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Cells expressing
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FIG. 5B

Cells expressing
wild type Vpu

FIG. 6A

Sep. 4, 2007

Sheet 5 of 7

US RE39.815 E

Celis containing
control plasmid

(no Vpu)

Cells containing
control plasmid
(NO Vpu)



U.S. Patent Sep. 4, 2007 Sheet 6 of 7 US RE39.815 E

SIRPYTTI ST I P VRIRPT S T FPR DW= Y | CIVROWTY ST YT O S

-1
_ 9 Vou Mutant RK3/701
-J

2z

; Vou Wild—type

Current (pA)

ll* ,l r No Drug

1 I -
[ ]|

OpA "';' le[”%’*!’ L.

TR |




US RE39.815 E

Sheet 7 of 7

Sep. 4, 2007

U.S. Patent




US RE39,815 E

1

METHOD FOR DETERMINING ION
CHANNEL ACTIVITY OF A SUBSTANCE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

FIELD OF THE INVENTION

This mvention relates to a method for determining ion
channel activity of substances such as peptides, polypeptides
and proteins and to a method for screening potential thera-
peutic substances for their ability to modulate 10n channel
function.

BACKGROUND OF THE INVENTION

Biological cells are encapsulated in a membrane made of
a double layer of lipids separating the intracellular contents
from the outside. The lipid bilayer “sandwich™ has a hydro-
phobic interior that prevents movement of charged particles
such as 1ons across it. However, there are protein macro-
molecules that penetrate the membrane and act as portholes
to allow 10ns to pass between the 1nside and outside of a cell.
These structures that allow rapid movements of 1ons (many
millions per second) across a cell membrane, with no need
for an immediate energy mput, are called “1on channels”.
The forces that influence the movement of ions through a
channel are electrical and chemical. The electrical force 1s
the electrical potential across the membrane, the chemical
force 1s the diflerence in concentration of an 10n on the two
sides of the membrane: the combination of the two 1s the
clectrochemical gradient for an 1on. If the electrochemical
gradient for an 1on 1s not zero, 1ons will flow through a
channel when 1t opens (as long as the channel lets them
through).

There are many varieties of 1on channels that differ in
their selectively, methods of gating, conductance and kinetic
properties. Channels can be selective for sodium 1ons, or for
potassium 10ns, or for calcium 1ons, or for chloride 10ns, or
form protons etc and are classified according to the 10ns that
pass through them most freely. For example, sodium chan-
nels are more permeable to sodium than to any other cations
or anions. Channels are also classified according to the way
in which they are turned on or gated. For example, voltage-
activated channels open or close 1n response to changes 1n
membrane potential. Ligand-gated channels are turned 1o
when ligands such as neurotranmitters or hormones bind to
their surface. Proteins to which ligands bind are commonly
called receptors and many receptors are part of the same
macromolecule that forms the 1on channel. However, some
channels are indirectly linked to receptors by second mes-
senger systems and the channel i1s then separate from the
receptor. Channels can also have very different conduc-
tances. Conductance, the reciprocal of resistance, 1s a mea-
sure of the ease with which 10ns pass through a channel and
1s given by the ratio of the current to the driving force. The
conductance of different channels can range from picosi-
emens to hundreds of picosiemens (corresponding to resis-
tances of 107 to 10'* ohms). Finally, channels can have very
different “duty cycles”. Some are open most of the time
while others open infrequently. Some flicker rapidly
between open and closed states while others do not. Changes
in the environment of channels (e.g the presence of drugs)
can change these characteristics. Indeed 1t 1s becoming clear
that many drugs exert their eflects on cells and organs by
binding to surface receptors and influencing channel behav-
10UL.
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The tunction of all cells 1n an animal or other organism
depends on the 1on channels formed by membrane proteins
which provide a pathway for movement of ions between
compartments in a cell and between the interior and exterior
of cells. These movements of 1ons are essential for normal
cell function, and all biological cells (including bacteria and
even enveloped viruses such as the influenza and HIV
viruses ) contain ion channels. Ion channels are fundamental
to cellular functions such as transmission of signals in
nervous systems, cell division, production of antibodies by
lymphocytes, replication of virus particles within cells and
secretion of fluid and electrolytes.

A wide variety of diseases such as cystic fibrosis, mus-
cular dystrophies, stroke, epilepsy and cardiac arrhythmias
are related to disorders of 10n channel function. In addition,
it has recently been discovered that some viruses have
proteins that form 10on channels that are needed 1n the normal
life-cycle of the virus. For example, there 1s now good
evidence that a protein (M2) in nfluenza A virus forms an
ion channel that 1s necessary for virus replication, and drugs
such as amantadine that block this channel 1nhibit replica-
tion of the i1nfluenza A virus. Amantadine
(1-aminoadamantane hydrochloride) and 1ts analogue
rimantidine have been found empirically to be eflective in
the prophylaxis and treatment of influenza caused by the
influenza A virus. These drugs, at the therapeutic
concentrations, inhibit replication of the influenza A virus
both 1 vitro and 1 vivo. However, they can become
ineflective because of the development of resistant strains of
the virus and this reduces their value as therapeutic agents.

Other drugs which work by modulating ion channel
function include calcium channel blockers which are used as
anti-anginal and antihypertensive agents, barbiturates which
cause sleep and inhibit epileptic seizures by increasing
movements of chloride 1ons across receptors activated by
gamma-amimnobutyric acid (GABA), and benzodiazepines
which relieve anxiety and produce anaesthesia by increasing
GABA receptor activity.

In the past, the discovery of drugs which block ion
channels has been largely serendipitous. Drugs that have
been discovered in this way include general anaesthetics
such as ether and halothane, the barbiturates and benzodi-
azepines. Thus, ether was originally used like alcohol at
parties, and the reversible anaesthetic effect of halothane
was discovered during leakage of refrigerant from a com-
pressor. Siumilarly, the discovery of the antiarryhthmic action
of quinidine followed use of quinine as an antimalarial drug.

Realisation that 1on channels could prove to be an impor-
tant site of drug action has lead to a search for eflective ways
of screening the activity of potential therapeutic substances
that affect 1on channel activity. Although electrophysiologi-
cal techniques can be used to detect current flow when 10ns
move across channels, the methods are too tedious and
time-consuming for routine screening of 10n channel activ-
ity.

Vpu 1s a small phosphorylated integral membrane protein
encoded by the HIV-1 genome which associates with the
Golgi and endoplasmic reticulum membranes 1 infected
cells, but has not been detected 1n the plasma membrane nor
in the viral envelope. The protein 1s 80—82 amino acids long
depending on the viral 1solate, with an N-terminal trans-
membrane anchor and a hydrophilic cytoplasmic C-terminal
domain. The C-terminal domain contains a 12 amino-acid
sequence that 1s conserved in all 1solates and contains two
serine residues that are phosphorylated. Using standard
techniques associated with reconstitution of the purified
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HIV-1 Vpu protein in planar lipid bilayers, 1t has been shown
that the Vpu protein forms cation selective 1on channels in
phospholipid bilayers (8). Further work 1s now directed to
finding drugs that block these channels, and testing them as
potential anti-HIV-1 therapeutic agents. While screening for
such drugs 1s possible using the above mentioned planar
lipid bilayer method, this method has the disadvantage of
requiring large quantities of highly punfied Vpu protein and
1s limited 1n that only one compound can be tested per
bilayer, making 1t a relatively slow and ineflicient screening,
assay.

Because of these disadvantages, there 1s a need for an 10n
channel assay system that can be used both to detect the 10n
channel activity of biologically important peptides and
proteins, and to screen the eflectiveness of potential thera-
peutic substances that might interact with 1on channels and
modulate 10n channel function.

Some organisms such as bacteria accumulate amino acids
and other substances by using the energy of a cation con-
centration gradient. If a substance such as a peptide,
polypeptide or protein that forms a channel 1s inserted in the
cell membrane and dissipates the gradient, the organism can
no longer accumulate essential substances and growth 1s
inhibited. This growth inlibition can be detected directly.
Thus, the activity of potential therapeutic substances that
might influence the function of a channel can be quickly
screened by examining their effects on growth of an organ-
1sm containing the channel-forming peptide, polypeptide or
protein.

SUMMARY OF THE INVENTION

In one aspect, the present invention provides a method for
determining ion channel activity of a substance which 1s a
peptide, polypeptide, protein or the like, which comprises
the steps of:

(1) expressing said substance as a heterologous protein 1n
a host cell; and

(11) determining changes 1n permeability of the plasma
membrane of said host cell mnduced by expression of
said heterologous protein.

Preferably, the determination of changes in the perme-
ability of the plasma membrane of the host cell 1s carried out
by detecting changes in the permeability of the plasma
membrane to small metabolite molecules, for example pro-
line or adenine.

In accordance with this aspect of the invention, if the test
substance 1s expressed as a heterologous protein having ion
channel activity, expression of the heterologous protein 1n
the plasma membrane of the host cell will alter the ability of
the cell to maintain concentration gradients of small metabo-
lite molecules such as proline or adenine whose transport
into the cell 1s energised by the 10ns which are permeable to
the expressed channel. As a result, a net movement or
leakage of the metabolite molecules out of the cell will
occur, and such leakage of the metabolite molecules can then
be detected by a suitable method. Preferred methods for
detecting leakage of the metabolite molecules from the cell
are described below.

In a further aspect, the present invention provides a
screening method for determining 1on channel modulating
activity of a test substance, which comprises the steps of:

(1) expressing a substance having 1on channel activity as
a heterologous protein 1n a host cell;

(1) contacting said host cell with the test substance; and
(111) determining changes in 1on channel activity of said
heterologous protein induced by the test substance.
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Preferably, 1n this aspect of the invention, changes 1n 1on
channel activity of the heterologous protein induced by the

test substance are determined by detecting the effect of the
test substance on changes in permeability of the plasma
membrane of the host cell induced by expression of the
heterologous protein 1n the cell; 1 particular, by detecting
the effect of the test substance on changes 1n the permeabil-
ity ol the plasma membrane of the host cell to small
metabolite molecules such as proline, adenine or the like.

Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
“comprise”, or variations such as “comprises” or
“comprising”, will be understood to imply the inclusion of
a stated integer or group of integers but not the exclusion of
any other integer or group of integers.

DETAILED DESCRIPTION OF TH.
INVENTION

In a preferred embodiment, the assay method of the
present invention measures the alteration of the permeability
to small metabolite molecules (proline or adenine, for
example) of the plasma membrane of living host cells (E.
coli, for example) induced by the expression of heterologous
cation (sodium, for example) channel proteins (Vpu, for
example) 1n the host cells. Although the following detailed
description 1s directed specifically to Vpu 1on channels, 1t
will be understood that the concept of the assay 1s generally
applicable to any i1on channel protein that can be actively

expressed 1 a host cell such as E. coli.

The plasma membrane of a cell generally contains pro-
teins whose function 1s the uptake of metabolite molecules
into the cell. In a subset of these proteins, the energy to drive
the uptake reaction 1s derived from transmembrane concen-
tration gradients of various 1ons (eg Na+, H+) such that the
movement across the membrane and into the cell of the
metabolite to be taken up 1s tightly coupled to the movement
across the membrane of an 1on moving down 1ts concentra-
tion gradient. I a heterologous channel forming protein 1s
present 1n the membrane of the cells and causes the dissi-
pation of the concentration gradient of the 1on driving the
uptake of a metabolite, then a net movement of the metabo-
lite out of the cell should occur—particularly 1n the case
where the metabolite can be derived biosynthetially by the
cell. Leakage of the metabolite from cells expressing the 10n
channel can be detected, for example : (1) by either the
ability of the leaked metabolite to support the growth of a
second type of cell that has an auxotrophic requirement of
the leaked metabolite; or (11) 1n the case where biosynthesis
of the metabolite 1s rate limiting to growth, by the failure of
cells expressing the heterologous channel forming protein to
thrive 1n the absence of externally supplied metabolite.

As a specific example of the first detection method, the E.
coli proline transporter 1s driven by the co-transport into the
cell of sodium 10ns with proline. Cross-feeding between a
strain of E. coli expressing the HIV-1 Vpu protein—which
consequently leaks proline due to dissipation of the sodium
gradient—and a second strain of E. col1 that cannot synthe-
sise proline but instead must take 1t up from the external
medium has been demonstrated. Such experiments are per-
formed 1n proline deficient medium so that the only possible
source of proline 1s via biosynthesis 1n the Vpu-expressing
strain.

As a specific example of the second detection method, the
expression of Vpu in E. coli stramn XL-1 Blue at 37° C.
makes cell growth dependent on externally supplied
adenine. The same strain in the absence of Vpu expression
grows well when adenine 1s absent from the growth media.

L1
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The m vivo assay of 10n channel function described above
also has the advantages of speed and efliciency over the
planar lipid bilayer assay (8) as a method for screening
potential therapeutic substances that might block, inhibit or
otherwise modulate the 1on channel function as many
(hundreds) such substances can be screened in a single
experiment. Thus the present invention also provides a
method for rapidly screening compounds for their ability to
block, inhibit or otherwise modulate the function of 10on

channel proteins expressed 1n living cells.

As previously described, the assay method relies on
expression of the 1on channel forming proteins 1n the plasma
membrane of the cells, altering the ability of the cell to
maintain concentration gradients of the metabolites whose
transport 1nto the cells 1s energised by the 1ons which are
permeable to the expressed channel. Leakage of the metabo-
lite from the cell 1s preferably detected by one of two
methods:

(1) cross-feeding of a second strain of cells which are
auxotrophic for the leaked metabolite; or

(11) failure to thrive of the cells expressing the 1on channel
in the absence of the leaking metabolite supplied 1n the
external medium.

Preferably, the expression system 1mvolves the expression
of 1on channel proteins 1n E. coli from their corresponding
genes (preferably ¢cDNA segments) cloned into E. coli
plasmid expression vectors. Such vector construction and
expression 1n E. col1 uses the standard methods associated
with E. coli genetics and molecular biology, described by
way ol example, by Sambrook et al.(9).

One preferred embodiment of the method of the present
invention arises Irom the observation of cross-feeding
between two cell lines—ypreferably bacterial cells—induced
in response to 1on channel activity of the expressed foreign
gene(s). In the specific case where E. coli cells are being
used and a sodium channel 1s being expressed (for example
as detailed further below), the leakage of proline (a metabo-
lite whose transport into cells 1s energised by the sodium
gradient) from the channel-expressing cells can be detected
by cross-feeding of a second strain of E. coli that 1s
auxotrophic for proline (1.e. unable to synthesis proline).
Control experiments to establish that the expressed channel
1s not inducing a non-specific leak of all small molecules
through the cell membrane would be set up identically to
detect methionine leakage. The E. coli methionine trans-
porter 1s energised by ATP hydrolysis and therefore the
absence of a sodium gradient should not induce leakage of
methionine out of the cells.

As described above, the present mnvention also extends to
a method for screening potential therapeutic substances that
may act as 1on channel imnhibitors. This screening method 1s
a simple extension of the assay method described above,
which 1n one preferred embodiment imnvolves setting up the
cross-feeding assay i1n the same way as previously
described, with the addition of the various substances to be
tested to the cells expressing the 1on channel protein. Sub-
stances which block or inhibit the 1on channel activity would
prevent dissipation of the permanent 1on gradient, and would
thereby not mnduce leakage of metabolites. Control experi-
ments could be performed simultaneously to ensure the
substances being tested do not aflect the normal growth of
E. coli. If such substances are found, they would be excluded
from screening by the cross-feeding assay.

Further features of the present invention are more fully
described 1n the following Example(s). It 1s to be
understood, however, that this detailed description 1s
included solely for the purposes of exemplifying the present
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6

invention, and should not be understood 1n any way as a
restriction on the broad description of the invention as set
out above.

In the accompanying drawings:

FIGS. 1A-1C Plasmids used for the expression of Vpu 1n
E. coli. A. The amino acid sequence encoded by the Vpu
open reading frame (ORF) generated by PCR from an HIV-1
strain HXB2 cDNA clone (SEQ ID No.1), as described 1n
Example 1. The Vpu ORF was cloned in-frame at the 3' end
of the GST gene 1n p2GEX to generate p2GEXVpu (B). It
was subsequently cloned into pPLL451 to produce the plas-
mid pPL-Vpu (C).

FIGS. 2A-2B Expression and purification of Vpu 1n E.
coli. A. Western blotting after SDS-PAGE was used to detect
expressed Vpu i E. coli extracts. Lanes 1-4 contain
samples, at various stages of purity, ol Vpu expressed from
p2GEXVpu: lane 1, GST-Vpu fusion protein 1solated by
glutathione-agarose aflinity chromatography; lane 2, Vpu
liberated from the fusion protein by treatment with throm-
bin; lane 3, Vpu purified by HPLC anion exchange chro-
matography; lane 4, Vpu after passage through the 1mmu-
noaflinity column. Lanes 5 and 6, membrane vesicles
prepared from 42° C. induced cells containing pPL-Vpu or
pPL451, respectively. B. Silver strained SDS-PAGE gel:
lane 1, Vpu purified by HPLC anion exchange chromatog-
raphy; lane 2, Vpu alter passage through the immunoatiinity
column.

FIGS. 3A-3C Bactenial cross-feeding assays. A . full
description of this assay 1s given in Example 1. For all
plates, the Met—, Pro- auxotrophic strain was used to seed
a solt agar overlay. Plates A and B contain minimal medium
supplemented with methionine; in plate C the medium was
supplemented with proline. To control for viability of the
cells i the background lawn, the discs labelled P and M
contained added proline or methiomine, respectively. The
discs labelled C and V were mnoculated with Met+, Pro+ E.
coli cells contaiming the plasmids pPL4351 or pPL-Vpu,
respectively. Plates were incubated at 37° C. (A and C) or
30° C.(B) for two days and photographed above a black
background with peripheral illumination from a fluorescent
light located below the plate. The 1images were recorded on
a Novaline video gel documentation system. Light halos
around the discs labelled P or M on all plates and around the
disc labelled V on plate A indicate growth of the background
lawn strain.

FIGS. 4A—4D NADH-dependent Atebrin fluorescence
quenching from everted plasma membrane vesicles prepared
from E. col1 cells expressing Vpu (B) or the influenza B
protein NB (C). Control vesicles were prepared from strains
containing the appropriate expression vectors (A and D).
NADH addition and the time at which the cuvette solution
goes anaerobic are indicated by the arrows.

FIGS. 5A-5B The adenine growth-dependency assay.
Expression of Vpu from the plasmic pPL-Vpu at 38° C.
makes growth of the host E.coli cells dependent on the
presence of adenine 1n the external media. Panel A: Minimal
media agarose plate with E. coli cells containing pPL-Vpu
streaked on the left hand side and cells containing pPL-4351
(no Vpu gene) on the right hand side. Panel B: An identical
plate and cell streaks, except that adenine (0.002% wt/v
final) was added to the media before the plate was poured.
Note that the Vpu expressing cells grow well when adenine
1s present 1n the plate.

FIGS. 6A—6B Use of the adenine growth-dependence
assay to detect mutant Vpu 1ion channels with altered channel
activity. Panel A represents sections from a minimal medium
agar plate (containing no adenine) onto which XL-1 Blue




US RE39,815 E

7

E.coli cells have been streaked containing either: 1., pPL-
Vpu (expressing wild-type Vpu); 2., pPL-VpuRK37DI
(expressing a mutant form of Vpu); or 3., pPL-431 (control
plasmic with no Vpu gene). The plate was then incubated at
38° C. for two days. While the cells expressing wild-type
Vpu did not grow (apart from a few revertant colonies),
those expressing the Vpu mutant can clearly be seen to be
growing, albeit not as efliciently as the no Vpu control cells.

When the RK37DI mutant Vpu protein was tested in the
bilayer assay (Panel B) the channels were found to have a
conductance of 3 picosiemens, which i1s approximately 20%
of the wild-type channel conductance. The residual activity
might explain why the cells containing the mutant plasmid
did not grow as well as the no-Vpu control cells.

FIGS. 7A-7B Use of the adenine growth-dependence
assay to screen for drugs which inhibit Vpu i1on channel
activity. Panel A represents a section from a minimal
medium agar plate (containing no adenine) on to which a
lawn of XL-1 Blue E. coli cells expressing wild-type Vpu
(pPL-Vpu) has been seeded. At the numbered circles, 1 ul of
a solution of various drugs has been applied to the plate and
allowed to soak into the agar. The plate was then incubated
at 38° C. for two days. At #’s 1-4 the drug has had no effect
on Vpu’s ability to prevent cell growth. At #5 a solution
containing an excess of ademine was applied as a control—
the bright ring around #5 indicates growing E.col1 cells. At
#6, compound ANU-9 was added—the faint but detectable
ring of growth indicated a potential inhibition of Vpu
channel activity by ANU-9. This was confirmed when
ANU-9 was tested in the bilayer assay: Panel B shows
partial mhibition of Vpu channel activity at 50 uM ANU-9
and complete inhibition at 250 uM.

EXAMPLE 1

This example demonstrates the functional expression of
Vpu 1n E. coli host cells and the detection of changes 1n the
permeability of the plasma-membrane of the host cells to
proline by detecting leakage of proline from the host cells
using the cross-feeding method. It will be understood that
the same methods can be performed to demonstrate or
determine the 1on channel activity of peptides, polypeptides
or protein other than Vpu.

Construction of recombinant plasmids p2GEXVpu and pPL-
Vpu

The open reading frame encoding Vpu (SEQ ID No.
1—FI1G. 1A) was amplified by PCR from a ¢cDNA clone of
an Ndel fragment of the HIV-1 genome (1solate HXB2, a
gift from Dr N. Deacon, McFarlane Burnet Centre,
Melbourne, Australia). Native Pfu DNA polymerase
(Stratagene; 0.035 U/ul) was chosen to catalyse the PCR
reaction to minmimise possible PCR introduced errors by
virtue of the enzyme’s prooireading activity. The 5', sense,
primer (AGTAGGATCCATGCACCTATACC—SEQ 1D
No.2) introduces a BamH]1 site (underlined) for cloning
in-frame with the 3' end of the GST gene 1n p2GEX (1). This
primer also repairs the start codon (bold T replaces a C) of
the vpu gene which i1s a threonine codon in the HXB2
isolate. The 3', antisense, primer (TCT
GGAATTCTACAGATCATCAAC—SEQ ID No. 3) intro-
duces an EcoR1 site (underlined) to the other end of the PCR
product to facilitate cloning. After 30 cycles of 94° C. for 45
sec, 55° C. for 1 min and 72° C. for 1 min 1n 0.5 ml
thin-walled eppendorf tubes 1n a Perkin-Elmer
thermocycler, the 268 bp fragment was purniied, digested
with BamH1 and EcoR1 and ligated to p2GEX prepared by
digestion with the same two enzymes. The resultant recom-
binant plasmid p2GEXVpu, is illustrated in FIG. 1B. The
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entire Vpu open reading frame and the BamH]1 and EcoR1
ligation sites were sequenced by cycle sequencing, using the
Applied Biosystems dye-terminator kit, to confirm the DNA
sequence.

To prepare the Vpu open reading frame for insertion nto
the pPL4351 expression plasmid (2), p2GEXVpu was first
digested with BamH1 and the 3' base overhang was filled 1n
with Klenow DNA polymerase in the presence of dNTPs.
The Vpu-encoding fragment was then liberated by digestion
with EcoR1, purified from an agarose gel and ligated into
pPL451 which had been digested with Hpal and EcoRI1.
Western blots subsequently confirmed that the pPL-Vpu
construct (FIG. 1C) expressed Vpu after induction of cul-
tures at 42° C. to mactivate the cI857 represser of the PR and
PL promoters.

The pPL-Vpu construct was then inserted into E. col1 host
cells using known techniques (9).

Growth and expression characteristics of pPL-Vpu

On agar plates made from rich medium (e.g. Luria Broth
supplemented with glucose), E. coli cells containing pPL-
Vpu grew when incubated at 30° C. and 37° C. but not at 42°
C., while control strains grew well at 42° C. Liquid cultures
of cells containing pPL-Vpu were grown at 30° C. to
OD600=0.84 then moved to grow at 42° C. for two hours
(the final cell density was OD600=0.75) The plasma mem-
brane fraction was prepared and western blotting detected a
single band at approximately 16 kDa, indicating that Vpu
was expressed and associated with the membranes (FIG. 2A,
lane 5).

Cross-feeding experiments reveal that proline leaks out of
cells expressing Vpu

Uptake of proline by E. coli 1s well characterised and
active transport of the amino acid into the cells 1s known to
use the sodium gradient as the energy source (3). It was
predicted that 1f the sodium gradient were dissipated by a
sodium channel 1n the plasma membrane than proline syn-
thesised 1n the cytoplasm will diffuse out of the cells. To
detect whether this proline leakage occurred, the following
cross-feeding assay was used: A lawn of an E. coli strain
auxotrophic for proline and methionine (Met- Pro-), was
seeded and poured as a soft agar overlay on minimal media
plates lacking proline but containing methionine. Sterile
porous filter discs were moculated with a Met+ Pro+ strain
(XL-1 blue) containing either the pPL4351 control plasmid or
pPL-Vpu and placed onto the soft agar. The plates were then
incubated at 37° C. or 30° C. for two days. After that time
a halo of growth of the Met— Pro- strain was clearly visible
surrounding the disc inoculated with the cells containing
pPL-Vpu incubated at 37° C. (FIG. 3A). This growth can
only be due to the leakage of proline from the Vpu-
expressing cells on the disc. No such leakage was apparent
from the control strain at 37° C. nor around either strain on
plates grown at 30° C. (FIG. 3B).

Methionine does not leak out of cells expressing Vpu

In contrast to proline transport, the E. coli methionine
permease 1s known to belong to the ABC transporter family
(4) and hence be energised by ATP. Identical cross-feeding
experiments to those described above were set up except that
the Met- Pro- strain was spread on minimal plates lacking
methionine but containing proline. No growth of this strain
was evident around any of the discs (FIG. 3C), indicating
that methionine was not leaking out of the XL-1 blue cells
even when Vpu was being expressed.

Proton permeability of membrane vesicles 1s una
the presence of Vpu

To 1nvestigate whether the Vpu sodium-conductive chan-
nel expressed in E. coli membranes was also permeable to

Tected by
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H+, the NADH-dependent atebrin fluorescence quenching
assay (5) was used. This technique can be used to measure
the ability of E. coli membrane vesicles to maintain a proton
gradient generated by the electron transport chain during
oxidative phosphorylation. The fluorescent atebrin molecule
contains two protonatable nitrogen atoms. The unprotonated
torm 1s electrically neutral and 1s able to equilibrate between
the interior and exterior of the vesicles. The increased
internal concentration of protons, generated 1n the presence
of NADH ADP and oxygen, results in protonation of atebrin
molecules that are inside the vesicles and the subsequent net
accumulation of atebrin inside the vesicles results in quench-
ing of 1ts fluorescence. Vesicles leaky to protons, and hence
unable to maintain a igh H+in/H+out ratio, do not quench
atebrin fluorescence as efliciently as control vesicles.

In this study, membrane vesicles prepared from E. coli
cells expressing Vpu from pPL-Vpu were not more proton
permeable than control vesicles prepared from the back-
ground strain (FIGS. 4, A and B). The Vpu protein was
present in the membranes (see FIG. 2A, lanes 5 & 6) and 1t
can therefore be concluded that it had not formed a channel
permeable enough to protons to be detected by the fluores-

cence quenching technique.

The NB protein of influenza B has been shown to form
cation-selective channels 1n bilayers (6) and may be equiva-
lent to M2 of influenza A which has been shown to be a
hydrogen 1on channel (7). Membrane vesicles were prepared
from a strain containing the plasmid pQE+NB. These
vesicles contained the NB protein by western analysis (not
shown) and had clearly reduced atebrin fluorescence
quenching activity compared to the control strain (FIG. 4C
and D), confirming that the NB channels are permeable to
hydrogen 1ons. The fluorescence quenching technique 1s
clearly capable of detecting the presence of proton-Vpu
conducting channels and this control experiment provides
support for the conclusion that the protein does not form a
proton-conducting channel when expressed 1n E. coli.

EXAMPLE 2

This example demonstrates the functional expression of
Vpu 1n E. coli cells and the detection of changes i the
permeability of the plasma membrane of the host cell to
adenine by detecting failure to thrive of the host cells when
grown on minimal medium plates lacking adenine. As with
Example 1, 1t will be understood that the same methods can
be performed to demonstrate or determine the 10n channel
activity of peptides, polypeptides or proteins other than Vpu.

The same expression and control plasmids are used as
described in Example 1 above (pPL-Vpu and pPLA431,
respectively). When cells of the E. coli strain XL-1 Blue
containing the Vpu expression plasmid pPLVpu are incu-
bated at 37° C. on minimal medium plates the host cells fail
to grow (FIG. 5). Because of an undefined temperature
sensitive mutation in the adenine biosynthesis pathway of E.
coli strain XL-1 Blue, this strain 1s unable to up-regulate
adenine biosynthesis in response to adenine leakage imnduced
as a result of Vpu sodium channel expression. Growth of
these Vpu-expressing cells can be restored if adenine 1s
included in the nutrient medium at suiliciently high concen-
tration to negate the net driving force for loss of this
molecule from the cells.

In contrast, the same host cells containing the control
plasmid pPL.451 (which 1s 1dentical to pPL-Vpu except for
the absence of the DNA segment encoding the Vpu protein),
grow normally at 37° C. on minimal medium plates in the
absence (or presence) ol adenine (FIG. §).

These observations indicate that expression of Vpu 1n the
XL-1 Blue cells has caused leakage of adenine from the cells
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in a manner analogous to the proline leakage described 1n
Example 1. In this case, the test for a functioning sodium
channel expressed in the E. coli plasma membrane 1s the
inability of the host cells to grow 1n the absence of adenine.

EXAMPLE 3

This example demonstrates the use of the adenine growth-
dependence assay to detect mutant forms of the Vpu protein
affecting channel activity.

A site directed mutation was introduced to the Vpu gene
so as to change the amino acids Arg and Lys as positions 37
and 38 to Glu and Ile in the protein expressed from the
mutated gene (called “RK37DI mutant Vpu™). In electro-
physiological assay of channel function this mutation was
shown to reduce the conductance of the 1on channels formed
to approx 20% of that of the wild-type channels (3 picosi-
emens versus 15 picosiemens, respectively). FIG. 6B shows
a comparison of the size of the currents produced by mutant
and wild-type channels in planar lipid bilayers.

On minimal media plates (containing no adenine—as per
FIG. 5), cells containing the plasmid encoding the RK37DI
mutant Vpu had a partial growth phenotype compared to
cells containing the wild-type Vpu gene (which don’t grow
at all) and to cells containing no Vpu gene (1in which growth

1s unaflected)—See FIG. 6.

This result illustrates the correlation between the biologi-
cal (adenine growth dependence) assay and the in-vitro
(electrophysiological) assay 1n terms of their abilities to
reflect Vpu channel activities.

EXAMPLE 4

This example demonstrates the screening method of the
present invention for screening test substances for 10n chan-
nel mhibitory properties using the methods of Examples 1
and 2 to obtain functional expression of Vpu in E. col1 host
cells and detecting leakage of proline or adenine from the
host cells using the cross-feeding method.

For cases in which the cross-feeding method 1s being
employed to detect the channel activity (as in Example 1),
filter discs mnoculated with the channel-expressing host cells
are subjected to addition of small volumes of solution
containing the substance(s) to be tested. If the added drug
inhibits channel activity, then cross-feeding of the back-
ground strain 1s not observed.

For cases in which adenine requirement for growth 1s
being employed to detect the channel activity (as in Example
2), the XL-1 Blue host cells expressing the channel protein
are spread to form a lawn of cells on minimal medium plates
lacking adenine. The test substance(s) 1s then applied to
defined areas of the plates and growth of the XL-1 Blue cells
around the area in which the test substance(s) 1s applied

indicates channel inhibition has occurred to prevent adenine
leakage (FIG. 7A).

As an example, a compound (ANU-9) has been identified
which, when added at a discrete location to such a minimal
medium plate (no ademine) as described above, allows E.
coli cells expressing Vpu to grow 1n a region surrounding the
point ol application (FIG. 7A). This indicates that in the
region ol growth compound ANU-9 1s at a concentration

suilicient to inhibit the Vpu 1on channel such that cell growth
can occur 1n the absence of adenine.

ANU-9 was subsequently screened in the electrophysi-
ological assay for its ability to block Vpu ion channel
activity (FIG. 7B). At 50 uM channels were severely
inhibited, with only infrequent, small openings detected
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(middle trace FIG. 7B), while at 250 uM channel activity
was completely inhibited (lower trace FIG. 7B).

Detection of 1on channel modulating activity of a test
substance

A lawn of an E. coli strain auxotrophic for proline and
methionine (Met— Pro-), 1s seeded and poured at a soit agar
overlay on minimal media plates lacking proline but con-
taining methionine. Sterile porous filter discs are 1mpreg-
nated with a test substance to be screened and 1noculated
with a Met+ Pro+ strain (XL.-1 blue) containing the pPL-
Vpu construct (prepared as described in Example 1) and
placed onto the soit agar. The plates are then incubated at
37° C. or 30° C. for two days. After that time a halo of
growth of the Met— Pro- strain 1s clearly visible surrounding
the disc inoculated with the cells containing pPL-Vpu 1t the
test substance 1s one that does not block the Vpu 1on channel.
If the test substance i1s one that does block the Vpu 1on
channel, no growth of the Met- Pro- strain 1s observed
around the disc. A control experiment 1s performed whereby
a disc impregnated with the test substance 1s used to show
that the test substance has no eflect on the normal growth of
E. coli.

Persons skilled 1n this art will appreciate that variations
and modifications may be made to the invention as broadly
described herein, other than those specifically described
without departing from the spirit and scope of the invention.
It 1s to be understood that this mvention extends to include
all such variations and modifications.
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Met Gln Pro Ile

1

Ile

Tle

Arqg

val
65

Asp

<210
<211l>
<212>
<213>
<220>
<223>

Ile Ala

Leu Arqg
35

Ala Glu
50

Glu Met

Leu

Tle
20

Gln

Asp

Gly

24

Pro Ile Val

5

Val Val Trp

Arg Lys Ile

Ser Gly Asn

55

Vval Glu Met

SEQ ID NO 2
LENGTH:
TYPE: DNA
ORGANISM: Artificial Sequence
FEATURE :
OTHER INFORMATION: Description of Artificial Sequence:5’

70

Ala
Ser
Asp

40

Glu

Gly

Tle

Ile

25

Ser

His

val Ala

10

val Ile

Leu Ile

Glu Gly

His Ala
75

Leu

Ile

Glu
60

Pro

val

Glu

Arg

45

Tle

Trp

val Ala
15

Tyr Arg
30
Leu Ile

Ser Ala

Asp Val

Tle

Glu

Leu

Asp
80
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—-continued

primer
<400> SEQUENCE: 2

agtaggatcc atgcaaccta tacc

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

<400> SEQUENCE: 3

tctggaattc tacagatcat caac

We claim:

1. A screening method for determining 10n channel modu-
lating activity of a test substance having potential for such
modulating activity, which comprises the steps of:

(1) contacting a host cell with the test substance, said host
cell expressing a peptide, polypeptide or protein in the
plasma membrane [of a host cell], said peptide,
polypeptide or protein having ion channel activity
when expressed as a heterologous protein in the plasma
membrane of the host cell; and

[(i1) contacting said host cell with the test substance; and}

[(ii1)] (i7) determining changes to the ion channel activity
of said heterologous protein induced by the test
substance, wherein the changes to the 1on channel
activity of the heterologous protein induced by the test
substance are determined by detecting the effect of the
test substance on changes 1n net movement across the
plasma membrane of the host cell of small cellular
metabolite molecules which do not directly permeate
the 10n channel formed by said heterologous protein.

2. A method according to claim 1, wherein the effect of the
test substance on changes 1n the net movement of proline or
adenine molecules across the plasma membrane 1s detected.

3. A method according to claim 1, wherein said host cell
1s E. colli.

4. A method according to claim 1, wherein said substance
having 10on channel activity 1s a heterologous cation channel
protein.

5. A method according to claim 4, wherein said substance
having 1on channel activity 1s a heterologous sodium chan-
nel protein.

6. A method according to claim 4, wherein said substance
having 1on channel activity i1s the HIV-1 Vpu integral
membrane protein.

7. Amethod according to claim 1, wherein leakage of said
small cellular metabolite molecules from the host cell 1s
detected.

8. A method according to claim 7, wherein leakage of said
small cellular metabolite molecules from the host cells 1s
detected by either:

(1) cross-feeding of cells which are auxotrophic for the
leaked metabolite; or

(11) failure of cells expressing the 10n channel to grow 1n
the absence of the leaking metabolite being supplied in
the external medium.

[9. A method for determining ion channel modulating

activity of a test substance having potential for such modu-
lating activity, which comprises the steps of:

OTHER INFORMATION: Description of Artificial Sequence:3’
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antilsense

24

(1) expressing a peptide, polypeptide or protein in the
plasma membrane of a host cell, said peptide, polypep-
tide or protemn having 1on channel activity when
expressed as a heterologous protemn in the plasma
membrane of the host cell;

(11) contacting said host cell with the test substance; and

(111) determining changes to the ion channel activity of
said heterologous protein induced by the test substance,
wherein the changes to the 1on channel activity of the
heterologous protein induced by the test substance are
determined by detecting the eflect of the test substance
on changes in permeability of the plasma membrane of
the host cell to small cellular metabolite molecules,
wherein said heterologous protein having ion channel
activity is the HIV-1 Vpu integral membrane protein.]

10. [The method of claim 9] A4 screening method for

determining ion channel modulating activity of a test sub-
stance having potential for such modulating activity, which
comprises the steps of:

(i) contacting a host cell with the test substance, said host
cell expressing a peptide, polypeptide or protein in the
plasma membrane, said peptide, polypeptide or protein
having ion channel activity when expressed as a het-
erologous protein in the plasma membrane of the host
cell: and

(ii) determining changes to the ion channel activity of said
heterologous protein induced by the test substance,
whevrein the changes to the ion channel activity of the
heterologous protein induced by the test substance are
determined by detecting the effect of the test substance
on changes in permeability of the plasma membrane of
the host cell to small cellular metabolite molecules,
wherein said heterologous protein having ion channel
activity is the HIV-1 Vpu integral membrane protein,

wherein the eflect of the test substance on changes in the
permeability of the plasma membrane to proline or
adenine molecules 1s detected.
[11. The method of claim 9 wherein said host cell is E.
coli.]
[12. The method of claim 9 wherein leakage of metabolite
from the host cell is detected.]
[13. The method of claim 12 wherein leakage of metabo-
lite from the host cells 1s detected by either:

(1) cross-feeding of cells which are auxotrophic for the
leaked metabolite; or

(1) Tailure of cells expressing the ion channel to grow 1n
the absence of the leaking metabolite being supplied in
the external medium.]
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[14. A screening method for determining ion channel
modulating activity of a test substance having potential for
such modulating activity, which comprises the steps of:

(1) expressing HIV-1 Vpu integral membrane protein 1n
the plasma membrane of a host cell, said protein having
ion channel activity when expressed as a heterologous
protein in the plasma membrane of the host cell;

(1) contacting said host cell with the test substance; and

(111) determining changes to the 1on channel activity of |

said heterologous protein induced by the test substance,
wherein the changes to the ion channel activity of the
heterologous protein induced by the test substance are
determined by detecting the effect of the test substance
on changes 1n net movement across the plasma mem-
brane of the host cell of small cellular metabolite
molecules.]

15. [The method of claim 14] A screening method for
determining ion channel modulating activity of a test sub-
stance having potential for such modulating activity, which
comprises the steps of:

(i) contacting a host cell with the test substance, said host
cell expressing HIV-1 Vpu integral membrane protein
in the plasma membrane, said protein having ion
channel activity when expressed as a heterologous
protein in the plasma membrane of the host cell;, and

(ii) determining changes to the ion channel activity of said
heterologous protein induced by the test substance,
wherein the changes to the ion channel activity of the
heterologous protein induced by the test substance are
determined by detecting the effect of the test substance
on changes in net movement across the plasma mem-
brane of the host cell of small cellular metabolite
molecules,

wherein the effect of the test substance on changes 1n the
movement of proline or adenine molecules 1s detected.

[16. The method of claim 14 wherein said host cell is E.
coli.}

[17. The method of claim 14 wherein leakage of metabo-
lite from the host cell is detected.}

[18. The method of claim 17 wherein leakage of metabo-
lite from the host cells 1s detected by either:

(1) cross-feeding of cells which are auxotrophic for the
leaked metabolite; or
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(1) failure of cells expressing the 1on channel to grow 1n
the absence of the leaking metabolite being supplied in
the external medium.]

[19. A screening method for determining ion channel

modulating activity of a test substance having potential for
such modulating activity, which comprises the steps of:

(1) expressing HIV-1 Vpu integral membrane protein in
the plasma membrane of a host cell, said protein having
ion channel activity when expressed as a heterologous
protein 1n the plasma membrane of the host cell;

(1) contacting said host cell with the test substance; and

(111) determining changes to the 1on channel activity of
said heterologous protein induced by the test sub-
stance.]

20. [The method of claim 19] 4 screening method for
determining ion channel modulating activity of a test sub-
stance having potential for such modulating activity, which
comprises the steps of:

(i) contacting a host cell with the test substance, said host
cell expressing HIV-1 Vpu integral membrane protein
in the plasma membrane, said protein having ion
channel activity when expressed as a heterologous
protein in the plasma membrane of the host cell; and

(ii) determining changes to the ion channel activity of said
heterologous protein induced by the test substance,

wherein the effect of the test substance on changes 1n the
permeability of the plasma membrane to proline or
adenine molecules 1s detected.
[21. The method of claim 19 wherein said host cell is E.
coli.]
[22. The method of claim 19 wherein leakage of metabo-
lite from the host cell is detected.}
[23. The method of claim 22 wherein leakage of metabo-
lite from the host cells 1s detected by either:

(1) cross-feeding of cells which are auxotrophic for the
leaked metabolite; or

(1) failure of cells expressing the 1on channel to grow 1n
the absence of the leaking metabolite being supplied in
the external medium.]
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