry

out specialised functions [1].

Bio-membranes are bilayer structures that separate the cell from its surrounding and the
eukaryotic cell into compartments. The bio-membrane is heterogeneous and is composed of
a variety of lipids, cholesterol and proteins [1]. The proteins associated with the membrane
form a unique class of proteins called membrane proteins, since the membrane environment
plays an important role in modulating their structural and energetic properties. The lipids
comprising the bio-membrane make the environment of these membrane proteins less polar

compared to their cytosolic soluble counterparts [2].

Membrane proteins play a crucial role in the cell and their importance is reflected in the
fact that one third of the human genome is estimated to encode membrane proteins. These
ubiquitous proteins play diverse roles in biological processes, such as transport of ions and
polar compounds, pH regulation, signal transduction and vesicle fusion [2—4]. Due to their
role in such key cellular functions, membrane bound proteins represent approximately 60%

of drug targets.
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The ubiquity and importance of membrane proteins is contrasted by a considerable lack
of experimental and theoretical data regarding their structure and function, since methods
to investigate these proteins in their physiological environment are in general demanding
and cost intensive. In particular, the difficulties in crystallising membrane proteins has
resulted in less than 30 well-resolved unique structures of membrane proteins being available
so far [4]. New approaches, both experimental and theoretical are therefore needed to
determine the structure and understand the energetics of membrane proteins in their natural
environment taking into account their interaction with the membrane. In this chapter,
general structural and energetic aspects of membrane proteins will be reviewed along with
details of the membrane. Furthermore, various membrane models and current theoretical

approaches to study membrane proteins will be discussed.

1.1 THE CELL MEMBRANE

Bio-membranes enclose and compartmentalise the cell and cellular organelles [1]. The
average thickness of the bio-membrane is 4 nm, though slight variations of this value are
common. In bio-membranes, the fraction of lipids and proteins vary depending on the
function of the membrane and the compartments it separates. For instance, the mass
percentages of proteins to lipids vary from 76% protein in the inner mitochondria membrane
to 18% protein in the myelin membrane [5]. A cartoon representation of a membrane,
depicting lipids (phospholipids and sphingolipids), cholesterol and proteins is shown in
Fig. 1.1.

1.1.1 THE BILAYER STRUCTURE

In the bio-membrane, the lipids i.e., phospholipids and sphingolipids are arranged in an
unique bilayer structure with each monolayer facing the other. The composition of the two
monolayers is however different [1]. The bilayer arrangement of the lipids leads to a single
hydrophobic core comprised of the lipid fatty-acid tails and two hydrophilic outer layers
comprised of lipid head groups. Thus, the membrane has a spatially dependent polarity
which changes from non-polar to polar as one traverses from the membrane centre towards

the aqueous layer.

The major phospholipids comprising the bilayer are phosphatidylethanolamines, phos-
phatidylserines and phosphatidylcholines. In biological representations, the structure of
these phospholipids is often simplified into a hydrophilic, zwitterion head-group region
(represented by circles in Fig. 1.1) and a hydrophobic alipathic tail region (represented
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Figure 1.1: A cartoon representation of a bio-membrane. Membranes consist of phos-
pholipids (depicted in lilac), cholesterol (yellow), sphingolipids (purple) and membrane
proteins (green). In the figure, the head groups of phospholipids are represented by
circles and fatty acid tails by lines. The aqueous layer surrounding the membrane is
not represented for clarity.

by the two lines in Fig. 1.1). The phospholipid head groups interact with the surrounding
aqueous environment and form the two outer membrane head-group regions. The fatty-acid

tails are sandwiched in between and form the membrane core.

Sphingolipids are also made of hydrocarbon chains which are buried in the membrane core
and zwitterion groups which are located in the membrane head-group region. However, the
sugar moieties of the sphingolipids extend into the aqueous layer. Cholesterol is another
major component of bio-membranes and is located between the lipids in the bilayer. The
hydrophobic part of cholesterol (the ring system and the extending alkane chain) is present

in the membrane core and the hydroxyl group extends to the head-group region.

The bilayer structure of the membrane confines lipids and membrane bound proteins within
the plane of the bilayer. However, both lipids and proteins have considerable amount
of in-plane lateral diffusion. The essential features of the bio-membrane are described
by the fluid mosaic model as proposed by Singer and Nicolson in 1972 [6]. The model
describes the membrane as a two-dimensional fluid, in which the hydrophobic integral
mosaic components, such as lipids and membrane proteins are constrained within the plane
of the membrane, but are free to diffuse laterally. In spite of its simplicity, the model has

proved accurate in explaining many aspects of bio-membrane and membrane proteins.
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1.1.2 FrLuiDITY AND MOBILITY IN THE MEMBRANE

At room temperatures, the membrane core is fluid-like with disordered hydrocarbon tails [7].
The lipids comprising the membrane have high rotational and translational freedom within
the plane of the membrane [8]. The lateral movement of the lipid molecules is essential
for cellular function, such as facilitating membrane fusion events [9] and signal transduc-
tion [10]. In contrast to the high degree of lateral movement, the flipping of a lipid molecule
from one layer to the other is uncommon and needs to be facilitated by enzymes known as

flipases [7].

Fluidity of the membrane is dependent on the degree of saturation of the fatty acid tails of
the lipid molecules. The saturated lipid molecules are closely packed and therefore allow
little lateral movement [7]. To maintain fluidity at suboptimal temperatures, organisms
use phospholipids with increasing degrees of unsaturation in their fatty acid tails [11]. A
direct correlation between the growth temperature and the degree of lipid unsaturation has
been observed — the lower the temperature, the lower the degree of lipid saturation [12].
The membrane lipid composition of thermophilic yeasts is characterised by a high percent-
age (30%-40%) of saturated fatty acids, as compared with the mesophilic (10%-30%) and
psychrophilic (less than 10%) yeasts.

Membrane fluidity is also modulated by its cholesterol content. At high temperatures,
cholesterol tends to reduce membrane fluidity by inserting and interposing between the
larger phospholipid and glycolipid molecules and interacting with the fatty acid chains [7].
At low temperatures, however, the interposed cholesterol helps prevent membranes from
freezing and thus tends to maintain membrane fluidity. Interestingly, the distribution of
cholesterol within the bilayer is not uniform. More ordered, dynamic assemblies with high-

cholesterol content, known as lipid rafts are present within the liquid-disordered bilayer [13].

1.1.3 ORDER IN THE MEMBRANE - LIPID RAFT ASSEMBLIES

Within the fluid-like membrane, distinct ordered phases are observed. These dynamic
ordered assemblies are known as lipid rafts and are characterised by high cholesterol and
sphingolipid content [10, 14]. Since lipids rafts introduce variable degrees of order within

the membrane, the simple fluid mosaic model [6] does not strictly apply.

Some membrane proteins are seen to aggregate in the lipid rafts. The majority of the
proteins that localise in lipid rafts are involved in signalling [10]. Dynamic partitioning
of proteins in lipid rafts has been implicated to promote specific receptor clustering and

signal transduction [10]. Membrane proteins involved in endocytosis [15], exocytosis [10],
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synaptic vesicle traffic [16] and secretion [17] are also found in lipid rafts.

The mechanisms by which proteins and peptides are targeted to lipid rafts is still not clearly
understood. An ’address motif’, such as a di-leucine sequence present in the cytosolic tails
is proposed as a mechanism by which membrane proteins are targeted to lipid rafts [13].
However, the targeting mechanism need not be restricted to addresses in the cytosolic do-
main but may also involve specific interactions of the transmembrane segment with the
surrounding lipids and cholesterol [13]. For instance, residues of the exoplasmic side of
the transmembrane segment of hemagglutinin have been shown to influence lipid-raft as-
sociation [18]. Close packing of the transmembrane segments as well as surrounding lipid
molecules may also be important since an increase in acyl-chain order is observed around
a synthetic model hemagglutinin peptide that has been implicated to be present in lipid
rafts [19]. Another factor influencing the ability of peptides to sort into lipid rafts is the

length of membrane spanning domain [20].

1.2 MEMBRANE PROTEINS

A set of membrane proteins are associated with each bio-membrane and enable the mem-
brane to carry out its distinctive functions and activities. The nature of proteins attached
to a membrane vary depending on cell type and subcellular location [21]. Their functions
include transport of substances across membranes, enzymatic activity, signal transduction,
cell-cell recognition, energy transduction and attachment to the cytoskeleton and the ex-
tracellular matrix [7]. Despite their diversity in function, membrane proteins share a high
degree of structural similarities, since the membrane dictates their energetics and modu-
lates their structural properties. The first complete sequence of a protein spanning the
entire bilayer was that of glycophorin A in 1978 [22]. The study of sequence, structure and

energetics of membrane proteins has thus become possible only in the last two decades.

1.2.1 THE ROLE OF PROTEINS IN MEMBRANES

Proteins associated with the membrane carry out a variety of functions. Many of the
embedded membrane proteins function as transporters, since the apolar membrane core
is impermeable to ions and small hydrophilic molecules, such as glucose that need to be
transported across the membrane [7]. The transporter proteins function with thermal
fluctuation without input of energy (facilitated or mediated diffusion), or are driven by
electrochemical potential gradients of H* and Na™ (rarely of KT) or by various exergonic

chemical and photochemical reactions [11].
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Ion channels are transport proteins that transport specific ions, such as Nat, KT, Ht and
Cl~ down their chemical or electrochemical potential gradient [7]. Most channels exist
in two conformational states, open and closed. The opening of ion channels can be ac-
complished (a) by an electric potential (potential-gated channels), (b) by ligand binding
(chemically gated channels), (¢) by mechanical stress or strain (mechanically gated chan-
nels). When in the open conformation, the specific site in the channel can transiently bind

solutes from both sides of the membrane.

Ton pumps, such as the Na®/KT-ATPase constitute another class of transport proteins
and pump ions across the membrane against concentration gradient and often against the
membrane potential [7]. The membrane potential is the electrical potential difference on
either side of a membrane and usually measured between the cytosolic and extracellular
side of the membrane. The membrane potential arises since the membrane acts as barrier
to the diffusion of ions and is usually negative under resting conditions. For instance, the

membrane potential in nerve cells is about —60 mV.

A key membrane protein is aquaporin, a water channel that transports water across the
membrane [2]. Even though water diffuses across bio-membranes via osmosis, a water

channel is required since the rate of diffusion is very low.

The protein domains that are found on the extracellular membrane surface are generally
involved in cell-cell signalling, such as nerve transmission, hormone binding and growth
stimulation [21]. Signalling pathways often function by inducing conformational changes
in the receptor protein upon ligand binding. Furthermore, most proteins associated with
energy transduction are membrane bound, such as the photosynthetic complex and the res-
piratory chain proteins. Membrane proteins may contain domains with enzymatic activity

e.g. cytochrome P450.

1.2.2 STRUCTURE OF MEMBRANE PROTEINS

The structure and location of membrane proteins is correlated to their various functions.
A schematic diagram of common types of membrane proteins is depicted in Fig. 1.2. Mem-
brane proteins which penetrate into or span the bilayer are known as integral membrane
proteins. Examples of such proteins are ion channels and gates, permeases and ATPases.
The hydrophobic domain of such a protein resides in the membrane core, while hydrophilic
domains protrude into the aqueous environment. Peripheral membrane proteins are associ-
ated with membranes, but do not penetrate the hydrophobic core of the membrane. They
are often found in association with integral membrane proteins. The peripheral mem-

brane proteins may also be anchored to the lipid bilayer via an 'anchor’ moiety, such as a
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Integral proteins

/ } \

Single Helix Helix Dimer

Bitopic Polytopic

Figure 1.2: Different architectures of membrane proteins. Only a-helical proteins are
depicted as typical examples, though S-barrel proteins are also present. Proteins con-
taining membrane-bound peptides are known as integral proteins whereas proteins
associated with the membrane but not membrane-bound are known as peripheral pro-
teins. Bitopic proteins are integral membrane proteins with one membrane spanning
(transmembrane) segment and polytopic proteins have more than one membrane span-
ning segment.

palmitate, a myristate fatty-acid or a GPI anchor. Examples of GPI anchored peripheral

membrane proteins are uromodulin, dipeptidylpeptidase and alkaline phosphatase.

Integral membrane proteins are further classified into three categories, namely monotopic,
bitopic and polytopic, according to their membrane-spanning topology (Fig 1.2). Monotopic
proteins are those proteins which are surface aligned, i.e., exposed to only one side of the
membrane. Bitopic proteins have one membrane spanning (transmembrane) segment while

polytopic proteins span the membrane more than once.

1.2.3 COMMON ARCHITECTURE OF INTEGRAL MEMBRANE PROTEINS

Integral membrane proteins exhibit either a-helical or S-sheet topologies, though the a-
helical proteins are more common [2]. The structure and stability of integral membrane
proteins is based on the principle that a large thermodynamic cost accompanies the transfer
of charged or polar uncharged compounds into the membrane core. The first consequence

of this thermodynamic cost is that most of the amino-acid side chains of transmembrane
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Figure 1.3: The a-helical bundle (left) and (-sheet (right) architectures of membrane
proteins are seen in bacteriorhodopsin and OMPa respectively.

segments are non-polar (e.g. Ala, Val, Leu, Ile, Phe). The second effect is that the polar
peptide bonds of the polypeptide backbone of transmembrane segments must participate in
hydrogen bonds in order to lower the cost of transferring them into the hydrocarbon interior.
This hydrogen bonding is most easily accomplished with a-helices for which all peptide
bonds are H-bonded internally. It can also be accomplished with beta-sheets provided that
the [-strands form closed structures, such as the g-barrel. Thus, a-helices and -barrels are
the two known structural motifs in integral membrane proteins. Fig. 1.3 shows the structure
of two typical membrane proteins: bacteriorhodopsin (1C3W [23]), a seven helical bundle

and the outer membrane protein (1G90 [24]), a S-barrel protein.

Single transmembrane a-helices represent the simplest category of membrane proteins and
principles applying to them are general for all proteins. These helices are fundamental
building blocks of membrane proteins and association of these helices in the membrane is
a simple system for understanding membrane-protein architecture. The structural organ-
isation and energetic properties of membrane helices and their self interaction inside the

bio-membrane is the central focus of research in this thesis.
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1.2.4 FOLDING AND ASSEMBLY OF INTEGRAL MEMBRANE PROTEINS

The key finding of a-helical membrane protein folding and assembly is that helix folding
usually precedes helix packing, i.e., the association between helices of polytopic proteins or
between dimers of single helices [8, 25, 26]. As a consequence, each transmembrane helix
can be viewed as an independent folding domain. The net hydrophobicity of these segments
precludes their dissociation from the membrane, while the cost of breaking hydrogen bonds

within a low dielectric medium prevents the helices from unfolding [8].

The folding and association of membrane helices is currently described by the so called
"four-step association model’ [8]. The four steps are partitioning, folding, insertion and
association of the helices. The four steps are considered to be independent of each other
and to proceed sequentially. The partitioning step is relevant for non-constitutive mem-
brane peptides which first partition into the bilayer head-group region and then fold [8].
Constitutive membrane peptides are folded wia the translocon complex, which provides a
membrane like environment during folding. In the third step, the folded helix is inserted
into the membrane. The driving force for insertion is derived mainly from the transfer of
hydrophobic side chains from water to the apolar region of the bilayer [8, 25, 27]. The

fourth step is the association of the inserted helices to form the native tertiary structure.

The free energies of the folding and association process have been estimated experimentally
by various methods [8]. The experimental methods to measure the energetics of the pro-
cesses often use synthetic model peptides with designed sequences ensuring a better handle
on the variables and degrees of freedom involved in the processes. However, methods to
measure the free energies of these processes association are not precise. Attempts have also
been made to theoretically calculate the free energy for each of these steps and provide

insight into these processes [8, 28-35].

1.2.5 SINGLE MEMBRANE HELICES

The role of the single helix in the membrane is both structural and functional. The main
structural role is to anchor the soluble domain of the protein to the membrane. Single mem-
brane helices also play an active part in the functioning of membrane proteins, for example,
in the transport of ions and polar moieties, in signal transduction and in vesicular fusion [4].
For many of these specialised roles, the transmembrane helices associate to bring soluble
domains together and to aid in the function. Understanding the structure and energetics
of the transmembrane domain monomer is thus important for studying its function and for

analysing the driving force behind its association with other transmembrane segments.
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When introduced into the bilayer, a single membrane peptide takes up the common a-helical
fold and its characteristic orientation in the bilayer. The presence of the a-helical fold in
single membrane peptides has been detected by Circular Dichroism [36], X-ray crystallogra-
phy [8] and NMR [37]. The a-helical peptides may tilt and embed to varying extents in the
membrane based on the peptide-lipid interactions [38—41]. Based on their orientation, the a-
helical peptides are classified either as transmembrane or surface aligned. Transmembrane
helices span the entire bilayer and interact with both monolayers of the membrane. A single
transmembrane helical protein is thus termed as a bitopic integral membrane protein and
a protein containing more than one transmembrane helix is a polytopic protein. A stretch
of 20-30 hydrophobic residues is characteristic of transmembrane segments. Examples of
transmembrane segments are glycophorin A [42], synaptobrevin [43] and the erythropoietin
receptor [44]. In contrast, the surface-aligned peptides are present in the head-group region
and interact with mainly one side of the bilayer. Surface-aligned peptides are also known as
monotopic integral proteins and are usually amphipathic with the polar residues lining the
helical face interacting with the aqueous layer and the non-polar residues interacting with
the membrane core. Surface-aligned peptides have also been found to deviate from helical

structures. Examples of surface-aligned peptides are melittin [45] and gramicidin A [46].

Certain positional preferences for amino-acid residues are seen in transmembrane segments.
To characterise positional preferences of residues, the orientations of a number of model
synthetic peptides, such as polyalanine [47], polyleucine [48], WALP [38-41] and KALP [38,
49] peptides, have been determined. WALP and KALP are peptides of alternating Ala and
Leu residues with flanking Trp and Lys residues, respectively. Hydrophobic residues, such as
Ala, Leu, and Ile are usually incorporated into the membrane core [47, 48, 50]. Aromatic
residues, such as Trp and Tyr interact with the head-group region, often at the level of
the lipid carbonyls [40, 51]. In contrast, positively-charged residues extend into the lipid
phosphate region [38, 49]. From a functional point of view, it implies that Trp and Lys
are often seen as flanking residues of transmembrane segments and influence the precise
inter-facial positioning of membrane proteins. Negatively-charged residues, such as Asp
and Glu are rarely found in transmembrane segments. However, these residues have been

observed to participate in peptide association [44].

Spectroscopic studies on WALP and KALP peptides have shown the tilt angle i.e., the angle
between the helix axis and the bilayer normal to systematically increase with length [40, 48].
Peptides shorter than the bilayer thickness are oriented roughly parallel to the membrane
normal and the longer peptides tilt appreciably. Bilayer thinning has been proposed to

compensate the unfavourable hydrophobic mismatch between helices and lipid bilayers [41]

Single membrane a-helices have been the focus of experimental studies for investigating
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interactions with the bilayer and the resulting intrinsic tilt of the peptide helix. Orientation
of several synthetic model peptides in bilayers have been determined [38-41, 48, 49]. The
single peptides represent a simple system in which peptide-lipid interactions are thought to
dominate over peptide-peptide interactions in determining helix orientations [40]. However,
the basic principles driving helix tilting and the energetics of the orientation of a-helices in

membranes are still not well understood.

1.2.6 HELIX ASSOCIATION

Helix association is a key event in the folding of polytopic membrane proteins [2]. Many
important bio-energetic and signalling events involve the transient or permanent associ-
ation of membrane proteins via their membrane-spanning domain [1]. Thus, helix-helix
associations occur both as inter- and intramolecular processes. Intermolecular processes in-
volve oligomerisation of single helices or association of polytopic membrane proteins to form
oligomers. Intramolecular events are those in which the helices of a polytopic membrane

protein associate during membrane protein folding.

Although the sequence of events during helix association is adequately described by the
four-step model (see Section 1.2.4), the forces stabilising and driving specific helix-helix in-
teractions is poorly understood [52]. However, the characterisation of the thermodynamic
and kinetic properties of this assembly by both experimental [53] and theoretical [52] ap-

proaches is being attempted.

Several helix-helix interaction motifs have been identified, although, how they promote
specific association is not well understood [27, 52, 54]. The specificity and stability of
these helix pairs is possibly dictated by a precise fit between complementary surfaces and
electrostatic interactions of backbone and side chains [8, 27]. Furthermore, certain organi-
sational features, such as close packing of the residues at the interface and van der Waals

interactions are considered to be important for helix association [27, 52, 54].

Non-polar residues, such as Gly, Ala and Leu, proposed to be involved in side-chain packing
have been shown to mediate tight helix-helix contacts [55-57]. In fact, the GG4 motif
(Gxxx(@) is known to mediate dimerisation in glycophorin A [55-59]. The GxxxG motif has
also been observed in peptides, such as syndecan and the MI3 coat protein [59]. Interfaces
of these pair of peptides adopt negative crossing angles and pack as a right-handed helix
pair. A similar motif, SxxSSxxT, has also been shown to drive dimerisation in model
peptides [55, 57]. A heptad repeat motif of Leu residues has been implicated to drive helix
association in synaptobrevin and related SNARE proteins [43]. Furthermore, the leucine

zipper like motif has been shown to drive self assembly of artificial transmembrane segments
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in natural membranes and in detergent solution [57, 60]. In contrast to the GxxxG motif
helices, these helices are proposed to adopt positive crossing angles and pack as left-handed
helix pairs [43, 61].

Apart from the side-chain interactions discussed above, helix association is influenced by
electrostatic interactions and hydrogen-bond formation [55]. Polar residues, such as Asn and
Gln are not frequently found in the helix-helix interface, but have been shown to stabilise
membrane association of helices [57] and even drive the association of model transmembrane
peptides [44, 62-64]. However, another study indicated that polar residues mediate helix-

helix association only when placed at appropriate positions [65].

An important question regarding the assembly of individual helices concerns the presence
and importance of nonspecific driving forces for helix aggregation. The nature and origin of
nonspecific forces are principally different from the specific driving forces discussed above.
For example, it is speculated that removal of partially ordered lipid molecules from the helix
surface gives rise to an unfavourable ordering of the lipid molecules, which in turn mediates
helix-helix interaction. The effect is termed the solvophobic effect since it is similar to the
well known hydrophobic effect, where the unfavourable ordering of water molecules drives
protein folding and association to increase the entropy of the water molecules. However,
the solvophobic effect has not been assessed experimentally and contradictory theoretical

estimates of the associated energy are found in the literature [52, 66, 67).

The second nonspecific force that may drive helix-helix interaction is the electrostatic in-
teraction between the dipoles of adjacent a-helices. The dipole moment of an a-helix in
a lipid bilayer has not yet been determined experimentally. However, a theoretical study
by Ben-tal and Honig suggests that the helix dipole is substantial only for helices shorter
than the bilayer thickness, since the electrostatic interaction is screened by the solvent for
longer helices [68]. A similar solvent screening has been reported for helix bundles in soluble
proteins [69]. However, the factors modulating the helix dipole are not yet well established

and are further studied in this thesis.

Glycophorin A is a homo-oligomeric transmembrane protein present in human red blood
cells. It is used as a model system to study helix-helix interactions due to its symmetry and
relative simplicity. Its dimer structure has been elucidated by x-ray crystallography [42]
and by NMR spectroscopy [70]. The interface is defined by the GxxxG motif described
earlier. In particular, the seven-residue motif, LIxxGVxxGVxxT, was implicated in dimeri-
sation of glycophorin A [59, 71, 72]. Although the glycophorin A dimer serves as a model
for analogous systems, several questions on the energetics of association processes of the he-
lices remain unanswered. Membrane helix dimers of glycophorin A and the erythropoietin

receptor transmembrane segment are modelled and studied in the present thesis.
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1.3 PROTEIN-LIPID INTERACTIONS: THEORETICAL APPROACHES

A stable, folded protein, regardless of the pathway by which it enters the membrane, resides
in a free energy minimum [8, 25]. This free-energy minimum defines its structure and
stability. Thus, membrane-protein structure is determined by the interactions of the peptide
chains with each other and with the lipid bilayer and water [52]. Peptide-lipid interactions
play a crucial role in membrane protein architecture but are not well characterised [8, 50].
The importance of the energetics of the lipid-peptide interactions is seen in the strong

tendency of the bilayer interface to increase the propensity of helix formation [8, 73].

In theoretical studies, the complex membrane environment has to be simplified and thus,
the accuracy of the lipid-peptide interactions depends on the approximations included in
the membrane model [33, 52, 74]. In particular, the treatment of long-range electrostat-
ics in such an anisotropic heterogeneous environment remains a challenge [33, 52, 74]. A
wide variety of representations of the bilayer have been considered in the past. Examples
of membrane representations used in theoretical calculations are the all-atom representa-
tions [75-79], the three-slab continuum model [28, 29, 31, 32, 34, 35] and the dipole lattice
model [74]. The best representation of a biological membrane in computational studies
strongly depends on the specific questions to be addressed and the limitations imposed by

available computational resources.

1.3.1 ArLL ATOM REPRESENTATIONS

Detailed theoretical work on membrane proteins has been performed treating the bilayer
atoms and surrounding solvent explicitly. Calculations with explicit lipid bilayer and water
atoms using molecular dynamics simulations have been performed on several membrane sys-
tems. Lipid-peptide interactions have been studied extensively for single peptides, such as
gramicidin S [76, 79], melittin [29], alamethicin [77, 78], a bacterial KcsA KT channel [75],
and the Influenza M2 channel [80, 81]. The structure and orientation of the helices have
also been studied using computer simulation. In certain cases, such as in melittin and
gramicidin S, the structure and orientation have been reported to vary marginally [29, 76].
In contrast, simulations of alamethicin have revealed hinge-bending motion that may corre-
spond to conformational switches involved in signalling across a bilayer [77, 78]. Computer

simulation of the KcsA K™ channel have also shown a selectivity for Kt ions [75].

Simulations on more complex systems, such as glycophorin [82], bacteriorhodopsin [83, 84],
OmpF porin [85] and aquaporin [86] demonstrated the feasibility of computational studies

on large and complex membrane proteins. It has been shown that in glycophorin A, the
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length of the lipid hydrocarbon chains modulate its structural properties, such as helix-helix
crossing angle and helix tilt angle [82]. Further, the selectivity of aquaporin and movement
of water molecules through the channel has been demonstrated [86]. Simulations have thus
helped to elucidate mechanisms by which the lipid bilayer influences the protein free energy

landscape [80].

Although these calculations are detailed and have resulted in a rich variety of biophysical
information, the use of an all-atom membrane environment is computationally expensive
and limits the configurational space that can be explored. Moreover, only a few lipids
(e.g. DMPC and DPPC) have been well parametrised for the commonly-used force fields
till date. Thus, the simulations do not reflect the general characteristics of the bilayer.
Simulations of mixed bilayers remain challenging because of the long timescale (>> 1ns)

of mixing of lipid components, but attempts in this directions are being made [80, 87].

1.3.2 CONTINUUM METHODS

The lipid and solvent molecules can be also represented implicitly using continuum models.
Commonly used methods for continuum representations of membranes are the Poisson-
Boltzmann and the Generalised Born methods [88]. The implicit solvent models approx-
imate the average influence of water, the membrane or both on a solute. In the implicit
models applied so far the membrane has been represented as a slab of low dielectric em-
bedded in a high dielectric aqueous phase (Fig. 1.4) [28, 29, 31, 32, 34, 35].

The continuum studies capture certain general features of the membrane, such as the hy-
drophobic nature of the membrane core and a hydrophobic-hydrophilic dielectric boundary.
However, it is assumed that all locations are described adequately as either bulk hydro-
carbon or bulk water. The studies have successfully accounted for various experimental
data, such as tilt angles. However, comparing Fig. 1.4 with Fig. 1.1, it is obvious that
the lipid head-group region is not represented by such models. Thus, a drawback of rep-
resenting the membrane as a single slab of low dielectric is that the head-group energetics
are not adequately modelled. One immediate consequence of this inadequacy is that the
experimentally-observed preference of certain residues, such as Trp and Lys for the head-

group region is absent [74].

Po0OI1SSON-BOLTZMANN REPRESENTATION OF THE MEMBRANE

The Poisson-Boltzmann equation represents one of the common approaches in continuum
electrostatics to compute solvation energies. It combines two fundamental equations of

physics, namely the Poisson equation and the Boltzmann equation. The Poisson equation
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Water

Membrane slab

v

Membrane Protein

Figure 1.4: The membrane is often represented as a slab of low dielectric (¢ = 2)
embedded in regions of high dielectric (e = 80). In such a model, the membrane head-
group properties are not modelled and the membrane-water interface is infinitely thin.
The cylinder represents a membrane protein or a-helix within the bilayer.

describes the electrostatic potential that arises from a given fixed charge distribution and the
Boltzmann relation describes the distribution of particles in response to any field. Together,
the Poisson-Boltzmann equation relates the variation in the electrostatic potential, ¢ to the
spatially dependent dielectric permittivity, €(r) and the charge distribution, p(r). Poisson-

Boltzmann electrostatics is further discussed in Section 2.2.

The three-slab model in conjunction with the Poisson-Boltzmann equation to calculate the
electrostatic energy has been applied to estimate the free energy of insertion of alame-
thicin [32] and oligoalanine [28]. The orientations of melittin [29], Src [34] and the FYVE
membrane domains [30] have also been studied. The calculations have provided starting
structures for detailed all-atom simulations [29, 80] and have provided insight into how
the membrane modulates the structural and energetic properties of the membrane pep-
tides. Electrostatic stabilisation of monovalent cations in ion channels has also been inves-
tigated [89]. Calculations based on the Poisson-Boltzmann equation are routinely used to
determine the pKa of ionisable side chains in ion channels, such as bacteriorhodopsin [90]
and the KcSA potassium channel [89]. The Poisson-Boltzmann equation has been extended
to include membrane potential and to calculate the variations of the transmembrane volt-
age along the axis of KcsA [91]. Thus, the method has been useful for modelling how the
lipid environment modulates the structural and energetic properties of membrane-bound

peptides and proteins.

The main limitation of the Poisson-Boltzmann approach arises from the fact that the di-

electric constant is a macroscopic concept describing intrinsically non-local electrostatic
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interactions. For example, the electrostatic potential arising from the average solvent po-
larisation in the neighbourhood of a molecular solute may be considerably more complex
than those expected from a continuum approximation [92]. Being aware of these limitations

is necessary for the correct interpretation of these methods.

GENERALISED BORN METHODS

The Born equation relates the solvation energy, AG of a single spherical charge of magnitude
q and radius a to the difference in energies for charging in two uniform media of dielectric

constants €; and e, respectively [93]:

N (l - i) (1.1)

8ma \ €1 €

The generalised Born method extends this theory by estimating a ’generalised Born ra-
dius’, i.e., the atomic radius necessary to produce the correct solvation energy (estimated
experimentally or from Poisson-Boltzmann approaches) using the Born expression. These
effective radii are then used to calculate the electrostatic solvation energy using the following

semi-empirical expression [94]:

N
1 .
AGsolu = Cwater %9 (12)
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Adaptations of this method to represent the membrane by the three-slab model have been

used to calculate the orientation of various single peptides, such as melittin [31], the in-
fluenza virus fusion peptide [35] and bacteriorhodopsin helical fragments [35] which were

found to compare well with experimental data.

The main limitation of the Generalised Born method is the estimation of the generalised
Born radius which is usually calculated from the Poisson equation [95]. Tilting of membrane
helices will change the distance of an atom from the aqueous layer and may change the value
of the Born radius of that atom. The definition of an unique born radius may also be difficult

considering the anisotropic nature of the membrane.
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1.3.3 SEMI-EMPIRICAL AND LATTICE MODELS

Solvent models that assume the solvation energy to be proportional to the exposed surface
area have been applied to estimate solvation energies [33, 88, 96]. Membrane parameters
have been calculated by modelling the membrane as a bulk hydrocarbon medium and has
been used to study the membrane orientations of hemagglutinin [96] . In a similar study, the
effective solvation free energy of glycophorin A and melittin was calculated in the membrane
environment and correctly distinguished between the transmembrane and surface-aligned
orientations of the two proteins, respectively [33]. However, there is no direct connection
to the underlying electrostatics and the method usually introduces large errors in energy

estimation compared to Poisson-Boltzmann or generalised Born calculations [88].

A semi-implicit model, in which the membrane-water system is modelled as a lattice of
dipoles with varying dipole moments, has been able to reproduce the position of a 20-mer-
WALP peptide and alamethicin in the membrane [74]. However, the model only qualita-

tively reproduces the lipid-protein interactions.

1.3.4 CHOICE OF THE MEMBRANE MODEL

A variety of membrane models exist and the choice of an adequate membrane model is
based on the requirement of the calculations and on the complexity of the system studied.
Existing membrane models may also need to be modified for particular applications. For
example, for a computationally-feasible modelling method, an all-atom representation is
not tractable. On the other hand, care has to be taken not to oversimplify the energetics
for the sake of computational efficiency. To understand the energetics of protein-protein
and protein-lipid interactions within membranes, important structural features, such as the
hydrophobic core as well as the polar head region have to be represented in the theoretical
description. Polarity differences also need to be accounted for to accurately distinguish the
energetics in bulk water and in the membrane. In this thesis, we present a five-slab mem-
brane model which is an extension of the existing membrane models. The model accounts
for the electrostatic properties of the polar head group region implicitly by introducing an

additional dielectric layer.
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1.4 OUTLINE OF THE THESIS

This thesis aims at understanding the structural and electrostatic properties of a-helical

membrane proteins. The following aspects are discussed:

e Design of a suitable membrane model to describe protein-lipid interactions
e Understanding the energetics of helical peptide orientation in membranes
e Calculating the macromolecular electrostatic properties of a-helices in membranes

e Modelling the association of transmembrane a-helices

In this thesis, the energy landscape of biomolecules is described by a Molecular Mechanics/
Poisson-Boltzmann approach as outlined in Chapter 2. The membrane environment is
described here by a five-slab continuum dielectric model that distinguishes between the
solvent and the membrane head group and core regions. In Chapter 3, the membrane

model is introduced and the calculations performed to validate the model are reported.

In Chapter 4 , the five-slab membrane model is used to examine the factors determining
the position and orientation of single membrane helices. The energetics of the position
and orientation of a dipole in a membrane is calculated. Extending the analysis to N-
methylacetamide and polypeptides shows that dipole energetics orient the axes of single
helices perpendicular to the plane of the membrane. Furthermore, the length dependence
of helix tilt angles and fluctuations in the tilt angles are examined. Cavity formation in the
aqueous solvent is found to play an important role in determining tilt angles of helices longer
than the membrane width. Experimentally-determined tilt angles of several membrane--
spanning helices including glycophorin A, melittin and the WALP peptides are reproduced
by the five-slab model.

The effect of the helix environment in screening and modulating the helix dipole of mem-
brane « helices is reported in Chapter 5. The effective dipole moment is calculated from
the electrostatic potential generated by the helix, which is represented at atomic detail,
in the given environment which is represented implicitly by a continuum model. The de-
pendence of effective helix dipole on the length of the a-helix is calculated in vacuum,
aqueous solution and lipid bilayers. The analysis is extended to helices in protein interiors
for membrane proteins as well as soluble proteins. The effective dipole moment is found to
vary strongly with the orientation and position of the helix relative to the aqueous medium.
For instance, the effective dipole moment of transmembrane helices decreases with peptide

length. The results are at first glance surprising, but can be rationalised in terms of the
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shielding of the helix termini. A set of simple rules is established for estimating helix dipole

from experimental structures.

Association of helices in the membrane is modelled in Chapter 6. The structure of the
glycophorin A dimer is modelled and compared with experimentally-determined structures
to validate the methodology. The contribution of each residue in the dimer interface is
calculated and reproduces the experimental results. In the second part of Chapter 6, the
structures of the wild-type erythropoietin receptor transmembrane dimer and its mutants
are modelled. The erythropoietin receptor has been experimentally found to locate in
lipid rafts, whereas, its T242N mutant is impaired in lipid raft localisation. A substantial
increase in inter-helical distance and volume is observed for the T242N mutant compared
to the wild-type erythropoietin receptor dimer. The results suggest that absence of close
packing may lead to exclusion of the T242N mutant from lipid rafts. However, the modelling
does not rule out that additional motifs or a combination of motifs may be required for

sorting into lipid rafts.

This thesis provides insights into the structure and energetics of a-helical membrane pro-
teins. Structural aspects of single helices, such as orientation and their association to form
larger complexes have been studied. Further, the relationship between structure and func-
tion has been briefly addressed for the erythropoietin receptor. This thesis is thus a step
towards a better understanding of the energetics of the structural organisation of membrane

proteins.
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CHAPTER 2

THE ENERGY LANDSCAPE

“They’d believe it; they’d believe it. Things have to make sense to be disbelieved.”, Life of
Glalileo, Bertold Brecht.

The energy landscape of a protein is described by its potential energy in every degree of
freedom. The structure of a protein is determined by this energy landscape such that the
native folded protein is at a minimum. In this thesis, the potential energy is described by
a Molecular Mechanics/ Poisson-Boltzmann approach. These two methods are discussed

below.

2.1 MOLECULAR MECHANICS

The energy of large biomolecules is usually calculated by empirical potential energy func-
tions i.e., by molecular mechanics force fields [97]. Molecular mechanics is used as an
alternative to quantum chemistry, which remains unfeasible for multi-atomic systems, such
as proteins. The empirical force fields were developed to describe molecular structures
and properties in an accurate yet computationally efficient manner. Certainly, the ap-
proximations introduced in this method lead to limitations compared to quantum chemical
calculations. For instance, no bond making or breaking events can be modelled via molec-
ular mechanics since electrons are not considered explicitly, but are assumed to find their
equilibrium distribution once the positions of the nuclei are known. The above assumption
is based on the Born-Oppenheimer approximation of the Schrodinger equation. The Born-
Oppenheimer approximation states that nuclei timescales are much slower than electronic
motions. Thus, nuclear motions, vibrations and rotations can be studied independently

from electronic fluctuations since the electrons are assumed to adjust instantly to any

21



22 The Energy Landscape

movement of the nuclei.

In molecular mechanics, the nuclei and electrons are treated together as spherical atom-like
particles possessing a net point charge [97]. The radii and the net charges are measured
experimentally or obtained from high-level quantum calculations. The interactions between
atoms are based on harmonic approximations or classical potentials and determine the spa-
tial distribution of atoms and their corresponding energies. The potential energy function
used to calculate the energy and geometry of a molecule is called the force field. Further,
atom types have to be defined to describe the atoms in a molecule. Parameters for bond

lengths, bond angles, etc., are also required.

Current generation force fields provide a reasonably good compromise between accuracy
and computational efficiency. Their ability to reproduce experimentally-measured physical
properties has been extensively tested. These properties include structural data obtained
from x-ray crystallography and NMR, dynamic data obtained from spectroscopy and in-
elastic neutron scattering as well as thermodynamic data. Among the most commonly used
potential energy functions are the AMBER [98], CHARMM [99] and GROMOS [100] force
fields.

The energies of the biomolecules studied in this thesis were calculated using the CHARMM
force field. In the CHARMM force field, the potential energy is calculated as a sum of
bonded and nonbonded terms energy terms. The bonded terms, Fjop4eq describe the bonds,
angles and bond rotations in a molecule as explained in Fig. 2.1. The non-bonded terms,
Fronbonded account for interactions between nonbonded atoms i.e., atoms separated by 3 or

more covalent bonds. The total energy, Fyoq is given by:

Etotal = Ebonded + Enonbonded

= Ebonds + Eangles + Eimpr + EUB + Edihedrals + E’udW + Eelec
N -~ S ———

Eponded Enonbonded

where, Fy,,qs is the bond stretching energy term, E,; g, is the angle bending energy term,
Eihedrals accounts for rotation along a bond, Ej,,, is the distortion energy term, Eyp is

the Urey-Bradley term, F,q the van der Waals energy and Fg.. the electrostatic energy.

Eyonds 18 given by a harmonic potential representing the interaction between atom pairs
separated by one covalent bond (i.e. 1,2-pairs). The term accounts for the energy of a
bond of bond length, b as a function of displacement from the ideal bond length, by. The
force constant, K, determines the strength of the bond. Both, the ideal bond length, by

and the force constant, Kj; depend on the chemical type of the atom-constituents and are
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Figure 2.1: Schematic representation of the bonded interaction terms contributing to
the force field: bond stretching, angle bending, proper and improper dihedrals.

specific for each pair of bound atoms.

Byonas = »_ Ky (b—bo)” (2.2)

bonds

Eqngies relates the alteration of bond angles, 6 from ideal values, 6 and is also represented

by a harmonic potential.

Eangles = Z KG‘ (0 - 90)2 (23)

angles

The Urey-Bradley term, Eprp accounts for interactions between the atom pairs involved in

1,3-configurations i.e. atoms bound to a common atom

Bup = Kup(s— seq)’ (2.4)

where, Kiyp is the Urey-Bradley force constant and s the distance between the two atoms

in consideration.

FEiinedrals Tepresents the torsion angle potential function which models the presence of
torsional barriers between atoms separated by 3 covalent bonds (i.e. 1,4-pairs). The term

describes the rotation by a dihedral angle, ¢ around a given bond with force constant, K,
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phase, v and multiplicity, n.

Edihedrals = Z Kg (1 +cos (ng — 1)) (2.5)
1,4—pairs

Ky, Ky, Kug, Kg and Ky, are usually evaluated from studies of small model compounds
and comparing the geometry and vibrational spectra in the gas phase (IR and Raman

spectroscopy), supplemented, if necessary, with ab initio quantum calculations.

Eimpr is an energy term used to maintain chirality and planarity around the torsional angle,

w.

Eimpr = Z Kw(w - weq)2 (26)

Eronbonded has two components, the van der Waals interaction energy, F,q and the electro-
static interaction energy, Fjo.. In the CHARMM force field, the hydrogen bond interactions

are accounted for by the electrostatic and van der Waals interactions.

FEyqw is commonly described by a Lennard-Jones 12-6 potential. The Lennard-Jones po-
tential arises from a balance of two terms, a short range repulsive and a slower decaying
attractive force. The attractive 1/r6-term arises from spontaneous dipoles inducing oppos-
ing dipoles in nearby atoms. The repulsive force is predominant at short distances where
the electron-electron repulsion is strong. The Lennard-Jones potential is determined by
two parameters: the collision parameter, o and the depth of the potential, A. The collision

parameter is the distance between two atoms at which the Van-der-Waals energy is zero.

Eow =3 A ("—1’; - U—6’“> (2.7)

Fee, the electrostatic interaction between a pair of atoms is represented by the Coulomb
potential. The Coulomb potential is inversely proportional to €, the effective dielectric

function for the medium and r;, the distance between two atoms with charges ¢; and gy.

(2.8)

qiqk
Eelec = Z o
ik ik
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The Coulomb potential is usually adequate to describe the interaction between two charged
species in a homogeneous medium such as in vacuum. However, the solvent surrounding a
biomolecule, usually water, has a fundamental influence on the energetics of the biomolecule.
One of the most important effects of the solvent is the screening of electrostatic interactions.
A simple approximation to include the screening effect into calculations is to assign a
dielectric constant of 80 for the solvent in the electrostatic term of the force field. However,
this is a crude approximation and does not compare well with experimental data since the
polarisation in the protein environment is not represented. To obtain a better, physically-
relevant description of a biomolecule in a solvent methods, such as the Poisson-Boltzmann

model have been successfully applied in conjunction with the CHARMM forcefield.

2.2 PoI1ssoN-BoLTZMANN ELECTROSTATICS

Electrostatics plays a key role in biological processes. The methods that have been used
to simulate electrostatics in biological systems may be broadly classified into those which
explicitly simulate all molecules of the system, including solvent and dissolved salts, which
are by far the more demanding, and those which simulate the solvent and salts by a con-
tinnum model. Among the latter, the Poisson-Boltzmann equation has been widely and
successfully used [101, 102].

The Poisson-Boltzmann equation is derived from the Poisson equation which describes the

electrostatic potential, ¢ (r) in vacuum at point, r from the charge density, p(r)

A (r) = —4rP D) (2.9)

€0

where, €q is the dielectric constant in vacuum and equals 1. The Laplace operator, A is the
sum of the second partial derivatives with respect to the spatial coordinates or equivalently

the divergence of the gradient.

The electric field vector, E is given by the negative gradient of ¢ (r).

E=V¢(r) (2.10)

The Nabla operator, V is the gradient operator with respect to spatial coordinates and its

square is the Laplace Operator, A =V? =V . V.

The electrostatic interactions between charges in an uniform medium are usually weakened
compared to those between the same charges in vacuum. An external electrostatic field will

induce a dipole moment in atoms or molecules placed in it. If the molecules already have a
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@ € solvent

Figure 2.2: A protein of dielectric, €protein With fixed partial charges in a solvent of
permittivity, €sopent With mobile charges (ions).

net dipole moment, these permanent dipoles will be aligned by the field. The electric field
generated by the induced and the aligned dipoles is directed opposite to the inducing field.
As a consequence, the overall field is weakened. The weakening of the external field can be
described implicitly by reducing the electrostatic potentials everywhere by a constant factor
known as the relative permittivity or dielectric constant, €, of the medium. On substituting
the Nabla operator and the relative permittivity, the Poisson equation takes the following

form:

p(r)

€r

V-V (r) = —dr (2.11)

Obviously, the potentials that result from this equation are reduced by é relative to their

values in vacuum for the same charge distribution.

A protein in aqueous solution is not well described by an uniform permittivity, because the
dielectric properties of the protein differ significantly from those of water. By defining a

relative permittivity, €(r) which depends on r, the Poisson equation becomes:

V- [e(r)Ve (r)] = —4rp (r) (2.12)

In this approach, the macromolecule is treated as a low dielectric region with embedded
atomic partial charges. The dielectric constant of the protein, €,,ozein is typically set be-
tween 2 and 4 to take into account electronic polarisation and the limited flexibility of the
macromolecule. The effects of the solvent molecules, whose motions are much faster than
those of the solute molecule are taken into account on average through a continuum of high

dielectric constant. The high dielectric constant of the solvent, €sppen: usually set to 80
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also accounts for the much weaker electrostatic interactions in water compared to a protein
interior. Mobile ions in the solvent are also accounted for in this approach by a Boltzmann
distribution. Fig. 2.2 illustrates such a system with a protein of dielectric constant, €protein

and containing embedded charges in a solvent of permittivity, €soment-

The charge density, p(r) of the above system can be thought to consist of two parts, the

fixed charges of the protein, pp,otein () and the mobile charges of the solvent, pjons(r).
-V [E(P)V(ﬁ (I‘)] =dr (pprotein (I’) + Pions (I’)) (2.13)

The ion distribution in the solvent can be described by a Boltzmann distribution:

al gi$(r)
Pions(r) = E C(i bulk) Gi€LD <— ZRT > (2.14)
i—1

where, N is the number of different ion types, c(; yux) the concentration of ion type i in the

bulk and ¢; its charge. R is the gas constant and 71" the temperature.

The Poisson-Boltzmann equation is obtained from Eqs. 2.13 and 2.14:

N i r
=V [e(r)Ve (r)] = 4n <pprot(r) + Zc(i,buzk)(h exp <_qﬁ;)> ) (2.15)
i=1

The Poisson-Boltzmann equation can be linearised if the electrostatic potential is small,

i.e., (d;g;)

by the pre-factor gives the quadratic term:

<< 1). The exponential is expanded up to the linear term which when multiplied

N

V- e() V6 (6] = 4 (p,,mt(m # 3 (ot = ot )) (2.16)

=1

The first term in the expansion of the Poisson-Boltzmann equation ( ZZ]\; 1 C(i,bulk)qi) equals

zero since the total charge of the mobile ions in solution is zero.

For small electrostatic potentials as they are generally found in proteins, the linear Poisson-

Boltzmann equation is a good approximation.

The ionic strength, I of a medium is defined as:

1
T=35 cbum); (2.17)
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Figure 2.3: In the finite-difference method, a grid is superposed on the protein-solvent
system to solve the Poisson-Boltzmann equation numerically. Electrostatic potentials
and charges are defined at the grid points, the electrostatic potential at any off-grid
location can then be obtained by interpolation from the nearest grid points.

The Poisson-Boltzmann equation can be extended to model a membrane environment by
including additional dielectric slabs. Hence, instead of two dielectric regions, a low dielectric
protein region and a high dielectric water region, additional slabs corresponding to the
membrane are included in the calculations. In previous calculations, a single slab of low
dielectric was used to model the membrane core. In this thesis, a new five-slab membrane
model is applied and tested for its accuracy and validity, the details of which are given in
Chapter 3.

Analytical solutions of the Poisson-Boltzmann equation exist only for simple, symmetric
systems such as spherical bodies. Hence, for complex macromolecules with irregular shapes,
Eq. 2.16 is usually solved numerically by finite difference methods in which the molecular
charges and dielectric constants are discretised on a grid (Fig. 2.3). The discretisation
procedure has some disadvantages. For instance, the free energy of the system is largely
dependent on the relative position of charges on the grid and on the dimension of the
mesh. The grid-dependent self energy of charges must be accounted for while computing
free energies [103]. Further, the mesh must be fine enough not to merge opposite charges
(dipoles) at the same node. fine grid is also required to ensure a proper representation of
the macromolecule-solvent interface and thus, to prevent artefacts in the surface potential

representation.

Charges are assigned to each grid point and the corresponding electrostatic potentials are
then defined at those grid points. The electrostatic potential at any off-grid location can
be obtained by interpolation from the eight nearest grid points. A charge ¢, a distance a,

b and ¢ from the nearest vertex points (shown in Fig. 2.4) is assigned to the grid with grid
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Figure 2.4: Assignation of charge, ¢ that is a distance a and b from the nearest vertex
points to the grid with grid spacing, h. The distance ¢ is not shown but represents the
distance in the z-direction.

spacing h in the following manner:

wu=a(1-2) (1) (-5) 218

Of course, the split charges interact with each other and result in high interactions energies
and are termed ”grid artefacts”. Taking an energy difference in two media of varying

dielectric constants, such as in vacuum and water, cancels out the grid artefact.

Eq. 2.16 may now be solved by integrating over the grid.
- o(r)
[ ieterv @45 [ patetir = |37 eyt g =0 (2.19)

By integrating over the entire volume we obtain,

N

/ (1) V6 (1)]dA + gy — 1S (ot

=1

¢(r) _
= =0 (2.20)

where, ¢q is the electrostatic potential at the central point A.

However, the surface integral can be defined as
6
[ 10176 (w1aa = 3~ he(i) (65— o) (221)
i=1

where, ¢; is the electrostatic potential at the nearest grid points 7 to the point A.
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Thus, from Eq. 2.20 and 2.21 we obtain:

6 N
S heli) (s — o) + 40 — 1D ey oo = 0 (2.22)
i=1 1=1

If we solve Eq. 2.22 for ¢ we get:

(30 he(i) i ) + dmay
$o = (2.23)

(S0 heli)) + 13 S iy 02

¢o is solved in an iterative cycle until self consistent. The main problem problem of this
method is that the charge cannot be extrapolated at the boundaries since there are less than
the adequate number of neighbours. Techniques such as 'focussing’ are used to overcome
this problem. At first, a low-resolution large grid is used and the electrostatic potential at
the boundary is calculated by the Born model or the Debye-Hiickel theory. In the second
step, the electrostatic potential from the larger grid is used to initialise the potential at the
boundaries of a smaller high-resolution grid. Such focussing steps are repeated to obtain

the potential for a very high-resolution grid.

In this thesis, the Poisson-Boltzmann routine [104] in CHARMM was used to calculate the
electrostatic potentials. The parameters used in the calculations, such as the ionic strength

and the temperature, are given in each chapter along with the results.



CHAPTER 3

THE MEMBRANE MODEL

“We’ve been looking for someone to test them on all summer...”, Harry Potter and the
Goblet of Fire, J K Rowling.

The structure and stability of membrane proteins are determined by interactions of the
membrane-bound peptides with each other, the lipid bilayer and solvent molecules [8, 52].
Peptide-lipid interactions, though least characterised, play a dominant role in membrane
protein architecture [8, 50, 52]. Thus, to study membrane proteins and their energetics,
one needs to account for the membrane-protein interactions by a suitable membrane model.
Firstly, the model should allow accurate calculation of interaction energies of the membrane
and molecules embedded in it. Furthermore, a membrane model should capture essential
features of membrane structure, such as heterogeneity and the changing polarity along the
bilayer normal. Finally, the model must be computationally tractable, ¢.e., the computa-
tional time required should be reasonable depending on the questions asked. For example,
molecular modelling and exploring large conformational space demands a computationally
inexpensive model, while detailed analysis of the dynamics and fluctuations in the mem-
brane protein require an exact all-atom representation of the membrane. In this chapter,
the membrane model used in this thesis is introduced and the basic tests performed are
discussed. The model accounts for the membrane implicitly and distinguishes between the
membrane head-group region, membrane core and aqueous regions. The orientation, posi-
tion and energetics of ions and peptide side-chain analogues are chosen to access the range

of validity of the proposed membrane representation.
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Figure 3.1: Five-slab continuum electrostatic model of a biological membrane environ-
ment. The membrane is represented as three slabs corresponding to the two head-group
regions and the core region. The head-group region is modelled as a 8 A slab on either
side of the low dielectric core region. The two outer slabs correspond to bulk water.
The dielectric constants assigned to the regions are shown in the figure.

3.1 THE F1ivE-SLAB MEMBRANE MODEL

In this thesis, the membrane is accounted for implicitly by a continuum dielectric approach.
The membrane is represented by a five-slab model as shown in Fig. 3.1. The unique feature
of the model is the distinction between the different dielectric regions: solvent, head-group
and core regions. The outermost slabs correspond to the bulk aqueous phase, and the
innermost slab corresponds to the membrane core. The two slabs in between correspond

to the two lipid head-group regions of the membrane.

The outermost slabs of the model, i.e., those representing the aqueous phase are assigned

a dielectric constant of 80, accounting for the high polarity of bulk water.

The innermost slab represents the membrane core which is comprised of the non-polar
long-chain fatty acids [105, 106]. Correspondingly, the relative dielectric constant of the
innermost slab is set to 2, representing the non-polar nature of the fatty-acid tails [105, 107].
A typical width of the core region is 25 A (c.f. Fig. 3.1). Variation of this model parameter,
however, is straightforward and calculations resembling bilayer perturbations are presented

in this thesis.

Inclusion of the head-group region of biological membranes in a continuum model is ambigu-
ous since the head-group region is heterogeneous with varying fractions of phosphatidyl-
ethanolamines, phosphatidylserines, phosphatidylcholines, sphingomyelin, glycolipids and

cholesterol. Estimates of the dielectric constant of the head-group region have yielded
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varying results depending in part on the lipid moieties [105-110]. The polarity of the head-
group region in phosphatidylcholine and phosphatidylserine bilayers has been found to be
intermediary to that of bulk water and the bilayer core [108, 110]. In the present case, a
dielectric constant of 10 was used to represent the permittivity of the head-group region.
The slab width was set to 8 A. A value of 10 for the dielectric constant for the head-group
slab has been found to accurately reproduce experimental studies of adsorption of small
molecules in the head-group region [109]. Variation of this parameter within reason did not

affect the results presented.

3.2 CALCULATION OF THE SOLVATION ENERGY

The five-slab membrane model is used to investigate the orientation and energetics of various
biologically relevant molecules such as membrane-embedded ions and polypeptides. The
most-probable orientation of a membrane-bound molecule is determined by the minimum of
the solvation free energy of the molecule in the membrane environment. The solvation free
energy of the molecule, AG,,;, in a membrane system is the free energy for transferring
the molecule from vacuum into a given position and orientation in the membrane [97].
The solvation energy is calculated as described below, using an all-atom model for the
molecule considered together with the five-slab continuum dielectric membrane model. In
Chapter 4, the orientations of helical peptides in a membrane are determined by calculating

the solvation free energies of the peptides in a similar fashion.

AG 4, was calculated according to the thermodynamic cycle shown in Fig. 3.2. AG ., is

considered to be the sum of two contributions:
AG o1y = AGejec + Aan (31)

where, AG¢je. is the electrostatic component of the solvation free energy and AG,, the

non-polar component of the solvation free energy.

AG e is the electrostatic energy required to transfer the peptide from vacuum to a given

position in the membrane. It is given by the difference of the energy required to charge the

peptide in the membrane, AG7}™ and in vacuum, AGY :
AGelec = AGZ??? - AGgilecc (32)

AG e was calculated using the linearised Poisson-Boltzmann equation (Eq. 2.16), relating

the variation in the electrostatic potential, ¢ to the spatially dependent dielectric permit-
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Figure 3.2: Four-step thermodynamic cycle to calculate AG,,, for a molecule (depicted

as a cylinder) in a membrane. AGZS" and AGY, correspond to the energy of charging

the peptide in the membrane and in vacuum, respectively. The non-polar contribution,
AG,, is the cost of cavity formation in the surrounding solvent.

tivity, €(r) and the charge distribution, p(r). For complex systems, the linearised Poisson-
Boltzmann equation is solved numerically. The details of the calculations are given in the

next section.

AG,y,y, is the cost of cavity formation in the aqueous phase and is estimated to be linearly
proportional to the water-accessible surface area of the molecules [111]. AG),, is estimated
as [97]:

AGpp =7A+D (3.3)

where, A is the solvent-accessible surface area of the peptide in the aqueous phase and -~y
and b are constants. The proportionality constant, v is commonly referred to as ’surface
tension coefficient’ and represents the contribution to the solvation free energy per unit

surface area [32, 112]. The constant, b is the free energy of hydration for a point solute

(A=0).
In this thesis, the values used are: v = 0.0278 kcal/mol A% and b = -1.71 kcal/mol. These

values of v and b were derived from the partitioning of alkanes between liquid alkane and
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water [112]. Thus, the non-polar interactions between the lipid and the solute molecule
are considered implicitly. The values of v and b have been used earlier for calculations on

membrane proteins and compare well with experimental results [28, 32, 34].

3.2.1 METHODS
MODEL CONSTRUCTION

The monovalent ions, Na* and Cl~ were modelled as spherical charges of unit charge
and radii 1.02A and 1.81A, respectively. The ions were positioned at various depths of

membrane insertion, v and AG,,, was calculated.

All-atom models of indole, butane and imidazolium molecules were constructed from the
CHARMM parameter set [99]. The molecules were positioned along the membrane normal
and AGg,, was calculated. The depth of membrane insertion, v was calculated as the
distance of the centre of mass of the molecule from the centre of the membrane. Indole was
oriented in the membrane with the ring perpendicular to the bilayer normal. Imidazolium
was oriented with the ring along the bilayer normal and the positively-charged Nitrogen

atom pointing outward towards the aqueous phase.

CALCULATION OF AG

AG o, was calculated as a function of v for the above molecules according to the thermo-
dynamic cycle shown in Fig. 3.2. The two components, AG .. and AG,, were calculated

as described in the following sections.
Calculation of AG e

AG e was obtained numerically by solving the linear Poisson-Boltzmann equation using
a finite difference method implemented in the CHARMM software package (version 29a2).
The ionic strength was set to 0.15 M. The electrostatic potentials were calculated using
the focussing technique [104] on a grid with grid spacing 1.0 A, 0.5 A and 0.25 A. In all
calculations, the distance between the grid boundaries and the molecular surface was set
to at least 15 A. The atomic radii of the atom types were taken as the calculated Born
radii [113]. A cardinal b-spline was used for distributing charges over the grid points. The
temperature was set to 300 K and no membrane potential was applied. The electrostatic

potentials in the membrane environment and in vacuum (e = 1) were calculated. The cor-

mem

e and in vacuum,

responding solvation free energies of the system in the membrane, A
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AGY were computed from the above potentials.

Calculation of AGy,,

AG,, was calculated from Eq. 3.3. The solvent-accessible surface area, A was calculated
using the Lee and Richards algorithm [114] implemented in the CHARMM software package.

A probe sphere of radius 1.4 A was used in all calculations.

3.3 TESTS OF THE MEMBRANE MODEL

Similar to every new model, simple tests were performed to validate the five-slab membrane
model. The tests were performed by calculating the solvation energy of a few systems such

as ions and side-chain analogues for which experimental data was available.

3.3.1 IonNs

The simplest test of an electrostatic model is its treatment of a spherical charge. Thus,
as a first test of the membrane model the solvation free energy of ions, such as Na®™ and
Cl™ is calculated at various positions in the membrane. The AG.. values are compared
to the energies derived from the Born equation (Eq. 1.1) for homogeneous media. Fig. 3.3
shows AG,.. for spherical charges corresponding to Nat and Cl~ ions, at various depths
of membrane insertion, v. The calculations were performed in the absence of mobile solvent

ions to directly relate the energies to the Born energies.

Ton Position Born Energy[kcal/mol] AG e [kcal/mol]
Nat Membrane Core -81.5 -86.4
Nat Water -161.0 -167.7
Cl- Membrane Core -45.8 -51.0
Cl™ Water -90.5 -92.2

Table 3.1: The electrostatic solvation free energy for monovalent ions in the mem-
brane model. The membrane core corresponds to a region of dielectric constant e=2
and the water layer corresponds to €e=80. The corresponding Born energies in these
homogeneous media, i.e., the transfer from vacuum to the given medium is also shown.

Both ions have a lower solvation energy in the aqueous medium compared to the membrane

core. The head-group region also stabilises the ions compared to the membrane core. The
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Figure 3.3: AGsyy vs. membrane insertion for sodium (e) and chloride (A) ions in
the membrane. Both ions have a lower solvation energy in the aqueous media com-
pared to the membrane core. The head-group region also stabilises the ions compared
to the membrane core. The core, head-group and aqueous regions of the membrane
environment are marked.

effect of the dielectric boundary is seen even before the ion enters the lower dielectric region.
Further, due to its larger radius, the chloride ion has a lower energy compared to the sodium

ion, since its negative charge is delocalised over a larger volume.

AG e is reported for the two ions in the membrane core and in bulk water. The energies
of the ions in the two media (i.e., the membrane core and water) compare well to those
calculated by the Born equation for a homogeneous media of € = 2 and e = 80, respectively
(Table 3.1).

3.3.2 SIDE-CHAIN ANALOGUES

The next step in validating the model was to calculate solvation energy profiles for various
side-chain analogues. Three molecules, butane, imidazolium and indole were chosen to
investigate the relative importance of the free energy terms for different solutes. The three

molecules are the side-chain analogues of Leu, His (at low pH) and Trp, respectively.

Fig. 3.4 shows the AG ., vs. v for butane, imidazolium and indole. For butane, AG ., is
roughly constant inside the membrane and increases in the aqueous region. AGy,, increases

as the molecule enters the aqueous phase and the total increase in AG,, in the aqueous
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Figure 3.4: AGsopp vs. depth of membrane insertion, v for indole (e), imidazolium (A)
and butane (o) ions in the membrane. The most probable position for butane is the
membrane core and that for imidazolium is the aqueous phase. For indole, AG 4., is
the minimum in the head-group region as a result of compensation between AG ..
and AG,p.

phase is attributed to this increase in AGp,,. The partitioning of butane in the membrane

core is as expected, since butane is non-polar and favours the non-polar membrane interior.

In contrast, for imidazolium, AG,,, is lowest in the aqueous region (Fig. 3.4, blue). Tmi-
dazolium, a charged ion, is known to prefer the aqueous medium. Similar to butane, AG,,
of imidazolium increases as the molecule enters the aqueous phase. However, for a charged
species such as imidazolium, the decrease in AGj.. in the aqueous phase is much larger
than the increase in AG,. Thus, increase in AGy,, does not balance the larger decrease in

AG ee and consequently AGp, decreases in the aqueous phase.

AG o vs. v for indole is shown in Fig. 3.4 (black circles). AGy,, obtains a minimum in
the head-group region as a result of compensation between AGje. and AG,, (see Fig. 3.5).
The compensation between AG,.. and AG,, decides the final position of the molecule,
since AGje. favours polar environments while AG,,, opposes entering the aqueous layer.
The result agrees with recent NMR measurements showing that indole partitions into the

head-group region of lipid bilayers [51].
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Figure 3.5: AGsu, (A) as a function of v for indole in the membrane. The electro-
static component. AG,,, () and the non-polar component, AGee. (o) are also shown.
AGgorp 1s minimum in the head-group region as a result of compensation between
AGeiee and AGpp. The membrane core, membrane head-group and aqueous regions
are marked.

3.3.3 DISCUSSION

The five-slab continuum membrane model is introduced and shown to be validated by
calculating the solvation energies of ions and side-chain analogues. The model is shown to
account well for the heterogeneous environment of the membrane by implicitly incorporating
a head-group region. The solvation energies for Na™ and Cl~ ions located in the centre
of the membrane core and the aqueous region of the model are calculated and compare
well to the corresponding Born energies in homogeneous media. Thus, the membrane
model accurately reproduces the electrostatic component of the solvation free energy. All
subsequent calculations presented in this thesis represent the membrane environment using
this model.

Furthermore, the five-slab membrane model accounted for the partitioning of various side-
chain analogues at different positions along the membrane. Similar positional preferences
for residues are also seen in transmembrane peptides. Butane, a non-polar molecule is found
to partition in the membrane core. The favourable partitioning of butane in the membrane
core corresponds to hydrophobic amino-acid residues such as Leu and Ile that are known
to be incorporated in the membrane core [47, 48, 50]. In contrast, imidazolium, a charged

species, is seen to clearly prefer the aqueous phase. The preference of imidazolium for the
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aqueous phase is analogous to charged species such as His side chains which partition in the
aqueous phase. Indole, a side-chain analogue of Trp, is seen to prefer the head-group region.
Aromatic residues such as Trp have been seen to interact with the head-group region, often
at the level of lipid carbonyls [40, 51]. Thus, the tests using side-chain analogues showed

that the model is able to reproduce many known lipid-peptide interactions.

The model introduced here is found to accurately calculate solvation energies of biologically
important ions. The membrane model also reproduces the fine balance between the various
lipid-peptide and peptide-peptide interactions as seen in the calculations of the side-chain
analogues. Further, the five-slab continuum model is computationally not very expensive
and therefore allows the sampling of a large conformational space. Thus, the model is
found suitable for studying the orientation of larger membrane peptides. In Chapter 4, the
model is used to study the energetics of helical peptide orientations in the membrane. The
electrostatics of membrane peptides and helices in membrane proteins is investigated with
the presented model in Chapter 5. The five-slab membrane model is then used to model

the structures of transmembrane dimers in Chapter 6.



CHAPTER 4

ENERGETICS OF HELICAL PEPTIDE
ORIENTATION IN MEMBRANES

“Sway and sway in the summer air...”, Her Voice, Oscar Wilde.

4.1 ORIENTATION OF HELICAL PEPTIDES IN MEMBRANES

Helical peptides are the main building blocks of membrane proteins and determine mem-
brane protein architecture by their association. The principles determining helical ori-
entations therefore also decide the structure of the more complex membrane proteins.
Though the orientation of various membrane peptides has been determined experimen-
tally, [37, 45, 48, 115-117] the energetics of helical orientation in membranes are poorly un-
derstood. The main focus of research has been to determine helix propensity and the role of
the various amino-acid residues. The orientation of melittin [29, 31, 33], the Src membrane
domain [34], the FYVE membrane domain [30], the influenza virus fusion peptide [35],
helical fragments of bacteriorhodopsin [35], a 20-mer WALP peptide [74], alamethicin [74]
and glycophorin A [33] have been reproduced theoretically. However, none of these studies
attempted to decompose the different contributions to the membrane-peptide interaction

or to calculate the characteristic tilt angles of the helix axis.

In this study, the energetics of the orientation of membrane-bound a-helices is investigated
by calculating the solvation energy of various peptides in a membrane system, i.e., the
free energy for transferring the helix from vacuum into a given position and orientation in
the membrane. The characteristic orientation of a number of transmembrane and surface
aligned peptides is calculated and the factors determining their position and orientation are
examined. The different contributions to the membrane-peptide interactions in membrane-

bound helices are calculated. Simple models, such as dipole and peptide analogues are used

41
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to describe the energetics of the membrane helices, thereby, decomposing the complex ener-
getics of membrane peptides into simpler terms. The membrane environment is represented
by the five-slab model described in Chapter 3 (Fig. 3.1). The solvation energy is calculated
using an all-atom model for the peptide together with the Poisson-Boltzmann equation for
the electrostatic solvation energy and a term representing the cost of cavity formation in
the aqueous solvent. The most probable orientation is determined by the minimum of the

solvation free energy of the peptide in the membrane environment.

At first, the orientation of a dipole in a membrane is examined analytically and shown to
be a good approximation to the energetics of N-methylacetamide, which contains a single
peptide group. The peptide dipole energetics are found to tend to orient the axes of single
helices perpendicular to the membrane plane and the calculations indicate that this effect
dominates the positioning of polyalanine helices. The length dependence of helix tilt angles
and fluctuations in the tilt angles are examined. Further, cavity formation in the aqueous
solvent is found to play a crucial role in determining tilt angles of helices longer than the

membrane width.

The model reproduces the experimentally-determined tilt angles of several membrane--
spanning helices including glycophorin A, melittin and the WALP peptides. Further, the
length-dependent fluctuation in the tilt angles of the WALP peptides is predicted and may
rationalise the non-zero tilt of the shorter peptides. The effect of bilayer thinning on the
orientation of the peptides has also been studied and shown not to significantly affect the
results. Potential applications of the model in the analysis of peptide-membrane interactions

and membrane-protein structure prediction are discussed.

4.2 METHODOLOGY

The most probable orientation of a membrane helix is that with the lowest solvation free
energy, AGgo, i.6., the free energy for transferring the helix from vacuum into a given
position and orientation in the membrane. Here, the position and orientation of a membrane
peptide are described by two parameters: the tilt angle, 0, and the depth of membrane
insertion, v. € and v are depicted in Fig. 4.1. 0 is the angle between the helix axis and the
membrane normal and describes the orientation of the helix in the membrane. For instance,
0 ~ 0° for a transmembrane helix and € ~ 90° for surface aligned peptides. The position
of the peptide is described by v, the distance of the centre of mass of the helix from the
centre of the membrane. The value of v depends on the hydrophobicity of the peptides and

for symmetric transmembrane peptides, v is expected to equal zero.
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Figure 4.1: Parameters describing the orientation of a single helix in the membrane:
tilt angle, & and depth of membrane insertion, v. 6 is the angle between the membrane
normal and the helix axis and v is the distance between the centre of the membrane
and the centre of mass of the helix.

4.2.1 MODEL CONSTRUCTION
N-METHYLACETAMIDE

N-methylacetamide is a commonly used peptide-bond analogue. The structure of N-
methylacetamide is depicted in Fig. 4.2. Atomic coordinates for the molecule were con-

structed using CHARMM [99] molecular parameters for peptide models.

POLYALANINE PEPTIDES

Polyalanine peptides with 20, 25, 28, 30, 35 and 40 Ala residues, were modelled as ideal
a-helices with )=-47° and ¢=-57° [2] using CHARMM to assign the molecular parameters.
The N- and C-termini were blocked with acetyl and N-methyl acetyl groups, respectively.

In addition, helices with 20 and 30 residues were modelled with charged ends.

WALP PEPTIDES

WALP peptides are helices of alternating Ala and Leu residues with flanking Trp residues.
The peptides were modelled as ideal a-helices with $=-47° and ¢=-57° using CHARMM
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Figure 4.2: The structure of N-methylacetamide, a commonly used peptide-bond ana-
logue. The molecule was used in the thesis to investigate the energetics of the peptide
bond in a membrane.

to assign the molecular parameters. Peptides with 19, 20, 25, 30, 35 and 40 residues were

constructed with blocked ends.

MELITTIN

The melittin peptide backbone structure, 2MLT [118], was taken from the Protein Data
Bank [119] (PDB) and the N- and C- termini were charged so as to represent the naturally-
occurring peptide. The side chains were constructed using the software SCWRL [120]
(version 2.0), which determines the most probable rotameric conformations from a back-
bone-dependent rotamer library [121]. Steric clashes are relieved systematically by a com-
binatorial search of rotamers in an order defined by the rotamer library and calculated

interaction energies.

GLYCOPHORIN A

The backbone structure of the transmembrane segment of the glycophorin A monomer,
code 1AFO [42] residues 73 - 100, was taken from the PDB. The N-terminus was blocked
with an acetyl group and the C-terminus with an N-methyl group. The side chains were

again constructed using the software SCWRIL.

All the above peptide models were energy minimised in a dielectric medium of e=2 using
the CHARMM force field [99] (version 29a2) with 1000 steps of Steepest Descent followed
by 1000 steps of Newton-Raphson minimisation with lkcal/mol harmonic constraints on

the backbone atoms.
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4.2.2 CALCULATION OF SOLVATION ENERGY

AG o was calculated as a function of v and 6 for the above-modelled peptides according
to the thermodynamic cycle shown in Fig. 3.2. The two components AGe.. (electrostatic)

and AGp, (non-polar) were calculated as described below.

CALCULATION OF AG e

AGe. was evaluated numerically by solving the linear Poisson-Boltzmann equation to

calculate the electrostatic potentials in the membrane environment and in vacuum. The

mem

corresponding electrostatic solvation free energies of the system in the membrane, AG7}<"

vac

v were computed from the calculated electrostatic potentials. The

and in vacuum, A

parameters used were identical to those described in Section 3.2.1.

CALCULATION OF AGy,),

AG,, was calculated using Eq. 3.3. The solvent-accessible surface area, A was calculated
using the CHARMM software package. As in Section 3.2.1, a probe sphere radius of 1.4 A

was used to define the surface.

ANALYTICAL SOLUTION OF THE P0OISSON EQUATION FOR A DIPOLE IN A MEMBRANE

To calculate AG e for a dipole in a membrane the Poisson equation was solved analytically
for a dipole in the five-slab continuum model. The analytical solution was derived in

collaboration with Lars Meinhold.

The Poisson equation is:
V- [e(r)Ve(r)] = —4mp(r) (4.1)

where, ¢ is the electrostatic potential within a medium of uniform dielectric constant ¢ and
p is the charge distribution. The distance between the two dielectric boundaries was con-
sidered to be large enough for the dipole charges to experience only one dielectric boundary
at a time. This approximation was validated by a numerical solution in which a dipole of
the same dipole strength traversed the five-slab membrane model. The numerical solution
(c.f. Fig. 4.5) showed that towards the centre of the head-group region AG.. was constant
indicating a homogeneous field and that at either dielectric boundary the change of AGjec

was independent of the other dielectric boundary.



46 Energetics of Helical Peptide Orientation in Membranes

€, P €,
R2 Rl
q’ q
A g a™ A

Figure 4.3: A single charge, ¢, and its mirror charge, ¢’ located at points A and A’,
respectively. Both charges are placed a distance, d away from the boundary between
media with dielectric constants, €; and e», respectively. The electrostatic potential, ¢
is calculated at point P which is at distance, Ry from ¢ and distance Ry from ¢'. If
the point P lies in the dielectric region with dielectric constant, e» then only a single
image charge ¢" placed at the same position as ¢ is experienced.

The total electrostatic potential ® can be written as:

P = g, + dq, (4.2)

where ¢4, and ¢4, are the potentials at point r due to charges g, and g respectively. For
a dipole q, = —¢q,. The electrostatic potential, ¢, at point, P in cylindrical coordinates
(p, ¢, 2), due to a single charge, ¢ placed a distance, d away from a dielectric boundary

between media with dielectric constants, €; and ey is [93] (see Fig. 4.3):

_ 1 q q
¢q_4ﬂ'€1<R—1+R_2> Z>0

_ 1 4"
¢q_47r62R1 z <0

(4.3)

where, R; = \/p2 + (d — 2)* and Ry = \/p? + (d + z)”. The image charges ¢’ and ¢" are

chosen to satisfy the boundary conditions for the electric field E i.e.,

€1 Ez €2 Ez
lim = lim (4.4)
z—07+ 2—0~

E, E,
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Using E = —V¢, and Eq. 4.3 yields

¢ =324
2+€1 (4‘5)
The electrostatic field energy of the dipole is then given by
W= / e(r)B2 dV (4.6)
v
= [ (T4 + (TP + Vo Ve 1V (4.7)
V N ~ vl N ~ g

self energy interaction energy

where, ¢, and ¢, are obtained from Eq. 4.3. Problems arise from the divergent self energy
terms when integrating Eq. 4.7. These difficulties were avoided by integrating on a plane
parallel to the dipole axis, thus excluding the singularities. This procedure corresponds to

a remapping of the energy density of the electric field from three to two dimensions.

4.2.3 COMPUTATIONAL REQUIREMENTS

Each system setup took about one hour on four 800MHz processors in a Linux cluster.
Each AG,,, calculation took about one hour on a single processor (2400 MHz, 2048 MB
RAM). The total CPU time required for the calculations was ~3000 h.

4.3 PEPTIDE DIPOLES

We begin our analysis by calculating the electrostatic energy of peptide dipoles in mem-
branes. Consider first a simple dipole, consisting of charges ¢==+1.0 e placed 0.5 A apart,
crossing the five-slab membrane depicted in Fig. 3.1. The Poisson equation is solved an-
alytically for this system. We compare two orientations of the dipole: =0° and #=90°,
where 6 is the angle between the dipole axis and the membrane normal (see Fig. 4.1). The
difference in AG e, between the 0° and 90° orientations is the barrier to flipping, E;, and

gives the preference of one orientation over the other.

Plots of AGjee vs. the depth of membrane insertion, v for the two orientations of the simple
dipole are shown in Fig. 4.4. AGj.. decreases when traversing from the membrane core to
the head-group region to the aqueous medium since AG .. is inversely proportional to e,

which increases in this direction. Further, the difference in AG.j.. between the membrane
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Figure 4.4: AGejee vs. membrane insertion, v for a dipole (dipole moment = 2.4 D)
calculated by the analytical solution of the Poisson equation. Two orientations, #=0°
(o) and 6=90° (A), are considered. The energy of flipping in the membrane, Ej;), is
given by the difference of AG... of the two orientations at a given value of v. The
two dotted lines depict the boundaries of the head-group region. Ey;;;, is non-zero only
near the boundary between two media giving rise to a preference of one conformation
over the other.

core and head-group region is approximately four times the difference in AG .. between

head-group region and water. This difference in AGg. arises due to the variation of e

(and hence the potential) in the three media and equals (é - é)(é - %

and e3 are the dielectric constants of the membrane core, head-group region and water,

)~ where, €1, €2

respectively.

In a homogeneous medium, such as the membrane interior, the centre of the head-group
region or the aqueous region, there is no orientational preference of AG¢.. and hence no
tendency of the dipole to orient itself in a particular direction. In contrast, a difference in
AGee of the two orientations is seen near the dielectric boundaries, i.e., when the dipole
traverses from the membrane core to the head-group region or from the head-group region to
the aqueous layer. Near a dielectric boundary, if the dipole axis is parallel to the membrane
normal then a reaction field countering the charge closest to the boundary builds in the
medium with higher polarity, lowering AGje.. In contrast, if the dipole axis is perpendicular
to the membrane normal, the reaction fields due to the two charges cancel each other and
there is no net lowering of AGgpe.. Thus, near a boundary between the dipole-containing
medium and a higher-polarity medium, the orientation with the dipole axis parallel to the
membrane normal is favoured over the perpendicular orientation. However, this picture
reverses once the mid-point of the boundary is reached. On crossing this point, the dipole

with #=90° is completely immersed in the more-polar medium and is hence more favourable.
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Figure 4.5: AGgee vs. membrane insertion, v for a Dipole (dipole moment = 2.4D)
calculated numerically as described in Section 4.2. Two orientations §=0° (e) and
6=90° (A) are considered. The energy of flipping in the membrane, Ey;;, is given by
the difference of AG.. of the two orientations at a given value of v. The two dotted
lines depict the boundaries of the head-group region. Eg;;, is non-zero only near the
boundary between two media giving rise to a preference of one conformation over the
other.

As a control calculation, AG . is also calculated numerically as described in Section 4.2.
A non-zero value of radii was assigned to the dummy atoms to avoid infinite self energies.
Fig. 4.5 shows the plot of AGe. vs. v at 6=0° and 0=90°. The plot is similar to Fig 4.4

and shows that AGge. is constant in the interior of the head-group region.

4.3.1 ORIENTATIONAL PREFERENCE OF N-METHYLACETAMIDE

The analysis is now extended to a molecule containing a single peptide bond: N-methyl-
acetamide. For this molecule, AG .. was calculated numerically as described in Section 4.2.
Fig. 4.6 shows the plot of AGge. vs. v at #=0° and 6=90°. The results are qualitatively
similar to the simple dipole model of Fig. 4.4. Eyy;, is seen to depend on the v as in the
case of a simple dipole. Thus, the energetics of the orientational dependence of N-methyl-

acetamide is well described by that of a simple dipole.

4.4 POLYALANINE PEPTIDES

In the next step, polyalanine peptides of varying lengths were investigated. Polyalanine pep-

tides have been shown to adopt predominantly helical conformations in lipid bilayers [47].
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Figure 4.6: AGee. vs. membrane insertion, v for N-methylacetamide calculated nu-
merically as described in Section 4.2. Two orientations #=0° (e) and §=90° (A) are
considered. The energy of flipping in the membrane, Ey;;, is given by the difference of
AG. e of the two orientations at a given value of v. The two dotted lines depict the
boundaries of the head-group region. E{;;;, is non-zero only near the boundary between
two media giving rise to a preference of one conformation over the other.

However, due to experimental limitations such as peptide aggregation, polyalanine peptide
orientation in membranes has not been studied so far. Here, the results of a decomposition
of the various factors governing the orientation these simple helices in a membrane are

presented.

4.4.1 EFFECT OF DIFFERENT CLASSES OF CHARGED GROUPS ON AG e

The chemical groups in a helix can be divided into the peptide backbone, the side chains
and the N- and C-terminal groups. The contributions of each of these three classes to
AGee in a 30-mer polyalanine peptide are shown in Figs. 4.7 A and 4.7 B. Two types of
end groups: charged (NH; and CO, ) and blocked (acylated N-terminus and N-Methylated

C-terminus), are also examined.

To calculate the contribution of the above classes to the total AG.. for the blocked end-
group 30-mer peptide, the partial charges of all other atoms except those constituting the
selected groups were set to zero (Fig. 4.7A). The figure shows that the side chains contribute
very little to the total AGg.. barrier. The blocked peptide end groups make the second
lowest contribution. The peptide backbone contributes the most, about three times more
than the end groups. Thus, it is indeed the peptide group dipoles that play the major role

in orienting the polyalanine helix axis perpendicular to the membrane surface.

The presence of charged termini increases the energy difference between the orientation with
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Figure 4.7: A: AGepec vs. tilt angle, 8 for a 30-mer polyalanine peptide with blocked
ends with partial charges only on the side-chain atoms (o), N- and C- termini (A) or
backbone (o). The contribution of the backbone atoms to the energy of flipping in a
membrane, Fy;, is the largest. The total energy cannot be expressed as a sum of the
different contributions due to the interaction terms. B: AGg,,vs. 8 at v = 0 for a
30-mer polyalanine peptide with charged ends (A) and blocked ends (o). The energies
in both A and B are relative to the lowest energy conformer.

0 = 0° and 90°. This increase arises from the fact that it is energetically less favourable to
bury the charged end groups than the blocked ones. In contrast, there is little difference in

the minimum-energy tilt angle between the blocked and charged peptides (Fig. 4.7B).

4.4.2 FEFFECT OF PEPTIDE LENGTH

We now further develop the analysis by calculating the solvation energy, AGgop, i-¢., by
adding in the non-polar term, AG,,,, and by examining the dependence of the minimum-
energy tilt angle on peptide length. The minimum-energy tilt angles for polyalanine pep-
tides with 20, 25, 28, 30, 35 and 40 residues are plotted in Fig 4.8. The membrane thickness
is 41 A, corresponding approximately to a helix of 27 residues. The length of the 20-mer
polyalanine peptide is thus shorter than the bilayer thickness. Consequently, the lowest-
energy orientation is parallel to the membrane normal i.e., § = 0°, so as to optimise the

above-characterised electrostatic energy of the peptide dipoles.

For peptides longer than the bilayer thickness, the cost of cavity formation in the aqueous
layer (AGp,) is large enough to cause tilting of the helices so as to decrease the surface
area exposed to the aqueous medium. Thus, for the 28-mer polyalanine peptide, which
is longer than the membrane thickness, a non-zero tilt is observed. A further increase in
tilt angle is observed with increasing number of residues. The minimum-energy tilt angle
increases roughly linearly with the peptide length, as is evident in Fig. 4.8. Approximating

the a-helix as a cylinder of length, | and radius r, the exposed surface area at #=0° is given
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Figure 4.8: Calculated orientations of polyalanine peptides in a membrane environ-
ment Minimum-energy tilt angles vs. number of residues for polyalanine peptides at
v=0A. The thermal fluctuations given by the bars were calculated by fitting a harmonic
potential to the energy profile of each peptide.

by A = 2nr(l — d) where d is the width of the bilayer. Since AG,,, is proportional to the
exposed surface area, the contribution of AG),, to the total AG,, increases approximately

linearly.

To estimate the dynamic fluctuation of the tilt angle, a harmonic function was fitted to the
solvation free energy profiles in the low-energy region. The resulting thermal fluctuations
of the tilt angles, calculated from the fitted harmonic potentials, are also shown in Fig.
4.8, as bars. The fluctuations of the peptides decrease with increasing helix length. Large
fluctuations are possible in shorter peptides such as the 20-mer since for v = 0, AGeje. is
relatively broad and the peptides are never exposed to the aqueous layer for any value of 6.
In contrast, fluctuation of the helix axis for the longer peptides leads to stronger variations
in AG),, and AGje.. Thus, the longer peptides are locked in steeper potentials. The above
aspects of the free energy profiles are evident in Fig. 4.9 in which AG ., AGejec and AGy,,
are plotted vs. 6 for the 40-mer polyalanine peptide. This decomposition also illustrates

how the tilting of the longer polyalanine peptides is due mainly to the contribution of AG/,),.

The results in Fig. 4.8 suggest a simple geometric model in which the tilt angle adopted
by a helix is the smallest possible while ensuring that the length of the helix can be fully
incorporated within the bilayer. According to this model, d = [ cos @, where d is the width
of the bilayer and [ the length of the helix. However, as shown in Fig. 4.10 this model
overestimates the tilt angles. Thus, the balance between AG.. and AG,, is not well

represented by the simple geometric model.
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Figure 4.9: AGo1p vs. 0 for a 40-mer with blocked ends at v=0A. The electrostatic,
AGeiee (0) and non-polar, AG,, (4\) components of the total AGu, (o) are also
plotted. The most probable orientation of the peptide is 8 = 45°.

4.4.3 BILAYER THINNING AND SENSITIVITY OF MODEL PARAMETERS

It has been proposed that, for short peptides, bilayer thinning occurs to compensate for the
hydrophobic mismatch between the membrane thickness and peptide length [39]. Reducing
the membrane core thickness from 25 A to 20 A did not lead to a change in the tilt angle
for the 20-mer polyalanine peptide. Further, to test whether the dielectric constant of the
non-polar membrane core affects the results, a control calculation, increasing the dielectric
constant of the core region to e=4, was carried out for the 40-mer. However, the tilt angle
did not change, remaining at 50°. Thus, we see that in the present case, neither bilayer

thinning nor permittivity changes greatly influence the peptide orientations.

No theoretical or experimental estimates of AG),, for the membrane head-group region
exist. To test the cost of cavity formation in the head-group region in present membrane
model, control calculations were performed on polyalanine peptides. A term similar to
AG,,, for the aqueous layer but lower in magnitude was incorporated in the calculations of
the tilt angles. However, the location of the free-energy minimum did not change in these

calculations.

4.5 WALP PEPTIDES

The WALP peptides are of particular interest as experimental NMR [40] and spectro-
scopic [38] data exist on their tilt angles. Therefore, calculations similar to those discussed

above for the polyalanines were performed for WALP peptides with varying numbers of
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Figure 4.10: The minimum-energy 6 (o) and that predicted by a geometric model (—)
is plotted against peptide length, 1. The geometric model assumes that the value of 8
adopted by a peptide is the maximum such that the peptide just spans the bilayer (see
text).

amino-acid residues. The resulting tilt angles and corresponding fluctuations are plotted in
Fig. 4.11.

As for the polyalanine helices, the tilt angle for the 19-mer and 20-mer WALP peptide is 0°,
the peptides orienting perpendicular to the membrane plane. The tilt angle for the longer
peptides again deviates from zero, increasing with the number of residues. The tilt angles

are found to be in good agreement with experiment.

A further point of interest is that in the experimental determination of the tilt angle of the
19-mer WALP peptide it was suggested that this peptide has a non-zero tilt angle but is
nevertheless oriented roughly perpendicularly to the membrane plane [40]. The present
analysis suggests that the relatively large fluctuations of the 19-mer WALP peptide tilt

angle may have led to this observation.

To test whether the bilayer head-group region contributes significantly to the final tilt
angle and corresponding fluctuations of a peptide, a control calculation of the orientation
of a 20-mer WALP peptide was carried out with a three-slab membrane model as used
in previous studies [32]. Due to the absence of a head-group region in the bilayer, the
tryptophan residues are unable to anchor the peptide to the head-group region and the
peptide was seen to tilt appreciably: the tilt angle calculated was 21° with fluctuation of
~4°. These results are in contrast to the calculations with the five-slab model and also
with the corresponding experimental results. Hence, including head-group energetics is

necessary for calculating membrane-peptide orientations.
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Figure 4.11: Minimum-energy tilt angle as a function of residue length for WALP
peptides at v=0 A. The theoretically-determined tilt angles are represented by (e)
and the bars correspond to the thermal fluctuations, calculated by fitting a harmonic
potential to the energy profile. The experimentally-determined tilt angles [38, 40] are
represented by (¢). The main contribution to the non-zero tilt angles arises from AG,,,.
Since AG,,, increases linearly with the exposed surface area the graph is approximately
linear.

4.6 MELITTIN

The model is further applied to two extensively-studied heteropolymeric membrane helices:
melittin and glycophorin A. The membrane orientation of melittin has been a topic of
much debate, especially as the various mechanisms proposed for melittin-mediated cell
lysis depend on its membrane orientation [29, 45]. Previous studies have indicated both
transmembrane and surface-aligned orientations depending on the experimental conditions
[45, 115, 116]. At low concentrations, in phosphatidylcholine bilayers the predominant
orientation of monomeric melittin determined by x-ray scattering was found to be surface
aligned with the helical axis at the depth of the glycerol groups. The amphipathic nature
of melittin makes it favourable for it to interact with both the dielectric boundary of the

polar aqueous layer and the non-polar membrane core.

AG o was calculated for melittin orientations corresponding to —180° < # < 180° and
0 < v < 25A. In a contour plot of AGyu, vs. 6 and v (Fig. 4.12) the lowest energy
orientation is labelled as Region I (lying between 14A < v <194 and 70° < 0 < 90°). This
region corresponds to a surface-aligned orientation with the helix axis perpendicular to the

membrane normal, consistent with previous theoretical [29] and experimental [45] studies.

In the crystal structure of melittin, a kink is formed in the helix backbone due to a

Pro residue, giving rise to a short C-terminal hydrophobic tail [118]. Due to this kink
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Figure 4.12: Solvation energy, AGgq, as a function of tilt angle, # and membrane
insertion, v for melittin monomers in a membrane environment. The most favourable
orientation of melittin is region I, corresponding to a surface-aligned orientation with
the C-terminal tail interacting with the membrane core (depicted on top). Region II
also corresponds to a surface-aligned orientation but with C-terminal tail interacting
with the water (depicted at the bottom) and is energetically highly unfavourable. The
lowest energy conformers cluster around 80° < 8 < 90° and 18 A < v < 19 A and all
energies are relative to the lowest energy conformer. The head-group region extends
between 12.5 A and 20.5 A.
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Figure 4.13: Solvation energy, AGg,, (o) ws. tilt angle, 6 for the glycophorin A
monomer in a membrane. AG gy, was calculated by the thermodynamic cycle shown
in Fig 3.2. The lowest energy orientation is at #=-15° and v=0A. The energies are
relative to the lowest energy conformer. A harmonic potential (—) is fitted on the
energy profile between =-25° and #=5° The resulting tilt angle is 14° with thermal
fluctuations of ~5°. The experimentally-determined tilt angle is 20° [81].

the orientation corresponding to Region I allows the C-terminal tail to interact with the
core region of the membrane and is energetically favourable. In contrast, in Region TI,
i.e.,—90° < § < —70°, the non-polar tail interacts with the aqueous layer increasing AG oy

substantially and making it highly unfavourable.

4.7 THE GLYCOPHORIN A MONOMER

In Fig. 4.13, the solvation energy, AGy,, of glycophorin A is plotted as a function of 0 at
v = 0. The orientation with the lowest energy is at § = 15° with thermal fluctuations of
~5°. The value is consistent with the experimental tilt angle of ~20° determined by solution
NMR [42] and FTIR spectroscopy [122] of glycophorin A monomers. The non-zero tilt
angle stems in this case mainly from the AGj.. contribution. The transmembrane segment
of glycophorin A consists of several long chain and aromatic side chains and is thus more
non-polar than peptides containing many Ala residues. Tilting of the helix incorporates
more of these side chains into the non-polar membrane core region while allowing the
flanking polar residues to interact with the head-group region. This gives rise to a non-zero
tilt angle in glycophorin A in contrast to the zero tilt angle in WALP peptides of similar
length.
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4.8 PEPTIDE ORIENTATIONS: OVERVIEW AND APPLICATIONS

In the work presented in this chapter, the membrane orientations of single a-helices have
been quantitatively examined using all-atom models of the helices embedded in a five-
slab continuum dielectric environment representing the membrane and associated aqueous
phase. The model has allowed the energetic factors determining the helix orientations to be
quantitatively assessed. The approach taken was to start from considerations of a simple
dipole in a membrane and then to build in additional effects as modelled by an all-atom
peptide force field and burial of accessible surface area. The peptide dipoles are shown to
favour the orientation perpendicular to the membrane plane via a solvent reaction field effect
that is significant only for groups that approach the dielectric boundaries of the system.
This reaction field is shown to be responsible for determining the membrane orientation
of blocked polyalanine helices. Another important effect is solvent cavity formation that
tends to minimise the surface area accessible to water. According to the model the cavity
term plays an important role in influencing the steepness of the tilt-angle potential such
that the longer peptides undergo smaller tilt-angle fluctuations than the shorter ones. The
combination of solvation terms also allows the rationalisation of the length dependence of
the peptide tilt angle on length. Furthermore, the presence of a separate dielectric zone
for the head-group region is found to be important in determining the helix orientational

properties.

Importantly, the model is found to correctly reproduce the helix tilt angles of peptides for
which the tilt angles have been determined experimentally. These comprise the length-
dependent helix tilt angles of the WALP peptides together with the membrane orientations
of melittin and glycophorin A. The comparison with experiment provides evidence that the
model quantitatively captures the main elements of the orientation-dependent membrane-

helix solvation energy.

The potential usefulness of the present model is in three domains. Firstly, the electrostatic
properties of peptides in membranes may be further studied using the model. Macro-
molecular electrostatics has been postulated to play a dominant role in the membrane
environment [68]. In Chapter 5, the model has been used to calculate the macromolecular
dipoles of transmembrane helices. Further, screening of the peptide atomic charges by the

aqueous layer has also been calculated in membrane proteins such as aquaporin.

Secondly, the model can provide starting geometries for detailed molecular dynamics simu-
lations of helices in membranes, in which all helix, membrane and water atoms are explicitly
represented [29, 75-81]. All-atom simulations, although time-consuming, can provide a de-

tailed picture of the helix/membrane system and include effects such as internal peptide
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flexibility and explicit peptide-lipid interactions.

Thirdly, the model may provide a stepping stone towards the obtention of a theoretical
framework for determining the structures of the many important proteins that contain
helical transmembrane domains and that are difficult to crystallise. To do this it will be
necessary to search relative helix translational and rotational angles in helix oligomers and
to include backbone and side-chain flexibility. As a first step in this direction, the membrane

association of helices into dimers have been studied in Chapter 6.
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CHAPTER 5

THE o-HELIX DIPOLE: SCREENED OuT?

“Curiouser and curiouser!”, Alice in Wonderland, Lewis Carroll.

5.1 THE a-HELIX DIPOLE

In an a-helix, the alignment of the dipoles of peptide bonds leads to a ”macroscopic”
dipole parallel to the helix axis. The macroscopic helix dipole is discussed to play a crucial
role in membrane peptides by determining the orientation of single helices or membrane
protein architecture through association of the helices [68]. The helix dipole has been
especially implicated in non-specific forces which contribute to helix-helix interactions in
the membrane [52]. The helix dipole has also been shown to be of functional importance
in membrane proteins such as aquaporin [123], the KcsA KT channel [89, 124] and the
EcCIC CI™ channel [125].

In soluble proteins as well, the helix macrodipole has been implicated in protein func-
tion [126] and in stabilising structural motifs containing helix pairs [126-129]. Further-
more, the helix dipole moment has been suggested to influence pK, values [130], absorption
spectra [131] and electron transfer [132] and to stabilise the presence of charged residues
at helix termini [133].

The strength of the helix dipole is given by the sum of the microscopic dipole moments,
@i [134, 135], arising from the individual peptide bonds, i = 1,...N. The magnitude of
the vacuum helix dipole is therefore proportional to the number of peptide bonds in the
helix [135, 136] and is approximately equivalent to placing charges of 1/2e at the N- and
C-termini [136-138].

For a peptide embedded in a membrane or in aqueous solution, solvent screening of the

peptide-group charges is expected to lower the effective dipole of a helix. The screening
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vacuum solvent

S

Figure 5.1: The equipotential lines of a single charge in vacuum and in aqueous solvent
are depicted. The top left panel shows a single charge in vacuum and the bottom left
panel the equipotential lines of that charge in vacuum. The top right panel shows
the same charge in aqueous solvent. The arrows indicate the reaction field built up
in the solvent. In the bottom right panel, the equipotential lines are depicted. Due
the reaction field the effective charge is lowered and the electrostatic potential expe-
rienced same distance away from the charge is lowered. The equipotential spheres
are represented with a colour scale map with higher potential corresponding to darker
colour.

occurs due to the reaction field of the solvent which acts against the field generated by
the vacuum dipole, leading to an effectively lower dipole moment [139]. The effect of the
reaction field is depicted pictorially in Fig. 5.1 However, the magnitude of this screening,

and consequently the effective dipole moment is unknown.

For helix pairs in membranes it has been shown that the electrostatic interaction between
helices can be considerable if embedded in the low dielectric region of the membrane, but
that the interaction is reduced significantly if the helix termini protrude out into the aqueous
phase, even, by only a few Angstroms [68]. Similar calculations performed on solvent-
exposed helical bundles, with the aqueous medium represented implicitly, have suggested
that the helix dipole plays little or no role in stabilising the observed bundle geometry [69].
Thus, solvent screening is an important factor determining the strength of the interaction
between a-helices themselves and between a-helices and other structural elements in various

media.

In the present work, we calculate the effect of the helix environment in screening and
modulating the helix dipole. The effective dipole moment, peg of a-helices of varying

lengths are calculated in vacuum, aqueous solution and lipid bilayers. The analysis is
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extended for helices in soluble proteins and membrane protein interiors. peg is calculated
from the electrostatic potential generated by the helix which is represented at atomic detail,
in the given environment which is represented implicitly by a continuum model. The
helix dipole is relatively strong in vacuum. However, in aqueous solution the helix dipole
may be drastically reduced due to an electrostatic reaction field generated by the solvent.
Furthermore, whereas in vacuum peg increases with helix length, the opposite is found to be
the case for transmembrane helices. In soluble proteins, peg is found to vary strongly with
the orientation and position of the helix relative to the aqueous medium. peg of helices in
soluble proteins and membrane proteins has been calculated and common principles have
been elucidated. The results are at first glance surprising, but can be rationalised in terms
of the shielding of the helix termini. A set of simple rules is given for estimating peg from

experimental structures.

5.2 CALCULATING THE HELIX DIPOLE

Standard polyalanine a-helices [134] (¢ = —57°,9 = —47°) of 10—34 residues length
were modelled at atomic detail using CHARMM [99]. The N- and C-termini were blocked
with acetyl and N-methyl groups, respectively. All the peptides were energy minimised in
a dielectric medium of e=2 using 1000 steps of Steepest Descent followed by 1000 steps
of Newton-Raphson minimisation applying harmonic constraints on the backbone atoms
(force constant 1 kcal/mol/A?). The environments of the all-atom helices were represented
using continuum electrostatics. Four environments were examined: vacuum, water, protein

and a lipid bilayer. fi.;; was calculated in a three-step procedure:
1. Calculation of the Electrostatic Potential generated by the Helix

2. Fitting Atomic Point Charges to the Electrostatic Potential

3. Dipole Moment Calculation

5.2.1 CALCULATION OF THE KLECTROSTATIC POTENTIAL GENERATED BY THE
HELIX

The electrostatic potential around the a-helical peptide was calculated by solving the lin-
earised Poisson-Boltzmann equation numerically using the PBEQ routine [104] in CHARMM.
The vacuum and water dielectric constants were set to 1 and 80, respectively. The calcula-
tions were performed at 300 K and 0.15 M ionic strength. The electrostatic potentials were
calculated on a grid with cell sizes 1.0 A, 0.5 A and 0.3 A. The potentials of the coarser
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Figure 5.2: Protein models used in the calculations An a-helix in a globular protein
depicted as a sphere of low polarity, e=2. The two orientations in which the helix is
placed in the protein correspond to the helix axis a) along and b) perpendicular to the
radius vector.

grid were used in subsequent focussing onto the finer grids. The distance between the grid
boundaries and the peptide surface was at least 12 A. The charges were taken from the
CHARMM force field and the atomic radii were taken as the Born radii [113].

A five-slab membrane model (Fig. 3.1), as introduced in Chapter 3, was used to calculate
the electrostatic potential around helices in a lipid bilayer. In the five-slab model, the
dielectric constants for the bulk water, head-group region and membrane core are set to 80,
10 and 2 respectively. The membrane core is 25 A wide and both head-group regions are
8 A in width.

Two models were used to calculate the helix dipole strengths in proteins. In the first, sim-
plified model, a globular protein was represented as a sphere of low polarity with dielectric
constant e=2 (Fig. 5.2). Two sphere radii were examined: 25 A corresponding to a protein
of approximately 50 kDa, and 15 A corresponding to a protein of ~10 kDa. Outside the

spherical region the dielectric constant was set to 80, corresponding to bulk water.

In the second set of protein calculations the whole protein was represented at atomic detail
and embedded in an e=80 continuum phase. The partial charges for only the backbone
atoms of the a-helix of interest were considered whereas the charges on the rest of the

protein were set to zero. The dielectric constant of the protein interior was set to 2 and the
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protein surface was defined as the water-accessible surface. The potential arising from the
helix backbone atoms was calculated on grid points up to a distance of 4.5 A from the helix
and outside the van der Waals radii of the helix atoms. The proteins and their corresponding
helices used for these all-atom calculations were as follows: a: Flap endonuclease (PDB
[119] code: 1A76; residues 58-70) b: retinoblastomer protein (PDB code: 1GUX; residues
569-577) ¢: myoglobin (PDB code: 1A6N; residues 124-149) d: MyoD DNA binding domain
(PDB code: 1MDY; residues 194-220) e: calmodulin (PDB code: 3CLN; residues 69-96).
f: aquaporin (PDB code: 1FQY).

5.2.2 FIirTING ATOMIC POINT CHARGES TO THE ELECTROSTATIC POTENTIAL

Effective atomic point charges, g¢; 1T of the helix atoms were obtained by adjusting the
charges to reproduce the electrostatic potential generated in Step 1. The fitting was per-
formed using a least-squares procedure similar to CHELPG [140]. The method was developed
by Raghu Nath Behera and is described in detail in Section 5.2.5. The electrostatic poten-
tials were mapped to a grid with 0.3 A grid spacing. All points up to a distance of 4.5 A
from the molecule but outside the atomic van der Waals radii were included. The total

charge of the helix was constrained to be zero.

5.2.3 DiPOLE MOMENT CALCULATION

In the third and final step, the magnitude and the direction of the effective dipole was
calculated as jicfr =) qff ! 7; where, 7 is the position of atom 7 of the helix. The centre

of mass of the helix was used as the reference point for the calculation.

For systems with a net charge, the value of [i.s; is dependent on the choice of the origin.
However, the net charge of the a-helices considered was zero and therefore, fi.f; does not

depend on the choice of origin.

5.2.4 REACTION FIELD

Furthermore, the dipole vector originating from the reaction field was computed using
the above discussed strategy. The reaction field potential was calculated as the difference
between the electrostatic potentials around the helix in water and in vacuum. The helix
atom point charges were then fitted to the solvent reaction field potential so as to obtain

the effective charges best representing the reaction field.
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5.2.5 THE CHARGE FITTING METHOD

The effective atomic partial charges are derived from a least-squares fit to the molecular
electrostatic potential. However, the derived charges have been found to be sensitive to
small changes in molecular structure or in the sampling of the potentials, if proper fitting
procedures are not used. The molecular potential of nearby points are highly correlated
such that there is not enough independent data to assign charges to all the atoms of the
molecule of interest. Thus, the system is under determined or becomes rank deficient. In
such a situation, the method of singular value decomposition may be used to solve the

problem.

A linear least-squares technique is used to find the partial atomic charges that best represent

the molecular electrostatic potential. The fitted charges are obtained by minimising the

function:
Np
Fl@=f(a,aan,) = (677 (r:) — ¢° (r)” (5.1)
=1

where, ¢©Z (r;) is the calculated Poisson-Boltzmann potential on N, number of points.
¢° (r;) represents the electrostatic potential generated by the fitted charges located at Ngiom,
number of atomic coordinates. The grid points selected to calculate the potentials should
be of reasonable density (0.2 A — 0.3 A grid spacing) and not within atomic radii since it

introduces unrealistic charges.

The electrostatic potential generated by the fitted charges is given by the classical Coulomb

potential and hence:

2

Np Ng
f@ =3 | 6" ) = 3 T (5:2)
i=1 1t ]

Partial derivation with respect to g yields:

of (@) _ —2% <¢PB(rz') - ¢C(1‘z')> (%) =0 (5.3)
i—1

Aqr, r; — Ry|

The system of equations for all ¢ has the form Ag—a = 0. The set of these linear equations
is solved using the singular value decomposition method. Constraints are introduced by
the Lagrange Multipliers method. The total charge on the molecule was constrained to be

Z€ero.



5.3. Effective Helix Dipole in Homogeneous Media 67

— 1251 .
) [ ]
> L 4
n o .
m L p
2100_— 7
c | ]
dé i i
075_— ]
= [ ]
o [ ]
o 50 .
2 ]
(] I ]

S R R T B R

10 15 20 25 30 35
Number of Amino Acid Residues

Figure 5.3: Effective dipole moment of polyalanine helices in vacuum as a function of
peptide length. Dipole moments calculated using the atomic partial charges (- - -),
calculated by multiplying the 3.45 D peptide bond dipole by the number of peptide
bonds (—), and obtained as the dipole moment of the effective charges obtained from
fitting the Poisson potential in vacuum to point charges (- - -). Practically identical
results were obtained using effective charges calculated in vacuum, thus demonstrating
that the fitting procedure does not introduce unphysical artifacts.

5.3 EFFECTIVE HELIX DIPOLE IN HOMOGENEOUS MEDIA

5.3.1 HELIX DIPOLE IN VACUUM: VALIDITY OF THE FITTING METHOD

tef Of polyalanine helices of various lengths is calculated in vacuum, water, a lipid bilayer
and in proteins. In vacuum, the dipole moment of an a-helix increases linearly with peptide
length. peg (- -+ ) is plotted against peptide length in Fig. 5.3. The ionic strength is of course
zero, implying that the effective charges were obtained from fitting the Poisson potential
in vacuum to point charges. peg calculated from the fitted charges, and also that from
the atomic partial charges (- - -), is similar to the product of the dipole moment of a
peptide group (3.45 D) and the length of the helix (- ), thus demonstrating that the fitting

procedure does not introduce unphysical artefacts.
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Figure 5.4: Dipole moments of a-helices in water derived from the effective charges
calculated by fitting to the Poisson-Boltzmann potential in water at zero ionic strength
(A) and at 0.15 M ionic strength (e). The solid and dashed lines are linear regression
fits to the calculated points.

5.3.2 KEFFECTIVE HELIX DIPOLE MOMENT IN WATER: ROLE OF THE SOLVENT
REACTION FIELD

In aqueous solution, the solvent reaction field considerably lowers the effective electrostatic
potential (Fig. 5.4). ues again increases linearly with peptide length but with a significantly
smaller slope than in vacuum. As expected, the screening is even stronger at non-zero ionic

strength.

To estimate the magnitude of the reaction field dipole moment arising from the environment,
the reaction field potential for helices in water was calculated as the difference of the
electrostatic potentials around the helix in water and in vacuum. The helix atom point
charges were then fitted to the solvent reaction field potential so as to obtain the effective
charges best representing the reaction field. The dipole vectors of the helix in vacuum and
the reaction field dipole vectors in aqueous solution are listed in Table 5.1. The magnitude
of the reaction field dipole vector is similar to that of the dipole vector of the helix in
vacuum, but points in the opposite direction. Therefore, the effective dipole vector is the
sum of the two nearly-equal contributions and is thus very small. Additional calculations
(Fig. 5.5) demonstrated that peg scales with 1/e. Thus, in a homogeneous medium all the
charges are uniformly screened and the extent of the screening depends only on the polarity

of the solvent.
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No. of Dipole Moment [D] Dipole Moment Vector [D]

Residues
Water Vacuum Vacuum Reaction field
10 0.45 37.4 00 -80 365 -0.0 80 -36.0
12 0.5 42.7 43 -39 423 -43 39 -422
14 0.6 50.7 -1.0 2.0 50.7 1.0 -2.0 -50.0
16 0.7 58.5 29 -39 583 -29 39 -57.6
18 0.8 65.8 20 10 658 -20 -1.0 -64.8
20 0.85 73.7 -0.5 -39 736 05 39 -744
22 0.95 80.8 24 -05 80.7 -24 0.5 -79.6
24 1.0 88.9 -14 -29 888 14 29 -874
26 1.15 96.0 29 -20 959 -29 20 -95.0
28 1.25 103.7 -1.4 -1.4 1037 14 1.4 -102.2
30 1.3 111.2 24 -24 111.2 -24 24 -109.9
32 1.4 118.5 -1.4 -1.0 1185 14 1.0 -116.6

Table 5.1: The dipole moments in vacuum and water of polyalanine helices with 10-32
residues are listed. The reaction field vector in water is also given.

5.4 CHARGE SCREENING IN MEMBRANES

In a heterogeneous environment, such as in a lipid membrane, the situation becomes more
complex. peg of the helices, now embedded in a membrane with the helix axes perpendicular
to the membrane plane, are shown in Fig. 5.6. peg falls off approximately linearly with helix
length until the helix spans the membrane (28 residues), at which point the helix dipole
moment is reduced to its aqueous solution value and does not change further with further
increase in length. This interesting behaviour is the opposite of that in uniform media

(Figs. 5.3 and 5.4), in which lengthening the helix increases the dipole moment.

The physical origin of the inverse length dependence of helices spanning the membrane is
revealed by calculating per of a two-charge dipole. For this calculation, charges of £0.52 e,
generating exactly the helix dipole of the 20-mer in vacuum, were placed at a distance
corresponding to the length of the polyalanine helix modelled. A cylinder of diameter 5 A

and dielectric constant e=2 was placed around the dipole to mimic the associated dielectric
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Figure 5.5: Effective dipole moment of a decaalanine peptide as a function of the
polarity of the medium. The pes decreases as /e, where € is the dielectric constant
of the medium. Increasing the solvent polarity decreases the effective dipole moment
because the reaction field increases and the charges are screened more effectively.

boundary. The charged cylinder was placed in the membrane model environment and the

potentials calculated as above.

As shown in Fig. 5.6, the length dependence of ueg for the atomic-detail peptide is repro-
duced by the two-charge dipole. This observation indicates that the reversal of the slope
of e vs. peptide length in a membrane is due to the inhomogeneity of the environment.
As the peptide length increases, the terminal charges approach the high-dielectric solvent
which then screens them. Thus, the reaction field in the surrounding water increases with

increasing peptide length, decreasing pief-

5.4.1 FEFFECT OF HELIX TILTING IN MEMBRANES

Most transmembrane helices tilt to varying angles in the membrane. The tilt angle, 6 is
defined as the angle between the helix axis and the normal to the membrane surface. peg
vs. 0 for the 10-mer, 20-mer and 30-mer polyalanine helices is shown in Fig. 5.7. 8 = (°
is the orientation in Fig. 5.6, with the 10-mer and 20-mer buried in the membrane and
the 30-mer extending into the aqueous layer. When the helix axis is placed parallel to the
membrane plane, i.e. at # = 90°, the helices are completely embedded in the membrane
core. Consequently, peg is much higher than at 6=0°, and is approximately equal to peft

for the corresponding helix in a homogeneous medium of e=2. As 6 increases so does the
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Figure 5.6: Effective dipole moment of polyalanine helices (—) centred in a five-slab
membrane with helix axis parallel to the membrane normal as a function of the peptide
length. The dotted line (- -) corresponds to the effective dipole moment of a two-charge
dipole.

shielding of the charges by the reaction field and hence g decreases. Interestingly, the
30-mer has the largest p.g when placed parallel to the membrane plane but the smallest
teff Wwhen placed along the membrane normal. Most transmembrane helices have relatively

small tilt angles (~0-40°) and therefore, their corresponding pes values will be rather low.

5.5 MODEL PROTEINS: PRINCIPLES OF HELIX DIPOLE SCREEN-
ING

Extending the analysis to calculate helix dipole strengths in proteins, we first model a
globular protein as an uniform sphere of low dielectric constant (e=2). Two such cases are
examined: in one the helix is much shorter than the protein diameter and in the other the
helix spans roughly the entire protein. For both cases, the helix is buried at varying depths
in the protein in the two orientations shown in Fig. 5.2, 7.e., with the helix axis parallel or

perpendicular to the sphere radius.

We first consider a decaalanine peptide (~15 A length) positioned in a protein of radius
25 A, corresponding roughly to a molecular weight of 50 kDa. Fig. 5.8 shows fief vs. the

distance, d from the centre of the sphere. In both orientations considered, the reaction
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Figure 5.7: Effective dipole moment of polyalanine peptides centred at the core of a
five-slab membrane as a function of the tilt angle, 8. pues for polyalanines with 10
residues (---), 20 residues (—) and 30 residues (- - -) is shown. € is defined as the angle
between the helix axis and the normal to the surface of the membrane.

field significantly screens the charges of the helix even before it is exposed to the solvent.
The screening starts when the helix termini are within ~5 A from the aqueous phase. In
the interval 0 A < d < 17 A the helix oriented along the radius vector is closer to the
solvent than that oriented perpendicularly and hence the charges are shielded more by the
reaction field (Case A, Fig. 5.8). However, on increasing the distance from the centre, one
of the helix termini touches the surface of the sphere and the helix is subjected to a complex
dielectric medium with the low dielectric protein at one end and high dielectric water at
the other end. The asymmetric reaction field is not able to efficiently stabilise the buried
dipole and the screening is lower, giving rise to a less steep slope between 17 A and 25 A
(Case C, Fig. 5.8). In the other orientation, with the helix axis perpendicular to the radius
vector, the termini of the helix perpendicular to the radius are equidistant from the aqueous
phase at all values of d. The reaction field set up at each helix terminus is equal, and pes
decreases smoothly as the distance from the protein centre increases (Case B, Fig. 5.8) until
it reaches its value in the aqueous phase (Case D, Fig. 5.8). Fig. 5.8 quantifies how the
relative geometries of the helix and the aqueous phase are important in determining the

reaction field set up and the extent of the screening of a protein helix.

In a further set of calculations, a 20-residue helix (~ 30 A length) was positioned in a sphere

of radius 15 A, corresponding roughly to a protein of 10 kDa. g vs. the distance from the
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Figure 5.8: Effective dipole moment of a decaalanine a-helix as a function of the
distance from the centre of a low-dielectric sphere of radius 25 A. Two orientations are
plotted: helix axis along (- - -) and perpendicular to (—) the radius. The dotted lines
indicate the radius of the sphere (25 A) and the distance at which the peptide that is
along the radius touches the aqueous medium (17.5 A). The radius also corresponds to
the distance at which the centre of the helix placed normal to the radius touches the
surface of the sphere.
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Figure 5.9: Effective dipole moment of a 20-mer polyalanine a-helix as a function of
the distance from the centre of a low-dielectric sphere of radius 15 A. Two orientations
are plotted: helix axis parallel (—) and perpendicular (- - -) to the radius vector.
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Figure 5.10: Effective dipole moment of polyalanine helices placed along the radius
of a low-dielectric sphere of radius 15 A. The helices are positioned in two ways. In
the first the helix centre of mass coincides with the protein centre of mass (—). In
the second the N-terminal of each helix is placed at the surface of the protein and the
growing helix extends into the the protein interior (- - -).

centre of the sphere is plotted in Fig. 5.9 for the same two orientations of the peptide as
in Fig. 5.8. The same principle holds as for Fig. 5.8, i.e., that the geometry of the aqueous
phase around the helix determines the extent to which the pg is screened. However, the
shape of the plot is different from that of Fig. 5.8. As in Fig. 5.8, the helix perpendicular to
the radius vector is screened at both termini uniformly. However, pueg is roughly constant
and significantly smaller since the termini are always very close to the aqueous layer (Cases
A and B, Fig. 5.9). In contrast, the helix oriented along the radius vector exhibits complex
screening behaviour. When the geometric centre of the helix coincides with the centre of the
sphere, both the helix termini are close to the aqueous layer and the helix dipole is screened
significantly (Case C, Fig. 5.9). However, when the geometric centre of helix is displaced
from the centre of the sphere, one of the termini is embedded in the low dielectric sphere,
and hence is poorly shielded. Thus, peg increases until the helix terminus coincides with
the sphere centre (Case D, Fig. 5.9) and then gradually decreases until it is fully exposed

to water, when pueg of the helix is equal to its value in aqueous solution.

Polyalanine helices of varying lengths are now considered in the above globular protein
model (radius = 15 A). The effective dipole moment of the helices is plotted vs. peptide

length in Fig. 5.10. Two positions are considered. In the first position, the helix centre
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Figure 5.11: Effective dipole moment of polyalanine helical linkers of varying
lengths(—). The corresponding dipole moments in a homogeneous medium of e=2
are also shown (- - -). The cartoon representation of the a-helical linker in calmod-
ulin (3CLN). In linkers, the terminal residues are buried whereas all the non-terminal
residues are solvent, exposed.

of mass is at the protein centre of mass. For this position, pes decreases as a function of
peptide length as the ends of the helices approach the aqueous medium. This behaviour
is similar to that of helices centred in a membrane (Fig. 5.6). In the second position,
the N-terminus of the helix is placed at the surface of the protein and the 'growing’ helix
extended into the protein interior along the radius. In this orientation, the decamer reaches
the centre of the protein and the 20-mer spans the entire sphere. In this case, two opposite
effects are in play: the increase of dipole moment with increasing number of peptide bonds
and the increasing proximity to the aqueous medium of the C-terminus of the helix. For
the 12-mer and 14-mer, the C-terminus is sufficiently far from the aqueous layer that the
dipole moment actually increases as a function of peptide length. However, for the 16-mer
and the 18-mer the ends are close enough to the aqueous layer to increase the strength of
the reaction field and hence peg decreases. For the 20-mer both the orientations in Fig. 5.10

coincide and peg is the lowest of the cases studied above.

5.5.1 LINKERS

A further interesting case is that of a-helical linkers, linking two domains or two subunits.
a-helical linkers are important in the calcium binding proteins such as calmodulin. To

examine these cases, two globular protein models each of radius 25A were placed at either
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Figure 5.12: I: Membrane-embedded helices A and B in aquaporin. peg for these
helices is large. II: Transmembrane helices A and B in aquaporin. peg for these helices
is small.

end of polyalanine helices of increasing length. peg vs. peptide length for helices comprising
of 10-30 residues is shown in Fig. 5.11. peg is seen to increase with peptide length, with
magnitudes comparable to that in a low-polarity medium, albeit with reduced gradient
relative to that of a homogeneous medium of e=2. The situation of a linker is reverse
of that of the earlier cases, since there is no preferential shielding of the termini, along
the length of the helix. Thus, on adding more peptide groups, the terminal charges still

experience a medium of low polarity and peg increases.

5.6 EFFECTIVE HELIX DIPOLE MOMENTS IN MEMBRANE PRO-
TEINS

We examine atomic-detail model of aquaporin embedded in the five-slab membrane. Four
helices of varying length were considered. First, ueg for the two short helices A (orange)
and B (green) depicted in Fig. 5.12 T were considered. The two helices extend from the
membrane core outwards and have been implicated in orientating the water molecules and

in constraining proton transport. Helix A is 10 residue long, and is calculated to have a
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high dipole moment of 12 D. Helix B is 9 residue long, and the calculated peg is 10 D.
The two helices are placed with opposite dipole directions such that there is a high positive

potential inside the channel, thereby preventing H™ to pass through it.

Next, pef for the transmembrane segment A (orange) in Fig. 5.12 1T was calculated. The
helix is 22 residue long, and is shorter than the thickness of the model membrane. peg is
calculated to be 8 D. The second transmembrane helix B (green) in Fig. 5.12 IT is 28-residue

helix. The two termini of the helix are solvent-exposed and g is calculated to be 5 D.

5.7 EFFECTIVE HELIX DIPOLE MOMENTS IN SOLUBLE PROTEINS

Finally, we examine atomic-detail models of selected proteins embedded in an e=80 dielec-
tric continuum. The proteins and the helices examined are illustrated in Fig. 5.13. The
12-residue a-helix in Flap endonuclease corresponds to Case A in Fig. 5.8. The value of peg
obtained is 17 D, which is about half the in vacuo value and 40 times the value in aqueous
solution. This helix dipole is not affected by the aqueous phase and its electrostatic prop-
erties are similar to that in a homogeneous €=2 continuum. Case C of Fig. 5.8 corresponds
to the 9-residue helix of the retinoblastomer protein. Although this helix is strongly solvent

exposed peg = 10 D, a value thirty times higher than a fully solvent exposed helix.

Case A of Fig. 5.9 corresponds to proteins such as myoglobin in which the helix spans the
entire protein. In this case, solvent screening of the termini considerably lowers the helix
dipole of the 26-residue helix to puer = 2 D which is less than twice the value in water.
In contrast, when only one terminus is solvent-exposed, corresponding to Case D of Fig.
5.9, the screening is much lower. An example of this geometry is the 27-residue helix in
the MyoD DNA binding domain for which peg = 23 D. Extending the analysis to a-helical
linkers, the ueg of the 28 residue linker of calmodulin (see Fig. 5.11) equals 17 D. In this
case, only the terminal residues are buried whereas all the non-terminal residues are solvent

exposed.

5.8 RULES OF THUMB TO DETERMINE THE EFFECTIVE HELIX
DIPOLE

The dipole moment of a helix is a macroscopic property that can be used to determine
electrostatic interactions at distances that are large compared to the dipole length. Near-
field interactions, as would be important in estimates of association free energies are not

accurately represented by the dipole. Thus, the helix dipole is likely to be inadequate
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Myoglobin Myo D DNA binding domain

Figure 5.13: The cartoon representation of helices considered for calculations in the
proteins 1.Flap endonuclease (1A76) 2.retinoblastomer protein (1GUX, chain A) 3.myo-
globin(1A6N) 4. MyoD DNA binding domain (1IMDY).

for describing effects such as phosphate-binding and anti-parallel helix motif stabilisation.
However, a knowledge of the magnitude of the helix macrodipole is of fundamental interest

in understanding protein biophysics and macromolecular electrostatics [134].

The strong vacuum macrodipole is counteracted in aqueous solvent by an electrostatic
reaction field due to solvent reorganisation. The charge-fitting method presented here has
allowed this reaction field and the resulting effective dipole moment g to be estimated
for helices in various geometries in proteins and membranes. The calculated effective helix
dipole is found to vary considerably in the different geometries and environments considered.
For example, in contrast to the common assumption that the helix dipole increases with
length, a decrease in helix dipole strength with increasing number of residues is seen in
membrane-spanning peptides. Therefore, it is of prime importance to consider g before

assigning any structural or functional role to the helix dipole.

The results indicate that the following three rules of thumb can be used to estimate a

helix dipole moment. The rules derived are partly counterintuitive and do not always
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correspond to common assumptions. Firstly, the dipole strength is determined principally
by the positions of the helix termini relative to the aqueous phase. The amount of solvent-
exposed surface area does not determine peg. In cases where both the termini are buried
(at least 7.5A from the protein or membrane surface) then the dipole moment is close to
that of a helix in a non-polar medium (e.g. € = 2) and can thus be strong. This rule holds
even for helices that, apart from the termini, are solvent exposed, such as helices linking
domains as in calmodulin and troponin. peg for helices buried in homogeneous apolar media
are high. Thus, the corresponding helix-helix interactions are likely to be strong, favouring
the antiparallel helix arrangement. An example of this is the anti-parallel four-helix bundle

motif in cytochrome b562 core [141].

The second rule of thumb is that if both termini are solvent-exposed then pg will be small,
and effectively the same as if the helix were fully solvated in aqueous solution (e = 80). This
leads to the observation that peg decreases with helix length for transmembrane helices,
the opposite length dependence to that in vacuum. This has consequences for de-novo
protein design, in that elongating an a-helix by adding residues with high helix propensity
will not necessarily increase the helix dipole. Helices with terminal charges in the aqueous
layer and the rest buried in a protein or bilayer core have dipole moments as if they were
positioned in only the aqueous phase. Therefore, membrane spanning helices or helices
spanning soluble proteins have small peg. Exposure of termini, and therefore low e, may
favour parallel arrangement of helix bundles. One example of this is the SNARE complex
[142] which is a parallel four-helix bundle with the helices exposed to solvent. Similarly,
transmembrane peptides with the termini extending into the aqueous layer can associate

in parallel arrangements.

Thirdly, in cases where one helix terminus is solvent exposed and the other buried, asym-
metric reaction field shielding can lead to a relatively high peg. An interesting example of
this is the relatively high dipole moment of the ”thumb” of the DNA binding proteins which
might contribute to binding to the DNA phosphate groups. Membrane helices with only
one terminus exposed to the solvent will have relatively large values of jef. This may be of
functional importance in preventing proton transfer in aquaporin [123] and for providing
ion affinity in the KecsA KT channel [89, 124] and the EcClc C1~ channel [125].

Helices with large dipole moments which are not part of helix bundles would be unstable
in the absence of other stabilising charged groups. Thus, it is energetically favourable to
expose the helix termini to the aqueous layer and shield the helix dipole. For proteins such
as myoglobin where the helices have negligibly small dipole moments it can therefore be
postulated that in the folded state there is no contribution of the helix dipole to structural
stability.
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Helix dipoles are fundamental to protein electrostatics and may contribute to stability and
function. Whether a particular helix has a significant dipole, depends on the solvent expo-
sure of the helix termini. The rules of thumb established here allow qualitative estimation

of helix dipole strength from graphical inspection of experimental structures.



82

The a-Helix Dipole: Screened Out?




CHAPTER 6

TRANSMEMBRANE HELIX-HELIX ASSOCIATION

“The mystery of life begins with the intricate web of interactions...”, Linked, Albert-Ladszlo

Barabdsi.

6.1 ASSOCIATION OF MEMBRANE HELICES

Association of helices within a membrane is important for many biological processes such
as signal transduction [143, 144], protein internalisation [145] and folding of polytopic
membrane proteins [2, 27]. Dimerisation motifs such as the GxxxG motif, as described in
Section 1.2.6, have been identified to drive association of transmembrane helices. Further,
the dimerisation propensity and contribution of certain amino acids such as Gly, and Leu
to dimerisation have been determined. However, the energetics of this process is poorly
understood. The first step in understanding the energetics of the process is to determine
the structures of the transmembrane dimers and oligomers and decompose the contributions

of individual amino-acid residues to the association process.

Experimental data studying helix-helix association strongly focusses on glycophorin A since
it provides a simple system for understanding the structural basis of helix association. So-
lution NMR studies in detergent micelles [42] as well as solid state NMR studies [70, 145] of
the glycophorin A transmembrane dimer showed that it is a right-handed helix pair with a
crossing angle of -35°. The two studies however differ on the positioning of the side chains
at the interface and thereby disagreed on the ability of an interfacial Thr to form an inter-
helical hydrogen bond. Extensive work on glycophorin A mutants [59, 71] has been done
to map the residues important for dimerisation and to characterise the GxxxG dimerisa-
tion motif. Similar mutagenesis studies coupled with ultracentrifugation techniques have

helped characterise the trend of dimerisation propensity of the glycophorin A transmem-
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brane dimer [53]. Mutations of residues involved in the helix-helix interface have been shown
to largely decrease dimerisation propensity. In contrast, mutation of certain residues on
the opposite sides of the helix interface have been shown to even increase the dimerisation

propensity in detergent micelles.

The helix-helix interface has also been mapped for proteins such as synaptobrevin [43], the
erythropoietin receptor [44], the M2 channel [146] and phospholamban [147, 148]. Both left-
handed (e.g, erythropoietin receptor) and right-handed (e.g, synaptobrevin) helix pairs have
been identified. The difference between the right- and left-handed helix pairs arises from
differences in their sequence since the crossing angle determines the residues interacting
at the helix interface. For instance, based on the characterisation of the glycophorin A
transmembrane dimer it had been postulated that the GxxxG motif facilitates right-handed
packing but recently left-handed packing has also been reported for this motif [149]. At
present, the general principles and factors governing the energetics of helix crossing angles

are not clearly understood.

In this chapter, we propose a method for modelling transmembrane dimers using the five-
slab model introduced in this thesis. The modelling methodology is based on sampling
a large number of biologically-relevant dimer structures and screening against solvation
free energy. We apply this method to two systems: glycophorin A and the erythropoietin

receptor transmembrane dimer.

6.1.1 MOLECULAR MODELLING OF TRANSMEMBRANE DIMERS

Determining the structure of associated membrane helices by molecular modelling has been
attempted for various transmembrane dimers and oligomers such as glycophorin A [31,
71], synaptobrevin [61], the CD3 transmembrane domain [150], the erythropoietin recep-
tor [151], the epidermal growth factor receptor [152, 153] and phospholamban [147, 153].
The modelling has been usually carried out in vacuum [61, 71, 152] without considering the
membrane environment or in the three-slab membrane model explained in Section 1.3.2 [31].
Mutagenesis data has also been extensively used to refine the modelled structures and to
distinguish between probable models. The modelled structures were found to compare well
with subsequent experimental mutagenesis data. An analytical residue-scale scoring func-
tion based on atomistic van der Waals interaction, has been also proposed for modelling
membrane association of helices [154]. The method was used to model glycophorin A, the
epidermal growth factor receptor and phospholamban and has been shown to be compatible

with existing experimental data.

The in vacuo models of the transmembrane dimers do not account for effects such as
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anisotropic charge screening. The solvent effects are introduced in the current modelling
methodology by using the five-slab membrane model. Introduction of the head-group en-
ergetics as well as charge screening by the aqueous medium is expected to improve the
accuracy of the modelling method. Further, the exhaustive search in conformational space
coupled with scoring based on the solvation free energy of the modelled dimer structures
increases computational cost, but paves the way towards an understanding of the energetics

of the association process.

6.1.2 GLYCOPHORIN A

Glycophorin A is a bitopic integral membrane sialoglycoprotein that is present in the red
blood cells. The presence of experimentally-determined structures [42, 70] makes it a model
transmembrane dimer to validate new modelling methods [35, 153]. Many site-specific
mutagenesis studies measuring the propensity to dimerise have been carried out to probe

the glycophorin A transmembrane dimerisation [53, 59, 71, 155].

In this chapter, the glycophorin A transmembrane dimer is modelled using the methodology
described in Section 6.2. The modelled structure is compared to existing experimental
structures to validate the modelling methodology. Further, the contribution of each amino-
acid residue to the free energy of association is calculated. The calculations show that a
negative, favourable contribution is attributed to the residues implicated to contribute to

dimerisation in the mutagenesis studies.

6.1.3 ERYTHROPOIETIN RECEPTOR

The erythropoietin receptor, EpoR is a single membrane spanning protein belonging to the
hematopoietic cytokine receptor family that has been implicated in maturation of imma-
ture red blood cells. Structural evidence suggests that the transmembrane domain has a
strong potential to self-interact and therefore, exists as an associated homodimer in mem-
branes [156]. These pre-associated erythropoietin receptor oligomers are not active and

binding of erythropoietin is required to induce signalling [156, 157]

Asparagine-scanning mutagenesis studies have proposed that the EpoR transmembrane
dimer exhibits a positive crossing angle [44]. These studies have identified mutants such as
T242N and L241N which exhibit increased self-interaction compared to the EpoR dimer [44].
However, one should be cautious in assigning these residues to the helix-helix interface in
the wild-type EpoR dimer since the introduced bulky amino acid residue may also introduce

structural changes.
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In vacuo modelling of the EpoR transmembrane dimer has pointed towards a zero crossing
angle [151]. Two low-energy structures, differing in the residues occupying the helix-helix
interface were reported. The helix-helix interface of the first structure was lined by polar
Ser and Thr residues and that of the other by hydrophobic Leu and Ile residues.

The cell surface expression of EpoR is low, but it is enriched in lipid rafts. Tt has been
proposed that localisation of the EpoR in lipid rafts is crucial for amplifying specific signal
transduction cascades. Experimental evidence shows that the mutant T242N is impaired in

242

lipid raft localisation thus suggesting a critical influence of Thr**® on lipid raft localisation.

242 of the wild-type EpoR influences raft

Initial analysis suggested that the residue Thr
sorting by interacting with cholesterol via its OH group. However, the cellular distribution
of the mutant HA-T242A-GFP5 lacking the OH group at position 242 was comparable to
the HA-EpoR-GFP5, thus requiring the hypothesis to be altered. Other possible molec-
ular mechanisms accounting for the impaired raft localisation may be attributed to any
structural changes in the dimer conformation introduced by the mutation T242N. Since no
experimentally-determined structures exist for the erythropoietin receptor and its mutants,

molecular modelling is required.

In the second part of this chapter, the transmembrane dimer of the erythropoietin receptor
is modelled. In addition, the structure of the transmembrane dimer of the mutant T242N
is modelled to elucidate possible mechanisms that effect lipid raft localisation in the ery-
thropoietin receptor. The mutants A245N, T242A and L241N that localise in lipid rafts

are also modelled as control sets.

6.2 MODELLING METHODOLOGY

The structures of the transmembrane dimers of glycophorin A and erythropoietin receptor
are modelled in the five-slab membrane environment. Dimer structures are generated by
sampling the relevant conformational space. The ensemble of structures is scored against
the solvation free energy, AG,,,, defined as the free energy change for transferring the
molecule from vacuum to its position in the membrane [97]. The equilibrium structure is

then determined by the minimum of AGjeyy.

AG oy 1s calculated using all-atom models of the transmembrane dimer together with the
five-slab implicit membrane model. The electrostatic solvation energy, AGeje. and cost of
cavity formation, AG),, are summed to compute AGq,, as described in detail in Chapter 3.
AG e 1s calculated as the difference between the electrostatic energies in vacuum and in
the membrane environment using the Poisson-Boltzmann equation. AG),, is estimated from

the solvent-accessible surface area using Eq. 3.3.
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Figure 6.1: Parameters describing the orientation of a helix-helix pair in the membrane:
the inter-helical distance, d, the crossing angle, 8, the membrane insertion, v and helix
rotation, r;. The parameters v; and r are sampled for both helices independently. d is
defined as the minimum distance between the two helix axes and 6 the angle between
them. v is the distance of the centre of mass of each helix from the centre of the
membrane. r is the angle of rotation of each helix about its axis.

The relevant conformational space was sampled by a thorough search of structural parame-
ters of a membrane dimer. For a helix-helix pair in a membrane, the structure is described
by six parameters: the inter-helical distance, d, the crossing angle, , the membrane inser-
tions, v; and helix rotation angles, r; (see Fig. 6.1). d is defined as the minimum distance
between the two helix axes and # the angle between them. v; is the distance of the centre
of mass of helix 7 from the centre of the membrane. r; is the angle of rotation of helix 4

about its axis.

6.2.1 HEeLIX-PAIR CONSTRUCTION

The back bone structure of the transmembrane segment of glycophorin A was taken from
the PDB (1AFO). Values were assigned to d, r;, # and v; systematically so as to sample
the relevant conformational space. 6 was varied from +60° to —60° to sample both left-

handed and right-handed helix-pairs. ry and ro were varied between 0° and 360° to sample
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all possible helix interfaces. d was varied from 5 A to 10 A and v; and vy between 0 A
and £5 A. The side chains were positioned using the software SCWRL [120] (described in
Section 4.2) for every generated dimer conformation and assigned after the dimer parameter
assignation. The dimers were energy minimised in a dielectric medium of e=2 using the
CHARMM potential [99] (version 30bl) with 1000 steps of Steepest Descent followed by
and 1000 steps of Newton-Raphson minimisation with lkcal/mol harmonic constraints.
The structures were then incorporated in the five-slab membrane model and scored based

on the value of AG ..

The transmembrane segment of EpoR [sequence: LILTLSLILVLISLLLTVLALLS] was mod-
elled as an ideal a-helix with 1)=-47° and ¢=-57° [2]. Values were then assigned to sampling
parameters as above. The side chains were again positioned using the software SCWRL. The
dimers were energy minimised as above in a dielectric medium of e=2 using the CHARMM
potential. The structures were then incorporated in the five-slab membrane model and
scored based on the value of AGp. The T242N, T242A, L241N and A245N mutants were
modelled by the same method. The volume of the transmembrane dimers were calculated
with a probe radius of 2.2 A. The probe radius used was larger than 1.4 A commonly used
for the radius of a water molecule used as a probe radius for soluble proteins. For mem-
brane helix-helix pairs, a larger radius is used since it approximates the radius of a methyl

group [112] and also fills in the internal cavities in the helix-helix interface.

The modelling approach proposed here is based on an improved representation of the en-
ergetics of helix-pair association in membranes. Further improvement could be achieved
by the introducing backbone and side-chain flexibility. Such improvements are however

computationally expensive and prohibited by present computational resources.

6.2.2 DECOMPOSITION OF FREE ENERGY OF DIMERISATION

The free energy of dimerisation, AAG gimerisation 18 defined as the difference in total energy
between the bound (AGpoung) and the unbound (AGynpound) state. Here, we focus only on

the electrostatic component on the free energy and we obtain:

AAGelec — AGelec o AGelec (6.1)

dimerisation bound unbound

The bound state refers to the modelled, energy-minimised structure of the transmembrane
dimer. The unbound state refers to each helix of the helix-pair, in the same conformation

in the absence of the other.



6.2. Modelling Methodology 89

The electrostatic energy of each state is obtained from the electrostatic potential, ¢(r;)
and partial charge, ¢; at every atom centre ¢ and is given by ».¢q;¢ (r;). Therefore the

electrostatic free energy of dimerisation is given by:

AAGgg%erisation = Z %qiqsc (TZ) - ( Z %quSMl (Tz) + Z %%’¢M2 (n)) (62)

1eC €M1 tEM?2

where, C is the set of atoms in the complex and M1 and M2 the set of atoms in the

monomers 1 and 2.

Further, the total potential at any point may be expressed as the sum of contributions from

individual charges or groups of charges. Thus, for a group of charges, y in the state, z

G (ri) =D ¢ () (6.3)

JEY

The contribution of a group j to the binding free energy was calculated as

AAGEntr = §™ %qiquey (ri) — ( > %qijMl (r)+ > %%‘WEM? (ﬁ')) (6.4)

1eC 1EM1 1EM?2

If the group 7 is in monomer 1, M1, then the electrostatic potential due to group j at the

atoms of monomer 2, M2 will be zero.

The above electrostatic potentials are calculated by solving the Poisson-Boltzmann equa-
tion on a three-dimensional grid with the standard finite-difference method. For the three
systems - the two monomers and the dimer, the same three-dimensional grid and the same
three-dimensional coordinates were used. Using the same grid and atomic positions al-
lows the artificial contributions to the electrostatic potential arising from the grid to be
subtracted out exactly. The method has been applied before to calculate contributions of
residues to ligand binding [158, 159].

The side-chain atoms of each amino-acid residue are considered to be a group 7 in Eq. 6.4.
AAG;ont”b was calculated for each residue in the transmembrane segment of glycophorin A
as the difference of its contribution in the dimer and in the monomer. Further, to compare

of a residue from both helices were added.

with experimental data AAG;O””‘M
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The method provides a simple way to estimate the contribution of each amino-acid residue
to the dimerisation free energy. The contribution of each group is measured directly and

not via indirect mutagenesis data.

6.3 HELIX ASSOCIATION IN GLYCOPHORIN A

The glycophorin A transmembrane dimer was modelled as described in Section 6.2. The
modelled structure is a right-handed helix pair with a crossing angle of 8 = -30°. Fig. 6.2
illustrates the modelled transmembrane dimer of glycophorin A. The helix interface is lined
by the residues: Ile'®, Gly'®, Val'®, Gly?? and Thr?%. Though Thr?® is present at the helix-
helix interface, it is not involved in hydrogen bonding. The helix-interface mapped by the
theoretical study and the crossing angle is similar to that of the experimentally-determined
structure. For instance, the residues implicated in the GxxxG motif - Gly'® and Gly?? are

present in the helical interface and mediate interactions between the two helices.

Figure 6.2: The lowest-energy wild-type EpoR transmembrane dimer structure. The
dimer has a negative crossing angle of § = -30°, i.e. it is a right-handed helix-helix
pair.

The inter-helical distance in the theoretical model is increased by 1 A compared to the NMR
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Figure 6.3: AAG""® of the transmembrane residues of glycophorin A dimer calcu-
lated as described in Sec. 6.2.2. The residues are marked with the one-letter code for
clarity.

structure in solution. The closer packing of the helices in the detergent NMR structure can
be attributed to the fact that the detergent environment is more polar than the five-slab
membrane model which better represents the bio-membrane. The modelled structure of
glycophorin A captures the essential features of the transmembrane dimer, thus validating

the modelling method used here.

The modelled dimer structure is used to calculate the contribution of each residue to the
dimerisation free energy. AAG®™ for the transmembrane amino-acid residues, calcu-
lated as described in Section 6.2.2, is plotted in Fig. 6.3. It is seen that the electrostatic
contribution of each residue to the dimerisation process matches closely the experimental
dimerisation propensities. The residues implicated in the dimerisation motif are seen to
have a negative AAG®™"®  The other residues have a zero or positive contribution. The
residues Gly'® and Gly?? which are implicated in the GxxxG motif have a negative contri-
bution. It is obvious that a larger side chain at this position would destabilise the dimer not
just electrostatically but also sterically. In the modelled structure, Thr?® is not involved in

hydrogen bonding and has a contribution close to zero.

Four residues - Tle'®, Phe!”, Ala%! and Tle?* have a positive AAG"% and hence contribute
unfavourably to the dimerisation process. This behaviour is reflected in mutagenesis studies,
where substitution by Ala at positions 16, 17 and 24 resulted in mutant dimers having
more favourable free energies of dimerisation compared to the wild-type dimer [53]. The
implication of these destabilising effects, which is indicated to be of electrostatic nature in
this calculation, is not clearly understood and may be due to the presence of long range

interactions as has been recently proposed [155, 160].

A highly destabilising contribution was calculated for Ala?'. The destabilising nature of
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Figure 6.4: The structure of the EpoR transmembrane dimer shows a positive crossing
angle ~ 20°.

Ala?! can not of course be revealed by experimental alanine-scanning mutagenesis studies.
The preference of Ala?! for the monomeric state could be due to the fact that it lies at the
helix-helix hinge directly below Phe!”. In the monomeric state, an energetically favourable
interaction of the methyl hydrogens with the phenyl ring of Phe'” is possible, thereby

increasing the preference for the monomeric state.

6.4 MOLECULAR MODELLING OF THE ERYTHROPOIETIN RECEP-
TOR

The structure of the wild-type EpoR transmembrane dimer is modelled in atomic details
in the five-slab implicit membrane model. The mutant T242N which is impaired in lipid
raft localisation is also modelled. In addition, three mutants T242A, A245N and L241N

are modelled as control sets.

The modelled EpoR dimer (Fig. 6.4) is a left-handed helix-helix pair, i.e. it has a pos-
itive crossing angle of § ~ 20°. A positive crossing angle has been earlier predicted by

mutagenesis studies [44].

The models of EpoR generated by the modelling methodology indicated that two low-energy

interfaces are possible which are shown in in Fig. 6.5. Both the modelled interfaces are indi-
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Figure 6.5: The two lowest-energy wild-type EpoR transmembrane dimer structures.
Both interface A and B are lined with non-polar long chain residues. In A, the inter
helical distance, d = 12 A and in B d = 10 A. The interfacial residues in interface
A are Leu??%, Leu??, Ile?*?, T1e**7, Leu?*? and Leu?**. The helix-helix interface in B
consists of Ile??”, Leu???, Leu??*, 1e?37, Leu?*!, Leu?** and Ser?*®.

cated to be functionally active by experimental evidence [151]. Previous in vacuo modelling
studies [151] have also identified interface 2 (Fig. 6.5B) but not interface 1 (Fig. 6.5A). A
different interface lined with Ser and Thr residues was identified as being energetically

favourable in those studies.

The first low-energy interface is shown in Fig. 6.5. The inter helical distance is d = 12 A.
The residues Leu??%, Leu?®?, 11e?33, 11e?*7, Leu?*?, Leu®** occupy the interfacial positions
and Thr?*2 points outwards. In the second structure, the inter helical distance is d = 10 A.
The helix-helix interface is occupied by I1e?27, Leu???, Leu?3*, 11e?%7, Leu?*! and Leu?**.
Surprisingly, the four polar residues, Thr??®, Ser?3!, Ser??® and Thr?*? are not hydrogen
bonded in both structures. However, except for Ser?3®, these residues are situated in the
polar head-group region or the core head-group interface and thus do not evoke large energy

costs.

The water-accessible surface of the structures modelled is shown in Fig. 6.6. Both the

structures are well packed and have a volume of 160 A% and 155 A? respectively.

The modelled T242N mutant dimer also exhibited two low-energy interfaces. The two
structures are shown in Fig. 6.8. The mutant is also left-handed with a crossing angle of
6 ~ 20°. In both the structures, the helices are further apart, d = 14 A compared to the
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Figure 6.6: The water-accessible surface area of the two low-energy structures of the
EpoR transmembrane dimer. Both the structures are well packed but differ in inter-
helical distances of d =12 A and d = 10 A respectively.

wild-type dimer. The first structure (Fig. 6.8 A) represents an unusual orientation with just
three amino-acid residues Leu?2®, Val?3® and Asn?*? lining the helix-helix interface. Asn?*?
is involved in hydrogen bonding and stabilises the conformer in the absence of favourable
side-chain packing. In the second structure (Fig. 6.8 B) the helix interface consists of a
larger number of residues: T1le??7, Ser?3!, Leu?3*, Ser?®®, Leu?*! and Ala?>. Though Asn?*?
is not directly involved in the helix-helix interface it bends back into the interface. The
packing of the bulky side chain group in the helical interface accounts for the increased

inter-helical distance.

The other mutants modelled, T242A, L241IN and A245N were similar to the wild-type,
especially with respect to the inter-helical distance. This is not surprising since point
mutations do not usually introduce large conformational changes. The modelled T242A
mutant has a crossing angle # ~ 10° and an inter-helical distance of d = 10A. The lowest-
energy conformers of the other Asn mutants modelled also had small inter-helical distances
of 10A. The lowest energy structures of A245N does not involve hydrogen bonding via the
Asn?* and the Asn points away from the helical interface in all structures. The L241N
mutant represents a case where two dissimilar conformers have similar energies. In the

first structure, d = 10A and the Asn?*!' points away from the helical interface. The inter-
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Figure 6.7: The water-accessible surface area of the two low-energy structures of the
T242N mutant transmembrane dimer. Both structures are poorly packed and have
large inter-helical distance of d = 14 A.

helical distance in the second conformer is 14A and involves Asn?*! mediated inter-helical
hydrogen bonding. These mutants were modelled as control sets and close packing of these

mutant dimers confirmed the importance of close packing in lipid raft localisation.

LirID RAFT SORTING

The erythropoietin transmembrane dimer is seen to be located in lipid rafts, whereas a
single mutation impairs lipid raft localisation of the T242N mutant. The inefficient receptor
sorting of the T242N mutant into lipid rafts may stem from the structural differences of the
wild-type EpoR transmembrane dimer and the T242N transmembrane dimer. The main
difference between the two modelled transmembrane dimer structures is that the T242N
dimer exhibits a bulkier structure that prevents close packing of the transmembrane helices
in contrast to the EpoR dimer. Since lipid raft sorting is thought to be mediated by self
assembly and clustering of lipid molecules around a given peptide [13], the bulky T242N
dimer may disrupt tight packing of the neighbouring lipid molecules, thereby inhibiting
lipid raft sorting.

The epidermal growth factor receptor family member ErbB2 that has also been observed
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Figure 6.8: The two low-energy structures of the T241N transmembrane dimer. Both
A and B are left-handed and have a crossing angle of ~ 20°. The structures differ in
the helix interface but d = 14 A in both cases.

to partition into lipid rafts [161] exhibits close packing of the transmembrane dimer with
an inter-helical distance of approximately 8 A [152]. The Gly residues present at the
ErbB2 transmembrane interface imply a shorter inter-helical distance compared to the
EpoR transmembrane interface that is dominated by bulkier residues such as Leu (resulting
in a larger inter-helical distance). Therefore, close packing of both the EpoR and ErbB2
transmembrane dimers may correlate to their ability to be sorted into lipid rafts. At
present, it is not possible to dissect if close packing of the EpoR transmembrane dimer is a
targeting signal or a means of the receptor to stabilise lipid raft association, as there might
be additional motifs in the EpoR sequence contributing to lipid raft sorting. However,
the observation that an increase in inter-helical distance abrogated lipid raft localisation
of the EpoR supports the importance of close packing of the transmembrane dimer. Close
packing of the transmembrane segments could therefore be a crucial mediator for lipid raft

localisation of receptor proteins.

6.5 A CRITICAL VIEW OF THE MODELLING METHOD

The modelling methodology developed as a part of this thesis allows an atomic-detailed
modelling of transmembrane dimer structures. In this method, an exhaustive conforma-

tional search is performed followed by a scoring based on the solvation free energy of the
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dimer. The modelling method is validated by comparing to known structures of the gly-
cophorin A transmembrane dimer. The modelled structure shows a favourable contribution
to the free energy of dimerisation for the residues implicated in dimerisation by alanine-
scanning experiments. Since only the electrostatic component of the dimerisation free
energy was considered, it is implied that the dimerisation process is largely electrostatics

driven.

All-atom models of the erythropoietin receptor and its mutant transmembrane dimers have
shown that crucial conformational changes may accompany point mutations and affect the
function of the membrane proteins. In the present case, the structural changes introduced
by the mutant T242N are not quantitatively large since the inter-helical distance increases
by just 2 A. However, the increased bulkiness might play a crucial role in altering the
biological properties of the erythropoietin receptor. The inefficient receptor sorting of the
HA-T242N-GFP5 into lipid rafts could arise from the increased inter-helical distance and
volume of the mutant T242N dimer compared to the wild-type EpoR dimer. Since lipid
raft sorting is mediated by self assembly and clustering of lipid molecules around a given
peptide [13], the bulky and loosely-packed T242N dimer may disrupt tight packing of the
neighbouring lipid molecules, thereby inhibiting lipid raft sorting.

The modelling method proposed here provides a first step towards membrane protein struc-
ture prediction and understanding the energetics of helix-helix association. The current
method does not consider the van der Waals type interactions of the lipid molecules with
the peptides. However, it is assumed that within the membrane core, acyl-chain interac-
tions between peptide-peptide and lipid-peptide are likely to be energetically similar. Since
the peptide-peptide van der Waals type interactions are not included in the scoring function
of the modelling methodology, the lipid-peptide interactions have also been neglected. At
present, due to computational costs, the method is limited to smaller systems such as those
investigated in the present chapter. However, coupling the method to efficient search algo-
rithms to improve the sampling step, promises to allow the investigation of larger oligomeric
complexes such as phospholamban. Such detailed, energy-based approaches are necessary

to understand the energetics of complex formation and to model high-resolution structures.
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CHAPTER 7

CONCLUDING REMARKS

“This mystery is considered insoluble, for the very reason which should cause it to be re-

garded as easy of solution”, The Murders in Rue Morgue, Edgar A. Poe.

Several aspects of membrane protein architecture have been studied in this thesis, pro-
viding a detailed insight into the structure and energetics of membrane-bound peptides.
In particular, the orientation, electrostatics and association of membrane peptides have
been analysed. A large number of peptides were investigated, among them glycophorin A,
melittin and WALP that have become prototypes for studies on membrane peptides. This
chapter summarises the key findings of the thesis. The limitations of the methods used are
also discussed. The results presented here are a step towards a better understanding of the
structural organisation of membrane proteins and its relation to function. New questions
raised during this work and methods to address these problems are discussed in the last

part of this chapter.

7.1 A CRITICAL LOOK AT THE FIVE-SLAB MEMBRANE MODEL

A five-slab continuum membrane model that distinguishes between the membrane core,
head-group region and the aqueous layer is introduced in the thesis. The membrane model
is found to be adequate to describe the energetics of peptide analogues, membrane peptides
as well as dimers of transmembrane peptides. The inclusion of the head-group region is
seen to influence the energetics of peptides. For instance, indole, a tryptophan side-chain
analogue, is seen to partition in the head-group region of the model in accordance with
experimental results. Furthermore, including head-group energetics is demonstrated to be

necessary for accurate predictions of membrane-peptide orientations. The tilt angle of the
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20-mer WALP is significantly overestimated by the three-slab models, but is well reproduced
in the five-slab model due to presence of the head-group region. The polar head-group
region region allows the tryptophan residues to anchor the peptide, thus reducing its tilt
angle. Therefore, accounting for the head-group region provides an important step towards

a physically realistic, yet computationally efficient membrane representation.

In addition to the head-group energetics, the five-slab model includes the non-polar inter-
actions between the peptide and the solute molecule implicitly. The non-polar effects in the
aqueous layer are introduced by an empirical two parameter description of the non-polar
solvation energy, AG,,, derived from the partitioning of alkanes between liquid alkane and
water [112]. The empirical model used here calculates AGy,, from the solvent accessible
surface area rather than the excluded solvent volume, which would be more accurate from
a theoretical point of view. In general, however, such methods have been shown to be
accurate at a coarse-grain level and parametrisation on the system under consideration (as

in the present case) increases accuracy of the calculation [162].

The membrane model makes certain simplifications and assumptions which one needs to
bear in mind while considering the results. For instance, the model neglects the van der
Waals type interactions of the lipid molecules with the peptides. Such interactions play
an important role during helix association, since the environment of the monomer and
the associated complex would be different. The model assumes that within the membrane
core acyl-chain interactions between peptide-peptide and lipid-peptide are energetically
similar. Since the peptide-peptide van der Waals type interactions are not included in
the scoring function of the modelling methodology, the lipid-peptide interactions have also
been neglected. These interactions may be incorporated by including dummy atoms or
using an all-atom representation of the lipid bilayer and could improve the accuracy of the
model. For the head-group region, neither the van der Waals type interactions nor the cost
of cavity formation were included. No experimental or theoretical estimates of AGy, for
the head-group region are available. However, incorporating a term similar to the aqueous
layer but smaller in magnitude does not affect the location of the free energy minimum for

control calculations performed on polyalanine peptides.

The five-slab continuum membrane model used in this thesis is demonstrated to provide a
computationally efficient and accurate environment to model membrane peptide orientation
and association. Though an all-atom representation of the membrane models the energetics
of the lipid-peptide systems more accurately, especially for modelling association processes,
limited computational resources make it non-tractable at present. The continuum model
is of course essential for certain problems such as calculating the electrostatic potentials of

the membrane helices in the presence of mobile ions in the bulk aqueous layer.
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7.2 UNDERSTANDING THE ENERGETICS OF HELICAL PEPTIDE ORI-
ENTATION IN MEMBRANES

The energetics of membrane-peptide orientation is analysed in detail in this thesis. The
heterogeneous environment experienced by a single peptide in the membrane causes it to
orient and tilt to a characteristic angle. It is seen that a solvent reaction field counter-
ing the charges in or close to a region of high polarity favours dipole orientations that
allow maximum charge screening. Thus, peptide-dipole groups that approach the dielec-
tric boundaries of the system favour an orientation perpendicular to the membrane plane.
Furthermore, the solvent reaction field is shown to determine the membrane orientation of
blocked polyalanine helices. The orientation of the shorter polyalanine and WALP peptides
is attributed to the screening of the peptide backbone charges. Estimates of the magnitude
of this screening by calculating the effective dipole moment of the helices are also reported
in the thesis. The screening is shown to depend on the proximity and geometry of the

aqueous phase and its relevance to membrane protein topology is discussed.

Another important factor determining peptide tilting is the cost of cavity formation in the
solvent region. The longer peptides which are exposed to the solvent tend to tilt to minimise
the water-accessible surface area. The calculations show that the cavity term influences the
steepness of the tilt-angle potential such that the longer peptides undergo smaller tilt-
angle fluctuations than the shorter ones. A further point of interest is the experimental
finding that the 19-mer WALP peptide has a non-zero tilt angle but nevertheless orients
roughly perpendicularly to the membrane plane [40]. The present analysis suggests that
the relatively large fluctuations of the 19-mer WALP peptide tilt angle may have led to this
observation. Experimentally estimating fluctuations and tilt angles in synthetic peptides

such as WALP peptides will help understand membrane protein architecture.

The decomposition of solvation free energy allows the rationalisation of the dependence of
the peptide tilt angle on length of peptides. A systematic study of the length-dependent
tilting of the synthetic peptides is carried out in the thesis. Bilayer thinning that has been
implicated to compensate the hydrophobic mismatch between the peptide length and the
bilayer thickness is shown not to affect the tilt angles of the shorter peptides.

The experimental tilt angle of glycophorin A is well reproduced by the five-slab model. It
was shown that side-chain polarity accounts for the tilting since it incorporates a larger
number of hydrophobic side chains into the non-polar membrane core region while allowing
the flanking polar residues to interact with the head-group region. Further, the surface
aligned orientation of melittin in the absence of a membrane potential is reproduced by

the model. Two different surface-aligned orientations of melittin are distinguished. The
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preference of one is shown to depend on the energetically-favourable interaction of the

hydrophobic side chains with the membrane core in one which is not possible in the other.

7.3 MACROMOLECULAR ELECTROSTATICS OF MEMBRANE HELICES

In membrane proteins, the a-helix dipole has been implicated in protein stability [73, 129]
and function [89, 123, 125]. Therefore, despite being a macroscopic property that neglects
near-field effects, the helix dipole provides insights into membrane-protein architecture and
function. The effective dipole moment, peg of various membrane helices is reported in this
thesis and has been found to vary considerably in the different geometries and environments
considered. Rules of thumb have been established allowing qualitative estimation of helix

dipole strength from graphical inspection of experimental structures.

In contrast to the common assumption that the helix dipole increases with peptide length,
a decrease in helix dipole strength with increasing number of residues is seen in trans-
membrane peptides. For single helices, the helix dipole is seen to increase with tilt angle.
Extending the analysis to various geometries and environments in soluble proteins has en-
abled the establishment of the rules of thumb discussed in Chapter 5. The dipole strength is
seen to be determined principally by the positions of the helix termini relative to the aque-
ous phase, i.e, the dipole is substantial if one or both termini are embedded in a non-polar

region but is screened out if both termini approach the aqueous phase.

As a consequence of the solvent screening, transmembrane peptides with both termini ex-
tending into the aqueous layer are seen to have low dipole moments. An implication of
the screening out of the helix dipoles is that the helices can associate in parallel arrange-
ments. The proposed screening out of the helix dipole for longer helices, may explain the
finding that the orientation of the wild-type Pf3 coat protein is dependent on the mem-
brane potential, whereas the longer mutant peptides are oriented independent of membrane
potential [163]. The observations may be rationalised in terms of solvent screening of the
helix dipole in the longer mutant peptides such that both helix termini can be translocated

across the membrane bilayer independent of the electrochemical membrane potential.

Solvent screening of the helix dipole is shown to be reduced even if just one of the helix
termini is buried in the membrane core. Membrane helices with one terminus exposed to the
solvent are shown to have relatively large values of peg. The large value of the helix dipole
may be of functional importance in preventing proton transfer in aquaporin [123] and for
providing ion affinity in the KesA K channel [89, 124] and the EcCIC C1~ channel [125].

Interestingly, it is seen that the solvent reaction field plays a crucial role in membrane-
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protein energetics - both in determining peptide orientations and in modulating the screen-
ing of the helix dipole. Thus, although the membrane helices interact primarily with the

bilayer, the aqueous layer influences its properties substantially.

7.4 MODELLING a-HELICAL MEMBRANE DIMERS

The next step towards understanding the energetics of membrane proteins is to analyse the
association of single helices in the membrane. The structures of glycophorin A, the erythro-
poietin receptor transmembrane dimer and its mutants are modelled and seen to compare
well with experimental mutagenesis data. The five-slab membrane model to represent the
environment of these transmembrane dimers has led to new insights in the association

between helix-pairs.

The transmembrane dimer of glycophorin A is modelled in the five-slab membrane model
and shown to reproduce the experimentally-determined helix interface. Decomposition of
the free energy of dimerisation shows a favourable contribution of the residues implicated
in mutagenesis experiments to contribute to dimerisation . The correspondence of this
calculated contribution to the alanine-scanning mutagenesis experiments is only qualitative
since conformational changes accompanying point substitutions and entropy changes on
dimerisation are neglected. However, the calculations provide a stepping stone towards

understanding the energetics of helix-helix association processes.

The transmembrane dimer structures of the erythropoietin receptor and several of its point
mutants are also modelled in the five-slab membrane model. Analysis of the modelled
structures led to the postulation that close packing may be a pre-requisite for lipid-raft
localisation. The modelled structure of the T242N mutant dimer exhibits a bulkier and less
well packed structure than the wild-type dimer which may be responsible for the mutant

to be impaired in lipid raft localisation.

7.5 OUTLOOK

The questions addressed in this thesis, such as the energetics of membrane proteins and
membrane-protein interactions, are of prime biological importance and relevant for mem-
brane protein structure determination. Addressing the further questions raised during this
work and improving the models promises to further the understanding of membrane-protein
architecture. The first step in this direction is a broader application of the membrane model

and the methods presented here. For instance, extension of the methods to other synthetic
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peptides and S-barrel membrane proteins will further the understanding of membrane pro-
tein topology. Incorporation of other parameters such as membrane potential will increase
the biological relevance of the model. An open question that remains in this field is the
kinetics of helix-helix association. At a functional level, these associated helix-pairs may
localise in lipid rafts and initiate down-stream signalling. Characterising these lipid raft
assemblies will lead to an understanding of the partitioning of proteins in and out of these

assemblies.

7.5.1 PEPTIDE ORIENTATIONS IN THE MEMBRANE

The focus of this thesis is on single a-helical membrane peptides. Extensions to larger
membrane proteins are however straightforward. Using the tools presented here, similar
analyses can be performed on larger a-helical and [S-sheet proteins. For instance, the
interaction of the aromatic amino-acid residues with the head-group region in porins has
been often discussed [164] and may be studied using the five-slab membrane model. A
related question is the identification of the residues interacting with the bilayer interface
and the depth of membrane insertion of the transmembrane segment. The membrane model
can be used to identify these interfacial residues by sampling the relevant conformational
space. An extension of this method would be to model the aggregation of large protein

complexes such as the light harvesting complex and the respiratory chain.

In the first part of this thesis, the energetic factors determining helix orientations were
quantitatively assessed. The solvent reaction field and cost of cavity formation is seen
to determine membrane peptide orientation for simple peptides such as polyalanine and
WALPs. However, side-chain polarity is the dominant driving force for the tilting of the
more complex peptides such as glycophorin A and melittin. Further research using both
experimental and theoretical approaches, is required to understand the energetics of tilting
of the more complex peptides and the role of each side chain in determining membrane
protein orientation. For instance, the role of non-polar residues not studied in this thesis,
such as Ile and Val could be analysed in detail using this model. The ’snorkelling effect’
of the Lys residues, which anchors the peptides and has a function similar to that of
tryptophan residues is a further interesting topic to be investigated in the context of the
five-slab model. Inclusion of side-chain flexibility within the head-group region may prove
to be mandatory for studying this anchoring effect since it involves non-standard rotomeric
states of the Lys residue. KALP peptides are similar to WALP peptides but contain Lys
residues at the peptide termini and provide a simple system to study this effect and may

be used as a model system for further studies.

The effect of bilayer thinning has been studied in this thesis for short polyalanine peptides
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and was shown to have no effect on the helix orientation of these peptides. However, a more
extensive study would be worthwhile especially to investigate the more complex peptides.
The five-slab membrane model allows the study of the effect of bilayer perturbations and
can be used in a straightforward manner to study the effect of the bilayer thickness on
membrane peptide orientation. Whether or not these perturbations actually do occur is

outside the scope of the analysis and has to be determined by experiments.

The membrane potential has also been implicated to influence membrane-peptide orienta-
tions. For instance, application of a membrane potential has been shown to change the
orientation of melittin from surface-aligned to transmembrane [165]. Though the current
work has not studied the effect of membrane potential, the five-slab model can be extended

to include its effect.

7.5.2 (CHARGE SCREENING AND EFFECTIVE DIPOLE MOMENT

Estimation of the solvent screening of transmembrane peptides provides insight in the
membrane protein topology, such as parallel vs. anti-parallel helix association. Though
the rules of the thumb established here allow estimation of the helix dipole for various
geometries and environments, it will be interesting to calculate the accurate value of the
helix dipole before assigning any functional or structural role to it. The method developed
in this thesis may also be used to estimate effective charges and dipoles of other secondary

structural elements such as S-sheets.

Significant dipole moments are often attributed to whole proteins and have been impli-
cated in protein aggregation [166], ion channel function [167] and toxin binding [168]. The
present method can be extended to determine the dipole moment and macromolecular elec-
trostatics of larger proteins. The main limitation of the calculations would be the available
computational resources. Whole-protein dipoles may also be determined experimentally,
especially for globular proteins [169] and allow a direct comparison between experimental

and calculated values.

7.5.3 HELIX-HELIX ASSOCIATION

The theoretical calculation of association processes in membranes is a subject still in de-
velopment. Accordingly, the modelling of the a-helical membrane dimers raised many
questions. The first is a quantitative estimation of dimerisation energies. In this thesis, the
entropic contribution to the free energy, AG; has not been calculated. AG; is composed
of both favourable and non-favourable terms. Two important unfavourable contribution to

A G is the loss of lipid entropy (solvophobic effect) and the loss of translational entropy
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upon dimerisation. The entropic contribution might be estimated by standard equations
of simple diffusive systems. As association of membrane-bound helices can be described
by a two-dimensional diffusion process, only two degrees of translational freedom are lost
upon dimerisation as compared to three in soluble protein association. An estimate of the
entropic contributions of internal degrees of freedom can be obtained from normal mode
analysis. The major challenge of such analysis will be to consider the energetic contribu-
tions of the surrounding water lipid molecules and to distinguish these from the protein

contributions.

An even more accurate estimate of the dimerisation free energy of helix-helix pairs may
be obtained by umbrella sampling [170]. Molecular dynamics simulations including an
all-atom membrane environment at varying inter-helical distances could be used to cal-
culate the potential of mean force using umbrella sampling. The choice of the reaction
coordinate in this case is straightforward since helix association may be thought to be a
simple two-dimensional diffusion process. Although all-atom simulations are computation-
ally expensive and difficult to set up they provide meaningful insights into such association
processes. The role of the bilayer lipids in driving helix associations might be determined by
calculating the dimerisation propensities of different transmembrane segments in the mem-
brane and in vacuum. The difference between the two quantities would give an estimate of

the solvophobic effect of the membrane environment.

A important question regarding helix-helix association is the definition of the thermody-
namics of the association process. Ultracentrifugation techniques such as sedimentation
equilibrium analytical ultracentrifugation have been used to measure the free energy of
dimerisation of helix-helix pairs [53, 155]. These techniques access a quantity defined as
the mole-fraction standard free energy and involve helix-helix pairs in various detergent
solutions such as C4 betaine and CgFE5 micellar solutions. In membranes, however, the
kinetics of the process is governed by diffusion on a two-dimensional lattice and the free
energy change per unit surface area of membrane may be physically more relevant for

membrane helices.

An important limiting factor of all presented calculations has been computational resources.
Optimisation of the computational requirements will allow a more thorough sampling of
dimer parameters. Of course, with improvement in computational resources and better sam-
pling, more detailed models become feasible. Combining a more accurate energy function
with an efficient conformational search algorithm would certainly improve the modelling

procedure.
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7.5.4 LIiPID RAFT LOCALISATION

Molecular Mechanisms influencing lipid raft sorting remain an open question. Many motifs
have been proposed which drive partitioning into membrane rafts. It is seen that a mutant
that is not closely-packed is also deficit in lipid raft localisation. It is thus proposed that
close packing of helices is a pre-requisite for lipid raft localisation. At present, it is not
possible to distinguish whether close packing of the EpoR TM dimer is a targeting signal
or a means of the receptor to stabilise lipid raft association. The presence of additional

motifs contributing to lipid raft location in the EpoR sequence is definitely possible.

A more detailed study of lipid raft localisation using experimental and modelling studies
iteratively is required for a detailed understanding of the principles governing lipid raft
localisation. A systematic study of point mutants and double mutants in different trans-
membrane dimers may provide clues on the factors governing lipid raft localisation. A
characterisation of lipid rafts in terms of their thickness, polarity, packing density and

electrostatic properties is also required.

Understanding the energetics of the structural organisation of membrane proteins is a fun-
damental issue in molecular cell biology which can be solved only by an interdisciplinary
approach that combines techniques of theoretical computational physics with knowledge
gained from bio-chemistry and molecular biology experiments. It is not only has a fun-
damental scientific significance but also has practical applications in fields ranging from
structural biology to drug designing. Studies in these fields usually focus on experimentally
characterising membrane-protein architecture and its interaction with the membrane bi-
layer. There is also a growing body of literature which deals with this problem theoretically.
In this thesis, we report theoretical calculations that provide insights into various aspects
of membrane peptides such as their orientation, electrostatic properties and association.
The work presented here constitutes a small but significant step towards understanding the

energetics of transmembrane proteins and its relation to protein structure and function.
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