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Abstract

Vpu is a 9 kDa integral membrane protein encoded by the genome of HIV-1 to enhance
the rate of virus particle release from infected Th cells.

Transmembrane currents are observed when a peptide corresponding to the N-terminal
32 amino acids is reconstituted into black lipid membranes. Discrete channel opening
events are recorded, whose frequency and duration increases with the applied voltage. A
main conductance state of 17.5 pS is observed, with a principal subconductance state of
13.5 pS. Other conductance states are present, however transitions between conductance
states are rare. Substitution of residue Ser24 with alanine produces a mutant which is
unable to conduct ions. The full length Vpu protein was expressed in E. coli and purified
by affinity chromatography and HPLC. Transmembrane currents were also observed
when the protein was reconstituted into black lipid membranes, with a main conductance
state of 17 pS and a principal subconductance state of 12 pS.

The inhibition of Vpu channel activity by the amiloride derivative HMA was investigated
using a combination of computational and experimental techniques. The frequency of
channel openings decreases with increasing concentrations HMA up to 100 µM, although
channel openings were never observed to be completely blocked. The high octanol/water
partition coefficient of the drug (log(P ) = 2.3) suggests that HMA is capable of binding
non-specifically to the lipid bilayer. HMA (and its homologues DMA and amiloride) were
observed to partition into a model membrane from the aqueous phase during a series
of equilibrium molecular dynamics (MD) simulations. The simulations predict that
the drugs straddle the membrane region between the phospholipid headgroups and the
acyl chains and that a strong electrostatic interaction is formed between the positively
charged guanidium group of HMA and the negatively charged lipid phosphate groups.

1H MAS NOESY NMR was used to verify the predicted membrane location of HMA. 2D
spectra of DMPC vesicles containing HMA at a total lipid to drug molar ratio of 7:1 were
acquired at 1H frequencies of 500 MHz and 600 MHz. Cross-peaks are observed between
the -NH2 resonances from the drug and the lipid choline and glycerol 1H resonances,
indicating that these groups lie less than 5 Å apart. The drug was demonstrated to
preferentially interact with the negatively charged lipid DMPG over DMPC by 31P
MAS NMR.

Previous docking experiments have identified both the Vpu channel lumen and residue
Trp23 on the outside of the Vpu oligomer as potential binding sites for HMA. Equilib-
rium MD simulations showed that when HMA was bound to the lipid-accessible side
chain of Trp23, a local distortion of the lipid bilayer around the Vpu helix was induced,
allowing water molecules to penetrate into the region around the Val25 side chain. The
simulations suggest that HMA inhibits Vpu channel activity by altering the conforma-
tions of neighbouring lipid molecules. However no interaction between the drug and the
protein was observed by 13C-15N REDOR NMR.
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Chapter 1

Introduction

1.1 Biological Membranes

The evolution of the cell membrane enabled the transition from surface-based to

compartmentalised life [1, 2], allowing the metabolic reactions required for growth

and reproduction to proceed more efficiently within an enclosed volume [3]. The bi-

layer structures formed by the spontaneous association of phospholipid molecules,

define the boundaries of cells and subcellular compartments, providing a unique

amphipathic enviroment, in which peptides may fold, proteins self assemble and

organic molecules accumulate (figure 1.1) [4]. Although most measure less than

3 nm across, cell membranes effectively contain metabolic processes, since the

change in free energy as a hydrophilic species is moved from an aqueous environ-

ment (dielectric constant ε = 80) into the hydrophobic interior (ε = 2), is highly

unfavourable [5]. The integrity of phospholipid bilayers is such that all known

organisms use either an H+ or Na+ transmembrane gradient to store free energy

and to drive the production of ATP [6, 7].
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Carbohydrate side chain
of glycolipid

Glycolipid

Carbohydrate side chains
of glycoproteins

Plasma membrane
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Hydrophobic
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Nucleus
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Integral
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membrane protein
Peripheral

Figure 1.1: Schematic structure of a typical mammalian cell membrane repro-
duced from [8] after the Singer-Nicholson Fluid Mosaic model [4]. Phospholipids
are arranged so that the polar headgroups are exposed to the aqueous cytosol
and extracellular fluid. The non-polar acyl chains self-associate in the hydropho-
bic core of the membrane. Proteins are either embedded in the phospholipid

bilayer or attached peripherally.

1.2 Ion Channels

Although some hydrophilic species (e.g. O2 gas) are able to cross cell membranes

unaided [9], most water-soluble molecules require specialised transport proteins

embedded in the membrane to facilitate their passage. Proteins which require

an energy source (e.g. ATP or a transmembrane potential) to move substances

across the membrane against an electrochemical gradient are classified as active

transporters, while the remaining types of transport protein which do not require

an additional source of energy, are classified by substrate. Some 3.0% of the

open reading frames identified in the human genome encode transport proteins,

of which 43.3% are ion channels, proteins which create hydrophilic pores through

the membrane to enable the passage of charged species down their electrochemical

gradient [10, 11]. In general, ion channels are selective for a particular ion or class
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of ions and are able to conduct charges rapidly at rates of > 106 s−1 [11]. Most

ion channels are able to open and/or close in response to an external stimulus

such as ligand binding or changes in osmotic pressure or transmembrane poten-

tial [12, 13]. Since ion channel dysfunction is implicated in the pathophysiology of

many chronic human diseases, these proteins are the focus of intense pharmaco-

logical research [14]. Approximately one third of all commercially available drugs

are thought to target ion channels, yet the structures of these proteins and the

mechanisms of action of pharmaceutical compounds are largely unknown [15].

1.3 Viral Ion Channels

Viral ion channels are short, highly hydrophobic integral membrane proteins, typ-

ically under 100 amino acid residues in length [16]. The insertion of these proteins

into host cell membranes, followed by the oligomerisation of the transmembrane

domains, results in the formation of a channel with hydrophilic residues form-

ing the pore lining face of the channel and the hydrophobic residues facing the

phospholipid bilayer. Their small size means that they are ideal models for more

complex ion channel proteins.

Despite the considerable variation in sequence between the ion channels of dif-

ferent viruses, there are some common features: all are homo-oligomers with

an oligomeric state of between four (M2 from Influenza A) and seven (p7 from

Hepatitis C Virus) [17, 18]. Some, including Vpu from HIV-1 are type I inte-

gral membrane proteins, and are expressed with an N-terminal secretory signal

peptide which is removed post translation. Others, including M2 and NB from

Influenza A and B respectively, are type III integral membrane proteins which

carry an uncleaved N-terminal signal peptide. M2 and the related BM2 channel

from Influenza B, are unusual among viral ion channels in that they are highly

3



Chapter 1. Introduction

selective for H+ ions. Most viral ion channels exhibit only a weak cation selectiv-

ity [16]. A list of viral proteins which have been identified as ion channels is given

in Appendix A.

The amino acids with β-branched side chains (isoleucine and valine) are commonly

found at the interfaces between transmembrane α helices in a variety of proteins.

Since these side chains have restricted rotational freedom in the monomer, the

entropic penalty of oligomerisation is reduced. These side chains are particularly

common in viral ion channels (50% of the residues in the transmembrane domain of

Vpu from HIV-1 are either Val or Ile) and they are predicted to lie at the interfaces

between adjacent monomers [19]. The relative weakness of the intermolecular

bonds between the transmembrane helices suggests that the oligomeric form of

these proteins is relatively short-lived and in dynamic equilibrium with monomeric

forms.

Like other classes of integral membrane protein, the transmembrane helices of vi-

ral ion channels commonly contain residues with aromatic side chains [16, 20].

Residues of this type are commonly found near the N-terminal and C-terminal

ends of the transmembrane domain, where they form an aromatic belt to anchor

the protein in the membrane [20]. Most viral ion channels have few hydrophilic

residues lining the pore itself (mostly serine and threonine, see figure 1.2) which re-

sults in lower conductances than are observed for most prokaryotic and eukaryotic

channels. Basic residues are commonly found at both ends of each transmembrane

α helix and several viral ion channels have arginine and lysine-rich sequences on

the C-terminal side of the transmembrane region. It has been proposed that these

residues contribute to membrane destabilisation by acting like a detergent [21, 22],

although given the ratio of protein to lipid in a cell surface membrane, it is ques-

tionable whether this effect is significant in vivo.

There has been some debate as to the classification of viral ion channel proteins,
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Figure 1.2: Topology diagrams for three viral ion channel monomers A: Vpu
from HIV-1 (SWSSProt Entry Code P05919) B: M2 from Influenza A (P03491)
and C: p7 from Hepatitis C virus (P27958). p7 is unusual among viral ion chan-
nels, because each monomer has two transmembrane helices [23]. The figures
were prepared using the TEXtopo package for LATEX [24]. Hydrophilic TM
residues are shaded red, aromatic TM residues are shaded blue. The putative

phosphorylation and palmitoylation sites for Vpu and M2 are also shown.

with some arguing that they should not be designated as ion channels unless they

can be shown to be selective for a specific ion and their gating can be regulated [21].

The term viroporin has been suggested for those proteins which enhance the per-

meability of membranes, but are unable to fulfil these criteria [21]. The majority of

the literature published in the field uses the term viral ion channel indiscriminately

and this term will be used exclusively in this thesis.
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1.4 Human Immunodeficiency Virus (HIV)

HIV infection in humans has reached pandemic proportions. In January 2006,

the Joint United Nations Programme on HIV/AIDS (UNAIDS) and the World

Health Organisation (WHO) estimated that AIDS has killed more than 25 million

people worldwide since 1981, and that 0.6% of the global population is infected

by HIV [25]. The virus may cause a progressive decline in CD4+ T lymphocyte

cell counts in humans and lead to the opportunist infections characteristic of ac-

quired immunodeficiency syndrome (AIDS) [26–28]. However an estimated 10%

of HIV positive individuals do not develop AIDS within 15 years of the initial

infection [29].

HIV is a member of the Lentivirus genus of retroviruses, which are best known as

agents of slow disease, persisting indefinitely in their hosts and replicating contin-

uously during the course of a lifelong infection [30]. Disease in Lentivirus-infected

organisms may be primary (directly induced by the virus) or secondary (caused

by opportunist pathogens which proliferate unchecked as a result of the loss of Th

lymphocyte function). Unlike other retroviruses, lentiviruses replicate efficiently

in non-dividing, terminally differentiated cells both in vitro and in vivo [31, 32].

Two distinct species of HIV infect humans (HIV-1 and HIV-2). HIV-1 is more

virulent, is easily transmitted and is thought to have originated from wild chim-

panzees in southern Cameroon, before transferring to humans in around 1930 [33–

35], although a recent study has dated the emergence of the human virus to circa

1900 [36]. HIV-2 is largely confined to West Africa, where it is believed to have

originated in the Sooty Mangabey monkey [37]. HIV-1 is classified into three dis-

tantly related groups (M, N and O) and Group M, which is responsible for the

global HIV pandemic, is further classified into nine subtypes or lineages (A, B, C,

D, F, G, H, J and K) [38]. There is an uneven geographical distribution of HIV-1

subtypes: Subtype C accounts for around 50% of all HIV-1 infections worldwide,
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but is largely absent from North America and Europe; Subtype B is responsible

for 12% of global HIV-1 infections, but is the dominant form in the developed

world (see Table 1.1) [39, 40].

New HIV-1 Percentage of
Region Infections in HIV-1 env subtypes

2000 (x103) A B C D
Southern Africa 1680 1.08 4.03 94.22 0.00
West Africa 850 79.91 0.99 1.72 2.71
East Africa (excluding Ethiopia) 700 56.32 2.44 7.16 32.71
Central Africa 260 56.32 2.44 7.16 5.78
Ethiopia 350 0.00 2.50 95.00 2.50
North Africa and Middle East 80 44.00 40.00 4.00 4.00
West Europe 30 6.72 84.49 1.76 0.52
East Europe and Central Asia 250 55.97 36.01 3.73 1.87
East Asia and Pacific 130 4.76 82.14 0.00 1.19
Southeast Asia 230 0.16 32.34 0.63 0.00
Indian Subcontinent 550 0.00 80.71 1.61 0.00
Latin America and Caribbean 210 0.00 80.71 1.61 0.32
North America 45 0.00 96.49 0.00 0.00
Worldwide 5365 26.70 12.30 47.20 5.30

Table 1.1: Percentage of HIV-1 subtypes A to D by world region (adapted
from [39]). Subtypes F, G, H, J and K accounted for the remaining 8.5% of new

HIV-1 infections worldwide in 2000.

1.5 The Vpu protein of HIV-1

In addition to the enzymes and structural proteins common to all retroviruses, the

genome of HIV-1 also encodes four accessory proteins, lacking enzymic activity,

which are not essential for successful reproduction in CD4+ T lymphocyte cell

lines. The four proteins (Nef, Vpr, Vif and Vpu) are responsible for manipulating

the metabolic processes of host cells to increase the rate of viral replication [41].

Vpu is a 9 kDa, monotopic integral membrane protein found in the membranes of

infected cells but not in the virus particles themselves [42]. The protein has two

roles in vivo: It enhances the release of newly formed virus particles from the cell
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surface [43, 44], and is responsible for targetting newly-synthesised CD4 receptor to

the degradation pathway [45, 46]. The two functions are associated with separate

domains of the protein [47]. The cytoplasmic helices bind the cytoplasmic tail of

CD4 and promote the recruitment of β-TrCP and Skp1p, which target CD4 for

ubiquitination and proteasomal degradation. In cells infected by HIV-1 carrying

a Vpu mutant from which the C-terminal cytoplasmic helices have been deleted,

CD4 is able to reach the endoplasmic reticulum (ER). Once in the ER, CD4 binds

to the viral coat protein gp160 and prevents it from being correctly incorporated

into the capsid [48, 49].

The transmembrane domain of Vpu is able to oligomerise within bilayers to form

ion-conducting pores which are responsible for enhancing the rate at which vi-

ral release occurs, by altering the transmembrane potential. This mechanism is

currently in dispute (see Section 1.5.1) and critics suggest that this is an in vitro

effect, which is not replicated in vivo.

There is considerable variation between Vpu sequences from different HIV-1 sub-

types (see figure 1.3). The subtype B protein (studied in this thesis) is localised

predominantly in the Golgi body of infected cells [44, 50, 51], although it has been

detected in complex with CD4 at the cell surface in HeLa cells [52]. The second

cytoplasmic α helical domain of the subtype B Vpu includes the signal sequence

for the retention of the protein in the Golgi body [42]. In contrast, subtype C Vpu

lacks this signal sequence and is not retained within the intracellular membranes

of the host cell, and is instead transported efficiently to the cell membrane. Sub-

type C Vpu has been shown by flow cytometry to downregulate the expression of

CD4 at the cell surface less efficiently than the subtype B protein [53].

The Vpu gene is absent from both HIV-2 and simian immunodeficiency virus (SIV)

genomes, although one isolate of the HIV-2 Env envelope protein appears to be

able to enhance virus particle release [55, 56]. This activity requires both the
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MVDLLAKVDYRIVIVAFIVALIIAIVVWTIAYIEYRKLLRQRRIDRLIKRTRERAEDSGN
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MQPIP-----IVAIVALVVAIIIAIVVWSIVIIEYRKILRQRKIDRLIDRLIERAEDSGN
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Figure 1.3: ClustalW alignment of the sequences of Vpu from isolates of HIV-1
subtypes B and C [54]. Subtype B, Isolate H2 is studied in this thesis. The
C-terminal 13 residues of Subtype B Vpu are responsible for the retention of the
protein in the Golgi body [42]. The WS/TIxxIEYRK motif at the C-terminal
end of the putative transmembrane domain and the RAEDSGNES phosphory-

lation motif between the two cytoplasmic helices are highly conserved.

cytoplasmic tail and ectodomain of the protein. The membrane-spanning domain

of the HIV-2 Env protein appears to be less important for this process, suggesting

that the mechanism is not analogous to that of Vpu in HIV-1 [57].

1.5.1 Mechanism of enhancement of HIV-1 release from

infected cells

The mechanism by which the transmembrane domain of Vpu enhances virus par-

ticle release from the cell surface membrane is disputed. There are two competing

hypotheses: that Vpu interacts with host proteins to down-regulate their activ-

ity [58]; or that Vpu forms ion channels within the host cell membranes, to alter

the transmembrane electrochemical potential [59].

The extent to which Vpu is able to enhance the rate of virus particle release

from cultured cell lines in vitro is dependent on cell type. African green monkey

epithelial cells (Cos-7) are able to produce new virus particles efficiently when

infected with an infectious molecular clone of HIV-1 from which the Vpu gene

has been deleted. However human epithelial HeLa cells are only able to produce

new virions when infected by a molecular clone containing the Vpu gene. In their

2003 paper, Varthakavi et al. argued that Vpu was required by the HIV-1 virus to
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overcome a dominant host cell restriction to assembly, which is present in human

cell lines [58].

Vpu has been shown to interact in vivo with a number of mammalian proteins. In

their 2004 paper, Hsu et al. showed that Vpu is homologous to the first part of the

mammalian TASK1 K+ channel and that Vpu was able to bind to TASK1 chan-

nels at the cell membrane and inhibit expression [60]. The authors suggested that

Vpu might be able to modify the TASK1 protein by forming a hetero-oligomeric

structure. (The peptide MiRP1 modifies the mammalian HERG pore-forming pro-

tein to produce a potassium channel, with a substantially altered gating from the

original homotetrameric protein [61].) Earlier voltage clamp experiments showed

that when Vpu is expressed in Xenopus oocytes, ion flux through the endogenous

K+ channels in the membrane is inhibited [62]. It is questionable whether this

effect is likely to be able to account for the increase in virus particle release from

the cell surface membrane, given that the K+ ion potential is close to equilibrium

in most mammalian cells [5]. The expression level of TASK1 in Th lymphocytes

is also unclear. In a recent paper by Neil et al., tetherin, a previously unidenti-

fied membrane-associated protein, was shown to have the ability to prevent HIV-1

virus budding from the cell surface membrane, and was disrupted in an expression

system in which Vpu was present [63].

More recently, in vivo experiments involving the construction of a chimaeric gene

consisting of the transmembrane helix of the M2 ion channel from Influenza A and

the cytoplasmic domain of Vpu, have been used to produce evidence in support

of the ion channel hypothesis. The chimeric Vpu gene was substituted for the

wild type gene in the genome of a pathogenic simian human immunodeficiency

virus SHIVKU−1bMC33, and the resulting virus was fully functional and able to

reproduce when injected into pig-tailed macaques [64]. Electron microscopy of

C8166 cells, infected by the virus carrying the chimaeric gene, showed that the

viral infection was sensitive to rimantidine, a well-characterised inhibitor of the
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M2 channel [64]. A similar effect was observed, when the A19H mutation, which

produces the WxxxH motif also present in M2, was introduced into a wild type

Vpu gene; virus particles again accumulated at the cell surface membrane when

infected C8166 cells were treated with rimantidine [65].

1.5.2 Structure of Vpu

Vpu from HIV-1 subtype B has 82 amino acids and three α helices, of which one

spans the phospholipid bilayer, while the others lie on the cytoplasmic surface of

the membrane [59]. The cytoplasmic portion has two potential phosphorylation

sites at residues Ser52 and Ser57 [66].

The structure of the transmembrane (TM) domain of wild type Vpu has been

resolved by solid state NMR and has been shown to be a kinked α helix tilted

at an angle of 12◦ to the bilayer normal [67]. The transmembrane domain of the

rimantidine-sensitive A19H mutant is an ideal straight helix, which has tilt angle

of 41o (greater than that of the wild type helix) in C14 phosopholipid bilayers [68].

Simulation studies suggest that three residues, Trp23, Ser24 and Arg31, are im-

portant for ion conduction (see figure 1.4) [69]. Current models indicate that in

the pentameric and hexameric bundles, the serine residues face the interior of the

pore and that the tryptophan residues are at the lipid-protein interface. Ser24

is thought to stabilise the ions as they cross the membrane; Trp23 is thought to

anchor the peptide in the bilayer and Arg31 is thought to form a salt bridge clamp

to residues Tyr30 and Glu29, which stabilises the bundle [70].

Vpu is believed to form pentameric assemblies in vivo (figure 1.4) and the trans-

membrane (TM) helices form multimeric ion-conducting pores, which enhance the

rate of budding and release of new viral particles. Mutations in the transmem-

brane domain which abrogate in vitro channel activity result in a reduced viral
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Figure 1.4: Model of a pentameric bundle of Vpu1−32 after [69]. A: side
view B: view from N terminus. The model was drawn with DS ViewerPro
(Accelerys Inc.). For clarity the lipid bilayer and water molecules are omitted.

release rate [71, 72]. A truncated Vpu peptide, (Vpu1−32, the TM domain), has

been shown to be sufficient to enhance virus particle release without degrading

CD4. Vpu is therefore a potential drug target and investigations into its activity

have wide-reaching implications for the development of AIDS therapies [73].

1.5.3 Inhibition of in vitro ion channel activity of Vpu

Amiloride is a well characterised inhibitor of transmembrane ion transport, which

inhibits the multimeric ENaC Na+ channels of the urinary epithelia and is used

therapeutically as a diuretic [74]. It has also been shown to inhibit a number of

eukaryotic Na+/H+ antiporters and Na+/Ca2+ exchangers [75].

Two amiloride derivatives, HMA and DMA (see figure 1.5), have been found to

inhibit the in vitro channel activity of Vpu1−32 reconstituted into black lipid mem-

branes at concentrations of 100 µM and 125 µM respectively. An HMA concentra-

tion of 10 µM was also found to inhibit the budding of new virus-like particles from

the plasma membranes of HeLa cells expressing HIV-1 Gag and Vpu proteins [73].

In silico docking simulations of both charged and uncharged forms of both HMA

and amiloride to monomeric and multimeric forms of Vpu1−32 suggest that HMA

inhibits Vpu by occluding the pentameric channel [76, 77].
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Figure 1.5: Structural formulae of amiloride and derivatives at physiological
pH A: amiloride, B: DMA and C: HMA. The positive charge on the guanidium

moiety is stabilised by resonance.

Both HMA and DMA have been shown to inhibit the replication of HIV-1 in

cultured human blood monocyte-derived macrophages (MDM cells) at micromolar

concentrations. An HMA concentration of 10 µM was effective at suppressing the

accumulaton of viral DNA and RNA in cultured MDM cells over a period of ten

days. HMA concentrations above 30 µM were found to be toxic to HeLa cells [78].

1.6 Examples of other viral ion channels

1.6.1 M2 from Influenza A

The M2 proton channel from Influenza A is a homotetrameric type III integral

membrane protein of 97 amino acids, essential for viral replication [79]. The

homotetramer is stabilised by disulphide bridges between the N-termini of neigh-

bouring helices, although these bonds are not essential for ion flux [79]. M2 is

active at two stages of the Influenza life cycle. It promotes viral uncoating after

the virion has been engulfed by the host cell [80] and is found in the internal mem-

branes of the host, where it is thought to influence the pH balance between the
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acidic lumen of the trans Golgi network and the cytoplasm, preventing the prema-

ture conformational change of the viral envelope glycoprotein hemaglutinin [81].

Unlike most other viral ion channels, M2 is detectable as a minor component of

the viral membrane [17].

M2 is highly selective for H+ ions and the selectivity is dependent on the presence

of the histidine residue of the HxxxW motif in the transmembrane part of the

channel. Substitution of this residue by gly, thr, ser, ala or glu, results in the loss

of specificity, allowing mutants to transport the larger cations Na+ and K+ [82].

The ion selectivity of the H37G, H37S and H37T mutants was partially restored

in the presence of 50 mM imidazole at pH 5.5 [83].

The specific activity of M2 is low (105 H+ s−1 at pH 5.7) and the conductance

decreases further in D2O by an amount greater than the molecular weight ratio of

H2O and D2O, indicating that the bulk transport of H3O+ is not involved in the

mechanism of ion flux. Two mechanisms for H+ ion conduction have been pro-

posed: a histidine/proton shuttle mechanism, supported by energy minimisation

simulations, in which the imadazole ring of His37 serves as a relay, binding H+ on

one side of the channel and releasing it to the other membrane face [84, 85]. An al-

ternative, transient proton wire hypothesis, supported by the results of molecular

dynamics (MD) simulations, allows the rapid transfer of H+ ions along a network

of hydrogen-bonded water molecules [86, 87].

The antiviral drugs amantadine and rimantidine inhibit ion flux through the chan-

nel and are routinely prescribed as antiviral drugs against community outbreaks

of Influenza A infection [88]. Four rimantidine molecules have been shown by

solid state NMR to bind to four equivalent sides on the lipid-accessible faces of

the tetramer, near residue Trp41, stabilising the closed conformation of the pore.

The amine headgroup of rimantidine is in close contact with the polar sidechains of
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Asp44 and Arg45 and the molecule creates a “polar patch” in a highly hydrophobic

region of the protein (see figure 1.6) [89].
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Figure 1.6: Solution state NMR structure of the M2 channel in the presence of
the inhibitor rimantidine reproduced from [89]. (Protein Data Bank accession
code 2RLF.) a: An ensemble of 15 low energy structures derived from NMR
restraints. b: Ribbon representation of a typical structure from the ensemble
shown in a, showing the left handed packing of the amphipathic helices, the side
chains of His37 and Trp41 and the drug rimantidine (coloured red). c: Close up
view of C-terminal side of channel showing the Trp41 gate and its stabilisation
by Asp44 of the adjacent helix. d: Surface representation of the rimantidine

binding pocket showing the residues which form the “polar patch”.

The crystal structure of M2 in the presence of amantidine has been solved to

3.5 Å resolution. An region of electron density in the C-terminal mouth of the

channel was suggested by the authors to indicate the binding site of the drug and

that this data supports the inhibition of the channel by occlusion [90].

Although the solution state NMR and crystal structures for M2 differ in the lo-

cation of the amantidine binding site, their structures are broadly similar. Both

structures show the highly conserved residues His37 and Trp41 pointing into the

centre of the pore. The NMR structure appears to represent the closed state of the

channel, and the TM α helices are sufficiently close together, that the four Trp41

residues occlude the lumen [89]. The X-ray crystal structure has been suggested

to represent the the open conformation and the helices are splayed further apart
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at the C termini, widening the pore at the level of the Trp41 residues [90, 91]. Mu-

tations found in adamantane-resistant strains of Influenza A would appear to map

to the region proposed as the adamantane binding site in the crystal structure [92],

although the same residues are shown in the solution state NMR structure to be

important for inter-helix interactions and substitution of these residues may reduce

the stability of the closed state relative to the open state [89]. The mechanism

proposed in [89] is also supported by the fact that inactivation of the channel

occurs more rapidly at low pH, when the channel is open [93].

BM2 is a homotetrameric proton channel from the closely related virus, Influenza B.

The only significant homology to M2 is the HxxxW motif of the transmembrane

spanning region [17]. The genome of Influenza B encodes a second viral ion chan-

nel, NB, which is not essential for viral replication in vitro [94].

1.6.2 p7 from Hepatitis C

p7 is a type III integral membrane protein, which forms cation-selective ion chan-

nels in the internal membranes of cells infected by Hepatits C [95]. The exact

role of p7 in the viral life cycle is unclear, however the protein is essential for

virus infectivity [96]. Unlike most other viral ion channels, each monomer has two

transmembrane helices, resulting in the orientation of both the N and C termini

towards the extracellular side of the membrane, (figure 1.2). Transmission elec-

tron microscopy of GST-FLAG-p7 fusion proteins reconstituted into unilamellar

phosphotidic acid and phosphotidyl choline lipid vesicles, suggest that p7 is hep-

tameric [18]. Ab initio model building in silico, found that a hexameric channel

was most plausible and suggested that the His17 residues formed a ring lining the

inside of the channel [97].

Proteins related to p7 have been found in two other members of the Flaviviridae

family: The p13-C protein from GB Virus B is essential for viral replication in
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vivo and forms cation-selective ion channels in black lipid membranes [98, 99].

Although in vitro channel activity is completely inhibited in the presence of 10 µM

amantidine, the in vivo replication of the virus in marmoset hepatocyte cell lines

was not affected at amantadine concentrations of up to 100 µM [99]. A p7 protein,

essential for viral replication in vivo, is also present in the related Bovine Viral

Diarrhoea Virus [100].

1.6.3 6K from Alphavirus

The 6K protein is encoded by the genomes of three members of the Alphavirus

family and is expressed in the internal membranes of host cells, but is largely

excluded from the viral membrane. The proteins are not essential for viral replica-

tion, however total deletion of the 6K gene in Semliki Forest Virus (SFV) reduces

the rate of in vitro viral replication to between 2% and 50% of the wild type virus,

depending on the host cell type [101]. A partial deletion of the 6K gene in Sindbis

Virus resulted in a 300 fold decrease in the rate of virus particle release, which

was partially abrogated by the introduction of the Vpu gene from HIV-1 [102].

Inducible expression of the SFV 6K protein in E. coli cells enhanced the perme-

ability of the bacterial membrane [103], and when Sindbis Virus 6K protein was

expressed in Xenopus oocytes, endogenous transmembrane currents were found to

be increased [104].

Melton et al. observed in vitro cation-selective channel activity when recombinant

BFV and Ross River Virus 6K proteins were reconstituted into black lipid mem-

branes; a range of rapidly fluctuating conductances of between 40 pS and 800 pS

was observed [105]. The N-terminal domains of the 6K proteins are rich in aro-

matic residues [22]. It has been suggested that the protein is unstructured in this

region and destabilises the membrane around the channel mouth thus enhancing

membrane permeability [21, 22]. It is possible that this mechanism is responsible
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for the rapid fluctuations in conductance observed by Melton et al., rather than a

rapid switching between oligomerisation states.

1.7 Inhibition of eukaryotic ion channel activity

The channel architecture, gating and regulator mechanisms of the n-acetyl choline

receptor are described in this section, in order to place the mechanisms of inhibition

of viral ion channels into the wider context of ion channel modulation.

1.7.1 General Anaesthetics

A wide variety of exogenous compounds are capable of modulating the activity of

mammalian ion channels. The most clinically important of these are the general

anaesthetics, a diverse group of hydrophobic drugs, which are routinely adminis-

tered to patients before surgery. Chemical agents which induce a state of general

anaesthesia include the inert gas xenon and simple compounds such as nitrous

oxide (N2O) and chloroform [106].

1.7.2 The Meyer-Overton Rule

The Meyer-Overton rule relates the critical concentration at which a state of anaes-

thesia is induced (ED50) by a given molecule to its octanol/water partition coef-

ficient (P ) (see equation 1.1) [107, 108].

ED50 ∝
1

P
(1.1)

Some volatile compounds, which are homologues of well characterised general

anaesthetics and which are predicted by the Meyer-Overton rule to be general
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anaesthetics, have no anaesthetic potency. In many homologous series, anaesthetic

potency is increased by adding successive methylene groups up to a cutoff point,

beyond which there is a complete loss of anaesthetic potency [109]. The primary

alcohols comprise a homologous series of anaesthetics which exhibits this trend.

The anaesthetic potency of compounds in the series increases from methanol to

decanol, after which the potency decreases dramatically. Tridecanol (C13H27OH)

and higher homologues are completely devoid of anaesthetic activity [110, 111].

Substitution of functional groups of anaesthetic molecules can also alter anaes-

thetic potency contrary to the Meyer-Overton rule. For example, substitution of

fluorine by larger halogens increases anaesthetic potency and the molecular size

at which the cutoff occurs, however polyhalogenation of monofluorinated anaes-

thetics produces compounds which induce transient tremors and convulsions in

tadpoles [112].

1.7.3 Inhibitors of nAChRs

Neural nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion

channels consisting of five homologous subunits arranged around a central pore

with the composition α2βγδ and α2βεδ in embryonic and adult neuronal muscle

tissue respectively [113]. The channels are located in the postsynaptic membrane

and in the presynaptic and preterminal areas of interneurons [114], and when

activated, stimulate the release of neurotransmitters including GABA, glutamate,

acetylcholine, dopamine and norepinephrine [115].

nAChRs may exist in three or more interconvertible states. In a model proposed

by Dilger in 2002, the three states, resting (R), channel-open (R*) and desensitised

(D), spontaneously interconvert in the absence of agonist. Exposure of the receptor

to agonists initially increases the probability of the R* state, however prolonged

exposure results in the stabilisation of the receptor in the D state [116].
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Agonist-induced activation of nAChRs is noncompetitively inhibited by a struc-

turally diverse group of exogenous and endogenous compounds. Noncompetitive

antagonists (NCAs) inhibit by one or more different molecular mechanisms [117]:

1. An open-channel blocking mechanism in which the NCAs bind within the

lumen of the pore, blocking the passage of ions.

2. Binding to and stabilising D or R states.

3. Increasing the rate of transition from R* to D states.

nAChRs are also sensitive to the lipid composition of the membrane in which

they are located. The functional properties affected by the lipid environment

include the processes of channel gating, opening and closing and the kinetics of

desensitisation [118, 119]. Electron spin resonance (ESR) was first used to identify

the presence of a lipid annulus of negatively charged lipids, steroids and fatty

acids, surrounding the protein [120, 121]. The annular lipids are restricted in

motion both around and perpendicular to their long axes and exhibit rotational

correlation times which are typically 50-100 times greater than those of lipids in

a fluid bilayer [122]. Water penetrates this region to a lesser degree than the bulk

bilayer lipid, making the region more hydrophobic [123]. There are also discrete

lipid binding sites on the surface of the nAChR, but distant from the interface of

the annular lipid, initially identified as crevices in the first low resolution electron

micrographs of the receptor (see figure 1.7) [124].

Given the complex nature of the interactions between the nAChR and lipophilic

species, there are a number of potential ways in which hydrophobic drugs could

inhibit ion flux through the channel. It has been suggested that drug-induced

perturbations in bulk membrane properties may alter protein function, although

binding sites for some lipophilic drugs have been identified [127]. Such drugs could

directly influence membrane protein activity by disrupting the formation of lipid

20



Chapter 1. Introduction
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Figure 1.7: Molecular model of the closed (resting) AChR pore from Torpedo
modified from [117]. Coordinates were taken from the Protein Data Bank with
accession code 1OED [125]. The model was drawn with DS ViewerPro (Accel-
erys Inc.). The perimeter of the AChR is surrounded by 42 ± 7 lipid molecules,
(the annular lipid domain, represented by the large circle) [126]. The small filled
circles between helices represent the possible locations of non-annular lipids.

The transmembrane helices of the γ subunit are labelled.

rafts and the association of proteins with rafts [128, 129]. Alternatively a channel

blocker could bind directly to the lumen of the channel, thus preventing ion flux.

1.7.3.1 Tetracaine and procaine

The local anaesthetic tetracaine (figure 1.8A) has been shown by photoaffinity

labelling studies to bind between the rings of valine and isoleucine in the centre of

the channel, thus inhibiting ion flux. The benzene ring is positioned at the valine

ring (position 9) with the N-butyl chain interacting with the hydrophobic residues

at positions 12 and 13 [130]. Tetracaine has also been shown to partition into unil-

amellar phosphotidylcholine vesicles and to affect the pressure- and temperature-

dependent phase behaviour of DMPC [131–133]. Procaine (figure 1.8B), a related

compound, lacks the butyl group on the N -aryl moiety and interacts with the

resting Torpedo nAChR with 1000-fold lower affinity than tetracaine, suggesting
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that the interaction between the butylammonium group of the drug and the hy-

drophobic residues at positions 12 and 13 contributes to the stabilisation of the

drug at this point (figure 1.9) [134].

NH2

O

O

N

CH3

CH3
O

O

N

CH3

CH3

NHCH3

A B

Figure 1.8: Structures of inhibitors of the Torpedo nAChR A: tetracaine
B: procaine.

Figure 1.9: Cartoons of the Torpedo nAChR reproduced from [117] A: resting
state B: closed state. In the resting state the tetracaine binding domain (black

elonged elipse) is located between positions 5 and 20

1.7.3.2 Quinacrine

Quinacrine is a potent, fluorescent NCA of nAChR. FRET measurements per-

formed with the lipophilic acceptors 5-(N -dodecanoylamino)eosin and N -(3-sulpho-

propyl)-4-(p-didecylaminostyryl)pyridinium suggest that the quinacrine binding

site is located less than 10 Å from the lipid bilayer [135], (the centre of the chan-

nel is approximately 20 Å from the phospholipids) [136]. Quinacrine fluorescence
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was also quenched by nitroxide-labelled phospholipids, suggesting that the spin-

labelled phospholipids are accessible to the drug binding site [137, 138]. Photo-

labelling experiments with an azide derivative of quinacrine, suggest that the drug

binding site is adjacent to Arg209 and Pro211 of the δM1 transmembrane domain

at the lipid-water interface. However further fluorescence quenching experiments

using the fatty acid analogue spin-labelled-stearate, have suggested that the drug

binding site is buried approximately 7 Å below the lipid-water interface, in the in-

terior of the bilayer and that the quinacrine binding site is in intimate contact with

a non-annular lipid molecule [139, 140]. Cys residues introduced into the pore-

lining M2 transmembrane helix were protected from reaction with 2-aminoethyl

methanesulphonate by quinacrine binding, suggesting that structural changes in-

volving complete closure of the pore are induced on drug binding [141].

1.7.3.3 Halothane

Halothane (2-chloro-2-bromo-1,1,1-trifluoroethane) is a clinically important volatile

anaesthetic which inhibits ion conduction by nAChRs with an IC50 of 0.1 mM for

neuronal subtypes and 0.8 mM for muscle subtypes [142]. Tyr228, located on the

M1 helix of subunit δ, was identified as a binding site for halothane in photo-

labelling studies. The δTyr228 sidechain projects into a water-accessible pocket

between the δM1 and δM3 helices, access to which appears to be increased in the

D state relative to the R* state [143].

1.8 Aims of the thesis

The primary aim of the thesis is to further the knowledge of the kinetics and

inhibition of the ion channel activity of Vpu from the subtype B isolate of HIV-1,

using a combination of experimental and computational techniques.
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The transmembrane domain (Vpu1−32) has been synthesised by solid phase peptide

synthesis, purified and black lipid membranes and ion channel currents recorded

(Chapter 2). The channel activity of the S24A (Vpu1−32) mutant is characterised

and the inhibitory action of the amiloride derivatives HMA and DMA is examined.

The full length protein (Vpu1−82) has been expressed as a fusion with glutathione-

S -transferase, purified by affinity chromatography and reconstiuted into black lipid

membranes (Chapter 3). The kinetics of the transmembrane domain and the full

length protein are compared.

The mode of inhibition of Vpu by HMA has been investigated using MD simula-

tions (Chapter 4). The insertion of drug molecules into a model POPC membrane

will be followed and the equilibrium position of the drug in the membrane has

been determined. Binding sites for the drug on the exterior of the Vpu bundle

have also been explored.

The predictions made by MD simulation have been tested using MAS NMR spec-

troscopy. The equilibrium location of HMA in a lipid bilayer has been determined

by 1H NOESY and 1D 31P spectroscopy (Chapter 6) and evidence for a direct

interaction between the drug and residue Trp23 has been sought by 13C 15N RE-

DOR (Chapter 7). The effect of the addition of HMA to DMPC membranes on

lipid dynamics has been examined by Raman Spectroscopy.

Chapter 6 introduces the theory of REDOR NMR spectroscopy and its applica-

tion to determining the nature of the interaction between HMA and Vpu. HMA

labelled with 13C and Vpu1−32 labelled at the backbone nitrogen atom of residue

Trp23 15N have been synthesised and are used to determine whether any evidence

for an interaction exists.

Chapter 7 draws together the main findings of the thesis and suggests future direc-

tions to more fully understand the ion channel function of Vpu and the mechanism

of inhibition by HMA.
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Chapter 2

Channel Recording of Vpu1−32

SUMMARY
A peptide corresponding to the transmembrane domain of Vpu from HIV-1 (Vpu1−32)
has been synthesised by solid phase peptide synthesis. Vpu1−32 was reconstituted
into black lipid membranes, and channel activity was observed. The main conduc-
tance state observed has a conductance of 17.5 pS and a principal subconductance
state of 13.5 pS. The mean length of individual channel openings is independent of
the applied voltage, however the channel open rate increases with the magnitude
of the applied voltage. The inhibitor HMA and DMA were found to reduce the
probability of channel openings occuring at concentrations up to 100 µM, however
channel activity was not completely abolished. A peptide corresponding to the
transmembrane domain of the Vpu1−32 S24A mutant was synthesised and recon-
stituted into black lipid membranes. Channels formed by the mutant peptide were
only observed at applied voltages of ±120 mV, suggesting that the Ser24 residue
is important in stabilising ions as they cross the membrane.

2.1 Introduction

2.1.1 Black Lipid Membranes

Black Lipid Membranes (BLMs) are free standing planar lipid films up to 4 nm

thick, spread across an aperture of between 0.5 mm and 2.5 mm in diameter,

separating two buffer solutions. Like naturally occurring cell membranes, BLMs

have a high capacitance of around 0.5 µF/cm2 and resistivities of > 1 MΩcm2 [144].

Electrodes placed in the buffer solutions either side of the membrane may be used
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to measure changes in membrane capacitance which correspond to channel and

pore formation events.

Two different methods are commonly used to prepare BLMs, both of which re-

quire the lipid to first be dissolved in an organic solvent (typically decane). The

first method requires the lipid/solvent mixture to be then be brushed across the

aperture to form the membrane. In the second method, the lipids are spread

across the surface of the buffer on either side of the membrane and the buffer level

is lowered below the hole and then raised above it to form the membrane. The

second method allows an asymmetrical membrane to be formed if lipid mixtures

of different compositions are applied to the buffers either side of the septum. This

technique has been used to create an environment which mimics that of the outer

membrane of Gramm negative bacteria [145]. Whichever method is used, there

is the potential for organic solvent to be present in the membrane along with the

phospholipids, although BLMs formed using the second technique are generally

considered to have with a lower solvent content [146].

Proteins and peptides may be added to BLMs in a variety of different ways. The

most straightforward is to pretreat the area immediately surrounding the aperture

with the peptide or protein of interest, dissolved in organic solvent, before lipids

and buffer solutions are added. The peptide may also be added directly to the

buffer solutions, or be reconstituted into vesicles, which are added to the buffer

solution either side of the membrane. A transmembrane voltage may be applied

or Ca2+ ions added to stimulate fusion of the vesicle with the BLM [147].

A major limitation of channel recording experiments, is the intrinsic lack of me-

chanical long term stability of BLMs, which have a typical half life of a few

hours [146]. BLMs are unable to tolerate large fluctuations in surface tension,

and hydrodynamic pressure changes caused by evaporation from the chambers

may cause the membrane to rupture. Attempts have been made to increase the
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stability of BLMs by tethering them to solid supports, however the capacitance

and resistance of the membranes is significantly lower than unsupported mem-

branes, and the incorporation of larger membrane proteins (with more than two

transmembrane helices) is more difficult in these systems [146, 148, 149].

2.1.2 Previous electrophysiological studies of viral ion chan-

nels

In vitro electrophysiological studies of the ion channel activity of viral membrane

proteins have largely used chemically synthesised peptides corresponding to their

transmembrane domains reconstituted into BLMs. In general, the traces of the

channel recordings show rapid fluctuations in current over relatively short time

scales. The channels are ohmic conductors of ion flux (i.e. the measured current

is proportional to the applied transmembrane voltage).

A number of compounds have been identified as inhibitors of viral ion channel

activity, most of which are amphipathic molecules and which are capable of parti-

tioning into phospholipid membranes [150]. The most well characterised viral ion

channel inhibitor is amantidine, which inhibits the M2 H+ channel and is routinely

prescribed for community outbreaks of Influenza A [88]. The related compound

rimantidine also inhibits the M2 channel [89]. A group of iminosugar derivatives

(modified by the addition of a hydrocarbon chain of between four and nine car-

bons in length) has been shown to prevent ion flux through the p7 channel from

HCV [151]. The amiloride derivative HMA, has been shown to inhibit the viral

ion channel activity of Vpu from HIV-1 [73].

The quality of channel data appears to be important for the identification of in-

hibitors of viral ion channels. For example, in their 2003 paper, Griffin et al.

identified amantadine, as an inhibitor of the Hepatitis C Virus (HCV) p7 protein

by in vitro channel recordings [23]. The authors reconstituted a p7-GST fusion
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protein into black lipid membranes and observed rapidly fluctuating channel cur-

rents, which were completely inhibited by the addition of amantadine on both sides

of the membrane to a final concentration of 1 µM (see figure 2.1). A more recent

study with a similar system, in which a HCV p7 was reconstituted into black lipid

membranes has cast doubt on this finding [151]. In a randomised, double blind,

placebo-controlled trial, the addition of amantadine to the standard anti-HCV

therapy of interferon γ-2b and ribavirin, had no effect on patient outcomes [152].

1 pA

40 s

A

B

Figure 2.1: Channel traces for the p7 protein from Hepatitis C reconstituted
into black lipid membranes under an applied voltage of 120 mV (reproduced
from [23]) A: rapidly fluctuating conductance in the absence of amantadine. B:
transmembrane currents abolished 10 s after addition of amantadine to a final
concentration of 1 µM to both sides of the bilayer. The time and current scales

for both traces are identical.

Similarly, amantidine was found to inhibit the rapid flickering channel activity of

the p13 ion channel protein of GB virus B (GBVB) in black lipid membranes,

although this was not found to inhibit the reproduction of the virus in an in vitro

cell culture assay [99].

Given the contradictory results of the BLM assay and the in vivo cell culture

assays, it is possible that the rapid fluctuations in conductance observed, do not

represent channel activity, but instead represent the imperfect insertion of the ion

channel peptide into the membrane, resulting in a leaky membrane. It has been

proposed that some proteins which have been characterised as viral ion channels,
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contribute to membrane destabilisation by acting like a detergent and that the

inhibition of this activity may have been incorrectly characterised as the inhibition

of ion channel activity [21].

2.1.3 Previous electrophysiological studies of Vpu

Channel recordings of covalently linked tetrameric and pentameric assemblies of a

variant of the subtype C isolate of Vpu have been obtained. Both the pentameric

and tetrameric forms were able to conduct ions and exhibited conductances of

76 pS and 45 pS respectively. The two conductances correspond to those observed

when the monomeric form is reconstituted into black lipid membranes, suggest-

ing that this isolate has two oligomeric states which are in dynamic equilibrium

with one another. The recordings in that study were performed with at KCl con-

centration of 500 mM, however in this thesis a lower concentration of 300 mM

was used [153]. The higher solute concentration may partially explain why higher

conductances were reported in [153] than in this thesis.

Vpu ion channel activity has also been observed in previous electrophysiological

studies which use the same isolate as that in this thesis. Unlike the recordings

reported in [153], channel openings are not discrete and the transmembrane cur-

rents rapidly fluctuate [59]. The same study has also found that the channel was

weakly cation selective and that black lipid membranes into which Vpu1−32 had

been reconstituted were five times more permeable to Na+ than Cl−. The same

authors later reported that Vpu1−32 channel activity also inhibited by 125 µM

DMA or 100 µM HMA administered as a single application [73].
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2.1.3.1 Amiloride

Amiloride (figure 1.5) is a well-characterised reversible inhibitor of ion transport.

It inhibits the multimeric ENaC Na+ channels of the urinary epithelia and is

used therapeutically as a diuretic. A putative binding site with the sequence

WYRFHY has been identified on an extracellular loop of the α subunit of ENaC,

which is thought to lie in close proximity to the channel pore. A similar sequence

on the extracellular loop of the γ subunit and other domains both within the

pore and the second membrane-spanning domain have also been implicated in

amiloride binding [74, 154]. Structural modelling suggests that the positively-

charged guanidinium group of Amiloride penetrates into the pore of the chan-

nel while the pyrazine group interacts with the outer mouth [155]. The tricyclic

antidepressant Amitriptyline has also been found to inhibit ENaC channel ac-

tivity at higher concentrations, and is thought also though to bind in the same

region [156]. Amiloride and its derivatives also inhibit a number of eukaryotic

Na+/H+ antiporters and Na+/Ca2+ exchangers [75].

2.1.3.2 HMA and DMA

Two Amiloride derivatives, HMA and DMA (figure 1.5), have been found to com-

pletely inhibit Vpu channel activity at concentrations of 50 µM and 125 µM

respectively and were also found to inhibit the budding of new virus particles

from the plasma membrane [73]. Docking simulations of charged and uncharged

forms of both HMA and Amiloride to monomeric and multimeric forms of Vpu1−32

have been performed. The ligands are predicted to bind to residue Trp23 of the

monomer interacting though their π molecular orbitals, however in the tetrameric

and pentameric bundles both ligands are observed forming a strong interaction

with the ring of Ser24 residues at the narrowest part of the pore. The ligand
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binds both to the outside of the pore if an interaction with the Trp residue can be

achieved and the inside of the hexameric bundles [76].

HMA (but not amiloride) has also been shown to inhibit ion conduction by the

E protein viral ion channel from the coronaviruses SARS and Mouse Hepatitis

Virus (MHV) in a dose-dependent manner [157]. The traces shown in figure 2.2

demonstrate that the rapidly fluctuating transmembrane currents are inhibited by

the addition of HMA to one side of the membrane. The same paper also reported

that HMA was able to inhibit replication of HCoV229E in in vitro cell cultures

with an EC50 of 1.34 µM, a concentration considerably below that required for a

complete block of the reconstituted E protein.

Figure 2.2: Channel traces for the E protein from HCoV-229E reconstituted
into black lipid membranes under an applied voltage of -50 mV (reproduced
from [157]) The traces show a rapid varition in transmembrane currents, which
decreases with successive additions (from 10 µM to 150 µM) of HMA to the cis
chamber of the BLM apparatus. The time and current scales for the traces are

identical.

It has also been suggested that HMA inhbits the p7 channel from HCV [158].
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2.1.4 Channel Kinetics

The conductance of a channel (G) is related to the applied voltage (V ) and trans-

membrane current (I) by equation 2.1.

G =
I

V
(2.1)

The SI unit of conductance is siemens (S). Ion channels typically have conduc-

tances of between 10 pS and 100 pS, although large channels such as the nuclear

pore complex may exhibit conductances in the nS range [11, 159]. A range of

conductances may be observed for a single channel and the most frequently ob-

served conductance level is designated the main conductance state. Subconduc-

tance and/or superconductance states may also be observed. A main conductance

state of 27 pS has been measured for the mouse γ-aminobutyric acid A receptor

Cl− channel has been measured using the patch-clamp technique and a principal

subconductance state of 16 pS has also been identified [160].

Figure 2.3 shows a typical channel trace of Vpu1−32. Square shaped channel open-

ings are observed. The main conductance state is identified by the green line and

the principal subconductance state by the orange line. The base level of conduc-

tance, corresponding to the closed state, is denoted by the blue line. The duration

of an individual channel opening is defined as the open time (tO). The time period

immediately preceeding a given channel opening, is defined as the closed time (tC).
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Figure 2.3: Trace of channels formed by Vpu1−32 reconstituted into black lipid
membranes, under an applied voltage of 60 mV. The main conductance state
is identified by the green line and the principal subconductance state by the
orange line. The closed state in which no current flows through the channel is

identified by the blue line.

2.2 Materials and Methods

2.2.1 Peptide synthesis

A peptide corresponding to the TM domain of Vpu was synthesised by contin-

uous flow solid phase peptide synthesis using an automated peptide synthesiser

(Pioneer, Perspective Biosystems). Novasyn Fmoc-PAL-PEG-PS resin, to which

the first amino acid (lysine) had already been added, was used as a solid sup-

port and deprotection was performed with a 20% solution of piperidine in N,N -

dimethylformamide (DMF). Coupling was performed with a threefold excess of

PyBOP, HOBt and HBTU and a fourfold excess of Fmoc-protected amino acids

(Novabiochem, Merck Biosciences). (See also Appendix B.1.)

Vpu1−32 sequence: MQPIPIVAIV10 ALVVAIIIAI20 VVWSIVIIEY30 RK

Vpu1−32 S24A seq: MQPIPIVAIV10 ALVVAIIIAI20 VVWAIVIIEY30 RK

After synthesis the resin was washed with DCM, methanol and diethyl ether and

dried for 24 hours in a desiccator under vacuum. The resin was suspended in
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10 ml cleavage solution (94% TFA, 2.5% H2O, 2.5% EDT, 1.5% TIS) and was

agitated for two hours. The resin was washed with TFA and concentrated to

1 ml. 40 ml diethyl ether was added the product was centrifuged at 5000 g at

4 ◦C for 15 min. The resulting pellet was lyophilised and resuspended in a 1:1

TFE:chloroform mixture prior to purification by HPLC.

2.2.2 Channel Recording

Two different lipid mixtures were used: 1:4 w/w POPE (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine) : DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine);

7:2:1 POPE : POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine): POPS

(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine) (Avanti Polar Lipids, Alabaster,

US). Lipid mixtures were dissolved in chloroform, dried under N2 gas and resus-

pended in n-decane at 20.0 mg/ml.

A Delrin cup chamber system was used for channel recordings with an aperture

diameter of 150 µm. Lipid suspension was brushed across the aperture and each

chamber was filled with 1 ml buffer (300 mM KCl, 5 mM K+-HEPES, pH 7.0). Ag

electrodes coated with AgCl were used to contact the buffer solution. The level

of the cis bath was raised and lowered until a bilayer was formed. Experiments

were performed at 24±2 ◦C and the cis bath was held at the desired voltage, while

the trans bath was connected to earth. The current response was recorded using

an Axopatch 700A system with a headstage CV-7B from (Axon Instruments) (see

figure 2.4) and data were filtered with a Bessel-8-pole lowpass filter at 10 Hz. The

apparatus was enclosed in a Faraday cage to reduce electrical interference. Data

obtained from more than twenty discrete experiments is presented in this chapter.

To monitor the effect of HMA, DMA and amiloride on the channel activity of

Vpu1−32, 10 mM aqueous solutions of the drugs were added in stages to both cis

and trans sides of the membrane, to a final concentration of 100 µM. Channels
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Figure 2.4: Diagram of the bilayer rig The electrical properties of the mem-
brane may be approximated by a resistor and capacitor in parallel (shown here

in grey).

openings were recorded for five minutes between additions of the drug, at voltages

of between -80 mV and 80 mV. Data obtained from eight discrete experiments is

presented in this chapter.

2.2.3 Data Processing

Raw data were processed and analysed using the ClampFit program (Axon Instru-

ments). Manual baseline correction was used. Individual channel openings were

identified and classified into conductance levels using the software. The mean open

times for the different states and the rate constants for channel opening were also

calculated.
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2.3 Results

2.3.1 Vpu1−32 synthesis and purification

A peptide corresponding to the transmembrane domain of Vpu (Vpu1−32) was

synthesised by solid phase peptide synthesis and purified by HPLC. The MALDI

mass spectrum of the HPLC fraction is shown in figure 2.5.

Figure 2.5: MALDI mass spectrum of Vpu1−32 acquired by Dr David Harvey
(Glycobiology, Oxford). The expected molecular weight of Vpu1−32 is 3545 Da.

A peptide corresponding to transmembrane domain of the S24A mutant of Vpu

was synthesised and purified by a coworker.
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2.3.2 Vpu1−32 channel traces

Figure 2.6 shows the channel traces for Vpu1−32 acquired at a range of applied

voltages. Initial visual inspection shows that the frequency of channel openings

increases with applied voltage.

120 mV

80 mV

40 mV

0 mV

-120 mV

-40 mV

-80 mV

10 s

2 pA

Figure 2.6: Channel trace for Vpu1−32 recorded at +80 mV, approximately
five hours after the initial formation of the black lipid membrane. At least four

channels appear to be active in the membrane.

In general the number of channels in the black lipid membrane increased over time,

as peptide adhering to the sides of the buffer cells diffuses into the membrane.

Figure 2.7 shows a trace of Vpu1−32 channel openings, recorded approximately

five hours after the initial formation of the black lipid membrane containing the

peptide. In practice, complex channel recordings such as these proved difficult

to analyse, since it was not possible to accurately calculate rate constants if the

number of individual channels was unknown.
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10 s

5 pA

Figure 2.7: Channel trace for Vpu1−32 recorded at +80 mV, approximately
five hours after the initial formation of the black lipid membrane. At least four

channels appear to be active in the membrane.

2.3.3 Conductance histogram

Figure 2.8 shows the normalised conductance histogram for channel recordings of

Vpu1−32. The histograms allows two distinct conductance states to be identified.

The main conductance state is clearly visible with a conductance of 17.5 pS, ac-

companied by a main subconductance state at 13.5 pS. The normalised frequency

of the closed state has been truncated at 0.33. Additional subconductance states

are also visible. A secondary subconductance state occurs at 11 pS and channels

may open with a conductance in the range from 3 pS to 8.75 pS. Subconductance

states have not previously been identified in channel recordings with Vpu1−32. The

origin of the different conductance states will be discussed in detail in section 2.4.1,

however the presence of multiple conductance states may suggest that the protein

is able to access different conformations or that the channel is able to conduct

different ions.

2.3.4 I/V Curves for Main and Subconductance States

Figure 2.9 plots the channel currents for the main conductance state and principal

subconductance state against applied voltage. The conductance of each state may
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Figure 2.8: Conductance histogram for Vpu1−32 The frequency of the closed
state is truncated at a normalised frequency of 0.33.

be calculated as the reciprocal of the gradient. The readings for both states fit a

straight line, demonstrating that the channels obey Ohm’s Law and that there is

no rectification of the transmembrane currents.

The data presented would appear to agree with the simplicity of the suggested

channel architecture, and given the limited number of hydrophilic groups which

are able to line the pore, it is not surprising that the channel adheres to Ohm’s

Law.

2.3.5 Variation of rate constants with applied voltage

Figure 2.10 shows the mean open time for individual channel openings which

occur within the conductance ranges identified as being the main conductance

state and the principal subconductance state. The duration of individual channel

openings does not vary with the applied voltage. The mean length of the channel

openings across all voltages is 0.50± 0.04 s for the main conductance state. The

principal subconductance state appears to be less stable, with a mean open time

of 0.46± 0.05 s. These data indicate that the conformation change which occurs

to close the channel is independent of the applied voltages.
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Figure 2.9: Graph showing channel currents for Vpu1−32 at different applied
voltages. Linear best fit lines for the main conductance state and principal
subconductance state are shown and other conductance states are omitted for

clarity.
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Figure 2.10: Graph showing the variation of the open time duration of chan-
nels formed by Vpu1−32 at different applied voltages. Linear best fit lines for
the main conductance state and principal subconductance state are shown and

other conductance states are omitted for clarity.
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Figure 2.11 shows the variation of the rate at which individual channel open-

ings occur at different applied voltages. The channel opening rate constant, k+i,

decreases with the decreasing magnitude of the applied voltage, indicating that

channel openings become rarer at voltages close to 0 mV.

The graph appears to be symmetrical in the y axis, suggesting that the behaviour

of the channel is not dependent on the applied voltage. However a previously pub-

lished study, which also presented some of the data from this thesis, identified an

asymmetrical increase in the channel open rate at increasing voltage [161]. A close

inspection of the data reveals that the asymmetry of the open rates becomes ap-

parent at applied voltages above ±100 mV. No channel recordings were performed

for this thesis at applied voltages greater than ±120 mv.
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Figure 2.11: Graph showing the variation of the open rate duration of channels
formed by Vpu1−32 at different applied voltages. Linear best fit lines for the
main conductance state and principal subconductance state are shown and other

conductance states are omitted for clarity.
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2.3.6 Vpu1−32 S24A Mutant Channel Traces

A peptide corresponding to the S24A mutant of Vpu1−32 was also reconstituted

into black lipid membranes. Channel openings were observed only at applied

voltages of ±120 mV and occured rarely (approximately one channel opening every

five minutes). Figure 2.12 shows a channel opening event recorded at -120 mV. The

conductance of the channel is higher than those obtained for the wild type channel.

The trace was deliberately left unfiltered to show that the black lipid membrane

itself appears to remain intact and that the irregular shape of the channel opening

is not caused by a local distortion of the black lipid membrane.

8 pA

10 s10 s

Figure 2.12: Channel trace for the S24A mutant of Vpu1−32 recorded at an
applied voltage of -120 mV. The trace was left unfiltered to show the lack of

destabilisation of the black lipid membrane.

2.3.7 Inhibition of in vitro channel activity

The effect of the addition of HMA, DMA and amiloride on the kinetics of Vpu1−32

in vitro channel activity was studied using wild type Vpu1−32 peptide reconstituted

into black lipid membranes. Figure 2.13 shows the channel traces of Vpu1−32 from

HIV-1 with increasing HMA. An initial visual inspection of the traces shows that as

the HMA concentration increases, the channel activity of Vpu decreases, however

contrary to the 2002 study of Ewart et al [73], it was not possible to achieve a

complete block of all channel activity. At concentrations above 100 µM, the black

lipid membrane became unstable.
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Figure 2.13: Channel traces for Vpu1−32 recorded at an applied voltage of
60 mV at increasing HMA concentrations. The experiment was repeated at a
range of positive and negative applied voltages, however only the 60 mV trace

is shown for illustrative purposes.

Figure 2.14 shows the effect of the addition of DMA on the channel activity of

Vpu1−32. As has been observed in previous studies, DMA decreases the channel

activity of the peptide, however it is not able to achieve a complete inhibition of

the channels at concentrations up to 100 µM [73].

Figure 2.15 shows the effect of the addition of amiloride on the channel activity of

Vpu1−32. An initial visual inspection suggests that the addition of the drug has

little effect on the channel activity of the peptide and multiple channel openings

are observed at all concentrations of amiloride.

The channel recordings of Vpu1−32 were analysed to determine the effect of the

addition of HMA, DMA and amiloride on both the mean open times and open

rates. Figure 2.16 clearly shows that the mean open time is reduced by both HMA

and DMA, although no effect was observed for amiloride. At 100 µM HMA the

mean channel open time is approximately one third of the value at 0 µM HMA.
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Figure 2.14: Channel traces for Vpu1−32 recorded at an applied voltage of
60 mV at increasing DMA concentrations. The increasing instability of the

bilayer at high drug concentrations can clearly be seen in the bottom trace.
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Figure 2.15: Channel traces for Vpu1−32 recorded at an applied voltage of
60 mV at increasing amiloride concentrations.
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Figure 2.16: Variation of mean open time for the main conductance state of
Vpu1−32 against concentration of drug across all applied voltages. Amiloride

(orange triangles), DMA (magenta squares), HMA (blue diamonds).

Insufficient data was collected to allow an analysis of the effect of HMA, DMA

and amiloride on the mean open time of the principal subconductance state. In-

sufficient data was collected to enable an analysis of the effect of increasing drug

concentration on open rate.
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2.4 Discussion

When reconstituted in black lipid membranes, peptides corresponding to the trans-

membrane (TM) domain of Vpu1−32 form ion channels which permit the flow of

ions across the membrane under an applied voltage. Discrete channel openings

are observed and more than one channel may open in the membrane at any one

time. The probability of a channel opening event occuring increases with applied

voltage, although the rate of channel closure appears to be independent of the

applied voltage. A notable property of the channels is the presence of multiple

conductance states, which has not been observed previously for the subtype B

isolate of Vpu [59, 73]. Transitions between conductance states are rare, and once

a channel has opened, the current through it remains constant until it closes.

The main conductance state of 17.5 pS is considerably lower than that reported

for the covalently bound tetrameric and pentameric assemblies reported in [153].

The subtype B isolate of Vpu used in [153] includes the deletion of a residue at

the N-terminus, and the substitution of a glutamate residue for Pro5. The higher

conductances reported may therefore reflect a more hydrophilic N-terminus, which

could provide additional stabilisation for ions flowing through the pore.

Mutation of residue Ser24 to an alanine residue resulted in the disappearence of ion

channel activity. Occasional openings were observed, and from the regularity of

their shape, it is probable that these are not caused by disruption to the membrane.

Ser24 is the only hydrophilic side chain in the centre of the transmembrane region,

which could provide stabilisation for ions passing through the pore, and its absence

would give rise to a highly hydrophobic channel lining. The severely reduced

frequency of channel openings compared to the wild type transmembrane peptide

may reflect a higher activation energy for the process of creating a hydrophilic

channel through the membrane.
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2.4.1 Models for Vpu channel opening and closing

Any model which attempts to account for character of the channels formed by

Vpu1−32 must be consistent with the observations reported above: specifically the

model must be able to account for the presence of subconductance states in the

channel recordings and the fact that transitions between states are comparatively

rare. Models for peptide ion channel gating generally fall into two classes - those

that envisage an oligomeric pore which remains intact on a timescale of minutes

and in which concerted motions of the monomers result in different conformational

states which correspond to the different conductance states (see section 2.4.1.1).

Alternative models which assume a more rapid equilibrium between monomeric

and multimeric states and that channel opening and closing events correspond to

association and dissociaton of the Vpu bundle (see section 2.4.1.2).

2.4.1.1 Semi-permanent bundle models

The helices-kink-to-open model envisages a closed form of the Vpu ion channel in

which the monomers are arranged symmetrically around a central pore, however

the individual helices are kinked close to the centre of the bilayer such that the

lumen is too narrow for ions to pass (figure 2.17A). A straightening of the helices,

possibly induced by the binding of an ion in the mouth of the channel, causes

the pore to open (figure 2.17B). The kink is then restored by the lateral pressure

imposed by the bilayer on the bundle [161]. The model is supported by some

experimental evidence; the structure of the α helical TM domain has been shown

to be kinked by both solid state NMR and molecular dynamics simulations at

residues Ile17 and Ser24 respectively [67, 162].

The helices-kink-to-open model has been used to explain the asymmetric voltage

dependence with respect to V = 0 mV of the open rates as observed by Mehnert

et al. in their 2007 paper [161]. As a kinked TM helix straightens, the C=O and
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Figure 2.17: Indicative diagram of helices-kink-to-open model for the pen-
tameric form of Vpu1−32 after [161] and [67]. For clarity only two of the five
helices are shown. A: closed state with all five Trp23 residues pointing towards
the channel lumen. B: open state with the Ser24 residues pointing towards the
channel lumen (after each monomer has rotated by 120◦). The diagram was

drawn using DS ViewerPro (Accelerys Inc.)

N-H bonds take up a more parallel alignment to the helix axis and the overall

helix dipole-moment increases. If the vector of an electric field is parallel to the

dipole-moment a stretched helix becomes energetically more favorable than the

kinked conformation whereas an anti-parallel orientation favours the kinked form

in a voltage-dependent manner. The trends observed by Mehnert et al. were not

confirmed by this study (which uses an identical peptide) and closer inspection of

the published data suggests that the effect is only apparent at applied voltages of

above 100 mV [161].

The helices-kink-to-open model is able to explain the existance of the subconduc-

tance states, since each conductance state would correspond to a stable oligomeric

conformation. The model is however unable to explain why transitions between

conductance states are so rare, since the activation energy for the straightening

or kinking of the helices is likely to be so low, that the channel would switch be-

tween open and closed state (and between conductance states) more rapidly than

is observed in the channel recording.

The helix-kink model has been suggested to explain the multiple conductance
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states observed in recordings of channels formed by gramicidin dimers. The tran-

sitions between the states have been attributed to small orientational changes of

carbonyl groups within the lumen of the pore [163, 164].

The helices-rotate-to-open model in which a concerted rotation of the helices within

the bundle to open the pore as also been proposed. Such pore open models envisage

a that in the closed state, the monomers are oriented so the Trp23 side chains point

towards the lumen, occluding the channel (figure 2.18A), while in the main open

state the monomers are rotated by 120◦ to allow the Ser24 side chains to face the

pore (figure 2.18B). Subconductance states may be explained by the incomplete

rotation of all of the helices or by rotation of only a few helices [70]. The energetic

barrier to rotation is high, since adjacent helical faces are predicted to move in

opposing directions and the side chains of β-branched aliphatic amino acids would

interlock to stabilise the oligomeric structure. The energy required to separate the

helices sufficiently so that the large Trp23 side chains can be moved from inside

the pore to facing the phospholipid acyl chains is unlikely to be fully compensated

for by ion binding at the mouth of the channel.

A B

Figure 2.18: Indicative diagram of the helices-rotate-to-open model for the
pentameric form of Vpu1−32 after [70] A: closed state with all five Trp23 residues
pointing towards the channel lumen. B: open state with the Ser24 residues
pointing towards the channel lumen (after each monomer has rotated by 120◦).

The diagram was drawn using DS ViewerPro (Accelerys Inc.)
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2.4.1.2 Rapid equilibrium models

An alternative model may be envisaged, in which the monomeric and pentameric

states of the protein are in a more rapid equilibrium than that assumed by the

models in the previous section. In this model, ion flow is permitted to occur when

the Vpu1−32 pentamer is intact and a channel closure event corresponds to the

disassociation of the oligomer. The presence of multiple conductance states may

be explained by the formation of non-symmetrical oligomers, which be less able to

stabilise an ion as it passes across the membrane. The different conductance states

may also reflect a different oligomeric state for the peptide. Transitions between

conductance states are not observed, since interconversion between conformer is

not possible unless the pentamer dissociates.

Some evidence for this model has been provided by channel recordings of template-

assisted synthetic peptides of an alternative isolate of subtype B Vpu (discussed

in section 2.1.3). Two conductance states are observed for the alternative iso-

late, and these correspond to the tetrameric and pentameric Vpu channels [153].

Alamethicin, a well characterised peptaibol, also exhibits channel activity when

reconstituted into BLMs. Multiple conductance states are observed, which have

been shown to correlate to different oligomerisation states of the peptaibol in the

membrane, although unlike the observations reported for Vpu1−32, transitions be-

tween conductance states are common [165, 166].

2.4.2 Comparison of inhibition data with previously pub-

lished work

The inhibition data presented in this chapter show that the addition of HMA to

both sides of the membrane results in a decrease in the probability of a chan-

nel being in an open state and a decrease therefore in the channel opening rate.
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Previous studies have indicated that HMA is able to completely block the Vpu

channel [73], however a complete block of channel activity was not observed. Both

DMA and HMA were able to reduce the mean channel open time for both the

main conductance state and the principal subconductance state, and the channel

opening rates were also decreased with increasing drug concentration.

The concentrations at which HMA and DMA were shown to be effective at reducing

channel activity are significantly higher than indicated by previous studies. In

their 2002 paper, Ewart et al. observed a complete inhibition of Vpu1−32 channel

activity after the addition of 100 µM HMA or 125 µM to both sides of the black

lipid membrane [73]. The channel openings inhibited by HMA and DMA in that

study are similar to those shown in figure 2.1, and may represent a destabilisation

of the membrane by the peptide, rather than true channel openings. The data from

the study would appear to be inconsistent with the 2004 study by Ewart et al. in

which an HMA concentration of 10 µM was found to suppress the accumulation

of viral DNA and RNA in cultured monocyte-derived macrophages. Together

with the data presented in this chapter, it would appear that although HMA does

inhibit the in vitro channel activity of Vpu, the drug may also affect other essential

pathways in the HIV-1 replication cycle [78].

Adamantane has been identified as an inhibitor of the p7 ion channel from Hep-

atitis C Virus (HCV) by electrophysiological studies of the protein reconstituted

into Black Lipid Membranes. Channel traces show that adamantane is able to

block the rapidly flickering currents through the membrane at a concentration of

10 µM [23]. A more recent study by Steinmann et al. which combined BLM

channel recording with in vitro cell culture assays, showed that adamantane did

not affect p7 ion channel activity at any concentration [151].

In a similar study, adamantane was found to inhibit the rapidly flickering ion

channel openings of the p7 channel from GB virus B, but did not inhibit the
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replication of the virus in an in vitro cell culture [99].

Together the findings of these experiments suggest that electrophysiological studies

which identify inhibitors of viral ion channel activity should be treated with some

caution. Transmembrane currents with rapidly fluctuating conductances may not

represent true ion channel openings, but may indicate leakage across the mem-

brane induced by the imperfect insertion of the peptides into the membrane. It is

suggested that many of the amphipathic drugs are able to prevent the leakage of

ions across the membrane, and it is this ability which may have previously been

misidentified as inhibition of channel activity [21].

Steinmann et al. also identified three iminosugar derivatives which inhibit both

the replication of p7 in in vitro cell culture assays and the regularly shaped channel

openings as observed in bilayer recording experiments. The ability to inhibit ion

channel activity increased with increasing hydrophobicity and there appears to be

no significant difference in the inhibitory potential of NN-DNJ and its stereoisomer

NN-DGJ [151].

The findings of Steinmann et al. are consistent with the results presented in

this chapter. The inhibitory potential of the members of the amiloride series in-

creases with increasing hydrophobicity and the probability of a the channel being

in an open state decreases with addition of the increasing concentrations of the

drugs [151]. The data do not however throw any light on the mechanism of inhi-

bition, and the possible alternatives will be explored in Chapters 4 and 5.
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2.5 Conclusion

A peptide corresponding to the transmembrane domain of Vpu from HIV-1 was

synthesised by solid phase peptide synthesis and was reconstituted into black lipid

membranes containing DOPC:POPE 4:1 . Channel openings were observed when

a transmembrane voltage was applied and the channel open probability increased

with increasing voltage. Vpu1−32 forms channels which are ohmic conductors of ion

flux, and no rectification was detected. The channel openings have a characteristic

square shape. Substitution of residue Ser24 by alanine abolished ion channel

activity, suggesting that this residue may have a role in stabilising the charge of

the ions as they pass through the pore or in allowing the channel to open and fill

with water.

Two amiloride derivatives HMA and DMA have previously been identified as in-

hibitors of Vpu [73]. The results presented in this chapter show that both molecules

are able to decrease the channel open probability, but cannot completely block

channel activity even at concentrations of 100 µM. A concentration of 100 µM

reduced the mean open time of the Vpu1−32 channel to approximately one third

of the value in the absence of the drug.

The findings presented in this chapter contradict earlier studies in which HMA was

shown to block channel openings which were characterised by rapid flickering [73].

The concentration of HMA at which an inhibitory effect is observed is considerably

higher than the concentration found to be toxic to HeLa cells, suggesting that HMA

itself is unlikely to be included as a constituent of a future anti-AIDS therapy. [78].
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Chapter 3

Channel Recordings of Vpu1−82

SUMMARY
The full length Vpu1−82 protein has been expressed as a fusion with Glutathione-S -
transferase in E. coli BL21 cells. The protein was purified by affinity chromatogra-
phy and cleaved with thrombin to yield Vpu1−82 alone. Vpu1−82 was reconstituted
into black lipid membranes and channel openings were observed under applied
voltages of between -120 mV and 120 mV. The channel openings are similar in
character to those recorded for Vpu1−32 with a main conductance state of 17 pS.
The probability of the channel existing in an open state increases with increasing
voltage. A more extensive range of conductance states is observed for the full
length protein than for Vpu1−32, which may indicate an increase in the number
of stable conformations of the oligomer. The position of the principal subcon-
ductance state is shifted to 12 pS (for Vpu1−82) from 13.5 (for Vpu1−32), which
may reflect changes in the conformation of the C-terminal end of the helix, caused
by the presence of the additional cytoplasmic helices. The study confirms that
channel activity of the full length Vpu protein may be detected in vitro.

3.1 Introduction

3.1.1 Glutathione-S -transferase fusion proteins

Glutathione-S -transferase (GST) is a 26 kDa soluble enzyme, commonly used to

assist the purification of peptides and proteins expressed recombinantly in E. coli .

The expression system requires the construction of a pGex plasmid, which contains

a fused gene consisting of the GST gene sequence from Schistosoma japonicum, a
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short linker sequence containing a cleavage enzyme recognition site and finally the

gene of interest followed by the appropriate transcription and translation termina-

tion sequences [167]. The plasmid also includes a gene for resistance to ampicilin.

Once the cell pellet containing the expressed protein has been collected, it is then

purified by affinity chromatography, using a column consisting of glutathione-

tagged Sepharose beads. The linker between the protein of interest and GST may

then be cleaved with a protease such as thrombin or TeV [168].

3.1.2 Aims of this study

The primary aim of this chapter was to express full length Vpu1−82 as a fusion

protein with GST in BL21 E. coli cells. The fusion protein has been purified by

affinity chromatography and cleaved using thrombin. The purified protein was

reconstituted into black lipid membranes and channel currents will be observed.

The conductance and kinetics of the Vpu1−82 channel are compared to the data

presented in Chapter 2 for Vpu1−32.

3.2 Materials and Methods

The pGex-Vpu plasmid containing a gene fusion between GST and Vpu was pro-

vided by Prof P. Gage (Australia National University, Canberra) (figure 3.1). The

pGex-Vpu plasmid was inserted into competent BL21 cells (Invitrogen) by heat

shock transformation (see Appendix B.2) [167]. Cells were grown in 3000 ml LB

medium containing 50 µg/ml ampicillin and the turbidity of the culture was fol-

lowed at 600 nm. Cells were induced by adding IPTG to a final concentration of

0.5 mM when 0.45 < A600 < 0.55. After four hours cells were harvested by cen-

trifugation at 6000 g for 30 min at 4 ◦C. (For buffer compositions see Appendix B.)
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Figure 3.1: Map of the pGex-Vpu plasmid, showing the position of the gene
for the GST-Vpu fusion protein in relation to the origin of replication and other

genes encoded by the plasmid.

Cells were washed with PBS buffer and were resuspended in 15 ml Buffer I. 200 µl

of 50 mg/ml lysozyme solution and 5 µl DNase I were added followed by 15 ml

Buffer II. The mixture was incubated at room temperature for 30 minutes, soni-

cated for 5x 30 s duty cycle 60% (MSE sonicator) and then centrifuged at 17000 g

for 30 min at 4 ◦C.

The supernatant was discarded and the pellet resuspended in 15 ml buffer III

and sonicated for 5x 30s duty cycle 60% (MSE sonicator) and then centrifuged at

19000 g for 30 min at 4 ◦C.

The pelleted inclusion bodies were washed with GHB buffer until white and then

diluted 1 in 10 into cold refolding buffer (50 mM Tris/HCl, 0.2 M NaCl, mM

DTT, 1 M NDSB 256) at 4 ◦C and the solution was slowly agitated overnight.

The solution was concentrated using a 10 kDa centrifuge concentrator (Amicron)

and dialysed into pH 7.5 Thrombin Cleavage Buffer (TCB).

The protein was applied to a GSTrap column (Amersham biosciences) and washed

with TCB pH 7.5. The protein was eluted using TCB + 10 mM reduced glu-

tathione and then concentrated to 1 ml and dialysed overnight into TCB pH 6.5.
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Cleavage of the GST-Vpu fusion protein was carried out overnight at room tem-

perature using 2 units bovine thrombin (Sigma).

The solution was then lyophilised and resolubilised in 500 ml TFE and then son-

icated for 10 minutes on a bath sonicator. 500 ml buffer B was then added. The

protein was purified by HPLC using a semiprep C4 column (Hichrom) and a gra-

dient of 80% buffer A 20% buffer B to 20% buffer A and 80% buffer B over the

course of one hour. (For buffer compositions see Appendix C.4.) The solvents were

removed by evaporation and lyophilising and the purified Vpu was resolubilised in

TFE to a concentration of 1 mg/ml. Although reconstitution of the protein with

a variety of different solvents and detergents was attempted, stable bilayers con-

taining the protein could only be successfully produced using TFE. TFE is known

to promote the formation of secondary structure in proteins and peptides [169].

3.2.1 Data Processing

Data were processed using the protocols described in section 2.2.3.

3.3 Results

3.3.1 Vpu1−82 expression and purification

The GST-Vpu1−82 fusion protein was expressed in BL21 E. coli cells, transfected

with the pGex-Vpu plasmid. The protein forms inclusion bodies in the bacterial

cells, which may be refolded using NDSB 256 to give a soluble protein with a high

α helical content (see figure 3.2).

Figure 3.3 shows the Western blot of the initial stages of expression and purification

from induction of the protein expression to cleavage of the protein with thrombin.
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Figure 3.2: Circular Dichroism spectrum for the purified, refolded GST-Vpu
fusion protein. The spectrum shows that the fusion protein has a high α helical
content and that the GST moiety has been refolded, making the protein suitable

for further purification by GSTrap affinity chromatography.

The fusion protein has a molecular weight of 35 kDa and Vpu1−82 has a molecular

weight of 9 kDa. Both the cleaved and uncleaved forms of the protein are visible

in lane 9 of the Western blot.

The cleavage reaction mixture was subsequently purified by HPLC. Figure 3.4

shows an silver-stained SDS PAGE gel of the purified Vpu1−32 showing the absence

of the fusion protein and a band at 9 kDa corresponding to the purified Vpu1−82.

3.3.2 Channel recording of Vpu1−82 reconstituted into black

lipid membranes

The solvent used for the HPLC purification was removed by evaporation under a

stream of nitrogen gas. The protein was then reconstituted into black lipid mem-

branes and transmembrane currents were measured. Figure 3.5 shows the channel

traces for Vpu1−82. An initial visual inspection shows that the current passing

through the channel increases and the rate of channel openings also increase with
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Figure 3.3: Western blot showing the stages of the Vpu1−82 purification pro-
tocol, using an anti-vpu antibody provided by Prof. K. Strebel (Bethesda, MD).
Uninduced cells (lane 0), induced cells after one hour (lane 1), induced cells af-
ter two hours (lane 2), induced cells after four hours (lane 3), insoluble protein
fraction (lane 4), insoluble protein fraction after removal of membrane proteins
(lane 5), refolded proteins prior to GSTrap chomatography (lane 6), GSTrap col-
umn wash (lane 7), GSTrap column elute (lane 8) and clevage reaction product

(lane 9).
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Figure 3.4: Silver stained SDS PAGE of the purified Vpu1−82.
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applied voltage. As was observed for channels formed of the Vpu1−32 peptide, the

channel openings take the form of square waves.
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-60 mV
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Figure 3.5: Channel recording traces for Vpu1−82 acquired at applied voltages
of between +120 mV and -120 mV.
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3.3.3 Conductance histogram

Figure 3.6 shows the normalised conductance histogram for channel recordings of

Vpu1−82. The histograms allows two distinct conductance states to be identified.

The main conductance state is clearly visible with a conductance of 17 pS, ac-

companied by a main subconductance state at 12 pS. The normalised frequency

of the closed state has been truncated at 0.33. Additional subconductance states

are also visible. A secondary subconductance state occurs at 11.5 pS and channels

may open with a conductance in the range from 3 pS to 8.75 pS. Subconductance

states have not previously been identified in channel recordings with Vpu1−32. The

origin of the different conductance states will be discussed in detail in section 2.4.1,

however the presence of multiple conductance states may suggest that the protein

is able to access different conformations or that the channel is able to conduct

different ions.
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Figure 3.6: Conductance histogram for Vpu1−32 The frequency of the closed
state is truncated at a normalised frequency of 0.33.
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3.3.4 I/V Curves for Main and Subconductance States

Figure 3.7 plots the channel currents for the main conductance state and principal

subconductance state against applied voltage. The conductance of each state is

given by the gradient. The readings for both states fit a straight line, demonstrat-

ing that the channels obey Ohm’s Law and that there is no rectification of the

transmembrane currents.

The data presented would appear to agree with the simplicity of the suggested

channel architecture, and given the limited number of hydrophilic groups which

are able to line the pore, it is not surprising that the channel adheres to Ohm’s

Law.
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Figure 3.7: Graph showing channel currents for Vpu1−82 at different applied
voltages. Linear best fit lines for the main conductance state and principal
subconductance state are shown and other conductance states are omitted for

clarity.
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3.3.5 Variation of rate constants with applied voltage

Figure 3.8 shows the mean open time for individual channel openings which occur

within the conductance ranges identified as being the main conductance state and

the principal subconductance state. The duration of individual channel openings

does not vary with the applied voltage. The mean length of the channel openings

across all voltages is 0.46± 0.04 s for the main conductance state. The principal

subconductance state appears to be less stable, with a mean open time of 0.43±

0.06 s. These data indicate that the conformation change which occurs to close

the channel is independent of the applied voltages.
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Figure 3.8: Graph showing the variation of the open time duration of channels
formed by Vpu1−82 at different applied voltages. Linear best fit lines for the
main conductance state and principal subconductance state are shown and other

conductance states are omitted for clarity.

Figure 3.9 shows the variation of the rate at which individual channel openings oc-

cur at different applied voltages. The channel opening rate constant, k+i, decreases

with the decreasing magnitude of the applied voltage, indicating that channel

openings become rarer at voltages close to 0 mV. Like the similar data presented
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for Vpu1−32, the graph appears to be symmetrical around the y axis, suggesting

that the conformational changes which occur to allow ions to pass through the

channel are not influenced by the polarity of the applied voltage.
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Figure 3.9: Graph showing the variation of the open rate duration of channels
formed by Vpu1−32 at different applied voltages. Linear best fit lines for the
main conductance state and principal subconductance state are shown and other

conductance states are omitted for clarity.
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3.4 Discussion

Vpu1−82 was successfully expressed as a fusion with GST, purified and cleaved to

leave a pure product. The protein was subsequently reconstituted into black lipid

membranes and channel currents were observed. Channel openings become more

numerous as the applied voltage increases and a number of different conductance

states is observed. The main conductance state is visible at 17 pS, a similar value

to that recorded for Vpu1−32 (see section 2.3.3).

3.4.1 Origin of the principal subconductance state

The major significant difference between the conductance at which the main sub-

conductance state occurs, which is substantially reduced relative to the Vpu1−32

peptide channels. Some models for channel functioning discussed in section 2.4.1 ,

and the most plausible explanation for the existence of the first subconductance

state is that it corresponds to the flow of Cl− ions through the channel, instead of

Na+ ions, which give rise to the main conductance state.

If this is correct, then this might explain why subconductance states are not ob-

served in channel recordings by the Opella lab, because their N terminus is different

and is more negatively charged, which might then repel Cl−.

The first cytosolic helix of Vpu has been shown by solid state NMR to lie on the

surface of the lipid bilayer and includes the residues from Lys32 to Ala52 [170].

In the full length protein, the linker region between the first cytosolic helix and

the transmembrane helix must make a 90◦ to allow the TM α helix to enter the

bilayer parallel to the membrane normal. The requirement for the sharp turn in

the protein structure must order the residues in the linker region and bend them

backwards away from the C-terminal mouth of the oligomeric channel. Given this
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arrangement, it is perhaps surprising that the tilt and structure of the transmem-

brane helix is unaffected relative to that of Vpu1−32 [67]. The reorientation of the

C-terminal mouth of the channel, would be expected to reduce the stability of Cl−

ions passing through the channel and therefore reduce the Cl− conductance.
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3.5 Conclusion

Vpu1−82 has been expressed as a fusion protein with Glutathione-S-transferase

in BL21 E. coli cells. The protein was refolded and purified by GSTrap affinity

chromatography and cleaved using bovine thrombin. Vpu1−82 was separated from

the cleavage mixture by HPLC and solubilised in 2,2,2-trifluoroethanol to promote

an α helical secondary structure. The protein was then reconstituted into Black

Lipid Membranes and transmembrane channel currents were observed.

The channel openings observed bear considerable resemblance to those obtained

using Vpu1−32 peptide. Square channel openings are observed which open at a

variety of different conductance states. A key difference in the profile of the con-

ductance histogram profile is the position of the main subconductance state, which

is positioned at 12 pS instead of 13.5 pS in the peptide channel recordings. One

possibility is that the main subconductance state corresponds to the flow of Cl−

ions through the channel and that the structural changes at the C-terminal mouth

of the channel which are induced by the presence of the two additional cytoplasmic

helices result a reduced ability to stabilise a negatively charged ion.
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Molecular Dynamics Simulations

SUMMARY
The interaction between drugs of the amiloride family and a model POPC bi-
layer has been probed by MD simulation. All three drugs are able to insert into
model membranes of POPC and remain in the bilayer over the course of a 10 ns
simulation. The positively charged guanidium groups of the drugs form a strong
electrostatic interaction with the lipid phosphate groups, which appears to restrict
the motion of the headgroups within a 0.8 nm radius of the drug (section 4.3.1.1).
The presence of the drug in the membrane, pulls the neighbouring lipids towards
the centre of the bilayer, allowing water to penetrate further into the membrane
than into bulk lipid. Control simulations were performed with both charged and
uncharged models of the toxin abietic acid, which is known to partition into mem-
branes and whose bilayer location and orientation has been determined by solid
state NMR. The interaction between HMA and a single Vpu1−32 helix was also in-
vestigated. HMA remains bound to the Trp23 sidechain over the course of a series
of 5 ns simulations, at a distance from the aromatic ring of Trp23, which would be
consistent with a π bond stacking interaction. Amiloride does not remain bound
to the Trp23 side chain.

4.1 Introduction

Molecular dynamics (MD) simulation has become an important computational

method for understanding the interelationship between the structure and function

of biological macromolecules [171–173]. It enables the motion of a thermodynamic

ensemble of complex molecules to be modelled, by approximating the physical

laws which govern a dynamic system. The study of larger and more complex
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systems has become possible as a result of recent advances in the speed and ca-

pacity of computer hardware and the development of faster and more accurate

software algorithms. The timescales available have increased to the point where

it is possible to simulate mesoscopic processes, such as vesicle fusion, with atomic

resolution [174]. Coarse-grained simulations allow more complex processes, such

as the assembly of a lipid bilayer around a membrane protein and helix dimeri-

sation, to be followed over simulation periods of up to 1 µs [175, 176]. Since the

accuracy of the calculations employed is deliberately compromised to reduce the

computational burden, MD simulations can never replace laboratory experiments,

however the combination of the two approaches often provides greater insight into

a biochemical problem than experiment alone.

4.1.1 Simulations of lipids and membrane proteins

Membrane proteins provide a considerable challenge to developers of simulation

software. Globular protein simulations are routinely performed by placing the

protein of interest in an empty box and applying a forcefield which implicitly ac-

counts for solvation effects. The presence of a phospholipid bilayer, whose physical

properties differ dramatically from bulk water, requires an alternative approach

to be used for membrane proteins. A number of different approaches have been

used to simulate a membrane environment, including the use of membrane-mimic

potentials, simplified and coarse grain bilayer models, and simulations in explicitly

modelled lipid bilayers. The explicit bilayer models are generally considered the

most successful, since the methodology makes no assumptions about the dielectric

properties of the system and allows the simulation of bilayers containing more

than one lipid type [177, 178].

Molecular dynamics has been most successfully applied to the small number of

membrane proteins for which high resolution structural information is available.
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However MD simulations must be used in combination with other computational

techniques, such as homology modelling or ab initio structure prediction, to gener-

ate suitable starting structures for membrane proteins for which a high resolution

structure is not available. The earliest simulations of this type attempted to study

the dynamics of single transmembrane α helices, to evaluate sequence-based sec-

ondary structure predictions and the roles of specific amino acids (such as aromatic

and proline residues) within a transmembrane domain [179, 180]. The oligomeric

state of several pore-forming peptides has been investigated by simulating ab ini-

tio peptide bundles of alamethicin, gramicidin, Vpu1−32 and δM2 of the nicotinic

acetylcholine receptor [16, 181–184].

4.1.2 Simulation studies of the TM domain of Vpu

Low resolution structural information for Vpu from a variety of experimental tech-

niques (including solution and solid state NMR, CD and FTIR spectroscopy) indi-

cates that Vpu has a single transmembrane α helix and two cytoplasmic α helices,

one of which is positioned on the surface of the membrane [47, 185–190]. Given

the lack of a high resolution structure for the transmembrane helix, most MD

simulations of the transmembrane domain of Vpu begin by fitting sections of the

primary protein sequence to an ideal α helix, which is then embedded in a model

phospholipid bilayer. In general, the simulations of Vpu have sought to charac-

terise the behaviour of TM monomers in a model membrane and the mode of

inhibition of ion flux by HMA.

4.1.2.1 TM domain monomer structure

Analysis of PISA wheel solid state NMR spectra and dipolar waves obtained from

aligned samples of Vpu2−30 reconstituted into DMPC:DMPG (9:1) bilayers, indi-

cates that residues 8 to 25 inclusive can be successfully modelled to an α helix,
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which is embedded in the membrane with an average helix tilt of 13◦ relative to the

bilayer normal, and that there is a 3◦ kink at residue Ile17 [67]. The Vpu TM helix

is able to adjust to decreases in bilayer thickness by increasing the tilt angle, al-

though contrary to expectations, the kink angle simultaneously decreases [67, 191].

A recent simulation study of the Vpu1−32 helix embedded in a variety of model

membranes showed that the helix tilt angle does increase in response to a decrease

in bilayer thickness, but that kink observed in the region of Ser24 and Ile20 also

increases, contrary to the experimental data (figure 4.1). The study also appears

to contradict X-ray and reflectivity data, from which a hydrophobic mismatch

between the peptide and bilayer has been inferred [192].

A B

Ser24

Ile17

C terminus

N terminus

Figure 4.1: Comparison of TM Vpu monomers from simulation and ssNMR
A: Superposition of 100 calculated backbone structures for Vpu2−30 as deter-
mined by solid state NMR data (reproduced from [67]). B: Vpu1−32 after
10 ns simulation in DPPC showing position of kink at residue Ser24 (repro-

duced from [162]).

4.1.2.2 Oligomeric structure

There is little experimental evidence available for the structure of the oligomeric

Vpu protein. Becker et al. used template-assisted solid phase peptide synthesis

to show that both tetrameric and pentameric assemblies of Vpu2−32 were capable

of conducting ions when reconstituted into black lipid membranes [153], and the
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research reported in Chapter 2 has showed that an S24A mutant of Vpu1−32 was

unable to conduct ions, suggesting that residue Ser24 is essential for ion trans-

port [193]. Models of the pentameric and tetrameric protein have been generated

using in silico docking, based on the assumption that the all of the helices have the

same topology and are arranged symmetrically around the channel lumen. Residue

Ser24 is generally shown facing the pore, and it has been suggested that it helps

to stabilise the ion as it passes through the membrane. Ser24 is highly conserved

between HIV-1 subtypes (see figure 1.3). Alternative models have been proposed

in which Ser24 faces the membrane and a ring of Trp23 residues lines the channel

lumen [70]. Steered MD simulations have also been performed, in which single

monovalent ions are pulled through Vpu1−32 tetramers and pentamers. These

simulations favour a pentameric structure in which the Ser24 residues face the

pore [69].

4.1.2.3 Mode of inhibition of ion flux

Simulation studies of the mode of inhibition of Vpu by HMA have focused pri-

marily on the binding of the drug within the lumen of a pentameric channel and

the blocking of ion flux by occlusion [76, 77]. The in silico docking program

AUTODOCK 2.0, which uses a Monte-Carlo algorithm to dock a flexible ligand

to an inflexible protein target in the absence of solvent or lipid, was used to iden-

tify binding sites for HMA and amiloride for both monomeric and pentameric

Vpu1−32 [76]. A binding site within the channel lumen was identified as the most

likely binding site for HMA (figure 4.2) in which the positively charged guanid-

ium group of HMA is positioned between two adjacent α helices of the pentamer

and a hydrogen bond is formed between Ser24 of a third monomer and the drug.

The same paper also identified residue Trp23 as a potential binding site for HMA,

based on π bond stacking interactions between the aromatic rings [76].
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Trp23

Ser24

Trp23

A B

Figure 4.2: Results of docking simulations reproduced from [76] A: Pentameric
bundle of Vpu2−33 with Trp23 and Ser24 in stick modus viewed from C termini.
The lowest energy conformation of HMA+ (CPK colour code in greyscale). B:
Close up view of the lowest energy conformation of HMA+ with monomeric

Vpu2−33. Pictures generated with PyMOL.

The in silico docking approach employed by the authors has a number of disad-

vantages: both lipid and water are absent from the simulations; the bonds of the

extended conjugated system of the drug are assumed to be able to rotate fully

and binding sites within the channel lumen are automatically favoured by the pro-

gram owing to non-specific contacts with other helices. Given the nature of the

extended delocalised electron system over much of the molecule, it is unlikely that

HMA would be as flexible as the AUTODOCK algorithm assumes. The results

do not satisfactorily explain why HMA inhibits ion flow and amiloride does not,

since both molecules are predicted to bind within the channel and there appears

to be little difference in the calculated binding constants for the two drugs [76].

4.1.3 Localisation of lipid-soluble molecules in model mem-

branes by MD simulation

The membrane locations of a number of drugs and other ligands have been investi-

gated by MD simulations. A one dimensional Potential of Mean Force for adaman-

tane, the inhibitor of the M2 H+ channel from Influenza A, across a POPC bilayer

was determined by umbrella sampling. Both protonated and neutral forms of the

drug are located preferentially within the lipid headgroup region of the bilayer and
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there appears to be a large barrier to movement across the centre of the membrane

for the protonated form [194]. The membrane location of the drug has also been

determined experimentally by solid state NMR. A change in the orientation of the

lipid headgroup in the presence of adamantane was observed by a change in the

anisotropy of the 31P chemical shielding and 14N quadrupolar interactions [150].

The membrane location of the steroid hormone cortisone has also been investigated

by MD simulation. Cortisone molecules were observed spontaneously inserting

into POPC bilayers over the course of a 25 ns simulation. Select electrostatic

interactions between the steroid and the lipid headgroups were found to drive the

insertion of the molecule into the membrane [195].

The Potential of Mean Force method has been used to investigate the location

of tryptophan and benzene in a POPC bilayer. Three separate binding sites for

indole rings were identified: at the lipid-water interface near the glycerol moi-

eties; adjacent to the choline moiety and in the centre of the hydrocarbon core of

membrane. The simulations showed that electrostatic interactions appeared to be

important in determining the location of tryptophan, including hydrogen bonding

to the lipid headgroups and cation-π interactions [196].

4.1.4 Force-field calculations

The calculations performed as part of an MD simulation use classical inter-atomic

potential energy functions to generate atom trajectories and velocities. The Born-

Oppenheimer assumption states that rapid fluctuations in the electronic structure

may be ignored, since these motions are fast relative to the motions of the atoms as

a whole. Electrons can therefore be assumed to be able to adapt instantaneously

to changes in the positions of atom nuclei and the physical attractions, such as

those originating from changes in the electronic structure (such as polarisability)

can be represented in terms of an effective inter-atomic potential, using functions
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dependent only on the positions of the constituent nuclei. The spectrum of energy

states is therefore described as a continuum rather than as a series of discrete steps

and Newton’s Laws of Motion are used to describe the simulation system [197,

198]. Atoms are treated as a set of point fractional charges connected by bonds

represented as harmonic oscillators.

The total energy of the system is given by Etotal

Etotal = Enon−bonded + Ebonds + Eangles + Edihedrals + Eimpropers (4.1)

Each component will be described in the following section. Each component of

Etotal is calculated for the interaction between each pair of atoms (i and j). The

non-bonded energy (Enon−bonded) is given by:

Enon−bonded = ELJ + Eelectrostatic (4.2)

Interactions between non-bonded atoms are represented by Eelectrostatic (the elec-

trostatic interactions) and ELJ (the Lennard-Jones atom pair interactions). rij is

the distance between the atoms, qi and qj the charges on the atoms, Aij and Bij

are Lennard-Jones parameters specific to that pair, and ε0 is the permittivity of

free space.

Eelectrostatic =
∑
i<j

qiqj
4πε0rij

(4.3)

ELJ =
∑
i<j

(
Aij
r12
ij

− Bij

r6
ij

)
(4.4)

The interactions between pairs of bonded atoms are responsible for preserving the

integrity of individual molecules within the simulation system. Ebonds describes the
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interactions for each bond, where κbij is the force constant for a bond of equilibrium

length b0
ij between atoms i and j, separated by the distance rij (See figure 4.3).

Ebonds =
∑
i,j

1

2
κbij(rij − b0

ij)
2 (4.5)

rij

i j

Figure 4.3: Approximation of a pair of bonded atoms by point charges (i and j)
connected by harmonic oscillator of length rij

Eangles describes the energy of the angle between two bonds, where κϑijk is the force

constant for a bond of equilibrium angle θ0
ijk between atoms i, j and k, separated

by an angle θijk. (See figure 4.4.)

Eangles =
∑
i,j,k

1

2
κϑijkl(θijk − θ0

ijk)
2 (4.6)

i

j

k

θijk

Figure 4.4: Approximation of three bonded atoms by point charges (i, j and
k) connected by harmonic oscillators with an angle θijk between them

Edihedrals describes the energy of the dihedral angle between two planes, as defined

by four atoms (i, j, k and l) where κϑijkl is the force constant for a dihedral of

equilibrium angle φ0
ijkl and nijkl is the periodicity of the rotation (e.g. n = 3 for

ethane and n = 2 for ethene). (See figure 4.5.)
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Edihedrals =
∑
i,j,k,l

1

2
κϑijkl

(
1 + cos(nijkl(φijkl − φ0

ijkl))
)

(4.7)

i

j k

l

Figure 4.5: Approximation of four bonded atoms by point charges (i, j k and
l) connected by harmonic oscillators with an angle between the planes ijk and

jkl of φijkl

Eimpropers is used to maintain molecular chirality and planarity by preventing ro-

tation around a bond between atoms. Like Edihedrals, it is defined by four bonded

atoms (i, j, k and l) where κωijkl is the force constant required to maintain the

improper dihedral at the equilibrium angle ω0
ijkl.

Eimpropers =
∑
i,j,k,l

1

2
κωijkl(ωijkl − ω0

ijkl)
2 (4.8)

4.1.5 Force fields

The total energy of the simulations system is defined by the forcefield, which

describes the system using the equations from section 4.1.4 and contains prede-

fined parameters including equilibrium bond lengths, force constants and atomic

charges. The potential energy functions and parameters used vary between dif-

ferent MD simulation programs. The simulations performed for this thesis use

the GROMOS forcefield as part of the GROMACS simulation software [199]. The
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GROMOS forcefield employs a united-atom approach, in which non-polar hydro-

gen atoms are not treated explicitly, but are instead included within the descrip-

tion of the associated carbon atoms, which are assigned larger van der Waals radii,

reducing the computational cost of the model [200].

4.1.6 Timestep

The motion of every atom within the simulation system simultaneously affects,

and is dependent on, the motion of the surrounding atoms. As a result the equa-

tions of motion are coupled and it is not possible to obtain an exact solution for

large systems. The timestep between successive calculations is therefore chosen to

be sufficiently small that the motion of a given particle neither influences nor is

dependent on the motion of any other particle. During this period, the motion of

each atom is assumed to be driven by a constant force. The length of the timestep

is chosen to be be sufficiently large that fast atomic vibrations can be ignored, but

sufficiently slow that bond stretching vibrations can be followed. The timestep

used in this study was 2 fs (10−15 s).

4.1.7 Periodic boundary of the simulation box

A typical MD simulation system consists of a cubic or rectangular simulation

box containing a finite set of atoms. The edges of the box are not defined as

boundaries or with a hard wall effect (e.g. a vacuum), but instead a periodic

boundary condition is used so that the simulation box is replicated through space

to form an infinite lattice (see figure 4.6).

Each copy of the box is surrounded in three dimensions by an identical copy of

the system and any molecule which moves out of the box, simply re-enters on the

opposite side. The distance at which the non-bonded interactions are cut off is set
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Figure 4.6: Indicative two dimensional slice of a periodic system The green
arrow and particle indicate that as a particle crosses the boundary on one side
of the box, it re-enters on the opposite side. The red circle and particle indicate

the cut-off boundary for non-bonded interactions.

to less than half the width of the box, so that interactions between particles are

only considered once within the system.

4.1.8 Maintenance of constant temperature and pressure

In a molecular dynamics simulation, the ensemble is defined as the set of atoms

and the associated thermodynamic parameters. In a standard simulation, both

the number of particles and the temperature of the system are kept constant and

the simulation is performed either at constant volume (a canonical ensemble) or

constant pressure (isothermal-isobaric or NPT ensemble). The NPT ensemble was

used for the work in this thesis, since it is considered to produce a more realistic

representation of membrane systems, in which the pressure applied by the mem-

brane on the protein is an important factor in maintaining protein stability [201].
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The temperature and pressure of the simulation must be regulated to prevent drift

from the initial values caused by errors in integration, equilibration and heating

from frictional forces. The Berendsen thermostat and barostat are commonly used

regulatory mechanisms which scale the velocities and coordinates of particles in

the system, whilst ensuring that local minor fluctuations in temperature can still

occur [202]. During production runs, it is often necessary to couple individual parts

of the system (e.g. protein, solvent, lipid) to different external baths to prevent

the temperature of one component changing while the overall temperature of the

system remains constant.

4.1.9 Long range non-bonded interactions

The non-bonded interactions in the system (electrostatic and van der Waals in-

teractions) must be considered over larger distances than the bonded interactions

and pose a significant computational challenge, since the number of non-bonded

terms increases as a function of the number of atoms. Given that the average

simulation contains tens of thousands of atoms, it is not feasible to calculate the

interactions for each pair of atoms in the system.

Van der Waals forces may be repulsive at short interatomic distances (owing to the

Pauli repulsion of overlapping electron clouds) and attractive at longer distances

(owing to the interactions between instantaneous and induced dipoles within elec-

tron clouds). Forcefields include potential functions which implicitly implement

quantum effects within a classical simulation. The Lennard-Jones and Buckingham

potentials are used to describe pairwise interactions and are typically truncated

with a cut-off [203].

A cut-off approach may also be used to calculate the electrostatic interactions,

requiring Coulomb’s law to be calculated for every pair of charged atoms within

a given distance. The distance should include as many interactions as possible

81



Chapter 4. MD simulations

while not being computationally too expensive, and the optimum radius has been

fiercely debated [204]. Smoothing functions can be used to reduce artefacts caused

by the truncation of the interactions, however cut-off methods are intrinsically time

inefficient unless they are combined with neighbour list algorithms to identifiy pairs

of atoms to be considered in the calculation.

The most accurate method for calculating Eelectrostatic is to solve the Poisson

equation iteratively, however this is not possible for large systems such as those

encountered in MD simulations. Ewald summation methods based on particle-

particle (PPPM) and particle-mesh (PME) algorithms are now commonly used

instead [205].
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4.1.10 Aims of this study

The mode of inhibition of Vpu by HMA has previously been studied using in sil-

ico docking simulations, which predict that the amilorides bind to the lumen of

the pentameric pore, occluding the channel. As discussed in section 4.1.2.3, the

algorithms used in such simulations are implicitly biased to favour a binding site

in the centre of the pore. Given the highly hydrophobic nature of the amiloride

series, it is plausible that the drugs may be able to partition into the membrane,

diffusing laterally within the lipid headgroups and binding to either the monomeric

or oligomeric form of the protein. This aim of this study is to determine the abil-

ity of members of the amiloride series to partition into the lipid bilayer and the

equilibrium binding position for the drug in the membrane. Abietic acid, a toxin

secreted by conifers as a defence against fungal pathogens, has been demonstrated

to partition into bilayers by solid state NMR, will also be simulated to act as a

control [206]. The study will consider binding sites on the protein, for which the

drugs are in intimate contact with both the lipid and the peptide. The study will

aim to observe differences in the drug-lipid and drug-protein interactions between

HMA, which inhibits Vpu and amiloride, which does not [73]. A similar mecha-

nism has been proposed for inhibition of the M2 H+ channel from Influenza A by

rimantadine, which has been shown to bind to a site on the outside of the channel

near residues Asp44 and Arg55 [89].

Molecular dynamics (MD) simulations have been used extensively to investigate

the interaction of small molecules with model bilayers. The general anaesthetic

halothane, has been observed to partition into a DOPC bilayer and to bind to

the Tyr277 residue of the α and δ subunits of the Torpedo nicotinic acetylcholine

receptor [207]. The inhibitor of the M2 channel from Influenza A, amantadine,

was shown to bind to the bilayer and this was subsequently proved experimentally

by solid state NMR [150].
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4.2 Materials and methods

The protonated structures of amiloride (3,5-diamino-6-chloro-N-(diaminomethylene)-

pyrazinecarboxamide), HMA (5-(N,N-hexamethylene) amiloride) and DMA (N,N-

dimethylene amiloride) were generated with DS Viewer Pro (Accelerys) and the

topology files for the GROMOS43a2 forcefield were generated using the PRODRG

server [208]. The drug molecules were then placed in a simulation box with a mem-

brane of 128 POPC molecules. The starting heights for each simulation are shown

in figure 4.7.

1

2

3

5

6

7

4

Figure 4.7: Diagram indicating the starting positions of HMA-flex and
HMA-stiff in the simulation cell. Seven simulations were performed with both
HMA-stiff and HMA-flex. Three simulations were performed with both DMA
and amiloride with the starting positions corresponding to numbers 1, 4 and 7.
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Monomeric and pentameric Vpu1−32 proteins were generated in silico using the

program X PLOR 3.1, based on a protocol described in detail elsewhere [69, 209].

This protocol generates ideal α helices (each helix having the sequence MQPIP

IVAIV ALLVV AIIIAI VVWSI VIIEY RK) based on a simulated annealing pro-

tocol with short molecular dynamics (MD) simulations. The monomeric helix was

placed in a bilayer of 210 1-palymitoyl-2-oleoyl-sn-glyerol-3-phosphatidylcholine

(POPC) lipid molecules in which a hole had already been generated by removing

enough lipids to avoid overlap with the helix [184]. The pentameric bundle was

placed in a bilayer of 128 POPC molecules in a similar fashion. The systems were

solvated by adding water.

Simulations were carried out using GROMACS v3.2.1 and v3.3.1 [200]. Simula-

tions were run at 300 K in an isothermal-isobaric ensemble. Periodic boundaries

were present and a Berendsen temperature and pressure coupling was chosen to

keep these parameters constant [202]. Long-range electrostatics were calculated

by the particle-mesh Ewald (PME) method for the unrestrained simulation and

by the cut-off method for the 800 ns simulation. Lennard-Jones and short-range

Coulombic interactions were cut off at 1.1 and 0.9 nm respectively. Bond lengths

were constrained using the LINCS algorithm [210]. The simple point charge water

model was used to describe the water in the simulation box [211], and the particle-

mesh Ewald method was used to model the electrostatic interactions in the system.

Simulations were performed on a Dell Precision 330 with a Pentium IV 1.5 GHz

processor and at the Oxford Supercomputer Centre.
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4.3 Results and Discussion

4.3.1 Location of HMA within a model membrane

Equilibrium MD simulations of HMA embedded in a POPC bilayer were performed

using Gromacs 3.2.1 and 3.3.1 [199]. Since the extent of the delocalised electron

system in the molecule is unclear, two different forms of the molecule were used:

one which assumed a minimal aromatic system and was highly flexible (HMA-flex),

and one which assumed the stabilisation of the positive charge on the guanidium

group by the delocalised electron system (HMA-stiff).

Figure 4.8 shows the bonds which were permitted to rotate in each model. The

guanidium moiety was assumed to be planar in both models [212], (see figure 4.9

for resonance structures). By analogy with phenylamine (aniline), the pK a of the

-NH2 group attached to the six-membered aromatic ring is likely to be greater than

9, implying that the group is positively charged in fewer than 1% of HMA molecules

at physiological pH (see figure 4.10 for resonance structures) [213], although the

apparent pK a is liable to change on insertion into the membrane [132]. The

seven-membered hexamethylene ring was assumed, by analogy with cycloheptane

(C7H14), to be fully flexible in both the HMA-flex and HMA-stiff models [214].

HMA-flex and HMA-stiff were initially subjected to a 1 ns equilibrium MD sim-

ulation in water to verify that the parameters had been appropriately assigned

(data not shown). Each structure was then placed into a simulation system con-

taining water and a POPC bilayer of 128 lipids. Both HMA-stiff and HMA-flex

were initially placed at the height of the phospholipid headgroups, approximately

3.5 nm from the centre of the bilayer.

Figure 4.11 shows snapshots of both HMA-stiff and HMA-flex embedded in the

lipid membrane. An initial visual inspection shows that both forms of the drug are
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Figure 4.8: Left: Diagram indicating the bonds allowed to flex and rotate in
HMA-flex (blue and red) and HMA-stiff (blue only). Right: key to numbered

atoms of HMA.
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Figure 4.9: Resonance structures of the guanidium group of HMA after [212].

N

N

N

NH2

Cl

RR

R1

2 3
N

N

N

NH2

Cl

RR

R1

2 3

N

N

N

NH2

Cl

RR

R1

2 3

+

+

- -

Figure 4.10: Some resonance structures for the six-membered aromatic ring
of HMA showing the origin of the planarity of the N4 and N15 atoms.
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located close to the lipid headgroups and that the orientation of the drug depends

on the parameter set used.

Figure 4.11: Snapshot of HMA-flex (left) and HMA-stiff (right) after 10 ns
simulation time. The guanidium groups of the drug models reside in approx-
imately the same location, however the orientations of the main part of the

molecule differ.

Figure 4.12 shows the positions of the both HMA-stiff and HMA-flex within the

membrane after 10 ns. An initial visual inspection reveals that, although both

models remain close to the distribution of specific atoms within the HMA-flex

and POPC simulation. The central atom of the guanidium headgroup (C18) is

located at the level of the central oxygen atom of the glycerol backbone (O14).

The N4 atom of HMA (attached directly to the six-membered aromatic ring) has

considerable flexibility in its position and its height in the simulation cell can vary

between 0.4 nm and 1.8 nm from the centre of the bilayer.

Figure 4.13 shows the distribution of specific atoms within the HMA-stiff and

POPC simulation. The C18 atom of the drug lies in an identical position to that

in the HMA-flex simulation, however the position of the N4 atom is markedly

different. The N4 atom lies closer to the centre of the bilayer in the HMA-stiff

simulations and the standard deviation of the vertical height is approximately half

that of the HMA-flex simulations.
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Figure 4.12: Density profile for specific HMA and lipid atoms across the mem-
brane for the HMA-stiff simulation.
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Figure 4.13: Density profile for specific HMA and lipid atoms across the mem-
brane for the HMA-flex simulation.
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The angle of the drug in the membrane is therefore dependent on the parameter

set used. Figure 4.15 shows the histogram of the angles of the vector NC (defined

in figure 4.14) to the plane of the bilayer over the final 5 ns of both the HMA-flex

and HMA-stiff simulations. At the end of the HMA-flex simulation, the drug lies

at a shallow angle of around 15◦ to the plane of the bilayer, whereas in contrast,

HMA-stiff lies perpendicular to the plane of the bilayer.
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C
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Figure 4.14: Definition of angle of vector NC to the plane of the bilayer.
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Figure 4.15: Histogram of the angle formed between the vector NC and the
plane of the lipid bilayer HMA-flex (red) and HMA-stiff (blue).
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4.3.1.1 Interaction between HMA and the phospholipid head groups

The guanidium group of HMA carries a positive charge which is stabilised by

resonance in both the HMA-stiff and HMA-flex models, and therefore has the

potential to interact with the polarisable and negatively charged lipid phosphate

groups [215]. Figure 4.16 shows the radial distribution function of water and lipid

groups around the central carbon atom of the HMA-stiff guanidium moiety over

the course of a 10 ns simulation, in which HMA was located in the lipid headgroup

region of a POPC model membrane. The height of the phosphate peak less than

0.5 nm away from the guanidum carbon suggests that the interaction between

two species is highly durable. A similar radial distribution is also observed in

simulations with the HMA-flex parameters (data not shown).
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Figure 4.16: Interaction between lipid phosphate groups and HMA guanidium
group lipid phosphate group (green), water O atoms (blue), glycerol backbone

O2 atom (red).

The general anaesthetic tetracaine has been shown to partition into DMPC and

DPPC membranes (see also section 1.7.3.1). The molecule is positioned so that

the tertiary amino group is located at the level of the lipid phosphate groups in

both the positively charged and neutral forms. It has been suggested that ionic
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and hydrophobic interactions between drug and lipid molecules are responsible for

determining the extent of partitioning of tetracaine into the membrane [111, 132].

Given the height of the C18 group within the simulation cell, it would be reasonable

to expect the guanidium group to interact with the glycerol backbone. (The

positively charged melittin peptide has been shown by neutron diffraction studies

to be located at the level of the glycerol backbone when inserted into a phospholipid

membrane [216].) The radial distribution function in figure 4.16 shows that the

interaction between the two groups is weak and transient. The strong interaction

between the HMA C18 atom and the lipid phosphate groups appears to distort

the bilayer, pulling the neighbouring lipid headgroups towards the centre of the

membrane and creating a local depression around the drug in the leaflet.

Figure 4.17 shows the interaction between two lipid phosphate groups and the

HMA guanidium group during the HMA-stiff simulation. Between 0 ns and 0.8 ns,

both lipids are free to diffuse laterally within the membrane before binding to HMA

on opposite sides of the molecule. The first lipid (blue) remains loosely bound to

the phosphate for 2 ns, while the second lipid (green) diffuses away again, before

returning to bind again to HMA for 3 ns. During the remainder of the simulation,

the close binding exchanges between these two lipid groups.

HMA also affects the motion of the phospholipid within 1 nm of the drug, by

restricting its freedom of movement. Figure 4.18 shows the histogram of the angles

adopted by the intramolecular vector linking the phosphate atom of the lipid

phosphate group with the nitrogen atom of the choline moiety to the XY plane of

the bilayer.

A previous study found that amantadine induced a similar decrease in the the

motions of the lipid headgroups [150]. The distribution of headgroup dipole angles

from the bulk lipid observed here are in good agreement with those from previous

studies [217].
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Figure 4.17: Interaction between lipid phosphate groups and HMA guanidium
group lipid phosphate group (green), water O atoms (blue), glycerol backbone

(red).

Fr
eq

ue
nc

y

0 20 40 60 80-20-40-60-80

Angle to XY plane / degrees

Figure 4.18: Histogram of the angles adopted by the vector connecting the
choline N and phosphate P atoms When HMA is absent (blue), when HMA is
present (red). Angles greater than 0◦ imply that the choline group is positioned
above the phophate and angles less than 0◦ imply that the choline group lies

further towards the centre of the bilayer than the phosphate group
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4.3.1.2 Membrane location of DMA and amiloride

The membrane locations of DMA and amiloride were also determined using equi-

librium MD simulations with Gromacs 3.2.1 [199]. The parameter files for DMA

and amiloride were generated using the PRODRG server [208], so that all of the

single bonds within both molecules were unable to rotate. Each molecule was

inserted into a POPC bilayer of 128 lipids, parallel to the plane of the membrane

at the level of the phospholipid headgroups, and subjected to a 10 ns equilibrium

MD simulation. Figure 4.19 shows the structures of the amiloride and DMA and

indicates the positions of labelled atoms.
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Figure 4.19: Structures of amiloride (A) and DMA (B). Atoms C18 and N4
are indicated.

Figure 4.20 shows snapshots of amiloride and DMA at the end of the simulation.

Both molecules adopt a similar location within the membrane to the HMA-stiff

model discussed above.

The density profiles for specific atoms of amiloride and DMA are shown in fig-

ures 4.21 and 4.22 respectively. Since amiloride is a smaller molecule than DMA,

it is expected that the motion of the molecule would be more influenced by the

motion of the surrounding lipid. As a result although the mean heights of the C18
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Figure 4.20: Snapshots of DMA (left) and amiloride (right) embedded in the
POPC bilayer after a 10 ns simulation.

and N4 atoms of both DMA and amiloride are similar, the standard deviations of

both parameters are greater for amiloride than DMA.
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Figure 4.21: Density profile for amiloride
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Figure 4.22: Density profile for DMA

4.3.1.3 Discussion

The simulations conducted here show that HMA, amiloride and DMA are able to

remain in a model phospholipid bilayer during the course of a 10 ns simulation.

There appears to be relatively little difference in the depth of penetration of the

drugs into the membrane, despite the presence of the hexamethylene ring attached

to the N4 atom of HMA, which might be expected to pull the molecule deeper

into the bilayer than the other two molecules.

There is some evidence that the larger size of HMA enables it to resist the mo-

tions of the surrounding phospholipids than either amiloride or DMA. Comparison

of the standard deviations of the C18 and N4 atom heights in figures 4.12, 4.21

and 4.22 shows that the position of HMA fluctuates less than that of DMA or

amiloride within the model membrane, and suggests that HMA might be more

effective at regulating the fluidity of the bilayer. Since the differences in the mem-

brane location and between the three drugs are small, it seems unlikely that HMA

specifically inhibits Vpu channel activity by altering the biophysical properties
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(including order and dynamics) of the bulk lipid, whereas DMA and amiloride do

not.

4.3.2 Insertion of HMA into membrane

HMA has been demonstrated above, to be able to reside in a model membrane

throughout the course of a 10 ns simulation. The insertion of the drug into the

bilayer was followed using a further series of equilibrium MD simulations. Based

on the analysis of a series of repeated simulations involving of both HMA-stiff

and HMA-flex into the membrane, the insertion process may be thought of as

having five distinct stages. The time taken for each stage is highly variable and

the process may pause on the boundary between stages.

Figure 4.23 shows the progress of a molecule of HMA-stiff into the membrane,

from its initial position above the bilayer, over a 10 ns simulation. The mean

positions of the choline nitrogen, phosphorus, glycerol O2 and acyl chain CH3

groups is shown. The z positions of the HMA N4 and C18 atoms are traced

against simulation time. An initial inspection of the figure shows that the first

group to interact with the membrane, is the C18 atom, positioned in the centre of

the HMA guanidium group, and that for the majority of the simulation time, the

molecule is inverted relative to the equilibrium position described in section 4.3.1.

For the remainder of this section, the insertion of a HMA-stiff molecule into the

membrane will be followed from its initial height 3.5 nm above the surface of

the membrane (corresponding to position 7 in figure 4.7). The simulation lasts

for 10 ns and the five stages of the insertion are spread over the entire duration.

Other simulations which have been performed have achieved total insertion of the

molecule within 2 ns.
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Figure 4.23: Progress of an HMA-flex molecule into a POPC bilayer over the
course of a 10 ns simulation. The heights of the N4 and C18 atoms of the drug
are plotted against simulation time. The mean heights of specific lipid atoms

are also plotted.

4.3.2.1 Stage 1 - diffusion through the aqueous phase

The first stage of the insertion process is the random diffusion of the drug molecule

from its original starting position through the aqueous phase until it reaches the

surface of the membrane. The length of this stage of the simulation may vary

considerably. In one simulation in which HMA-stiff was placed 3.5 nm above the

surface of the bilayer, the molecule remained at least 1 nm from the surface of the

membrane for the entire duration of the 10 ns simulation. In another simulation in

which the same HMA model was placed 3.0 nm above the surface of the bilayer, the

molecule made contact with the membrane within 250 ps. (The two simulations

differed only the initial seed numbers, which are used by Gromacs to generate

random numbers to be used in the simulation algorithms [200].)

Figure 4.24 shows the progress of a HMA-stiff molecule towards the surface of the

bilayer from its starting height of 3.5 ns above the membrane. The drug begins by

moving away from the nearest membrane surface and crosses the boundary with

the adjacent cell in the periodic system. The first stage ends with the formation of
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an electrostatic interaction between the N15 -NH2 of HMA (which carries a partial

positive charge) and the negatively charged phosphate group of a neighbouring

lipid (see figure 4.25).

0.0 ns 0.8 ns 1.2 ns 1.4 ns

Figure 4.24: Initial diffusion of HMA through the aqueous phase above the
bilayer. During the first 0.8 ns the drug diffuses away from the membrane
leaflet closest to it. Between 0.8 ns and 1.2 ns the HMA molecule crosses the

lower boundary of the simulation box and reappears above the membrane.

Figure 4.25: Formation of the electrostatic interaction between the N15 -NH2

group of HMA and the phosphate group of a neighbouring lipid after 1.2 ns

4.3.2.2 Stage 2 - vertical position in bilayer

The HMA-stiff molecule remains in a ‘head-down’ position, with its long axis at an

angle of 90◦ to the plane of the membrane and is then pulled downwards towards
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the centre of the bilayer, by the random vertical motions of the lipid molecule

attached to the N15 -NH2 group of the drug. Figure 4.26 shows the snapshots

of HMA as it enters the bilayer. The figure shows that the drug molecule has

considerable freedom to rotate around its long axis.

1.6 ns 1.8 ns 2.0 ns 2.2 ns

Figure 4.26: Initial diffusion of HMA through the aqueous phase above the
bilayer Between 0.8 ns and 1.2 ns the HMA molecule crosses the lower boundary

of the simulation box and reappears above the membrane.

Despite the proximity of the lipid headgroups to the guanidium group of the drug,

the electrostatic interaction observed in section 4.3.1 does not form. Figure 4.27

shows the radial distribution function for the lipid phosphate groups around the

C18 guanidium carbon atom for the duration of Stage 2. As the guanidium head-

group inserts into the membrane, it brings with it a population of water molecules,

which appear to screen the lipid phosphate groups from the positive charge and

prevent any interaction occuring. (Compare this diagram to figure 4.16, which

clearly shows a strong interaction between C18 of HMA and the phosphate group

of a neighbouring lipid.)

4.3.2.3 Stage 3 - reorientation to lie flat on membrane surface

Stage 2 ends once an electrostatic interaction forms between the C18 guanidium

carbon and the phosphate group of a neighbouring lipid molecule. Throughout
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Figure 4.27: Radial distribution function showing the interaction between lipid
phosphate groups and HMA guanidium group for the duration of Stage 2. Lipid

phosphate group (shown in green) and water O atoms (blue).

Stage 3 therefore, the drug is bound to two lipid molecules: one bound to the

positively charged guanidium carbon atom (Lipid 1) and the other to the N15 -NH2

group (Lipid 2). Figure 4.28 shows snapshots of the simulation during Stage 3 as

the drug molecule inserts further into the bilayer and twists to lie parallel to the

plane of the membrane. The reorientation of the drug occurs as a result of the

opposing motions of the two lipid molecules, which combine to create a turning

force. As Lipid 2 moves towards the centre of the membrane, Lipid 1 moves away

from it. As this process occurs, the HMA-stiff molecule twists to prevent Lipid

2 from being trapped underneath the molecule. The third stage of the insertion

process ends as the drug molecule lies flat just below the surface of the bilayer.

Figure 4.29 shows the radial distribution function for water and phosphate around

C18 throughout the simulation. When compared to figure 4.27, it is clear that

an interaction between the lipid phosphate and the C18 atom of HMA occurs in

Stage 3, which is absent in Stage 2.

101



Chapter 4. MD simulations

2.3 ns 2.6 ns 3.0 ns 3.6 ns

Figure 4.28: Snapshots of the insertion of HMA into the POPC bilayer during
Stage 3 There is considerable lateral motion of the molecule during this period,
however the two lipid phosphate groups remain attached to the drug throughout.
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Figure 4.29: Interaction between lipid phosphate groups and HMA guanidium
group for the duration of Stage 3 lipid phosphate group (green) and water O

atoms (blue).

102



Chapter 4. MD simulations

4.3.2.4 Stage 4 - reorientation continues

At the end of Stage 3, the HMA molecule lies parallel to the surface of the mem-

brane and is bound to both Lipids 1 and 2. Figure 4.30 shows snapshots of the

progress of the drug into the membrane throughout Stage 4.

4.2 ns4.0 ns3.8 ns

Figure 4.30: Snapshots of the insertion of HMA into the POPC bilayer during
Stage 4 There is considerable lateral motion of the molecule during this period,
however the two lipid phosphate groups remain attached to the drug throughout.

Figure 4.31 shows the radial distribution function around the HMA guanidium

group carbon atom for the duration of Stage 4. The figure clearly shows that

the electrostatic interaction between the drug and Lipid 1 is transient. The final

reorientation therefore occurs with only Lipid 2 permanently attached to the drug.

4.3.2.5 Stage 5

Stage 5 is the final stage reached by all of the simulations which involve a drug

inserting into the membrane from the aqueous phase, however it is not the same

as the conformation described in section 4.3.1. At the start of Stage 5, the elec-

trostatic interaction between the C18 of the drug and the lipid phosphate reforms

(see figure 4.32), however the other electrostatic interaction also remains present.
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Figure 4.31: Interaction between lipid phosphate groups and HMA guanidium
group for the duration of Stage 4 lipid phosphate group (green) and water O

atoms (blue).
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Figure 4.32: Interaction between lipid phosphate groups and HMA guanidium
group for the duration of Stage 5 lipid phosphate group (green) and water O
atoms (blue). The interaction persists through the remainder of the simulation.
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It is not clear whether Stage 5 represents the final stage of the insertion process, or

whether it is simply an intermediate before the HMA establishes the orientation

described in section 4.3.1.

Figure 4.33 shows the density profile of specific atoms across the membrane for

the duration of Stage 5, which reveals a more oblique angle for the drug than that

in figure 4.12.
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Figure 4.33: Interaction between lipid phosphate groups and HMA guanidium
group for the duration of Stage 5 lipid phosphate group (green) and water O
atoms (blue). The interaction persists through the remainder of the simulation.

4.3.2.6 Movement of HMA from the core of the bilayer to lipid head-

group region

Simulations of 10 ns were also performed with both HMA-stiff and HMA-flex mod-

els in which the drug was initially positioned in the core of the bilayer, in the region

occupied by the lipid acyl chains. Drug molecules placed within this region moved

towards the lipid headgroup region, eventually adopting the position described

in section 4.3.1. Figure 4.34 shows the progress of an HMA-stiff molecule from
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the centre of the membrane to the lipid headgroup region over the course of the

simulation. The lateral motion of the lipid acyl chains appears to be responsible

for driving the drug from its initial starting position. No inversion of the orien-

tation of the drug is observed in any of the simulations with either HMA-flex or

HMA-stiff.
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Figure 4.34: Progress of an HMA-stiff molecule from the hydrophobic interior
of a POPC bilayer to the lipid headgroup region over the course of a 10 ns
simulation. The heights of the N4 and C18 atoms of the drug are plotted against

simulation time. The mean heights of specific lipid atoms are also plotted.

4.3.2.7 Conclusion

The simulations presented show that HMA, is able to insert into a phopholipid

bilayer from the aqueous phase to reside within the lipid headgroup region. Con-

trary to initial expectations, the first part of HMA-stiff molecule to make contact

with the phospholipid bilayer is the positively charged guanidium group rather

than the hydrophobic hexamethylene ring. The strong electrostatic interaction

between the negatively charged lipid phosphate group and the N15 -NH2 HMA,

persists throughout the remainder of the simulation and the drug is therefore

unable to adopt a position at 90◦ to the plane of the membrane, observed in the
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earlier simulations and instead lies tilted at an angle of approximately 60◦. Surpris-

ingly, the interaction between the C18 guanidium carbon and the lipid phosphate

groups, which was identified in section 4.3.1, does not form until Stage 3 and is

then broken during Stage 4. A combination of forces appear to work together to

draw the molecule into the bilayer from its initial position in the aqueous phase.

When an HMA molecule is placed in the hydrophobic interior of the bilayer, it also

moves to reside in the lipid headgroup region. The driving force for this process

appears to be the lateral motion of the lipid acyl chains. The final orientation

adopted by the drug is similar to that described in section 4.3.1.

4.3.3 Location of abietic acid within a model membrane

To assess the validity of the predictions of the simulations described above, a series

of simulations was performed to determine the membrane location and orientation

of abietic acid, a major component of the oleoresin produced by several species of

conifer as a defensive secretion against insect and fungal pathogen attack [218].

Abietic acid is thought to act as a neurotoxin by initiating membrane depolari-

sation and may induce chronic and acute lung disease in humans [219, 220]. Its

location within a model membrane of egg yolk lipid has previously been deter-

mined by solid state NMR [206]. The molecule has a single carboxylic acid group,

which is the only polar part of the molecule and a system of three interconnected

non-aromatic carbon rings, which form the hydrophobic part of the molecule. 13C

spin-latice relaxation times suggest that all carbon atoms within the molecule lie

within 1.0 nm of the membrane surface [206]. Abietic acid was chosen as a con-

trol for this series of experiments, because it has the opposite charge to HMA

and because the long axis of the molecule lies almost parallel to the plane of the

membrane, unlike the HMA-stiff model, which lies perpendicular to the plane of

the membrane.
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Figure 4.35: Structural formula of abietate (the negatively charged form). The
atom numbering is consistent with that in [206].

Abietic acid may exist in two forms - as an uncharged carboxylic acid and with

a negatively charged carboxylate ion (depending on the pH of the surrounding

solution). Simulations were performed with both forms of the drug, (since a pop-

ulation of abietic acid molecules in the membrane, is likely to exist in equilibrium

between the charged and uncharged forms). There appears however, to be lit-

tle difference between the membrane locations and orientations of the two forms.

Figure 4.36 shows a snapshot of the simulation of the negatively charged abietate

ion in a POPC membrane of 128 lipids after 10 ns. Both forms of the toxin lie

close to the surface of the membrane with the longest axis of the molecule lying

approximately parallel to the plane of the membrane.

Figure 4.36: Snapshot of the negatively charged form of abietic acid in a
POPC bilayer after a 10 ns equilibrium simulation.
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Figure 4.37 shows the distribution of numbered atoms of abietate across the mem-

brane throughout the simulation (see also figure 4.35). Despite the spacing of the

different groups in the toxin molecule, most of the atoms lie at approximately the

same height as the glycerol backbones of the bulk lipid.
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Figure 4.37: Distribution of atoms of the negatively charged form of abietic
acid across the bilayer.

Table 4.1 compares the measured distance between the top of the bilayer and

specific groups within the toxin molecule as measured by solid state NMR [206],

and by the MD simulations reported in this chapter. The results of the simula-

tions with both abietic acid and abietate are given, however the solid state NMR

measurement presumably include populations of both the charged and uncharged

forms. The top of the bilayer in the MD simulations was defined as the mean

height of the lipid phosphorus atoms. The table shows clearly that in the MD

simulations, the neutral form of the toxin lies 0.02 nm closer to the centre of the

bilayer than the negatively charged abietate ion. There is some discrepancy be-

tween the absolute heights of the toxin in the membrane, however the angle of the

drug appears to be consistent with the MD simulations of the two forms.
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Table 4.1: Table showing the distances of abietic acid atoms from the surface
of the bilayer, as determined by solid state NMR and simulation studies.

Atom number Distance below top of bilayer / nm
NMR MD (abietate) MD (abietic acid)

C13 0.60 0.80 0.82
C7 0.22 0.43 0.45
C19 0.20 0.40 0.43
C5 0.18 0.38 0.41

4.3.3.1 Conclusion

The MD simulations performed with abietic acid were intended to act as control

simulations to assess the validity and reliability of the simulations involving HMA,

DMA and amiloride reported in section 4.3.1. Abietic acid was proven to be a

useful control molecule, since the angle that the toxin adopts in the membrane

is approximately perpendicular to that adopted by HMA-stiff, despite the fact

that there is little flexibility in the two molecules. The position of the toxin in

the membrane, predicted by MD simulations of both the charged and uncharged

forms of the molecule, were consistent with solid state NMR measurements of

abietic acid in egg yolk lipid membranes.
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4.3.4 Interaction between HMA and Vpu

Previous computational studies have suggested that HMA is able to bind directly

to Vpu, and have generally considered a binding site in the channel lumen, con-

sistent with an inhibition-by-occlusion mechanism, as the most plausible [76, 77].

Docking simulations have also suggested that HMA may be able to bind to the

side chain of Trp23, a residue which, although not essential for ion conduction, is

highly conserved across HIV-1 subtypes and is predicted to lie on the outside of

the Vpu oligomer (see figure 4.2) [76, 193]. These docking simulations have been

in the absence of lipid and water, with a fully flexible HMA (analagous to the

HMA-flex model defined in figure 4.8 ). However it has been suggested that the

Trp23 sidechain is fully accessibly to lipid-solubilised HMA and amiloride [77, 193].

5 ns equilibrium MD simulations were therefore performed to determine whether

the HMA-stiff was able to bind and remain bound to the aromatic sidechain of

Trp23, when embedded in fully-solvated POPC bilayer, as a new sophistication of

the HMA-Vpu interaction.

4.3.4.1 Generation of starting structures

The accuracy of simulations which attempt to dock drug molecules to short pep-

tides such as Vpu1−32 has been challenged [221]. Attempts to generate suit-

able starting structures for this series of simulations using the docking programs

AutoDOCK 4.0 and MOE [222], were unsuccessful (data not shown) and so both

HMA-stiff and amiloride were placed adjacent to the aromatic rings of the Trp23

sidechain, so as to ensure a maximum overlap between the two groups. The per-

pendicular separation between the aromatic systems was set as the sum of the van

der Waals radii of two adjacent non-bound carbon atoms. The ’bound’ structures

were then embedded in a POPC bilayer of 128 lipid molecules and solvated.
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4.3.4.2 Differences in the interactions of the drugs and Trp23

Figure 4.38 shows snapshots of the systems at the start and end of the equilib-

rium simulation production runs, after the processes of energy minimisation and

equilbration. The snapshots show that amiloride does not remain bound to the

Trp23 sidechain, however HMA does remain bound throughout the simulation.

The difference in the tilt angle of the helix is also pronounced, and in the pres-

ence of HMA, the Vpu1−32 helix begins to bend over, whereas the helix in the

amiloride simulation remains more or less straight. Also visible in figure 4.38 is

the pronounced difference between the angle of the Tyr30 sidechain in the two

simulations.

0 ns 5 ns

5 ns0 ns

A

B

Figure 4.38: Snapshots of simulations with the amiloride (A) and HMA (B)
and Vpu1−32 A: Vpu1−32 monomer with amiloride bound to residue Trp23 after
0 ns and 5 ns. B: Vpu1−32 monomer with HMA bound to residue Trp23 after
0 ns and 5 ns. The drug molecules and residues Tyr30 and Trp23 are shown in
stick modus, with CPK colour coding. Lipids and water molecules are omitted

for clarity. Images prepared using VMD [223].
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Figure 4.39 shows the displacement between the centre of the Trp23 side chain

and the aromatic system of the drug. HMA-stiff remains bound to the sidechain

of Trp23 throughout the course of all simulations, however amiloride was unable

to bind stably to Trp23 in any simulation.
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Figure 4.39: Distance between the centre of the drug molecules and Trp23
Amiloride (blue) and HMA-stiff (red).

The binding of HMA to residue Trp23 has a profound affect on the interaction be-

tween the lipid and the protein. Figure 4.40 shows the a snapshot of the simulation

taken after 2.5 ns. Although the drug molecule is located below the average posi-

tion of the phospholipid headgroups in the simulations, the guanidium head group

remains strongly bound to the phosphate group of the adjacent lipid molecule.

The guanidium group pulls the phoshopholipid head group both downwards to-

wards the centre of the bilayer and also outwards away from the α helix of the

peptide, which in turn creates a water pocket around the C-terminal end of the

peptide. (The water pocket around residue Val25 is clearly visible in figure 4.40.)

4.3.4.3 Affect of HMA binding on Tyr30

Figure 4.41 shows the difference in the radial distribution function for all lipid

phosphate groups in both the presence and absence of HMA around the Tyr30

sidechain. In the absence of HMA, the aromatic ring of Tyr30 interacts strongly
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Figure 4.40: Snapshot of HMA bound to residue Trp23 after 2.5 ns. The
guanidium head group of HMA remains bound to the phosphate group of the
adjacent lipid molecule, creating a water pocket around the C-terminal end of
the peptide. Bulk lipids and water molecules are omitted for clarity. Image

prepared using VMD [223].

with the phosphate group of an adjacent lipid to which it is bound throughout

much of the simulation, appearing to form an anion-π interaction of 0.4 nm in

length. The radial distribution function changes dramatically when HMA is bound

to Trp23, and the interaction between the phosphate group and Tyr30 is abolished.
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Figure 4.41: Radial distribution function for the lipid phosphate groups around
the Tyr30 side chain. When HMA is absent (blue), when HMA is present (red).

114



Chapter 4. MD simulations

4.3.4.4 Affect of HMA binding on helix secondary structure

The secondary structure of the Vpu1−32 helix appears to be little affected by

the presence of the HMA drug bound to Trp23. The binding of HMA to side

chain Trp23 appears to have little affect on the stability of the Vpu1−32 α helix.

Figure 4.42 compares the root mean square deviation of the peptide in the presence

of HMA and amiloride from an ideal helix. This is somewhat surprising, since it

might be expected that the C-terminal end of the helix would unwind in the

simulation with HMA.
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Figure 4.42: Root mean square deviation of the Vpu1−32 helix throughout the
simulation. in the absence of HMA(blue), in the presence of HMA (red).
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4.4 Discussion

The mode of inhibition of the Vpu ion channel by 5-(N,N -hexamethylene) amiloride

(HMA) has been investigated by in this chapter by molecular dynamics (MD)

simulations. Earlier computational studies (without lipids or hydration) have sug-

gested a pore occlusion mechanism, in which the drug binds to the channel lumen,

thus preventing ion flux [76, 77].

Like many inhibitors of eukaryotic ion channels (see section 1.7.3), drugs of the

amiloride family are amphipathic and their structure suggests that they should

be able to partition into phospholipid bilayers and to be able to reach integral

membrane proteins by lateral diffusion in the membrane. This property presents

two alternative mechanisms of inhibition: that HMA inserts into the phospholipid

bilayer and affects the order and dynamics of the lipid, reducing the probability

of channel formation and/or opening and that HMA binds to residues on the

outside of the channel, either destabilising the tertiary structure of the protein

or reducing the probability of channel opening. A similar mechanism has been

suggested previously for the inhibition of ion flux through the nAChR by general

anaesthetics [131]. The simulations presented throughout this chapter have aimed

to detect differences in the ways in which amiloride (which does not inhibit Vpu

channel activity) and HMA interact with a model membrane and Vpu1−32.

4.4.1 Interaction of drugs with model membrane

Equilibrium MD simulations have been used to investigate the interaction be-

tween three members of the amiloride family of drugs and a model bilayer. A

series of 10 ns simulations were performed to observe the insertion of the drug

molecules into a POPC bilayer, and to determine the equilibrium position within

the membrane (sections 4.3.1 and 4.3.2). The simulations predict that the drug
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molecules are able to insert into a pure POPC bilayer and reside at the interface

between the hydrophilic and hydrophobic regions, (in common with many other

lipophiles [150, 206, 224, 225]). A strong electrostatic interaction between the

lipid phosphate group and the positively charged guanidium group of the drugs

was observed, and the presence of the drug appears to restrict the motion of the

phospholipid headgroups. There also appears to be a greater penetration of water

molecules into the lipid headgroup region than into the bulk lipid. There ap-

pears to be little difference between the interactions of HMA and amiloride with

the model membrane, suggesting that HMA does not inhibit Vpu by altering the

biophysical properties of the bulk lipid.

4.4.2 Interaction of drugs with Trp23

The interaction between the drugs and the aromatic residue Trp23 of Vpu was

also investigated by MD simulation. The residue is predicted to lie on the external

face of the pentameric channel, facing the lipid membrane [76, 193]. Simulations

performed with a single Vpu1−32 α helix embedded in a POPC bilayer, predict

that whilst HMA binds strongly to Trp23, amiloride does not (section 4.3.4). The

binding of HMA to Trp23 has a profound effect on the organisation of the lipids

immediately surrounding the helix. The phosphate group of the lipid bound to

the guanidium group of the drug, is pulled towards the centre of the bilayer,

residing ?̃ Å from the expected position, creating a water-filled pocket around

residue Val25. Although it has not been possible to simulate these results with a

pentameric Vpu1−32 bundle, it is likely that the development of an aqueous pocket

destabilises the tertiary structure of the channel, thus preventing ion flux. Water

is known to penetrate the annular lipid region surrounding the nAChR to a lesser

degree than that of bulk lipid [123]. If Vpu has a similar requirement for an anular

lipid region, which HMA is capable of disrupting, then this may also provide a

mechanism of inhibition.
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It is highly likely that the binding of HMA to the outside of the Vpu channel

would affect the channel kinetics. The dramatic change in the position of the

phospholipids and the increase in the depth of water penetration into the bilayer,

which these simulations suggest occurs on the HMA to Trp23, may also destabilise

the oligomeric state of the channel, and since Trp23 is likely to help to anchor Vpu

within the bilayer [20], the positioning and stability of the monomer within the

bilayer might also be affected.

4.4.3 Evaluation of proposed mechanisms of inhibition

Several well characterised inhibitors of ion channels are able to partition into

phospholipid bilayers (see section 1.7.3). Rimantidine, the inhibitor of the M2

ion channel from Influenza A has been shown by solid state NMR to bind to the

outside of the tetrameric channel, in close proximity to residues Asp44 and Arg45,

creating a polar patch in a highly hydrophobic region of the protein [89] (although

it appears that the adamantane binds within the channel lumen [226]). Hanatoxin,

an amphipathic allosteric inhibitor of voltage-gated K+ channels also binds to an

external site [227, 228]. Many of the inhibitors of the n-acetyl choline receptors

described in section 1.7.3 also appear to bind to the outside of the channel. The

composition and dynamics of the immediate lipid environment of nAChR receptors

appears to be important for the correct functioning of the channel and the addition

of a drug molecule with the ability to perturb that environment affects the channel

gating [119, 131].

There are implications for drug binding to the outside of the channel on the mecha-

nisms of channel opening and closing discussed in section 2.4.1. Unlike the nAChR

receptor which has twenty TM α helices per channel, of which only five line the

pore [117], current models of Vpu suggest that the pore-lining helices are also ex-

posed to the bulk lipid of the membrane [70] and so a change in the environment
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on the outside of the channel is likely to be rapidly communicated to the inside

of the channel, however in the simulations reported in this chapter, the binding of

HMA to Vpu1−32 did not appear to have a significant effect on the helix secondary

structure.

Several mechanisms of channel opening and closing have been proposed and dis-

cussed in section 2.4.1. The different mechanisms are likely to be affected by the

binding of HMA to residue Trp23. The helix-rotation mechanism of channel open-

ing (in which simultaneous rotation of the TM α helices occurs to move the bulky

Trp23 residues into and out of the centre of the pore) is likely to be impaired,

although the binding of the drug to Trp23 would appear to favour and prolong the

open state of the channel (with Ser24 residues lining the lumen) (see figure 2.18).

It is difficult to assess the affect of HMA binding on the helix straightening mech-

anism of channel opening, however the binding of HMA may alter the lateral

pressure profile of the membrane, and thus affect the rate of closure. The models

which envisage a more transient oligomeric bundle, which breaks apart to stop ion

flow are likely to be more seriously affected, since the increased water penetration

around the helices is likely to affect the kinetics and thermodynamics of bundle

formation.
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4.5 Conclusion

The interactions between HMA, DMA, amiloride and a model phospholipid bilayer

were investigated by MD simulations. Two different parameter sets were used for

HMA, the first in which all single bonds were allowed to rotate freely and a second

in which the delocalised electron system was extended from the six-membered

aromatic ring to the guanidium group, thus rendering the molecule rigid. The drug

molecules were observed to partition into the membrane unaided and to adopt a

stable position within the bilayer. In simulations which employed the HMA-flex

parameter set, the molecule was observed to lie almost exclusively within the lipid

headgroup region, orienting its long axis parallel to the plane of the membrane. In

simulations which employed the HMA-stiff parameter set, the molecule remained

in the extended conformation, with its long axis perpendicular to the plane of the

bilayer.

Simulations of amiloride and DMA embedded in a POPC bilayer were also per-

formed using a similar parameter set to that of HMA-stiff. A key feature of the

interaction of all four drug models with the membrane is the strong electrostatic

interaction between the positively charged guanidium group and the negatively

charged lipid phosphate groups. Control MD simulations were performed with

abietic acid. The predicted membrane locations of these drugs closely matched

their experimentally determined positions [206].

The four drug models were all observed to partition into the membrane from the

aqueous phase within 1 ns of the start of the simulations. A model for the insertion

of an amphipathic molecule into a lipid bilayer has been developed.

The interaction between HMA and the Trp23 side chain of Vpu was investigated

using the HMA-stiff parameter set, following earlier docking simulations which had

used a HMA parameter set analagous to HMA-flex [76]. HMA is able to bind to
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residue Trp23, which is predicted to lie on the outside of the Vpu bundle. Binding

of HMA to Trp23 has a profound affect on the immeditate lipid enviroment of the

Vpu monomer, and exposes reside Val27, which is normally in intimate contact

with the lipid acyl chains, to water. It is proposed that this effect is responsible for

destabilising the Vpu oligomer and reducing the favourability of the open channel

state. Amiloride, which does not inhibit Vpu, was shown in this research to be

unable to bind to Trp23.

The simulations performed in this research suggest that HMA is able to partition

into model phospholipid membranes from the aqueous phase and that the drug is

able to profoundly change the local organisation of the surrounding lipids when it

is bound to residue Trp23. These experiments do not exclude the possibility that

HMA inhibits the ion channel activity of Vpu by occluding the pore, however they

do suggest that the major part of the drug population is present in the lipid at any

one time, and that if the occlusion model is correct, diffusion of drug molecules into

the lumen of the channel is likely to occur from the relatively small pool of drug

molecules in the aqueous phase. The next chapters of this thesis will attempt to

further investigate the interactions between the amilorides and model phospholipid

bilayers to experimentally verify the predictions made by MD simulation in this

chapter.
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Chapter 5

Spectroscopic studies of the
location of HMA in model
membranes

SUMMARY
The position of HMA within a model membrane was analysed using a combina-
tion of spectroscopic techniques. The 1H MAS NOESY NMR spectra of HMA
reconstituted into DMPC membranes, show prominent cross peaks between lipid
and drug resonances and suggest that the hexamethylene ring of HMA is located
close to the lipid acyl chains, while the guanidium group is positioned within the
headgroup region. 31P MAS NMR was used to show that in a mixed membrane
of 2:1 DMPC:DMPG, the positively charged HMA asssociates preferentially with
the negatively charged DMPG, restricting the motion of the lipid headgroups.
Raman spectroscopy was used to demonstrate that HMA was able to lower the
phase transition temperature of DMPC vesicles. These experimental observations
confirm that HMA partitions into bilayers, as proposed in the previous chapter.

5.1 Introduction

5.1.1 The Nuclear Overhauser Effect (NOE)

The Nuclear Overhauser Effect (NOE) is a relaxation phenomenon which is widely

used in solution state NMR to provide structural information for organic molecules

[229]. The effect is observed when the intensity of the resonance of one nucleus
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changes in response to the perturbation of a second resonance. The effect is depen-

dent on the transfer of magnetisation through dipolar coupling between nuclei. The

cross-relaxation is distance dependent and the magnitude of the effect is inversely

proportional to the sixth power of the distance between the two nuclei. NOEs are

typically only observable between nuclei which are less than 5 Å apart [230].

5.1.1.1 A 1D NOE experiment

The energy level diagram for a two nuclei I and S is shown in figure 5.1A. The 1D

NMR spectrum of the system consists of two lines, one arising from each nucleus.

At equilibrium, the lowest energy state will be the most highly populated and if the

system is perturbed, it will return to its equilibrium position via any pathway, a

zero-quantum jump (W0), single-quantum jump (W1) or a double quantum jump

(W2). W0 and W2 jumps (which are not normally detectable) may occur during

the process of relaxation.
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Figure 5.1: Energy level diagram for a two spin system: at equilibrium (A);
after saturation of S transition (B) The populations of each state are given in

square brackets. Figure reproduced from [230].

If the system is perturbed by irradiating the sample at the frequency of the S

nucleus, the s transition will become saturated and the populations of nuclei in

the upper and lower energy states will be equalised (figure 5.1B). The intensity of
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the signal from nucleus I will be unaffected unless the nuclei are sufficiently close

that relaxation can take place via the W0 or W2 pathways. If relaxation occurs

fastest via the W0 pathway, then the population of the highest energy level will

increase and that of the lowest energy level will decrease, resulting in the decrease

in intensity of the I resonance (a negative NOE) (figure 5.2A). If relaxation occurs

fastest via the W2 pathway, then the population of the highest energy level will

decrease and that of the lowest energy level will increase, resulting in the increase

in intensity of the I resonance (a positive NOE) (figure 5.2B) [230].
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Figure 5.2: Energy level diagram for a two spin system after the saturation
of S transition. Relaxation may occur via the W0 (A) or W2 (B) pathways.
The populations of each state are given in square brackets. Figure reproduced

from [230].

5.1.2 Nuclear Overhauser Effect Spectroscopy (NOESY)

The two dimensional NOESY experiment, which exploits the NOE phenomenon

was first performed by Ernst and coworkers in 1980 [231].

5.1.2.1 Pulse sequence

The NOESY pulse sequence consists of three 90◦ pulses followed by the collection

of a free induction decay signal (FID). Such experiments are routinely performed
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as either homonuclear or heteronuclear experiments.

The first 90◦ pulse is responsible for converting the longitudinal z magnetisation

into transverse magnetisation (figure 5.3). During the subsequent τ1 period, the

magnetisation precesses around the z axis, so that at the end of τ1, each nucleus

has precessed through an angle of ω.τ1, where ω is the angular frequency of the

nucleus compared to the reference frequency.

The second 90◦ pulse rotates the magnetisation around the pulse axis, so that an x

pulse, produces magnetisation in the xz plane. The phases of the first two pulses

are cycled in such a way that any residual transverse magnetisation remaining

after the second pulse is cancelled (see section 5.1.2.3). The only magnetisation

which is added constructively is that which is parallel to the z axis after the second

pulse. This magnetisation has a magnitude − cos(ω.τ1). The first two pulses have

therefore achieved a frequency labelling in which the magnetisation vectors of each

nuclear spin, have an intensity dependent on both the length of τ1 and the angular

frequency ω.

1H

90° 90° 90°

Figure 5.3: Pulse sequence for homonuclear 1H NOESY Nuclear Magnetic
Resonance. The sequence consists of three 90◦ pulses followed by the collection

of an FID.

5.1.2.2 NOE development during (τm)

The mixing time (τm) is the period between the second and third 90◦ pulses in

which the NOE develops. During this time, the nonequilibrium z magnetisation
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which was generated by the first two pulses, produces a cross relaxation to other

neighbouring nuclei. The remaining z magnetisation is converted into transverse

magnetisation by the final 90◦ pulse, which is immediately followed by the collec-

tion of the free induction decay (FID).

Consider a nucleus I in the presence of another nucleus S, which relaxes at a rate:

dIz
dt

= −R1(Iz − I0
z )−

∑
S

(Sz − S0
z )σIS (5.1)

where R1 is the longitudinal relaxation rate for spin I ; I0
z is the equilibrium value

of Iz and S0
z is the equilibrium value of Sz. σIS is the cross-relaxation rate between

I and S given by:

σIS =
1

10
K2

[
6 τc

1 + (ωI + ωS)2 (τc)2
− τc

1 + (ωI − ωS)2 (τc)2

]
(5.2)

where

K =
µ0

4π
~ γI γS (rIS)−3 (5.3)

and ωI and ωS are the Larmor frequencies for I and S respectively as measured

in radians s−1, which proportional to 2πν, where ν is the spectrometer frequency

measured in Hz. τc is the correlation time for the molecule (a measure of the

amount of time taken for it to reorient) given by

τc =
4
3
πr3η

kT
(5.4)

where r is the radius of the particle and η is the viscocity of the surrounding

fluid [232].
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5.1.2.3 Phase Cycling

The phases of the three 180◦ pulses and the receiver phase must be cycled to

allow the NOE relaxation signals to add and spurious signals to cancel out. The

CYCLOPS phase cycling is used to eliminate quadrature images, which are the

reflections of large signals about the central axis of the spectrum. The CYCLOPS

scheme requires the pulse and receiver phases to be simultaneously cycled through

the sequence x, y,−x,−y [233]. In the NOESY sequence however, it is necessary

only to cycle the final pulse and the receiver.

The CYCLOPS phase cycling is combined with the x,−x cycle for the first pulse

to suppress axial peaks. The addition of these phases produces an eight stage

phase cycle scheme. A second set of eight stages must be added, which differ from

the first set only in that the phase of the second pulse is increased by 90◦ to select

for the ∆p = 1 and ∆p = −1 coherence pathways, thereby allowing NOE signals

to add and other corelaxation signals to cancel [234]. Table 5.1 shows the full 16

stage CYCLOPS phase cycling used in this study.

5.1.2.4 Time-Proportional Phase Incrementation (TPPI)

In most NMR experiments, the carrier frequency of the RF pulse is usually placed

in the centre of the spectrum. A given resonance may therefore have a positive

offset from the carrier frequency or a negative offset. In a 1D spectrum, both the

x and y components of the magnetisation and the complex time-domain function

are constructed in the form:

e(iΩt)e(−Rt) (5.5)

the Fourier transformation of which gives, in the real part of the spectrum, an

absorption mode peak at frequency Ω. In the spectrum generated by the Fourier
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Step φ1 φ2 φ3 φR
1 0◦ 0◦ 0◦ 0◦

2 0◦ 0◦ 180◦ 180◦

3 0◦ 0◦ 90◦ 90◦

4 0◦ 0◦ 270◦ 270◦

5 180◦ 0◦ 0◦ 0◦

6 180◦ 0◦ 180◦ 180◦

7 180◦ 0◦ 90◦ 90◦

8 180◦ 0◦ 270◦ 270◦

9 0◦ 90◦ 0◦ 0◦

10 0◦ 90◦ 180◦ 180◦

11 0◦ 90◦ 90◦ 90◦

12 0◦ 90◦ 270◦ 270◦

13 180◦ 90◦ 0◦ 0◦

14 180◦ 90◦ 180◦ 180◦

15 180◦ 90◦ 90◦ 90◦

16 180◦ 90◦ 270◦ 270◦

Table 5.1: Sixteen scan NOESY phase cycling (reproduced from [234]). Stages
1 to 4 show the cycling of the phase of the third pulse (φ3) and the phase of the
receiver (φR). Stages 5 to 8 are a repeat of the first four stages, except that the
phase of the first pulse (φ3) is increased by 180◦. Stages 9 to 16 are a repeat
of the first eight, except that the phase of the second pulse (φ2) is increased

to 90◦.

transformation of the complex time domain function, the positive and negative

frequencies are well separated.

In a 2D NMR spectrum however, an additional method is required to distinguish

positive from negative offsets. If the two cannot be distinguised, then the spectum

will be reflected about its centre. These reflections can be removed by a process

of quadrature detection which simultaneously collects data from both x and y

channels. The TPPI method eliminates the quadrature reflections, by making

it appear as if the RF carrier frequency lies at one side of the spectrum [235].

In a NOESY experiment, every time t1 is increased, the phase of the first pulse

is increased by 90◦ (the phases of the other pulses are unaffected). This means

that the phase cycle used for the first t1 condition is not repeated until the fifth

t1 condition. In this study TPPI was used in combination with the CYCLOPS

phase cycling for all spectra acquired at a 1H frequency of 500 MHz.
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5.1.3 Raman Spectroscopy

Infra-red (IR) radiation may interact with organic molecules in a number of dif-

ferent ways (see figure 5.4). Incident photons may be absorbed (resulting in the

promotion of the molecule to a higher vibrational energy level), or scattered (re-

sulting in the promotion of the molecule to a virtual energy state from which it

immediately relaxes by emitting a second photon). Of the light which is scat-

tered, most is scattered elastically, meaning that the emitted photon has the same

frequency as that of the absorbed photon. Approximately one photon in 107 is

scattered inelastically, giving rise to the Raman Effect, in which the emitted pho-

ton may have either a lower or higher energy than the incident photon [236].

0
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Infra-red
absorbtion

Rayleigh
scattering

scattering

Stokes
Raman

scattering

Anti-Stokes
Raman

Vibrational
energy
states

Virtual
energy
states

Figure 5.4: Energy level diagram showing to compare the transitions involved
in IR adsoption and Rayleigh and Raman scattering.

For a transition between vibrational or rotational energy levels to give rise to

inelastic scattering of IR light, there must be a change in the polarisability of

the molecule or group concerned. When the electromagnetic field of the incident

radiation Ei interacts with a molecule or group, it induces a dipole p:
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∆p = αEi (5.6)

where α is the polarisability of the molecule or group. The strength of the electrical

field of the radiation oscillates in a time-dependent manner:

Ei = E0 cos(2πνit) (5.7)

where E0 is the maximum electrical field strength of the incident radiation of

frequency νi. For a vibrating molecule, the polarisability (α) is dependent on the

vibrational frequency of the molecule νvib:

α = α0 + αvib cos(2πνvibt) (5.8)

Multiplication of Ei and α gives rise to the cross product:

Eiα =

(
αvibE0

2

)
(cos 2πt(νi + νvib) + cos 2πt(νi − νvib)) (5.9)

which gives rise to the anti-Stokes Raman scattering (when the energy of the

emitted photon is greater than that of the incoming photon) or Stokes Raman

scattering (when the energy of the emitted photon is less than that of the incoming

photon) (see also figure 5.4) [236, 237].

Raman spectroscopy has been used to study a wide range of biological systems,

usually in combination IR spectroscopy. The technique is able to provide secondary

structural information for peptides and proteins, since the shifts of the amide I

and III bands are sensitive to the hydrogen bonding pattern [238], and it can also

be used to determine whether specific amino acids are accessible to water [239].
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It has also been used to determine the conformational state of nucleic acids in

different solvent environments [240].

Raman spectroscopy has also been used to study thermotrophic lipid phase changes

which may occur when proteins and drug molecules are inserted into phospholipid

systems. Phospholipid bilayers may exist in various distinct phases: a more or-

dered gel phase and the liquid crystal phase, in which considerable lateral diffusion

is possible.

The temperature at which the transition between the two phases occurs is de-

pendent on the length of the phospholipid acyl chains and the character of the

headgroups [241]. As the lipid disorder increases the percentage of the C-C bonds

of the lipid acyl chains in the gauche configuration increases (see figure 5.19). Since

the change in polarisability which occurs when a C-C bond in the gauche confor-

mations is stretched, is different to that of the anti conformation, this change can

be detected by Raman spectroscopy [242].

Previous studies have used infra-red spectroscopy to study the mobility of the lipid

in the presence and absence of the anaesthetics halothane and chloroform [243].

These studies have been hindered by the requirement for large, dilute samples,

leading to long acquisition times and the potential for the sample conditions to

change. The integration of Raman spectroscopy with an optical trap allows the

sample volume to be restricted to the volume of a single 1 µm diameter DMPC

vesicle, allowing the sample temperature to be more accurately controlled and

acquisition times to be reduced relative to a larger dispersed sample. The two

techniques have been used in this study to follow changes in lipid phase which

occur when amiloride and HMA are added to DMPC liposomes, and to determine

whether perturbation of the lipid bilayer by the drugs might result in inhibition

of Vpu (see Chapter 2).
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5.1.4 Aims of this study

The aim of this chapter is to test the predictions made by MD simulations (in

Chapter 4), which suggest that amiloride and its derivatives HMA and DMA are

able to insert into a phospholipid bilayer. 1H MAS NOESY NMR experiments

give the opportunity to determine the location of the drug molecules within the

membrane and cross-peaks would be expected to be observed between lipid and

drug resonances if direct interactions occur. 1D 31P MAS NMR will be used to

test the suggestion also made in Chapter 4 that the positively charged guanidium

group of the drug forms a strong electrostatic interaction with the negatively

charged phosphate group of the lipid. A perturbation in the chemical shift of the

lipid phosphate group is expected to be observed. This chapter will also attempt to

characterise the effect of adding the amiloride derivative to DMPC vesicles on the

lipid dynamics by Raman spectroscopy using vesicles trapped in optical tweezers,

to demonstrate a possible direct drug-lipid interaction.
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5.2 Materials and Methods

5.2.1 Determination of the partition coefficient of HMA

The octanol-water partition coefficient of the charged and uncharged forms of

HMA was determined by isocratic high performance liquid chromatography (HPLC)

using the method described in [244]. Anisole, toluene, bromobenzene, benzyl bro-

mide, benzyl chloride and benzene were used as standards.

5.2.2 NOESY spectra

Sample preparation Dimyristoylphosphatidylcholine (DMPC), HMA, DMA,

amiloride and deuterated solvents were purchased from Sigma. Chain-deuterated

dimyristoylphosphatidylcholine (DMPC-d54) was purchased from Avanti Polar

Lipids. All chemicals were used without further purification.

DMPC and DMPC-d54 were solubilised in ethanol, to which the HMA was added.

The preparation was dried under N2 gas and the solvent was removed under vac-

uum for 16 hours. Lipid and drug mixture (15 mg) was rehydrated with 40 µl

D2O, and sonicated (4 oC;15 minutes). Since amiloride, HMA and DMA are light

sensitive, vacuum drying and sonnication were performed in darkness so far as

practicable.

1H MAS NOESY measurements A solution state NMR spectrum of HMA

solubilised in a 1:1 mixture of MeOD/CDCl3 was collected on a 500 MHz narrow

bore Bruker spectrometer to assist the assignment of drug peaks in the 2D spectra.

Solid state NMR measurements were performed on a Varian Infinityplus 500 MHz

spectrometer or Bruker 600 MHz spectrometer. Both were equipped with 4 mm

MAS HXY probes. The experiments were performed at 300 K to ensure that the
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sample was above the phase transition temperature of DMPC. 1H experiments

were performed at resonance frequencies of 500.11245 MHz or 600.1321 MHz with

a spectral width of 8 kHz.

2D NOESY experiments performed at 500 MHz were acquired with TPPI phase

cycling (see table 5.1) with 90◦ pulses of 3 µs [245]. 512 complex data points

were collected in the indirect dimension and a 4 s pulse delay was used. Since no

standard Chemagnetics NOESY pulse sequence was available, the Bruker NOESY

pulse sequence was adapted and TPPI phase cycling added for use on Varian

Infinityplus spectrometers. A sinebell-squared function was applied to the data

prior to processing. All 1H were referenced with respect to the terminal methyl

group of the lipid chains at 0.89 ppm of DMPC in the absence of drug molecules.

Data processing Data were processed using NMRpipe and Sparky [246].

5.2.3 MAS 31P measurements

Sample preparation DMPC and dimyristoylphosphatidylglycerol (DMPG)

were purchased from Sigma and used without further purification (see figure 5.5

for structures). DMPC and DMPG in a molar ratio of 2:1 were solubilised in a 2:1

v/v mixture of methanol and chloroform, to which the HMA was added, dissolved

in the same solvent mixture. The preparation was dried under N2 gas and the

solvent was removed under vacuum for 16 hours. The lipid-drug mixture (15 mg)

was rehydrated by adding 40 µl buffer (10 nM HEPES, 10 mM NaCl, 1 mM EDTA

in D2O at pH 7.2) and sonicating at 4 oC for 15 minutes. The samples were then

loaded into a 4 mm zirconium oxide rotor with Kel-F spacer inserts for MAS NMR

measurements.

31P spectra were acquired at 202 MHz using a Varian 500 MHz InfinityPlus spec-

trometer equiped with a 4 mm MAS HX probe at 300 K. A single 4 µs 90o pulse
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A

B

Figure 5.5: Structural formulae of A: DMPC and B: DMPG. DMPG has a
net negative charge and is most commonly supplied as a sodium salt. DMPC

has no net charge.

was used to directly excite the 31P nuclei, and broad-band proton decoupling of

20 kHz was applied during the acquisition period (see figure 5.6). Samples were

rotated at 8 kHz MAS at 30 oC. 5120 scans were collected and the pulse delay was

4 s. Spectra were referenced to adamantane and NH4H2PO4.

31P

90°

1 H

Decoupling

Figure 5.6: Pulse sequence for 31P Nuclear Magnetic Resonance. TPPM 1H
decoupling was applied on the 1H channel during the acquisition of the FID.
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5.2.4 Raman spectroscopy

Sample preparation Solutions of DMPC and HMA or amiloride in a 1:1

mixture of chloroform and methanol were dried under vacuum for 16 hours to

form a thin film, which was rehydrated with 1 ml MilliQ water to a concentration

of 10 mg/ml and vortexed for five minutes. The suspension was subjected to

five freeze-thaw cycles, further diluted to a lipid concentration of 1 mg/ml, then

extruded through a 1 µm filter ten times to form vesicles.

Equipment and instrumentation A continuous-wave Argon ion laser of

wavelength 514.5 nm and maximum power 2.0 W, (Innova 90-5-UV, Coherent).

The beam was passed through two sets of lenses and reflected from a 1:2 beam-

splitter into the microscope. Light was directed through the objective lens (x63

NA 1.2, Leica Microsystems) by a dichroic mirror and the optical trap was formed

in the sample cell. (See also Appendix B.5.1.)

Raman light scattered back from the focal point was focussed by the objective

lens and passed back along the same pathway to the beam splitter. A holo-

graphic notch filter (HNF-514, Kaiser Optical Systems) placed after the beam-

splitter allowing only Raman light shifted above 514.5 nm to enter the spectrom-

eter (SpectraPro-500 Acton Research Company) and detector (LN/CCD-1024,

Princeton Instruments). (See Appendix B.5.1 for a diagram of the experimental

apparatus.)
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5.3 Results and discussion

5.3.1 Octanol-water partition coefficient

The partition coefficient P is a measure of the hydrophobicity of a molecule (see

section 1.7.2) [111]. The octanol-water partition coefficient of an organic com-

pound may be determined by isocratic HPLC, since the retention time of the

molecule on the column can be used as a measure of hydrophobicity [244]. The

retention times of seven standard compounds were determined, the partition coef-

ficients of which had been previously published. The retention times of amiloride,

DMA and HMA at physiological pH were then determined and converted to the

partition coefficient using the standard curve.

5.3.1.1 Results

Table 5.2 shows the partition coefficients determined for HMA, DMA and amiloride

at physiological pH. The results indicate that for a 1:1 v/v mixture of phospholipids

and water, for every molecule expected to reside in the aqueous phase, 400 are

expected to reside within the membrane.

Table 5.2: Partition coefficients for HMA, DMA and amiloride determined by
isocratic HPLC, using the methodology of Griffin et al. [244].

Molecule log(P )
HMA 2.63
DMA 1.28

Amiloride 0.66

These results are consitent with the results of the MD simulations performed in

Chapter 4, which suggest that HMA, DMA and amiloride are able to partition

into phospholipid blayers from the aqueous phase.
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5.3.2 1H MAS NOESY

5.3.2.1 Assignment of HMA 1H chemical shifts

A 1D solution 1H spectrum of HMA solubilised in a 1:1 mixture of CDCl3 and

MeOD was acquired to facilitate the assignment of peaks in the 2D MAS NOESY

(see figures 5.7 and 5.8). The peaks arising from the CH2 protons on the hex-

amethylene ring of HMA fall as expected between 1.5 ppm and 1.8 ppm, in the

same region as those of the DMPC acyl chain CH2 groups. The chemical shifts of

the guanidium -NH groups differ considerably from the values for the comparable

groups in the amino acid arginine [247]. Indeed, it might be expected that the NH

and NH2 protons would not be visible in the spectrum, since they could poten-

tially exchange with deuterium atoms present in the solvent. Since H/D exchange

does not appear to occur with the solvent, it is likely that the delocalised elec-

tron system extends from the six-membered ring to the guanidium headgroup and

that the nature of this aromatic system is responsible for the downfield position

of the chemical shifts of the -NH and NH2 resonances. The spectrum includes two

additional peaks at 2.14 ppm and 4.82 ppm, which do not arise from HMA, but

correspond to the expected values for chloroform and methanol protons respec-

tively.

5.3.2.2 Assignment of DMPC 1H chemical shifts

The chemical shifts of resonances from DMPC have been previously determined

by a number of authors and are shown in figure 5.8 [225]. The chemical shifts of

the HMA protons in a solid lipid sample are expected to be similar to those of

the solution state values, however some variation is expected to account for the

differences in the chemical environment of the groups.
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Figure 5.7: Key to assignment of 1H resonances arising from HMA see also
figure 5.8.

4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemical Shift (ppm)

1.000.9723.600.971.00

4.
82

3.
81 3.

79
3.

78 3.
30

3.
29

2.
26

2.
14

2.
12

2.
11

2.
01

1.
82 1.

58 1.
57

1.
56

Figure 5.8: 1D 1H solution spectrum of HMA in CDCl3:MeOD 1:1
taken on Bruker 600 MHz narrow bore solution state NMR magnet by
Dr Richard Ferguson (Oxford). Integated peak areas shown in red and peak
chemical shifts given in blue. For assignment of peaks see figure 5.7. Reso-
nances at 2.14 ppm and 4.82 ppm correspond to the chloroform and methanol

solvent peaks respectively.
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5.3.2.3 2D MAS NOESY spectrum of DMPC:HMA 7:1

Cross-peaks between lipid and drug resonances are observed, indicating that an

interaction occurs between the two species. Figure 5.9 shows the 2D MAS NOESY

spectrum of a 7:1 ratio of DMPC to HMA in D2O acquired at 600 MHz with a

mixing time of 200 ps. Peaks arising from both HMA and DMPC are visible along

the diagonal, and there appears to be only a limited difference between the HMA

1H chemical shifts in the MeOD/CDCl3 solution spectrum and the solid state

sample. One additional intense peak at 4.62 ppm is visible, which corresponds to

the expected chemical shift of H2O protons. Although the lipid and drug mixture

was rehydrated with D2O, a limited amount of H2O and HDO is expected to be

present. The presence of the drug in the lipid induces the splitting of the C2 peaks

from a single sharp resonance at 2.4 ppm in DMPC only spectra, to produce three

separate peaks at 2.23 ppm, 2.60 ppm and 2.8 ppm. A similar C2 peak splitting,

induced by ring currents in the extended aromatic system is observed when the

amino acid tryptophan is added to DMPC membranes [248].

Cross-relaxation between two proton spin systems, corresponding to the amount

of magnetisation transfer between the two, gives rise to off-diagonal cross peaks

in the 2D spectrum. Intense cross peaks are observed between the lipid acyl chain

CH2 peak at 1.38 ppm and most of the other lipid 1H peaks, including the choline

γ CH3 groups at 3.22 ppm. Cross peaks between lipid and drug resonances are also

observed and will be discussed in detail in the next sections. The water resonance

at 4.62 ppm does not form any cross peaks.

CH3 and CH2 spectral region Figure 5.11 shows the 0.5 ppm to 2.0 ppm

region of the same spectrum. The resonances from the CH2 and CH3 groups of

the lipid acyl chains fall in this region in addition to the CH2 groups from the

hexamethylene ring of HMA. The spectrum clearly shows cross peaks between
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Figure 5.9: 1H NOESY spectrum of HMA in DMPC 1:7 taken on Bruker
600 MHz wide bore magnet with a mixing time of 200 ms. Figure prepared

using Sparky [246].
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Figure 5.10: Key to assignment of 1H resonances arising from DMPC adapted
from [225].
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the lipid and the drug resonances. The HMA CH2 (A) protons (positioned below

the aromatic ring of the drug) give a particularly well resolved diagonal signal at

0.82 ppm which forms cross peaks to the CH2 and C3 peaks of the lipid. The HMA

CH2 (B) proton peak falls slightly downfield of the lipid CH2 peak and because of

this it is difficult to determine with certainty whether the resonance gives rise to

drug-lipid cross peaks. Some τ1 noise is present between 1.55 ppm and 1.60 ppm,

although this does not affect the interpretation of the spectrum. The CH2 (A)

proton peaks also forms a cross peaks with the HMA -NH and -NH2 resonances

(see figure 5.9) .
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Figure 5.11: CH2 and CH3 region of NOESY spectrum from figure 5.9 Con-
tours cut at seven times noise level. Figure prepared using Sparky [246].
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Lipid headgroup spectral region Figure 5.12 shows the 0.5 ppm to 2.0 ppm

region of the same spectrum. The HMA 1H resonances which arise in this region

are from the NH and -NH2 groups and are expected to be less intense than the CH2

and CH3 peaks (find ref). Cross peaks between the lipid and drug resonances are

again detected in this region, although the HMA resonances lie close to those of

the lipid peaks. The DMPC β choline CH2 resonance at 3.7 ppm has a clear cross

peak with the HMA NH2 (A) peak at 3.78 ppm. The HMA NH2 (A) resonance also

has cross peaks with the HMA CH2 (A) resonance and the DMPC C3 resonance

(see figure 5.9).
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Figure 5.12: lipid headgroup region of NOESY spectrum from figure 5.9 Con-
tours cut at seven times noise level. Figure prepared using Sparky [246].

The position of the HMA NH2 (B) resonance is uncertain. From the solution state

spectrum, the peak is expected to lie at 3.2 ppm close to the DMPC choline γ

peak at 3.3 ppm. A peak is visible at this point in the spectrum, however the same

143



Chapter 5. Spectroscopic studies of the location of HMA in model membranes

peak is also visible with approximately the same intensity in a pure DMPC solid

state spectrum (see figure 5.14). Further comparison with a pure DMPC spectrum

suggests that the HMA NH2 (B) resonance may be visible as a side peak of the

choline γ peak at 3.4 ppm. The difference in chemical shift between the solution

state and solid state spectra, may reflect the proximity of the group to the charge

cloud of the lipid phosphate groups in the solid state sample. The peak at 3.3 ppm

is unlikely to be caused by ring current splitting of the DMPC γ CH3 choline peak,

because it is able to form a cross peak with the neighbouring resonance [248].

Given that the guanidium group of HMA was predicted by the MD simulations

performed in the previous chapter to form a strong electrostatic interaction with

the lipid phosphate group, it is surprising that no cross peaks are observed be-

tween the HMA peaks and the DMPC G1, G2 and G3 resonances, since the lipid

phosphate group is covalently bound to the G3 carbon atom of the DMPC.

5.3.3 Comparison of MAS NOESY spectra acquired at

600 MHz and 500 MHz

Figure 5.13 shows two NOESY spectra of DMPC:HMA 7:1 acquired at 600 MHz

and 500 MHz. (All other experimental parameters were the same.) As expected,

the resolution of the 500 MHz spectrum is worse than that of the 600 MHz spec-

trum and the line widths of CH2 proton chemical shifts increase from 0.5 ppm in

the 600 MHz spectrum to 0.9 ppm in the 500 MHz spectrum. The most obvious

effect of the poorer resolution of the 500 MHz spectrum, is the disappearance of

the CH2 (B) peak, which has possibly become buried under the lipid CH2 peak.

The 500 MHz spectrum appears however, to have less T1 noise.

Although the crosspeak intensity between lipid and drug resonances is generally

lower in the 500 MHz spectrum, there are some features which are not visible in

the 600 MHz spectrum. A cross peak is visible between the lipid CH3 group and
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Figure 5.13: Comparison of NOESY spectra of HMA:DMPC 1:7 solubilised
in D2O acquired at 600 MHz (left) and 500 MHz (right) Contours cut at seven

times noise level. Figure prepared using Sparky [246].

HMA CH2 (A) groups, which probably does not represent a lower vertical height

for the drug in the membrane, but instead means that under the conditions of

the 500 MHz experiment, that lipids are able to extract themselves vertically from

the membrane [249]. Additional cross peaks are also visible between the HMA

CH2 (A) resonance of the hexamethylene ring and the C2 resonance at 2.4 ppm,

although the C2 diagonal peak itself does not show any evidence of ring current

splitting. There also appears to be a very weak cross peak between the HMA CH2

(A) and the γ choline CH3 resonance at 3.2 ppm.
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5.3.4 Comparison of DMPC only and DMPC:HMA 7:1 at

500 MHz

Figure 5.14 compares the 1H MAS NOESY spectra of DMPC:HMA 7:1 and pure

DMPC acquired at 500 MHz. The most apparent difference between the two spec-

tra is the disappearance of the HMA CH2 (A) peak at 1.82 ppm, confirming that

this group must arise from the drug. The spectrum of the sample containing HMA,

has more lipid-lipid cross peaks than the pure DMPC sample (the CH3 resonance

at 0.89 ppm and the G2 resonance at 5.3 ppm are good examples). In general, the

pure DMPC spectrum has better resolution than the sample containing the drug,

however the lipid peak positions in the two spectra appear to be very similar.

5 4 3 2 1
H  (ppm)1

1

2

3

4

5

H
  (

pp
m

)
1

5 4 3 2 1
H  (ppm)1

1

2

3

4

5

H
  (

pp
m

)
1

DMPC DMPC:HMA 7:1

Figure 5.14: Comparison of NOESY spectra of HMA:DMPC 1:7 solubilised
in D2O acquired at 600 MHz (left) and 500 MHz (right) Contours cut at seven

times noise level. Figure prepared using Sparky [246].
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5.3.5 1H MAS NOESY spectra of DMA and amiloride in

DMPC

Figure 5.15 shows the MAS NOESY spectra of DMA and amiloride in DMPC

at a total lipid:drug ratio of 7:1. The DMA spectrum (figure 5.15) differs from

the HMA spectrum in figure 5.13 in that the HMA CH2 (A) peak at 1.75 ppm is

missing, (a peak at this point is not expected since DMA lacks a hexamethylene

CH2 ring). An additional shoulder peak is visible at 1.12 ppm which is suggested

to be the DMA CH2 (B) peak, which has been shifted downfield from its position

in the HMA spectrum due to the differences between the structures of the two

drugs.
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Figure 5.15: Comparison of spectra of DMA:DMPC 1:7 (left) and
Amiloride:DMPC 1:7 (right) solubilised in D2O acquired at 500 MHz. Contours
were cut at seven times noise level and the figure prepared using Sparky [246].

Figure 5.15 also shows the 1H MAS NOESY spectrum of amiloride in DMPC at

a total lipid:drug molar ratio of 7:1. Both the HMA CH2 (A) and (B) resonances

are absent from the spectrum, since amiloride lacks both the methyl groups of
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DMA and the hexamethylene ring of HMA. Since amiloride contains an additional

aromatic -NH2 group, which is not present in HMA and DMA, it is expected

that the drug resonance at 3.4 ppm would be more intense than in either the

DMPC and DMA or DMPC and HMA spectra. The overlap of this peak with the

DMPC choline γ CH3 groups at 3.3 ppm prevents a satisfactory comparison of the

intensities from being made.

5.3.6 Substitution of DMPC by chain-deuterated DMPC

In order to determine the exact location of the HMA CH2 (B) peak, which was ab-

sent from the 500 MHz spectrum in figure 5.13, 2D NOESY spectra were acquired

in which a proportion of the lipids had been replaced by chain-deuterated DMPC.

Since the fatty acid 1H atoms are substituted with 2D, the lipid resonances in the

0.5 ppm to 2.0 ppm range are expected to be less intense relative to the HMA

1H resonances. Figure 5.16 shows spectra of HMA:lipid molar ratio 1:7 in D2O

taken at 500 MHz. The fully chain-deuterated sample shows lipid 1H resonances

at 0.89 ppm, 1.27 ppm and 1.60 ppm, since the deuteration process is not 100%

efficient. Cross peaks are formed between the HMA CH2 (A) peak and the DMPC

CH2 C3 peak. The DMPC CH2 peak at 1.27 ppm appears to be split in two, and

it is proposed that the feature at 1.8 ppm corresponds to the HMA CH2 (B) peak.

The right hand spectrum in figure 5.16 shows the 2D NOESY spectrum of a sample

containing chain-deuterated and non-deuterated DMPC in equal proportion, with

a total lipid:HMA molar ratio of 7:1. The HMA CH2 (B) peak is not visible in

this spectrum, and is proposed to be buried under the more prominent DMPC

CH2 peak at 1.27 ppm.
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Figure 5.16: Comparison of NOESY spectra of HMA:DMPC-d54 1:7 (left)
and HMA:DMPC-d54:DMPC 2:7:7 (right) solubilised in D2O acquired at
500 MHz Contours were cut at seven times noise level and the figure prepared

using Sparky [246].

5.3.7 Discussion

The membrane location of the amiloride derivative HMA was investigated using

1H MAS NOESY NMR spectroscopy. Spectra of a lipid:drug 7:1 (molar ratio)

mixture were obtained at 1H frequencies of both 500 MHz and 600 MHz. Peaks

arising from all of the HMA protons are visible on the diagonal of the two spectra

(see figure 5.13), indicating the H/D exchange with the solvent does not occur

and suggesting that the aromatic character of the drug extends from the six-

membered ring to the guanidium group. The two spectra (figure 5.13) show cross

peaks produced by NOE relaxation between drug and lipid resonances, indicating

that HMA is able to enter and remain within a model lipid membrane, with

residency period which is significantly longer than the rate of exchange between

the populations of the drug in the lipid and aqueous phases. The presence of a
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cross peak between the two molecule types indicates that they must be within

5 Å of one another [230].

The spectra also allow the orientation and location of the drug in the bilayer to

be determined. The resonances arising from the CH2 groups of the hexamethy-

lene ring form cross peaks with the lipid fatty acid chain CH2 and CH3 groups

and the HMA guanidium group -NH and -NH2
1H resonances form cross peaks

to the DMPC choline and glycerol CH2 and CH3 resonances. The ring-current

splitting of the C2 glycerol peak, indicates that the aromatic system of the drug

lies nearby, and the change in the chemical shift of the HMA NH2 (B) resonance

suggests that this group lies close to the negatively charged lipid phosphate group.

The experimentally determined membrane location therefore agrees well with the

predictions made by MD simulations in Chapter 4.

A disadvantage of using the NOESY technique to determine the membrane lo-

cation of drugs of the amiloride family is that all of the drug resonances fall in

within the range occupied by peaks arising from the DMPC. The technique has

been more successfully applied to drug molecules with aromatic protons, since

these resonances typically fall in the range 6 ppm to 9 ppm (outside the range

occupied by the lipid resonances) [225]. The NOESY cross-peak volume analysis

is of limited use in defining the position of HMA across the hydrophobic region of

the membrane, given that the majority of the DMPC acyl chain CH2 protons have

identical chemical shifts. Other spectroscopic techniques including wide line 2H

NMR on selectively chain-deuterated lipids or 13C MAS would be able to locate

the position of the drug within the hydrophobic region of the membrane, and these

approaches have previously been used to determine the membrane locations of the

antidepressants desipramine and imipramine [250].

The high concentrations of drugs used in the 1H NOESY study are required to

enable the observation of cross-peaks between lipid and drug molecules and the
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total drug:lipid ratio in a cellular membrane would clearly be significantly lower.

The full-width-half-heights (fwhh) and chemical shifts of the lipid 1H resonances

did not appear to change significantly on addition of drug and similar studies have

used comparable lipid:drug ratios [225, 251]. Nevertheless there is the potential

for the drug insertion to be an artefact of the high concentration of HMA used.

Further spectroscopic techniques will be used to investigate the interaction between

model membranes and HMA at lower drug concentrations.
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5.4 HMA-lipid interactions by 31P MAS NMR

31P has a natural abundance of 100% and a nuclear spin of I = 1
2

and a high

gyromagnetic ratio of 31P (γ = 1.083 x 104 gauss−1 s−1) making it highly suitable

for NMR spectroscopy [252]. MAS 31P NMR has been previously used to investi-

gate the interaction between charged peptide molecules and model bilayers since

the isotropic chemical shifts, chemical shift anisotropy and full-width-half-heights

(fwhh) of the phosphate resonances are sensitive to changes in their chemical envi-

ronment [253–255]. 31P MAS NMR was used in this study to test whether there is

a strong electrostatic interaction between the negatively charged lipid phosphate

groups and the positively-charged guanidium moiety of HMA, as predicted by the

MD simulations described in section 4.3.1.1 .

5.4.0.1 Chemical shift perturbation

Table 5.4.0.1 shows the effect of the addition of HMA to the 31P MAS chemical

shifts of DMPC, which results in an upfield shift in the peak position (spectra

not shown). The fwhh of the spectra is initially doubled on addition of HMA

to a drug:lipid ratio of 15:1, however further addition of HMA a molar ratio of

7:1 resulted in a decrease of the fwhh. The results suggest that HMA is able to

alter the chemical environment of the phosphate groups, possibly by polarising

the phosphate electron cloud, resulting in a deshielding of the 31P nucleus and the

upfield shift of the DMPC resonance.

Sample composition σi fwhh / ppm
DMPC -0.90 1.10
DMPC:HMA 15:1 -0.88 1.91
DMPC:HMA 7:1 -0.87 1.09

Table 5.3: 31P isotropic chemical shifts (σi) and line widths (fwhh) for DMPC
model membranes at 6 kHz MAS and 30 ◦C recorded at 500 MHz after 8k scans.
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5.4.0.2 DMPG:DMPC 2:1 model membrane

Figure 5.17A shows the MAS 31P NMR spectrum of a 2:1 molar ratio of DMPC

and DMPG at pH 7.2. The resonances at -0.9 ppm and 0.2 ppm arise from

the DMPC and DMPG respectively. The intensity of the DMPG peak accounts

for approximately 35% of the total spectral intensity, which reflects the fraction

of DMPG in the mixture. Figures 5.17B-E show the effect of adding increasing

concentrations of HMA to the same lipid mixture. As the concentration of HMA in

the sample increases, the apparent intensity of the DMPG peak decreases relative

to that of the DMPC, suggesting that the drug is binding preferentially to the

negatively charged lipid (see also figure 5.18). The observed decrease in the DMPG

signal, is as a result of an enhanced transverse relaxation rate and may reflect a

reduction in the motional freedom of the lipid phosphate groups in the presence

of the drug [255].

5.4.0.3 Discussion

The interaction between HMA and a model lipid membrane was further investi-

gated by 1D 31P MAS NMR spectroscopy. The results of the MD simulations

presented in Chapter 4 and the MAS NOESY spectra discussed in section 5.3.2,

suggest that the positively charged guanidium group of HMA is able to inter-

act with the negatively charged phosphate groups of naturally occuring lipids.

Changes in the anisotropic chemical shift and fwhh of the DMPC 31P resonance

were observed on the addition HMA, supporting the suggestion that the drug is

able to partition into membranes from the aqueous phase. The drug was also

added to model membranes containing a molar ratio of DMPC:DMPG 2:1 and

resulted in a decrease in the intensity of the DMPG 31P resonance relative to that

of DMPC (figures 5.17 and 5.18), suggesting that HMA interacts preferentially

with the negatively charged DMPG. The drug concentrations used in this study
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Figure 5.17: 1D 31P MAS NMR spectra of DMPC:DMPG 2:1 in the presence
of increasing HMA concentration. HMA/lipid molar ratios of 0.0 (A), 0.0067
(B), 0.025 (C), 0.050 (D) and 0.067 (E). Note the decrease in the height of
the DMPG peak at 0.9 ppm relative to the DMPC peak at -0.2 ppm with
increasing HMA concentration. Spectra taken on Varian Infinityplus 500 MHz

spectrometer and referenced to NH4H2PO4.
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Figure 5.18: Ratio of the relative intensities of the DMPG and DMPC peaks
against HMA/lipid ratio For spectra see figure 5.17.

are lower than those in the earlier 1H MAS NOESY experiments, (a maximum

lipid:protein ratio of 1:15) and there is evidence of a decrease in the intensity of

the DMPG 31P peak at lipid:drug molar ratios as low as 1:150 and 1:80.

In a study by Bonev et al., the interaction between the positively charged l-

antibiotic nisin and a DMPC:DMPG 2:1 model membrane, the authors also ob-

served a decrease in the intensity of the DMPG resonance on addition of the

peptide. Nisin has a +3 positive charge and it is clear from the published data

that there is a strong association between nisin and DMPG. The authors also

report the appearance of an additional broad resonance and suggest that the mo-

tion of a proportion of the lipids is restricted [255]. Nisin has a molecular weight

approximately twenty times greater than HMA [256], and the DMPG peak almost

disappears at a peptide/lipid ratio of 0.067 [255], whereas at the same lipid/HMA

ratio, the DMPG peak height is only half that of its original intensity. There

is some evidence from the MD simulations reported in the previous chapter (see

section 4.3.1.1) that the motion of the lipid headgroups within 10 nm of HMA

are restricted relative to those of the bulk bilayer. This results of the 31P NMR

reported here, therefore favour a similar membrane location for HMA.
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5.4.1 Raman Spectroscopy

Laser tweezer Raman spectroscopy was used to determine the effect of the addition

of HMA to a unilamellar vesicle of DMPC. Spectra from the near IR were taken,

since the C-C and P-O lipid stretching vibration peaks fall in this region. Lipid

phase transitions can be followed by observing changes in the positions and promi-

nence of these peaks as the relative proportion of gauche and anti C-C bonds and

the H bonding pattern at the phospholipid-water interface varies [257–259] (see

figure 5.19).

A B

Figure 5.19: Anti and gauche forms of butane as viewed looking along the
C2-C3 bond

The optical tweezers apparatus enables the sample size to be restricted to a single

vesicle, of typical diameter 1 µm (see figure 5.20 , improving the signal to noise

ratio, reducing the acquisition time, eliminating temperature gradients through

the sample and allowing a background spectrum to be taken from the solution

surrounding the vesicles [260]. The technique has previously been used to analyse

the composition of aerosol droplets and liposomes [260, 261].

The Raman spectra of DMPC vesicles at 20 ◦C (figure 5.21) clearly show that

the lipid is in the gel phase. The C-C stretch region is dominated by peaks at

1060 cm−1 and 1128 cm−1, and the presence of the 1091 cm−1 peak shows that

the H bonding pattern at the phospholipid-water interface is consistent with the

lipids being in the gel phase. (For assignment of additional peaks, see table 5.4.)
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2 μm

Figure 5.20: A DMPC vesicle (circled) held in the optical trap by the Ar+ ion
laser as viewed through a Leica DM-IRB light microscope (objective lens x63.
Other vesicles floating free in the buffer above and below the plane of focus of
the light microscope are also visible. The position of the trapped vesicle was
sufficiently stable that spectrum acquisition times of upwards of 10 minutes were

possible.
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Figure 5.21: Raman spectrum of a DMPC vesicle in water. 60 s acquisition
time at 200 W.

32 mM HMA solution spectra show a broad fluorescence peak, which covers all

Raman scattering except for peaks at 964 cm−1, 1040 cm−1, 1326 cm−1, 1386 cm−1

and 1419 cm−1, (see table 5.4 for assignments) (data not shown). When HMA is

added to DMPC before the freeze thawing and extrusion at molar ratios of 1:100

and 1:10 (see section 5.2), the fluorescence disappears, suggesting that the drug

molecules enter the phospholipid bilayer instead of remaining in aqueous solution.
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The spectrum of DMPC:HMA 50:1 (figure 5.22B) has many similarities to the pure

DMPC spectra (figure 5.22A) and the HMA solution spectra peaks at 964 cm−1,

1040 cm−1 (shoulder), 1139 cm−1, are visible. Additional peaks at 915 cm−1 and

978 cm−1 are also observed. Compared to the DMPC-only spectrum, the ratio

of the 1058 cm−1, 1082 cm−1 and 1126 cm−1 peaks shows an increase in the

proportion of gauche C-C bonds, suggesting that lipid disorder is induced by the

presence of the drug. The DMPC:HMA 10:1 (figure 5.22C) spectrum shows an

even greater change in this ratio and the complete disappearance of the 1090 cm−1

peak suggesting that a full phase change has taken place.

1000 1050 1100 1150 1200

relative wavenumber / cm
-1

A

B

C

Figure 5.22: Effect of increasing HMA concentration on lipid phase for DMPC
only (A), DMPC:HMA 1:50 (B) and DMPC:HMA 1:20 (C). The red line shows
the expected position of the C-C gauche stretch at 1086 cm−1. 60 s acquisition

time at 200 W.

5.4.1.1 Conclusion

The effect on lipid dynamics of the addition of HMA to DMPC vesicles was inves-

tigated by Raman spectroscopy. The DMPC acyl chains appear to become more

disordered on the addition of HMA, which would agree with the prediction made by

MD simulations in the previous chapter, that HMA is able to enter lipid bilayers.
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Table 5.4: Table of assignments for Raman spectra after [262].

Region / cm−1 Intensity DMPC HMA
820-828 medium P-O asym stretch
915 medium ring breathing
963 weak ring breathing
970 - 980 medium C-N asym stretch
978 medium ring breathing
1040 - 1050 weak & sharp P-O-C sym stretch
1060 strong C-C gauche stretch
1070 weak CO-O-C sym stretch
1085 strong PO−

2 sym stretch
1086 strong C-C cis stretch
1091 strong PO−

2 sym stretch
1128 strong C-C gauche stretch
1139 strong C-C gauche stretch
1170 weak CO-O-C asym stretch
1296 strong CH2 twist
1359 medium ring breathing
1370 - 1380 weak CH3 sym bending
1430 - 1480 strong CH2 scissoring
1690 -1750 medium C=O stretch

A similar increase in lipid disorder is observed when halothane and chloroform are

added to DMPC and DPPC at five times above clinically relevant concentrations,

although at clinically relevant concentrations there appears to be no observable

effect on DMPC vesicles of halothane and chloroform at 37◦C [243]. At 20◦ the

phase change occurs at HMA concentrations below those that are reported re-

quired to achieve complete inhibition of the ion channel activity of Vpu [73]. The

data presented in Chapter 2, suggest that the HMA concentrations used in this

study are insufficient for complete inhibition of Vpu channel activity and it is

therefore unlikely that HMA inhibits Vpu by altering the biophysical properties

of the bulk lipid.
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5.5 Conclusion

The interaction between HMA and model membranes has been investigated us-

ing a number of spectroscopic techniques. 1H MAS NOESY spectra of HMA in

DMPC membranes at a drug:lipid ratio of 1:7 were acquired at 1H frequencies of

500 MHz and 600 MHz. Cross peaks are observed between the CH2 protons of the

hexamethylene ring of HMA and the lipid acyl chains of DMPC and between the

HMA guanidium group and the DMPC choline and glycerol proton resonances.

The experimental findings support the predictions made in the previous chapter

by MD simulations, that HMA binds to the membrane and orients so that the

hydrophilic guanidium group is located in the lipid headgroup region and the hex-

amethylene ring is close to the fatty acid chains. The spectra also suggest that

the delocalised electron system of HMA extends from the six-membered ring to

the guanidium group, supporting the HMA-stiff model proposed in the previous

chapter.

1D 31P spectra also support the proposed location for HMA within the lipid bi-

layer. The spectra show an upfield shift in the position of the DMPC resonance,

possibly caused by the deshielding of the 31P nucleus, due to the proximity of the

positively charged guanidium group of HMA. The spectra also indicate that the

positively charged drug interacts preferentially with the negatively charged DMPG

over DMPC and is able to restrict the motion of the lipid headgroups.

Raman spectroscopy was used to examine the effect on lipid dynamics of the ad-

dition of HMA to DMPC vesicles. The spectra show a lowering of the phase

transition temperature of the DMPC lipid at drug:lipid ratios of 1:20 and 1:50,

confirming that HMA is able to partition into the lipid from the aqueous phase.

However it is unlikely that HMA inhibits Vpu by altering the biophysical properties

of the bulk lipid, since acyl chain disorder is produced at drug concentrations below

those required for a complete inhibition of channel activity. It is however possible
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that this mechanism is responsible for preventing the rapidly fluctuating trans-

membrane currents, which have been reported by some as channel currents [21].

A variety of spectroscopic approaches have been used to determine the location of

HMA within model membranes. The results of the experiments presented in this

chapter confirm the predictions made by MD simulations that HMA is able to par-

tition into the lipid from the aqueous phase. It has previously been suggested that

HMA inhibits Vpu by binding to the interior of the channel and preventing ion

flux [76, 77]. The results of these experiments do not exclude the possibility that

ion flux is inhibited by a pore occlusion mechanism, however HMA molecules en-

tering the Vpu channel must come from a relatively limited pool of drug molecules

in the aqueous phase.
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REDOR Spectroscopy

SUMMARY
The interaction between HMA and Vpu was analysed by REDOR NMR spec-
troscopy. Vpu1−32 labelled with 15N at the backbone nitrogen atom of Trp23
and HMA labelled with 13C at the guanidium carbon atom, were reconstituted
into DMPC membranes. 13C spectra of the reconsituted system indicate that
the prominence of the HMA guanidium carbon resonance was dependent on tem-
perature. No dephasing of the same peak was observed in the REDOR spectra,
indicating that, at this concentration of drug and temperature, there is no observ-
able interaction between Vpu and the inhibitor.

6.1 Introduction

Rotational Echo Double Resonance (REDOR) is a solid state NMR experiment

used to measure distances between nuclei. The technique reintroduces the het-

eronuclear dipolar coupling between two NMR-sensitive nuclei such as 13C and

15N, the magnitude of which is dependent both on the internuclear distance and

on the gyromagnetic ratio of the two spins [263].

6.1.1 Applications

REDOR NMR has been used to determine precise internuclear distances between

the glutamate and serine chemotaxis membrane receptors and their respective
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ligands and the conformations of bound ligands. [264–266] The structure of ligands

at their binding sites can also be determined by measuring intramolecular distances

between NMR-sensitive nuclei. The structure TPMIM an analogue of SCH28080,

a reversible inhibitor of the H+/ K+-ATPase [267]. The structure of the ligand

can in turn place constraints on the possible orientations of transmembrane helices

and the proximity of key residues [268].

As discussed in section 4.1.2.3, a number of HMA-binding sites have been identi-

fied on the Vpu protein, both within the channel lumen and at the lipid-protein

interface [76, 77], and ability to measure distances between the peptide backbone

and HMA offers the ability to discriminate between these binding modes.

6.1.2 Outline of pulse sequence

The first step of the REDOR pulse sequence requires a 90◦ pulse on the 1H channel

followed immediately by a cross polarisation step to transfer magnetisation to

13C (the observed spin) (figure 6.1). For the remainder of the sequence, protons

are decoupled at high power (typically > 80 kHz) with rapid phase alteration.

The resulting transverse magnetisation of the 13C nucleus begins to evolve by

heteronuclear dipolar coupling, however the magnetisation is refocussed after each

complete rotor revolution by MAS. The application of a train of 180◦ pulses on the

15N (passive spin) channel, synchronised with the rotation of the rotor, interferes

with the MAS averaging of the heteronuclear dipolar recoupling, resulting in a

decrease in the intensity of the signal intensity of the 13C in a manner dependent

on the distance between the passive and observed spins. In addition a single 180◦

pulse, positioned half-way through the evolution time and also synchronised with

the rotation of the sample, is used to refocus the isotropic chemical shifts.
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CP

1H

13C

15
N

Rotor

90°

x

x

180°

x

180°

x

180°

x

180°

x

180°

x

180°

x

180°

x

CP

Decoupling

y

1 2 3 4 5

Figure 6.1: Pulse sequence for 15N refocus, 13C observe REDOR Nuclear
Magnetic Resonance. Transverse carbon magnetisation is produced by the cross-
polarisation (CP) transfer from dipolar-coupled protons. The 15N 180◦ pulses
prevent rotational refocusing of the dipolar interaction. Incomplete refocusing
of magnetisation results in a decrease in signal intensity, S by the amount∆S.
The 13C 180◦ pulse refocuses the isotropic 13C chemical shift differences at the

start of the data acquisition.

6.1.3 Cross polarisation

The sensitivity of spin species with low gyromagnetic ratios (such as 13C and 15N)

can be enhanced by transferring magnetisation from abundant spin species (I-

spins) with high gyromagnetic ratio, such as 1H, 19F and 31P. In a CP experiment,

the field strengths are set to the Hartmann-Hahn condition:

γHH1(H) = γXH1(X) (6.1)

where γ is the gyromagnetic ratio and H1 is the strength of the irradiation field.

Polarisation is transferred when a spin-lock field is applied to both I and S si-

multaneously, during a period known as the contact time. MOIST (missmatch

optimised I-S transfer) cross polarisation was used in this study [269–271].
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6.1.4 Proton decoupling

The 1H nucleus has a large gyromagnetic ratio and almost 100% natural abun-

dance. The large number of protons in biomolecules and their spin interactions

with the other low γ nuclei such as 13C and 15N complicate the spectrum. 1H

decoupling therefore is necessary to remove residual 1H-13C dipolar couplings un-

der MAS NMR and 1H-13C residual J-couplings, which are not averaged with the

sample spinning at the magic angle. Decoupling field strengths of 80-100 kHz

are now commonly used. The simplest decoupling method involves continuous

radio frequency irradiation of constant, phase during the acquisition of the FID

and is called continuous wave (CW) decoupling [272]. Recently, more sophisti-

cated methods have been introduced which significantly improve the decoupling

efficiency [273]. Two-pulse phase modulation (TPPM) consists of two ( pulses and

their rapid phase switching. TPPM decoupling is sensitive to both pulse length

and the phase angle [274].

6.1.5 REDOR pulses

The Hamiltonian which describes the heteronuclear dipolar coupling can be stated

as:

HD =
γIγS
r3

(3 cos2 θ − 1)

2
(2IzSz) (6.2)

Where γI and γS are the gyromagnetic ratios of spins I and S respectively and θ

is the angle between the internuclear vector of length r and the external magnetic

field. MAS rotation of the sample has the effect of removing the dipolar couplings,

which are then reintroduced by applying a series of 180◦ radio pulses, synchronised

to the rotation of the sample.
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Rewriting equation 6.2 with the units of radians/sec, the heteronuclear dipolar

interaction is:

HD = d(t)SZIZ (6.3)

Since the sample is subjected to MAS, the dipolar coupling constant is time-

dependent.

d(t) = d
(

sin2 β cos 2(α + ωr)−
√

2 sin 2β cos(α + ωrt)
)

(6.4)

where the dipolarcoupling is d, the sample spinning rate is ωr and α and β are the

azimuthal and polar angles of the internuclear vector with respect to the spinning

axis (figure 6.2).

ω

ω

ω

α

-ω

I

β

H0

y

x

z

rt

54o44I

S

Figure 6.2: Definition of angles from equation 6.4 in the rotor frame rotating
at the magic angle. I and S are the nuclei of interest.

The net dephasing angle φ can be calculated for each rotor period by:

φ =

∫ τ r
2

0

ωd(t) dt.−
∫ τr

τ r
2

ωd(t) dt. (6.5)

where

ωd(t) = ±d(t)

2
(6.6)
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Without 15N dephasing pulses, the accumulated phase in the first half of the rotor

period would be cancelled in the second half. With dephasing there is non-zero

phase accumulation. Rewriting equation 6.5 for Nc rotor periods, the total phase

accumulation is given by:

φ =
NcTrd

π

√
2 sin 2β sinα (6.7)

A reference spectrum (S0) is obtained for each increment in the number of rotor

periods, in which the 15N dephasing pulses are omitted, completely refocusing the

dipolar interaction. Since both the dephased (S) and non-dephased (S0) spectra

are susceptible to imperfections in the application of the π pulses and losses due

to relaxation during the REDOR evolution periods, the ratio ∆S / S0 is used:

∆S

S0

=
S0 − S
S0

(6.8)

For a single spin pair,

∆S

S0

= 1− cos(φ) (6.9)

For a powder sample, in which all internuclear orientations are included and all

values of α and β intergrated,

∆S

S0

=
1

2π

∫ π

0

∫ π

0

cos(φ) sin(βα) dβ. (6.10)

where sin(β) is a geometric weighting factor [275].

Universal curves may be generated for this ratio for the purpose of comparing the

experimental data to simulation predictions (see figure 6.3).

Systematic variation of the number of rotor cycles and observation of the signals
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Figure 6.3: Variation of ∆S/S0 with the dimensionless parameter λ, a product
of the number of rotor cycles (Nc) and the dipolar coupling (D).

Reproduced from [275].

both with and without the application of π-pulse dephasing in the REDOR ex-

periment, produces a time-domain REDOR dipolar dephasing signal from which

internuclear couplings may be calculated directly.

The dipolar coupling:

d ∝ γIγS
2πr3

(6.11)

allowing the interatomic distance between NMR-sensitive nuclei to be measured [275].
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6.1.6 Aims of this study

The dipolar coupling between two nuclei is dependent on the gyromagnetic ratios

of and distance between the spins (see equation 6.11). The REDOR experiment

exploits this phenomenon, allowing the distance between the two nuclei to be

measured.

Docking and molecular dynamics simulations have previously been used to identify

potential interactions between HMA and Vpu. Suggested binding sited for the

drug include the interior of the channel lumen and the side chain of residue Trp23,

which is predicted to lie on the outside of the oligomer [76, 77] (see also Chapter 4).

In this study, a Vpu1−32 peptide, labelled with 15N at the backbone nitrogen

atom of Trp23 and HMA labelled with 13C at the guanidium carbon atom, will

be reconstituted into DMPC membranes. REDOR measurements are acquired

to determine whether there is any interaction between Vpu and HMA could be

detected.
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6.2 Materials and methods

6.2.1 Sample preparation

Vpu1−32 labelled with at the backbone N on residue Trp23 was synthesised by

solid phase peptide synthesis by Matt Rosenberg (Australia National University,

Canberra) and HMA, labelled with 13C on at the guanidium moiety was purchased

from Biotron Ltd (Western Australia) (see figure 6.4). Both peptide and drug were

in TFE and the solvent was evaporated under N2 gas and dried under vacuum

overnight, to a final molar ratio of 1:1. A lipid suspension of DMPC was rehydrated

using D2O and combined with the peptide and drug. The total lipid:peptide ratio

was 1:50 and rehydrated with 40 µl D2O. The lipid mixture was subjected to ten

freeze thaw cycles and centrifuged prior to packing in the NMR rotor.

N

N

N

NH2

Cl

ONH

C
+NH2 NH2

Figure 6.4: Structural formula of HMA, showing the position of the 13C
labelled guanidium group carbon atom.

6.2.2 1H-13C cross polarisation experiments

1H-13C cross polarisation experiments were performed to determine the optimum

temperature to visualise the HMA guanidium group 13C resonance. The experi-

ments were performed on a 500 MHz Varian spectrometer equipped with an HX
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probe at temperatures of between -10 ◦C and -30 ◦C. The sample was packed inside

a 4 mm rotor with Kel-F inserts and rotated at an MAS frequency of 8 kHz.

6.2.3 REDOR experiments

REDOR experiments were performed on a 600 MHz Bruker spectrometer equipped

with a low E field HXY probe at a temperature of -35 ◦C. The sample was packed

inside a 4 mm rotor with Kel-F inserts and rotated at an MAS frequency of 8 kHz.

MOIST cross polarisation was used to transfer magnetisation from 1H to 13C with

a contact time of 1.6 ms. The 180◦ pulse length for both 15N and 13C pulses was

5 µs. 50 kHz TPPI 1H decoupling was applied during the acquisition time. Data

sets for the S and S0 curves were acquired concurrently, so that the 15N 180◦ pulses

were omitted from alternate scans.
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6.3 Results

6.3.1 Cross polarisation

HMA was synthesised with a 13C label at the carbon of the guanidium group moi-

ety. The chemical shift of the labelled carbon atom is 157 ppm, which falls in a

region of the 13C spectrum between the expected positions of the 13C=O peaks of

the lipid and Vpu peptide and the 13Cα resonances of the Vpu peptide. Figure 6.5

shows three 1D cross polarisation spectra of 13C-HMA and 15N -Trp23-Vpu1−32 re-

constituted at 1:1 ratio into egg phosphotidylcholine lipid (at a lipid:protein ratio

of 50:1) acquired at different temperatures. The prominence of the HMA peak is

dependent on temperature and lower temperatures are required to reduce the mo-

tion of the drug within the membrane, thereby facilitating the synchronisation of

the 1H and 13C nuclear spins and increasing the efficiency of the cross polarisation.

Figure 6.5: Effect of decreasing temperature on the prominence of the HMA
guanidium group 13C resonance at 157 ppm (indicated by the red line) 13C-HMA
and 15N-Trp23-Vpu1−32 reconstituted at 1:1 ratio into egg phosphotidylcholine
lipid. Spectra acquired on a 500 MHz Varian Infinityplus spectrometer equipped
with an HX probe at 8 kHz MAS. All spectra were acquired for 1.4 ms contact

time and with 80 kHz 1H decoupling.
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A similar solid state NMR study of the phospholamban peptide reconstuted into

DOPC membranes, found that temperatures of below -40 ◦C were required to

visualise the labelled 13CO and 13Cα labels [276].

6.3.2 REDOR spectra

Figure 6.6 shows the S and S0 spectra acquired with 18 rotor periods between the

initial cross polarisation and collection of the FID. Comparison of the S spectrum

with the S0 spectrum shows that the intensity of the HMA 13C guanidium carbon

resonance is more intense in the dephased spectrum, indicating that despite the

acquisition of 16k scans, the noise level of the spectrum is too great to allow

dephasing to be observed under this condition.

200 150 100 50 0 ppm

Figure 6.6: REDOR spectra of TR18 S (above) and S0 (below). 13C-HMA
and 15N-Trp23-Vpu1−32 reconstituted at 1:1 molar ratio into egg phosphotidyl-
choline lipid. Spectra acquired on a 500 MHz Varian Infinityplus spectrometer
equipped with an HX probe at 8 kHz MAS. All spectra were acquired for 1.4 ms

contact time and with 80 kHz 1H decoupling.

The experiment was repeated with a 34 rotor cycles between the initial cross

polarisation and collection of the FID. 32k scans were collected (double the number

of the previous experiment). Figure 6.7 shows the S and S0 spectra acquired with
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34TR. No difference in the intensity of the HMA 13C guanidium carbon resonances

was observed. Some of the lipid glycerol 13C resonances showed some dephasing,

indicating that the backbone nitrogen atom of residue Trp23 lies close to these

groups (in agreement with the MD simulations presented in Chapter 4).

200 150 100 50 0 ppm

Figure 6.7: REDOR spectra of TR34 S (above) and S0 (below). 13C-HMA
and 15N-Trp23-Vpu1−32 reconstituted at 1:1 ratio into egg phosphotidylcholine
lipid. Spectra acquired on a 500 MHz Varian Infinityplus spectrometer equipped
with an HX probe at 8 kHz MAS. All spectra were acquired for 1.4 ms contact

time and with 80 kHz 1H decoupling.

A further preliminary experiment to extend the number of rotor cycles to 40TR

was abandoned because the 13C signals were too weak for any useful data to be

collected within the available experimental period.
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6.4 Discussion

13C-15N REDOR NMR spectroscopy was used to investigate the interaction be-

tween Vpu1−32 and HMA. S and S0 REDOR spectra with 18 and 34 rotor cycles

were acquired of the drug and peptide reconsituted into DMPC membranes. No

dephasing of the HMA 13C guanidium carbon signal at 162 ppm was observed,

suggesting that at this concentration, the interaction between the drug and pep-

tide is too weak to be observed. Some dephasing of the lipid 13C=O peaks by the

15N-labelled peptide was observed in the spectrum acquired with 38 rotor cycles,

indicating that the Trp23 backbone nitrogen atom lies close to the lipid headgroup

regions. This is consistent both with the MD simulations reported in Chapter 4

and with the predicted role of the Trp23 side chain as an anchor of the peptide

within the membrane [20, 70].

Dephasing of the HMA guanidium carbon resonance would be expected if the drug

binds to the lumen of the pentameric channel in the position suggested in [76],

since in this position the guanidium head group of the drug lies within 1 nm of

the Trp23 backbone amide group. An interaction between HMA and the Trp23

side chain would also be expected to show some dephasing, although the distance

between the two labelled atoms is an average of 4.5 Å, which is approaching the

upper limit for distances measurable by 13C-15N REDOR. Since the signal to

noise ratio of the abandoned preliminary experiment was prohibitively low for any

meaningful data to be collected, it is unlikely that further experiments with this

sample would yield any positive results.
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6.5 Conclusion

The cross-polarisation magic-angle spinning NMR method REDOR was used to

investigate the binding of the inhibitor HMA to the transmembrane domain of

the viral ion channel Vpu. Although the spectra are dominated primarily by the

resonances from the lipid, the 13C resonance from the HMA guanidium group is

visible at -40 ◦C although no dephasing of the HMA guanidium group peak was

observed with up to 38 rotor cycles. Extension of the experiment beyond this point

was not possible, because the signal decreased significantly. The low number of

data points and relatively high signal to noise ratio also means that it was not

possible to estimate a minimum distance by which the two groups are separated.

Although dephasing was not observed, the possibility remains that the drug in-

teracts so weakly with the protein that it is in fast exchange equilibrium with

the population of drug solubilised in the lipid headgroup region. The inhibition

data presented in Chapter 2 also suggested that HMA was unable to completely

block channel activity and this also suggests a weaker short lived interaction. The

possiblility also exists that HMA does not interact with Vpu and in fact inhibits

on channel activity by altering the physical properties of the lipid which surrounds

the ion channel as discussed in the previous chapter.
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Conclusions and future work

A wide variety of different biophysical methods have been employed in this thesis

to characterise the ion channel activity of Vpu from HIV-1 and to investigate the

mode of channel inhibitition by the amiloride derivative, HMA.

7.1 Vpu channel kinetics

The in vitro channel activity of a peptide (Vpu1−32), corresponding to the trans-

membrane portion of Vpu, was synthesised by solid phase peptide synthesis and

purified by HPLC. The full length Vpu protein (Vpu1−82) was expressed as a fu-

sion protein with Glutathione-S -transferase in E. coli BL21 cells, and purified by

GSTrap affinity chromatography and HPLC.

Both (Vpu1−32) and (Vpu1−82) were reconstituted into black lipid membranes and

transmembrane currents were observed when both positive and negative voltages

were applied. Contrary to earlier electrophysiological studies of the two pro-

teins [59], discrete channel openings are observed and once open, the conductance

of the channel remains constant. Vpu is a non-rectified Ohmic channel, and the

transmembrane currents recorded are proportional to the magnitude of the ap-

plied voltage. A number of conductance states were observed for both proteins,
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with a main conductance state of 17 pS for Vpu1−82 and 17.5 pS for Vpu1−32. The

kinetics of channel opening and closing is similar for both proteins, supporting

solid state NMR spectroscopy which have shown that the structure of the trans-

membrane portion of Vpu1−82, is similar to that of the transmembrane domain

alone [67, 277].

A key difference between the recordings made using Vpu1−82 and Vpu1−32 is

the conductance of the principal subconductance state, which in Vpu1−32 falls

at 13.5 pS and Vpu1−82 at 12 pS. It is possible that the principal subconductance

state corresponds to the flow of Cl− ions (instead of Na+) through the channel.

The addition of the two cytoplasmic helices at the C-terminal end of the TM helix,

could result in the disordering of this region as the protein, moving the ring of

Arg31 and Lys32 residues further apart, reducing the ability of this part of the

channel to stabilise Cl− and leading to a lower conductance. Occasional channel

openings from Vpu1−82 do not conform to the regular square-wave shape. It may

be that the presence of the C-terminal cytosolic helices helps to destabilise the

membrane allowing some leakage of ions, in a manner similar to that suggested

previously [21].

Four possible mechanisms for channel opening and closing have been discussed

(see section 2.4.1). The model which appears to be most consistent with the data

presented is that in which the oligomeric and monomeric forms of the protein

are in a dynamic equilibrium, and that ion flux through the channel ceases when

the helices dissociate. Other models have previously been proposed, in which a

conformational changes are responsible for channel opening and closing, however

the stability of the different conductance states appears to be inconsistent with

the small energy differences between conformation states.
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7.2 Inhibition of channel activity by HMA

The amiloride derivative, HMA, has been previously shown to inhibit the ion chan-

nel activity of Vpu and several other viral proteins [73, 157, 158]. Addition of the

drug to the buffer solutions on either side of the black lipid membrane into which

Vpu1−32 had been reconstituted, resulted in the incomplete inhibition of ion flux

across the membrane. Channel open times were observed to decrease, however

contrary to previously published experiments, it was not possible to abolish chan-

nel activity completely. It has previously reported that DMA is also an inhibitor

of Vpu [73], and in the experiments reported in section 2.3.7 the mean channel

open time was reduced by 50% in the presence of 100 µM DMA.

It has previously been suggested that HMA inhibits ion channel activity by binding

to the lumen of the channel and blocking ion flow by occluding the pore [76, 77].

Docking simulation studies have also suggested the side chain of Trp23, which is

predicted to lie on the lipid-accessible face of the Vpu oligomer, as a potential

binding site for the drug [76]. By analogy with eukaryotic ion channel inhibitors,

(see section 1.7), the binding of a drug to the lipid accessible face of the channel

could promote the adoption of a desensitised closed state. Molecular dynamics

(MD) simulations were therefore used to investigate modes of inhibition which

involve the initial partitioning of the drug into the lipid bilayer.

The octanol-water partition coefficient of HMA was determined by isocratic HPLC

(log(P ) = 2.63). HMA was observed to partition into model lipid membranes from

the aqueous phase by MD simulations and to remain within bilayer over the course

of a series of 10 ns simulations. A particularly strong electrostatic interaction was

formed between the positively charged guanidium headgroup of HMA and the

negatively charged phosphate groups, and this interaction appears to restrict the

motion of the headgroups of lipids within 10 Å of the drug relative to those of the

bulk lipid. The presence of the drug also allowed water to penetrate further into
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the bilayer around the HMA molecule than into the bulk bilayer. No significant

differences were observed in the interactions between HMA, DMA, amiloride and

the phospholipids, suggesting that HMA is unlikely to inhibit Vpu by altering the

biophysical properties of the membrane.

The interaction between HMA and the sidechain of Trp23 was also investigated

by MD simulations. HMA was able to bind stably over the course of six 5 ns

simulations to the sidechain, however amiloride, which does not inhibit ion flux

through the channel, was not able to remain bound to Trp23. Throughout the

simulation, the aromatic system of HMA maintained a perpendicular distance

of 0.4 nm from the double ring system of the Trp23 side chain, suggesting that

a π bond stacking interaction between the two groups is possible (although not

explicitly modelled by the simulation parameters). The binding of HMA to residue

Trp23 had a dramatic impact on the conformation of the lipid surrounding the

channel. The headgroup of the neighbouring phospholipid molecule was pulled

downwards to maintain the electrostatic bond between its phosphate group and

the HMA guanidium group, so that the choline moiety rested 5 nm below the

mean height of the other choline groups in the bilayer. The displacement of the

lipid enabled the permeation of water into the bilayer around residue Val25, and

it is suggested that this results in a decrease in the stability of the channel and

therefore a decrease in the channel openings and the lengthening of the closed

channel duration observed in Chapter 2. Electrophysiological experiments with

a Vpu1−32 mutant, from which Trp23 has been deleted, would be able to verify

whether this mechanism is correct.

Solid state NMR was used to test the predictions made by MD simulation, that

HMA, DMA and amiloride are able to spontaneously insert into a phopholipid

membrane from the aqueous phase. 1H MAS NOESY spectra of the drugs sol-

ubilised in DMPC were acquired at 600 MHz and 500 MHz. Crosspeaks were
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observed between the lipid and the drug resonances and indicate that the guanid-

ium group of HMA resides close to the phospholipid headgroups, that the aromatic

system of the drug lies close to the glycerol backbone and that the hexamethylene

ring of the drug lies close to the fatty acid chains.

The suggestion that a strong electrostatic interaction is present between the nega-

tively charged phosphate group of the lipid and the positively charged drug guanid-

ium group, was supported by 1D 31P NMR experiments. Increasing concentrations

of HMA were added to a 2:1 molar ratio of the lipids DMPC:DMPG. As the con-

centration of the drug was increased, the intensity of the resonance arising from

the DMPG phosphate group decreased, suggesting a preferential association be-

tween the drug and the negatively charged lipid. The decrease in the mobility of

the phospholipid headgroups close to the HMA, as observed by MD simulation, is

suggested to be responsible for the decrease in intensity of the DMPG peak [255].

HMA and amiloride were shown by Raman spectroscopy to be able to induce lipid

acyl chain disorder in DMPC vesicles, in a similar manner to many anaesthet-

ics [243]. Since this effect occurs at concentrations below which inhibition of the

Vpu channel occurs, it seems unlikely that HMA inhibits Vpu by altering the

biophysical properties of the bulk lipid.

Rotational-Echo Double Resonance solid state NMR spectroscopy was performed

to determine whether there was any evidence for the binding of HMA to Vpu.

HMA was synthesised and 13C-labelled at the guanidium group along with a

Vpu1−32 helix 15N-labelled at on the peptide backbone at position Trp23. No

dephasing of the HMA signal was observed in the 13C spectrum, indicating that

if there is no evidence for an interaction between the two groups. The possibility

remains that HMA is able to bind to Vpu, either in the lumen of the channel [76],

or to residue Trp23, as predicted by the MD simulations in Chapter 4, but that
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the interaction is relatively weak and that the drug at its binding site on the pro-

tein is equilibrium with the population of drug molecules solubilised in the lipid

headgroup region.

Several different lipid types and sample preparation methods have been used in the

experiments reported in this thesis. For example, although the 1H MAS NOESY

NMR experiments and the Raman spectroscopy were both performed using HMA

inserted into DMPC vesicles, the NMR used sonication to rehydrate the drug and

lipid mixture, whereas the freeze-thawing was used for the Raman spectroscopy.

POPC was the used primarily in the MD simulations. The consistency of the

conclusions drawn from a range of both biophysical techniques and sample prepa-

ration methods, indicates that the partitioning of HMA into membrane does not

originate from an artefact.

There are many inhibitors of eukaryotic ion channels which are thought to prevent

ion transport, by binding to the protein and stabilising an inactive or desensi-

tised form of the channel (see section 1.7). Many of these compounds are widely

used in medicine and are routinely prescribed for patients. It is possible that

HMA inhibits the ion channel activity of Vpu in a similar way, partitioning in cell

membranes, diffusing laterally across the bilayer to the channel protein. Annular

lipid regions have been identified in several eukaryotic ion channels including the

Torpedo nAChR [126]. Water has been shown to penetrate into the annular lipid

domain to a lesser degree to than the bulk bilayer lipid, making the region more

hydrophobic [123]. It is plausible that a similar annular lipid region surrounds

Vpu. Since unlike eukaryotic ion channels, each Vpu monomer has only a single

transmembrane helix and so changes in the lipid environment on the outside of

the oligomeric channel, are likely to effect the channel architecture and therefore

ion flux. The data from this thesis suggest that HMA is able to penetrate the

inter-helical region and to change its character, by increasing its water content.
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This could then lead to channel inhibition, by favouring a closed or inactive con-

formation.

7.3 Conclusion

Progress in the study of Vpu has been made in this thesis. The kinetics of channel

activity and the mechanism of inhibition have been investigated using a combi-

nation of biophysical methods. Despite its simplicity, Vpu shares many charac-

teristics with larger eukaryotic and prokaryotic channels. The mechanism of the

inhibition of the channel by HMA appears to share some characteristics with the

inhibition of the eukaryotic ligand-gated ion channels by amphipathic drugs (see

section 1.7). The advances made in this thesis will inform the wider field of ion

channel study and may also have implications for the design of inhibitors for Vpu

and for novel anti-retroviral therapies against HIV-1 infection and AIDS.
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List of Viral Ion Channels

Table A.1: Viral proteins which have been identified as having ion channel
activity.

Protein Virus Family
3a SARS-CoV Coronaviridae [278]
E protein SARS-CoV Coronaviridae [279]
E protein Murine Hepatitis Virus Coronaviridae [280]
Vpr HIV-1 Retroviridae [281]
Vpu HIV-1 Retroviridae [59]
M2 Influenza A Orthomyoxoviridae [88]
BM2 Influenza B Orthomyoxoviridae [282]
NB Influenza B Orthomyoxoviridae [283]
CM2 Influenza C Orthomyoxoviridae [284]
p7 Hepatitis C Virus Flaviviridae [95]
E2-p7 Bovine Viral Diarrhea Virus Flaviviridae [100]
p13-C GB Virus B Flaviviridae [98]
DVM-C Dengue Virus Flaviviridae [285]
2B Coxsackie virus Picornaviridae [286]
SH Human Respiratory Syncytial Virus Paramyxoviridae [287]
6k Sindbis virus Togaviridae [288]
6k Semliki Forest Virus Togaviridae [289]
6K Ross River Virus Togaviridae [105]
6K Barmah Forest virus Togaviridae [105]
Kcv Paramecium bursaria Chlorella Virus 1 Phycodnaviridae [290]
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General Methods

B.1 Solid Phase Peptide Synthesis

Fmoc solid phase peptide synthesis was performed using a automated peptide syn-

thesiser (Pioneer, Prospective Biosystems). Figure B.1 shows a general overview

of solid phase peptide synthesis.

Coupling reagents (N -Hydroxybenzotriazole (HOBt), 2-(H-Benzotriazole-1-yl)-1,1,

3,3-tetramethyluronium hexafluorophosphate (HBTU), Benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP)), Fmoc-protected amino

acids, and solid support (Fmoc-PAL-PEG-PS resin, loading 0.25 mmol/g) were

obtained from Novabiochem (Merck).

Prior to peptide-resin cleavage, the resin was washed with DCM, methanol and

diethyl ether and dried for 24 hours in a dessicator under vacuum. The peptides

were cleaved from the resin by agitation for 3 hours in cleavage solution (trifluo-

roacetic acid (TFA) (95%), triethylsilane (TES) (2.5%) and water (2.5%)). The

resultant liquid was filtered and the resin washed with 95% TFA / 5% water. Ex-

cess TFA was then evaporated off under a stream of nitrogen until approximately
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Figure B.1: General scheme for Fmoc solid phase peptide synthesis. Initially
the first Fmoc amino acid is attached to an insoluble support resin via an acid-
labile linker. Deprotection of the Fmoc protecting group is accomplished by
treating the resin with a base (typically piperidine). The second Fmoc-protected
amino acid is coupled using a pre-activated species or in situ activation. Af-
ter coupling, excess reagents are removed by washing the resin. The process
is repeated until the desired peptide sequence is assembled. In the final step,
the resin-bound peptide is deprotected and then detached from the solid sup-
port using a trifluoroacetic acid (TFA) cleavage. Diagram adapted from Sigma

Genosys technical bulletin.
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1 ml remained. Ice cold diethyl ether (40 ml) was added, followed by centrifuga-

tion at 5000 g, 4 ◦C, 15 minutes. The supernatant was discarded and the ether

extraction was repeated twice on the peptide pellet.

B.2 Heat shock transformation of competent cells

BL21 competent cells were obtained from Invitrogen. A 50 µl aliquot of competent

cells was thawed on ice, 1 µl of plasmid DNA stock was added and the cells were

incubated on ice for 30 minutes. The cells were then subjected to a heat shock

42 ◦C of 60 s duration and then returned to the ice for a further 10 minutes. SOC

media (450 µl) (see section C.1) was added and the culture agitated at 200 rpm for

60 minutes at 37 ◦C. The resulting culture was used to inoculate LB agar plates

containing 100 µg/ml ampicilin, which were incubated overnight at 37 ◦C.

B.3 SDS PAGE

Proteins were separated by SDS-PAGE using an X-cell Surelock minicell and pre-

cast Tris-Glycine gels (Invitrogen). For Coomassie staining, gels were incubated

for 2 hours at room temperature with agitation in Coomassie Brilliant Blue stain-

ing solution (Coomassie Brilliant Blue R250 (0.25% w/v), methanol (45% v/v),

MilliQ H2O (45% v/v), glacial acetic acid (10% v/v)), followed by destain solu-

tion (methanol (45% v/v), MilliQ H2O (45% v/v), glacial acetic acid (10% v/v)).

For Western blotting, proteins were transferred to nitrocellulose membrane (GE

Healthcare) by semi-dry transfer (Biorad Transblot). Membranes were probed with

mouse anti-Vpu antibody (Klaus Strebel) using WesternBreeze Chemiluminescent

Western Blot Immunodetection Kit (Invitrogen).

187



Appendix B General Methods

B.4 Basic principles of solid state NMR

The nuclear spin Hamiltonian, (the energy operator containing the terms for the

internal and external interaction of the spin system under consideration) is given

by:

H = HZN +HCS +HJ +HD +HQ (B.1)

The Hamiltonian for the Zeeman Interaction(HHZN) measures the interaction

between nuclear spin I and the magnetic field B0:

HZN = γηB0IZ (B.2)

where IZ is the component of the macroscopic magnetisation operator aligned

parallel to the direction of the B0 field and γ is the gyromagnetic ratio.

The Hamiltonian for the chemical shift interaction (HCS) is given by:

HCS = γηB0σ
labframe
ZZ IZ (B.3)

where σij, the chemical shift is a second rank tensor with principle elements σ11,

σ22, σ33. HCS may be explicitly written as:

HCS = γη(σ11sin
2θ cos2 φ+ σ22 sin2 θ cos2 φ+ σ33 cos2 θ)B0IZ (B.4)

where θ and φ describe the angles formed between the principle axis and the

laboratory fixed axis (see figure B.2).

The shielding anisotropy (∆σ), asymmetry parameter η and the isotropic chemical

shift σiso can also be derived:
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Figure B.2: Chemical shielding ellipsoid with the geometric relationship be-
tween the Principal Axis System (PAS) of the nucleus and laboratory fixed axis

(LAB).

∆σ = σ33 −
1

2
(σ11 + σ22) (B.5)

σiso =
1

3
(σ11 + σ22 + σ33) (B.6)

η =
σ22 − σ11

σ33 − σiso
(B.7)

Fermi-contact mediated interactions between nuclear spins give rise to the electron-

mediated, J coupling Hamiltonian:

HJ = 2πIJI (B.8)

189



Appendix B General Methods

characterised by the indirect spin coupling tensor J . The Hamiltonian can be

divided into the isotropic and anisotropic components:

H iso
J = 2πJI1I2 (B.9)

Haniso
J = 2πJanisoI1I2 (B.10)

The homonuclear dipolar interaction can be approximated by the Hamiltonian

HD:

HD =
1

2

γ1γ2

r3
(1− 3 cos2 θ)(3IZSZ − I.S) (B.11)

and the heteronuclear dipolar interaction can be approximated by:

HD =
1

2

γ1γ2

r3
(1− 3 cos2 θ)(2IZSZ) (B.12)

The Hamiltonian for the quadrupolar interaction of a nucleus having spin ≥ 1,

may be written in the form

HQ = IQI (B.13)

where Q can be expressed as a function of the electrical field at the nucleus (V ):

Q =
eQ

2I(2I − 1)η
V (B.14)
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where eQ is the nuclear quadrupolar moment. Under the high field approximation,

the Zeeman interaction is larger than the quadrupolar interaction and the non-

secular terms may be ignored to give:

V labframe
zz =

1

2
(3 cos2 θ − 1)V PAS

xx +
1

2
3 sin2 θ cos 2φ(V PAS

xx − V PAS
yy ) (B.15)

The asymmetry parameter η is given by

η =
Vxx − Vyy

Vzz
(B.16)

where by convention Vzz ≥ Vxx ≥ Vyy

V 2,0 =
1

2
((3 cos2 θ − 1) + η sin2 θ cos 2φ) (B.17)

For an axially symetrical deuteron, (η = 0), the quadrupolar contribution may be

written as:

HQ =
e2qQ(3I2

z − I2)

4η
(3 cos2 θ − 1) (B.18)

B.4.1 Magic Angle Spinning

NMR spectra of solid samples are typically more poorly resolved than those of

liquid samples. Rapid rotation of a solid sample at the magic angle 54.73◦ reduces

the line broadening caused by dipolar coupling to zero. The reduction occurs, be-

cause the dipolar interactions (D), indirect electron coupled interactions, chemical

shift anisotropy (σ) and quadrupolar interactions are all affected in the same way.
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Recalling equation B.11, the Hamiltonian for the homonuclear dipolar interactions

(Hd) may be written:

HD =
1

2

γ1γ2

r3
(1− 3 cos2 θ)(3IZSZ − I.S) (B.11)

If a sample is rotated about an axis inclined at β to the magnetic field (B0), then

the resulting spectrum will retain its shape, but be reduced in width by the scale

factor F (β):

F (β) =
1

2
(3 cos2 β − 1) (B.19)

so that when β = 0◦, 90◦ and 54.73◦ then F (β) = 1, 0.5 and 0 respectively. The

angle 54.73◦ is commonly referred to as the magic angle [291, 292].

In theory, all anisotropic effects may be removed by rotation at the magic angle,

but for most biological samples, this is not the case. Rapid isotropic motions

within a solid may help to reduce linewidths, which are then further reduced by

magic angle spinning (MAS), however slow and moderate isotropic motion may

leave broadened lines. To narrow lines further which have already been narrowed

by internal motions, may require MAS at a rate which exceeds the internal motion

(technically impossible to achieve). Rapid molecular motion may therefore be a

hindrance to achieving liquid state resolution [293].
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B.5 Raman Spectroscopy

B.5.1 Apparatus

A continuous-wave Argon ion laser of wavelength 514.5 nm and maximum power

2 W, (Innova 90-5-UV, Coherent). The beam was passed through two sets of lenses

and reflected from a 1:2 beamsplitter into the microscope. Light was directed

through the objective lens (x63 NA 1.2, Leica Microsystems) by a dichroic mirror

and the optical trap was formed in the sample cell (see figure B.3).

Raman light scattered back from the focal point was focussed by the objective

lens and passed back along the same pathway to the beam splitter. A holographic

notch filter (HNF-514, Kaiser Optical Systems) was placed after the beamsplit-

ter allowing only Raman light shifted above 514.5nm to enter the spectrometer

(SpectraPro-500 Acton Research Company) and detector (LN/CCD-1024, Prince-

ton Instruments) [294]. The liposome was observed using filtered light (>700 nm)

focussed onto a CCD array camera.

B.5.2 Calibration

The spectrometer was calibrated using toluene (spectroscopic grade, Aldrich).

Recorded wavenumbers were accurate to 2 cm−1. Background noise was elim-

inated by subtracting the Raman spectrum of the dispersion medium from the

liposome spectrum. Peak ratios were calculated after the background spectrum

had been subtracted.
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Figure B.3: Diagram of Raman apparatus All equipment was secured to an
anti-vibration table (Newport Inc.)
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Media and buffer compositions

C.1 Growth media

Luria-Betani (LB) liquid media Per litre ddH2O: 10 g bacto-tryptone, 5 g
yeast extract, 10 g NaCl, pH 7.0.

Luria-Betani (LB) agar Per litre ddH2O: 16 g bacto-tryptone, 5 g yeast
extract, 10 g NaCl, 15 g agar, pH 7.0.

SOC medium Per litre ddH2O: 20 g bacto-tryptone, 5 g yeast extract, 0.5 g
NaCl, 2.5 g KCl, 10 mM MgCl2, 20 mM glucose, pH 7.0.

C.2 SDS PAGE

2x sample buffer 200 mM Tris-HCl (pH 8.8), 20% glycerol (v/v), 5 mM EDTA,
0.02% bromophenol blue (w/v). To a 700 µl aliquot, add 200 µl 20% SDS (w/v)
and 100 µl, 500 mM DTT before use.

Tris-Glycine SDS running buffer 25 mM Tris pH 8.3, 192 mM glycine,
0.1% SDS (w/v).

Tris-Glycine transfer buffer 12 mM Tris pH 8.3, 96 mM glycine.
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C.3 Vpu1−82 purification buffers

PBS buffer 150 mM NaCl, 16 mM Na2HPO4, 4 mM NaH2PO4

Buffer I 50 mM Tris/HCl pH 7.5, 5% glycerol v/v, 1 mM NaEDTA, 1 mM
NaN3, 10 mM DTT, protease inhibitor cocktail (complete EDTA-free, Roche)

Buffer II 50 mM Tris/HCl pH 7.5, 100 mM NaCl, 1 mM NaN3, 10 mM DTT,
protease inhibitor cocktail (complete EDTA-free, Roche)

Buffer III 50 mM Tris/HCl pH 7.5, 1% Na+ deoxycholate, 1% Triton X100,
1 mM NaN3, mM DTT

GHB Buffer 6 M guanidium HCl, 0.5 mM NaCl, 20 mM Tris/HCl pH 7.5

TCB Buffer 50 mM Tris/HCl, 150 mM NaCl, 2.5 mM CaCl2

C.4 HPLC Buffers

Buffer A 90% milliQ H2O, 10% ACN, 0.1% TFA

Buffer B 10% milliQ H2O, 90% ACN, 0.1% TFA
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