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Abstract

Channel-forming proteins are found in a number of viral genomes. In some
cases, their role in the viral life cycle is well understood, in some cases it needs
still to be elucidated. A common theme is that their mode of action involves a
change of electrochemical or proton gradient across the lipid membrane which
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modulates the viral or cellular activity. Blocking these proteins can be a suitable
therapeutic strategy as for some viruses this may be “lethal.” Besides the many
biological relevant questions still to be answered, there are also many open
questions concerning the biophysical side as well as structural information and
the mechanism of function on a molecular level. The immanent biophysical
issues are addressed and the work in the field is summarized.

Key Words: Viruses, Viral channel proteins, Antiviral therapy, Protein assem-
bly.  © 2009 Elsevier Inc.

1. INTRODUCTION

Genomes of viruses encode a series of proteins which span the
membrane and alter the permeability of viral and cellular membranes
(Fischer, 2005; Gonzales and Carrasco, 2003). In combination with
in vitro experiments, it has been proposed that these proteins need to form
pores or some kind of channel since small molecules as well as ions cross a
lipid bilayer in the presence of these proteins. Due to their size, it is evident
that these proteins have to self-assemble to form a gateway across the
membrane. Self-assembly and formation of homo- or hetero-oligomers is
a strategy which is also commonly used by the host cells to manufacture
functional units such as ion channels that are usually about five times larger
(Karlin, 2002). And on an even larger scale, porins (e.g., from Rhodobacter)
are found to assemble in trimeric units even though their activity as a pore is
due to the individual protein subunit (Danese and Silhavy, 1998; Schirmer,
1998; Yoshihara et al., 1991).

Today, it is unquestionably accepted that M2 from influenza A is a
channel-forming protein enabling the flux of protons (Lin and Schroeder,
2001; Mould et al., 2000). M2 has also been the first ion channel target in
antiviral therapy (Davies ef al., 1964). For others, such as Vpu from HIV-1
and p7 from HCV, there is evidence that they form channels in vitro.
Recently, more proteins have been suggested to act as channels or pores
such as 3a from SARS-Co (Lu et al., 2006), BM2 from influenza B (Mould
et al., 2003), 2B from polio virus (van Kuppeveld ef al., 1997a), and others.

This review presents an update of the research field of viral channel-
forming proteins guided by biophysical questions along the lines of a putative
mechanism of function: how we can identify a putative channel in the
genome of the virus, how these proteins are assembled, what their structure
is, and finally what their mode of action is in terms of gating and selectivity.

In asking for the role of these proteins within the cellular life cycle of
the viruses, one might speculate that they modulate cellular environment
(1) via inducing changes of electrochemical or proton gradients and/or
(2) via direct interaction between viral and host membrane proteins.
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2. CHANNEL-FORMING PROTEINS

2.1. M2 from influenza A

M2 (Allen et al., 1980; Winter and Fields, 1980) consists of 97 amino acids
(aa), has a single transmembrane (TM) domain (Fig. 2.1A), and forms homo-
tetramers from dimers covalently linked via disulfide bridges (Sakaguchi et al.,

Figure 2.1 Topologies of the TM region of the to-date known viral channel-forming
proteins. (A) A singleTM domain [e.g., M2 (influenza A),Vpu (HIV-1),6K (alphavirus)].
The proteins have a parallel alignment. (B) Two'TM domains as proposed for p7 (HCV)
or 2B (Polio). (C) Three TM domains proposed for 3a (SARS-CoV). (D) Kcv model
based on sequence homology (Plugge et al., 2000) to KcsA channel (Doyle et al., 1998).
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1997, Sugrue and Hay, 1991). It has a phosphorylation site in the cytoplasmic
domain (Holsinger ef al., 1995) and is palmitoylated (Sugrue ef al., 1990b;
Veit et al., 1991). The protein is involved in the entry of the virus into the
host cell via the endocytosis pathway which occurs by membrane fusion at a
specific low pH (Ciampor et al., 1992; Sugrue et al., 1990a). This event takes
place when the virion is entrapped in the endosome. Sensing the low pH in
the endosome, M2 conducts protons into the interior of the virion thereby
enabling conformational changes of viral proteins such as the matrix protein
M1 and the fusion protein hemagglutinin (HA) eventually leading to fusion
of the viral and endosomal membrane and uncoating of the viral genome.
In addition, during the late stage of the infectious cycle of certain influenza
A strains, M2 maintains a near-neutral pH in the Golgi, preventing HA
from adopting the low-pH structure which would cause the assembly of
nonfunctional HA in the virion. It seems also that M2 facilitates the budding
process (McCown and Pekosz, 2006). For this role the cytoplasmic domain of
M2 is responsible. This mode of action is not affected by the antiviral drug
amantadine which otherwise blocks M2 channel activity.

A series of investigations have been done focusing on channel activity of
M2 in dependence of lipid composition. It has been reported that the
association of peptides corresponding to the TM domain of M2 is promoted
in the presence of cholesterol as it is found in the Golgi (Cristian ef al., 2003).
NMR spectroscopic investigations reveal that the tilt of such peptides varies
according to membrane thickness (Nishimura et al., 2002; Wang et al., 2001).

M2 has little association with rafts (Leser and Lamb, 2005; Zhang et al.,
2000). Recently, a model for raft association has been suggested (Schroeder and
Lin, 2005; Schroeder et al., 2005). M2 from infected cells and eukaryotic
expression systems copurifies with cholesterol (Schroeder et al., 2005). How-
ever, channel activity in liposomes seems to be independent of cholesterol or
raft lipids (Lin and Schroeder, 2001). Based on M2’ palmitoylation site Cys-50
and other motifs such as a cholesterol recognition/interaction amino consensus
motif (CRAC) including a phosphatidylinositol phosphate (PIP) recognition
site, it is therefore proposed that M2 can be raft anchored with its cytoplasmic
domain. The actual TM domain, however, remains in a raft-free lipid envi-
ronment. This mechanism may explain the incorporation of M2 into the rafts
of the virion and also may be the reason for the low amount of M2 in the virion
since it needs also raft-free areas in the membrane. In the light of the early
discoveries, it has been speculated that other viruses, at least the enveloped
viruses, should encode for proteins with similar properties.

2.2. Vpu from HIV-1

Vpu has been detected in the mid-1980s independently by two groups
(Cohen et al., 1988; Strebel et al., 1988). Their results indicated a virus
protein “U” of 81 aa with a single TM domain (Fig. 2.1A) and specific for



Viral Channel-Forming Proteins 39

human immunodeficiency virus type-1 (HIV-1) and related simian immu-
nodeficiency virus (SIV) isolates (Courgnaud ef al., 2002; Huet ef al., 1990).
Its presence in T lymphocytes leads to a 5- to 10-fold increase in the release
of progeny virions (Strebel ef al., 1988). However, in the absence of the Vpu
open reading frame, viruses can still replicate and the protein then has been
classified as an auxiliary protein (Cullen, 1998). Investigations using confo-
cal microscopy have shown that Vpu is localized to the recycling endosome
(Varthakavi ef al., 2006). With its retention signal to the Golgi (Pacyniak
et al., 2005), Stephens and coworkers have been able to visualize Vpu in the
Golgi apparatus and the ER also using confocal microscopy (Hout ef al.,
2006). A most recent study shows evidence of Vpu assembling as a pentamer
(Hussain et al., 2007).

Vpu is supposed to influence HIV egress from the host cell by three
distinct mechanisms:

(1) Vpu is involved in the enhanced release of progeny virions (Klimkait
et al., 1990) by directing the HIV receptor CD4 to the ubiquitin-
dependent proteasome degradation pathway in the ER (Bour et al.,
1995; Chen et al., 1993; Friborg et al., 1995; Margottin et al., 1996;
Tiganos ef al., 1997). The CD4—Vpu interaction is determined by the
Vpu cytoplasmic domain (Chen ef al., 1993; Kimura et al., 1994
Margottin ef al., 1996; Schubert et al., 1996a; Willey ef al., 1992).

(2) It is assumed that Vpu forms ion-conducting channels with a positive
effect on the budding process. This is supposed to be due to the
oligomerization of the protein (Maldarelli et al., 1993) and consequently
the ability to form a channel through which ions can pass (Ewart et al.,
1996; Schubert ef al., 1996b). The finding that Vpu forms ion channels
emerged from experiments with peptides corresponding to the TM
domain and with full-length protein, both of which exhibit similar
channel activity when reconstituted into artificial lipid bilayers. Oocytes
expressed Vpu has shown channel activity in whole cell current record-
ings. Applying a range of —60 to —130 mV holding potentials generates
currents in the nanoampere range (Schubert ef al., 1996b). In a similar
experiment in which the sequence of amino acids of the TM domain
has been randomly chosen, no significant current has been detected.
Similarly, a 27-aa synthetic peptide corresponding with the same scram-
bled sequence TM domain of Vpu reconstituted into artificial bilayer
does not generate any current (Schubert ef al., 1996b). The data can be
taken as a proof that the wild type amino acid sequence of the TM
domain is responsible for channel activity and that the TM domain and
with it the channel activity may be functionally associated with
enhanced particle release. The data above have been thoroughly dis-
cussed in the literature (Lamb and Pinto, 1997). At that state of inves-
tigations, it has been concluded that it still may be possible that Vpu
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modulates another cation channel and that there is the need of a
selective Vpu blocker to further investigate the issue while using
whole cell recordings.

In a more recent bilayer study (peptide or protein reconstituted into
a lipid bilayer according to Montal and Miiller, 1972), it has been
reported that a peptide corresponding to the first 32-aa of Vpu shows
channel activity even at lowest or zero current (Mehnert et al., 2007).
Together with the finding of an asymmetric voltage-dependent open
rate, it has been suggested that the closure of the bundle is voltage
independent and due to other factors such as the lateral pressure profile
of the bilayer. Mutant studies based on the synthetic peptides have
shown that presumably pore-lining serines are essential for channel
activity and that the tryptophan is involved in the gating kinetics of
the bundle (Mehnert ef al., 2008).
There is increasing evidence of Vpu interacting with other cellular
factors. It has been reported that action of Vpu to enhance particle
release is dependent on the cells which are invaded by HIV-1
(Varthakavi et al., 2003). Most recently, it has been found that Vpu
interacts with a potassium channel (TASK-1) of the host cell, thereby
blocking its channel activity in a dose-dependent manner and thus
indirectly affecting the release of progeny virions (Hsu ef al., 2004).
Interesting to note is the sequence similarity between Vpu and the first
TM domain (TM-1) of the TASK channel. Expressing just the TM-1
domain, a similar effect of lowering TASK channel activity occurs in the
host cell. This has been taken as an indication that an alteration of
channel activity may be important for viral release, but it may not
necessarily be due to channel activity of Vpu itself. In addition, Vpu
interacts with the cellular protein BST-2 which would otherwise pre-
vent the pinching off of the virus particle (Neil ef al., 2008; van Damme
et al., 2008). For this mode of action, both the TM and the cytoplasmic
domain of Vpu are necessary. BST-2 has a TM domain and a luminal
GPI anchor and is colocalized with structural gag proteins of HIV-1 in
the endosome and the plasma membrane. Vpu deficient HIV-1 will be
retained at the plasma membrane. Unlike for M2, research on Vpu lacks
still essential experiments like those involving escape mutants to assess
the intracellular role of this protein.

2.3. p7 from HCV

The genome of HCV encodes approximately 10 proteins which are
expressed as a large “polyprotein” and cleaved into single proteins by viral
and host proteases and peptidases (Penin ef al., 2004). One of this protein
is p7, a 63-aa TM protein (Lin ef al., 1994). It sites between E2 and NS2
and all three proteins represent the precursor before final cleavage.
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Thus, occasionally E2-p7 remains uncleaved. Up to now it is not yet clear
whether p7 belongs to the structural proteins, such as E1 and E2, or the
nonstructural proteins, such as NS3, NS4A, NS4B, NS5A, and NS5B. It is
also not yet confirmed whether p7 is part of the virion. Deletion of p7 leads
to noninfectious viruses, suggesting that p7 is essential for the production of
the virus (Harada ef al., 2000). The protein is detected on the cell surface
and with a large portion retained in the endoplasmic reticulum (Carrére-
Kremer ef al., 2002). It is a polytopic membrane protein with its N- and
C-termini exposed to the extracellular environment (Carrére-Kremer et al.,
2002) (Fig. 2.1B). The translocation experiments have been done with
CD4-p7 chimeras detected by immunofluorescence in nonpermeabilized
cells while the studies on the topology have been based on Myc epitope
mapping. Secondary structure prediction proposes two TM domains
connected by a short basic segment. Both ends are found to face the interior
of the endoplasmic reticulum. Protein p7 is suggested to be less immuno-
genic, since the generation of antisera has failed so far. The exact role of this
protein remains to be elucidated. The protein seems to be important for
infectivity of the virion (Sakai ef al., 2003; Steinmann ef al., 2007a) but not
essential for the replication of viral RNA in hepatoma cell lines (Lohmann
et al., 1999). It is assumed that p7 has a role within the compartments of the
secretory pathway (Carrére-Kremer et al., 2002). Recent modeling analysis
suggests that a histidine residue is pointing into a putative pore, formed by
the assembly of the protein (Patargias et al., 2006). Transmission electron
microscopy (TEM) data of HIS-p7 reconstituted into unilamellar vesicles
indicate that the protein assembly is a hexamer with a putative diameter of
3-5 nm (Griffin ef al., 2003). In a more recent study, it is suggested that p7
forms also homoheptamers when analyzed as a GST-FLAG-p7 protein
using the same technique (Clarke ef al., 2006). Full-length p7 reconstituted
into lipid bilayer shows channel activity which can be blocked by several
drugs (Griffin ef al., 2003; Pavlovic ef al., 2003; Premkumar et al., 2004).
Structural data is lacking to date.

2.4. 2B from polio virus

2B is part of nonstructural proteins encoded by enteroviruses (e.g., poliovirus,
coxsackie virus, and ECHO virus) (de Jong ef al., 2003; Nieva et al., 2003).
The protein (coxsackie) is localized in the Golgi to affect the permeability of
secretory membranes and the plasma membrane (de Jong ef al., 2003) but is
not transported outside the Golgi. The plasma membrane has been found in
experiments to be more permeable to calcium, thereby modulating apopto-
sis (Campanella et al., 2004), and to low molecular weight compounds
(Aldabe ef al., 1996; Doedens and Kirkegaard, 1995; van Kuppeveld et al.,
1997a). How the retention in the Golgi affects the plasma membrane is
unclear. Two proposals have been made to explain the retention of 2B in
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the Golgi: (1) the oligomers are too large (“kin-recognition” model: Nilsson
et al., 1993, 1996) and (2) lack of specific signals (Munro, 1998). 2B is
supposed to consist of two hydrophobic transmembrane stretches
(van Kuppeveld et al., 1995, 1997b) (Fig. 2.1B). Similar to the other
channel-forming proteins, 2B forms multimers (Cuconati ef al., 1998; de
Jong et al., 2002; van Kuppeveld et al., 2002). The roles of several amino
acids on oligomerization, permeabilization of the membrane, and the locali-
zation within the cell have been identified (de Jong et al., 2004). Mutations of
hydrophilic residues within the short linker region between the two TM
domains readily impair the multimerization and also decrease membrane
permeability. Mutating residues (tryptophans) toward the C-terminus of the
second TM domain also shows an abrogation of membrane permeability
without affecting multimerization of the protein. The results are based on a
hygromycin B assay. In this assay, protein activity is monitored under the
suppressing aftect of hygromycin B. Hygromycin B is supposed to enter the
cell through leakages or pores formed in the cell membrane. Permeability tests
have also been done with unilamellar vesicles in which a 2B maltose-binding
protein (MBP) fusion construct has been reconstituted (Agirre ef al., 2002).
With this test, membrane permeability was shown to be increased for mole-
cules with a molecular weight of up to 660 kDa. It has been shown that the
fusion construct forms SDS-resistant tetramers with an approximate pore size
of 6 A. The topology is suggested to consist of two TM domains, one of
which is lysine rich, a short linker region followed by another TM domain
which is folded back into the membrane. The suggestion is based on the
defined cutoff in size for the permeating molecules. A carpet-like mechanism
in which one of the TM domains may lie on the surface of the membrane
while the other forms the pore, should lead to pores which allow the
permeation of molecules of a large variation of size, which is in contrast to
their findings. Channel conductance has not yet been reported for 2B.

2.5. 6K from alphavirus

Members of the alphavirus genus express 6K proteins with a sequence in the
range of 58—61 aa (Welch and Sefton, 1980) (Fig. 2.1A). The role in the life
cycle of the viruses is not yet known. Expression of 6K proteins in Escher-
ichia coli increases membrane permeability fostering the budding process
when expressed in eukaryotic cells (Liljestrom et al., 1991; Loewy et al.,
1995; Sanz et al., 1994). Its topology is assumed to be a single helix
according to theoretical secondary structure prediction programs
(Sonnhammer et al., 1998). Using in vitro translation-translocation assays,
it is suggested that 6K consists of two helices (Liljestrom and Garoft, 1991).
Full-length protein expressed in E. coli, purified and reconstituted into lipid
bilayers, has shown channel activity with a preference for cations (Melton
et al., 2002).
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2.6. 3a and E proteins from SARS coronavirus

Recently, a 274-aa protein called 3a and located in an open reading frame
between the S and E protein loci in the genome of the severe acute
respiratory syndrome-associated coronavirus (SARS-CoV) has been
reported to modulate membrane currents when expressed in Xenopus
oocytes (Lu et al., 2006). Its topology has been identified to consist of
three TM domains with the C-terminus in the cytoplasm (Fig. 2.1C).
The protein forms homodimers and tetramers and is located in the plasma
membrane of infected cells.

Another short 9-12 kDa protein (Siddell, 1995), called E protein, with a
short 10-aa hydrophobic region (Shen et al., 2003) is encoded by SARS-
CoV. The protein is nonessential for the survival of the virus, and its exact
function remains to be elucidated. A synthetic 76-aa construct of the full-
length protein has been identified to show channel activity (Wilson ef al.,
2004). Structural analysis using Fourier-transform infrared (FTIR) spectros-
copy, X-ray scattering, and electron microscopy together with global search
molecular dynamics (MD) simulations reveals a hairpin like motif for the
proposed TM region of the protein (Arbely et al., 2004).

Other proteins from the genome of SARS-CoV are currently under
investigation and show promising results that they my form channels (C.-C.
Chen, J. Kriiger, P. Henklein, Y.-M. Chen, and W. B. Fischer, unpub-
lished results).

2.7. Kcv from PBCV-1

Chlorella virus PBCV-1 (family Phycodnaviridae) encodes a 94-aa mem-
brane protein (Plugge et al., 2000). Hydropathy analysis reveals two putative
hydrophobic stretches which are separated by about 44-aa. This part of
the sequence follows the same sequence as found for the pore region
of the KcsA channel (Doyle et al., 1998). The protein when expressed
in Xenopus oocytes exhibits Kt selective channel activity (Plugge et al.,
2000) and is suggested to be active during viral entry (Mehmel ef al., 2003)
(Fig. 2.1D). It is expected that the number of channels from plant viruses
may increase in the near future, since their genomes are larger than those
from animal viruses.

2.8. NB and BM2

Like influenza A, influenza B and C encode for small transmembrane
proteins, NB (Fischer ef al., 2000b; Sunstrom et al., 1996), BM2 (Mould
et al., 2003; Paterson et al., 2003), and CM2 (Hongo et al., 1997; Kukol and
Arkin, 2000). NB and BM2 have been shown channel activity in reconsti-
tution experiments. These proteins are type III integral membrane proteins
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with an Ng,C;, motif which are expressed at the surface of virus-infected
cells (Paterson et al., 2003) and in the virion (NB: Betakova et al., 1996;
BM2: Odagiri ef al., 1999; CM2: Hongo et al., 1997). In both cases, proton
selectivity has been reported. BM2 is active in the Golgi (Mould et al., 2003)
equilibrating the pH between the Golgi and the cytoplasm, a function
similar to M2 from influenza A. Also, the TM topology with a HxxxW
motif is similar to M2 and strengthens the experimental findings. Influenza
M2 protein appears to play an additional role during virus assembly, which
is not dependent on the channel function (Schroeder and Lin, 2005;
Schroeder et al., 2005). Recent findings on BM2 indicate that the protein
captures the M1—vRINP complex during the budding process (Imai et al.,
2004, 2008). Following the recognition that BM2 is the ion channel
responsible for biological functions, the role of NB is now obscure (Hatta
and Kawaoka, 2003).

3. DETECTING A CHANNEL-FORMING PROTEIN

3.1. Sequence identification

Discovery of a putative channel-forming protein is driven by the detection
of hydrophobic stretches within the amino acid sequence of a viral protein.
Specific amino acids have a certain probability to reside within the TM
stretch. The probability is based on investigations of known membrane
proteins, available in protein databases.

Using secondary structure prediction tools as well as tools for TM segment
prediction, it is possible to identify suitable candidates. These tools usually
assume an o-helical or f-barrel motif for the membrane spanning part. So far
only helical motifs have been found for most of the membrane proteins
(Doyle et al., 1998; Kuo et al., 2003; Miyazawa et al., 2003; Stroud et al.,
2003). These predictions can, of cause, only suggest a certain idealized
hydrophobic stretch; kinks or bends within the transmembrane domain
which may be meaningful for the mechanism of function cannot be predicted.

An example of the prediction of the TM domain of 3a protein from
SARS-CoV is shown in Fig. 2.2. A series of programs such as Membrane
Protein Explorer (MPEx, http://blanco.biomol.uci.edu/mpex/), Dense
Alignment Surface prediction of transmembrane regions in proteins
(DAS, http:/www.enzim.hu/DAS/DAS html), TMpred (prediction of
transmembrane regions and orientations, http:/www.ch.embnet.org/
software/ TMPRED_form.html), TMHMM (prediction of transmembrane
helices, http://www.cbs.dtu.dk/services/ TMHMM/), and HMMTop
(prediction of TM helices and topology of proteins, http://www.enzim.
hu/hmmtop/index.html) are commonly used. The programs try to identify
the membrane spanning part based on sequence homology with well


http://blanco.biomol.uci.edu/mpex/
http://blanco.biomol.uci.edu/mpex/
http://www.enzim.hu/DAS/DAS.html
http://www.enzim.hu/DAS/DAS.html
http://www.ch.embnet.org/software/TMPRED_form.html
http://www.ch.embnet.org/software/TMPRED_form.html
http://www.ch.embnet.org/software/TMPRED_form.html
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.enzim.hu/hmmtop/index.html
http://www.enzim.hu/hmmtop/index.html
http://www.enzim.hu/hmmtop/index.html

Viral Channel-Forming Proteins

45

40 50 60 70
ATATI PLQAS  LPFOGALVI GV AFLAVFQSAT Kl I ALNKRWQ
NPEX * kk ok kK kkkkkkkkk*k kkkkkkkkkk * k k
DAS kkkkkkkkk* *kkkkk k%
TNpred kkhkkkkkhkkkk*k *kkkkkkkk
TM_'MV' *kkkkk Kk kkkkkkkkk*k *kkk k%
HM\A‘I’Op * k k khkkkkkkhkkkk * k ok ok kK
DASTM kkkkkkkkkk *kkkkkkkkk
80 90 100
LALYKGFQ=I  CNLLLLFVTI  YSHLLLVAAG
NPEX * % XXX KKK KKKk *kkkkkk
DAS * k k kkkkkhkkkkk*k kkkkkkkkk
TNpred * Kk k Kk k kkkkkkkkk*x *kkkkkkkkk
TM_'MV' * k kK kkkkkkhkkkk*k kkkkkkkkk
HNMl'Op * k% *kkkkkkkk kK *kkkkkkkkkk
DASTM * k k *kkhkkkkkkkk*k kkkkkkkkkx
110 120 130
MEAQFLYLYA LI YFLQCI NA  CRI | NROW.C
NPEX * ok ok ok k kkkkkkkkkk * Kk k%
DAS * kX Kk Kk k kkkkkkkkk*x * k% %
TNpred * k ok k k kkkkkkkkk*k * Kk k%
TM_"V'V' *kkkkk kK kkkkkkkkk*x *kk k%
HWITop *
DASTM *kkkk Kk kkkkkkkkk*k *kk k%

Figure 2.2 Prediction programs used to assess the topology of the channel-forming
protein 3a from SARS-CoV. The asterisks indicate a presumably helical TM
conformation. The consensus among the programs is highlighted in light grey, but
would need experimental confirmation.

characterized proteins and on lipophilicity of individual amino acids derived
from octanol/water distribution coefficients. The prediction from all of these
programs does not always overlap perfectly well. Whilst the core region is
usually well defined, the residues presumably located within the lipid head
group region are harder to grasp. Therefore, it is recommended to use not only
one prediction program but to work with a consensus based on different
methods. Using multiple secondary structure prediction tools three TM
domains of SARS-CoV 3a have been identified with a longer linker region
between TM1 and TM2 and a shorter linker region between TM2 and TM3.
Also for Vpu (Fischer et al., 2000a) and p7 (Patargias ef al., 2006), the predic-
tions reveal one and two TM domains, respectively.

The analysis mentioned is then the starting point for further prediction of
the tertiary structure of the assembled proteins within the TM region.
Sequence homology with other proteins may also give a clue about the
structure and role of these proteins and consequently about their mechanism
of function.
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3.2. Detection of channel activity

Channel activity of all of these proteins has so far been verified experimen-
tally with whole cell recordings in which the particular viral protein is
overexpressed in either Xenopus oocytes or other cell lines (Fischer, 2005;
Fischer and Sansom, 2002; Gonzales and Carrasco, 2003). Another source
of evidence for channel-forming properties is derived from reconstitution of
the proteins and parts of them in artificial membranes (bilayer technique:
Montal and Miiller, 1972). In this respect, data from Vpu from HIV-1
(Ewart et al., 1996; Mehnert ef al., 2007; Schubert ef al., 1996a) (Fig. 2.3),
p7 from HCV (Grithin ef al., 2003; Pavlovic ef al., 2003), and other proteins
(Melton et al., 2002; Piller et al., 1996; Wilson et al., 2004) have been
accumulated. For Vpu, a scrambled sequence of the TM domain, which is
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Figure 2.3 Typical channel recordings of a peptide corresponding to the first 32-aa of
Vpu (HIV-1) reconstituted into lipid bilayers [POPE (1-palmitoyl-2-oleoyl-su-glycero-
3-phosphoethanolamine) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) 1:4]
at various holding potentials. The system was hold in 300 mM KCl, 5 mM K-HEPES at
pH70.
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thought to be solely responsible for channel function, has shown no channel
activity and thus confirms the credibility of the technique (Schubert ef al.,
1996b). Based on the use of this technique, the statement can be made that
these proteins self-assemble in lipid membranes and display channel char-
acteristics. Thus, within the cellular membranes they are expected to behave
in a similar way.

However, there is increasing evidence at least for Vpu that the
protein interferes with several host membrane proteins at various loca-
tions within the cell. Since no feedback mechanism regulating Vpu
production is known to date, it is reasonable to assume that Vpu can
engage in these protein—protein interactions (CD4: Bour ef al., 1995;
Chen et al., 1993; Friborg et al., 1995; Kimura ef al., 1994; Margottin
et al., 1996; Schubert et al., 1996a; Tiganos et al., 1997; Willey et al.,
1992; TASK: Hsu et al., 2004; BST-2: Neil et al., 2008; van Damme
et al., 2008) but also can self-assemble forming channels or pores. The
same situation counts for the other channel-forming proteins and needs
to be elucidated in the future.

4. FUNCTIONAL AND STRUCTURAL CHARACTERIZATION

4.1. Biophysics of the channel-forming proteins
and channel-pore dualism

In models of ion-conducting peptide assemblies hydrophilic residues are
usually proposed to face the lumen of the pores (Dieckmann et al., 1999;
Tieleman ef al., 1999). In recent investigations on viral ion channels, the
orientation of hydrophilic residues has been done accordingly (Fischer and
Sansom, 2002). The requirement of an adequate counterplay between
hydrophilic and hydrophobic residues for a TM peptide to show ion
channel function is outlined by the synthetic peptides consisting of specific
Leu-Ser repeats (Lear ef al., 1988). Modeling these peptides in a pore, the
hydrophilic residues are oriented toward the lumen (Dieckmann et al.,
1999). The position of these hydrophilic residues in conjunction with
their hydrophobic counterparts makes the channel selective for protons
and other ions. It has been found that a serine side chains in 6K protein
from alphavirus affects ion selectivity if mutated (Melton et al., 2002).
Computational studies on the assembly of two TM helices from p7 from
HCV indicate that hydrophilic residues such as serines and threonines, but
also histidine, align within a putative pore (Patargias ef al., 2006). For M2,
histidines and tryptophans are lining the pore and are important for the
proton-conducting properties of the channel (Hu ef al., 2006).

Thus, from the topological point of view, the viral channels fulfill the
criteria of being able to show ion selectivity. They have a helical TM
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motif with hydrophilic pore facing residues and there are indications that
side chains create a selectivity filter (Wilson et al., 2004) as well as
hydrophic stretches (Mehnert et al., 2008). Recent crystallographic data
of a pentameric ligand-gated ion channel from bacteria belonging to the
cys-loop family support considerations on the orientation of pore-lining
residues (Hilf and Dutzler, 2008). With an increasing number of channel-
forming viral proteins with several TM domains, it may be possible that
also other channel architectures similar to those of voltage-gated channels
are adopted, as in the case of the Kcv channel from chlorella virus (Plugge
et al., 2000).

Whilst M2 is held together at least partially by covalent links (Cys-Cys),
the other channels are solely held together by noncovalent protein—protein
interactions. Thus, in the latter case and in comparison of the pore-lining
motifs of larger channels, the viral channel-forming proteins comprise a
minimalist approach towards channel architecture. The hydrophilic residues
may be just enough to attract and accumulate the ions to be conducted.

Any mechanism of gating may involve minimal conformational changes.
The mechanism may also be driven by the lipid environment. Lipid com-
position and thickness in the Golgi network, for example, could induce
altered conformations which allow an ion flux. For M2, a tendency for
associating with rafts in the membrane is outlined (Schroeder et al., 2005).
For Vpu, a lipid dependency for closure is also suggested on the basis of
channel recordings in artificial bilayers reflecting small conformational
changes (Mehnert et al., 2007, 2008). The lateral pressure profile is proposed
to induce the closure. Consequently, channel activity may depend also on
membrane thickness, another indication for activity which may depend on
lipids in the Golgi and the cell membrane.

In general, evidence is emerging that for a gating mechanism only subtle
conformational change are necessary, a suggestion based on computational
studies on nanopores (Beckstein ef al., 2001, 2004) and the nAChR struc-
ture (Beckstein and Sansom, 2006). This suggestion is confirmed by experi-
mental studies on the nAChR (Cymes and Grosman, 2008). However,
these suggestions still remain controversial since large-scale conformational
changes have also been proposed for the larger channels (Cymes and
Grosman, 2008) and also M2 from influenza A based on X-ray (Stouffer
et al., 2008) and NMR studies (Schnell and Chou, 2008).

Experiments have shown that some of the channels, such as Vpu, alter
membrane permeability for small molecules (Gonzales and Carrasco, 2003).
In line with the finding that, apart from the influenza M2 family, most of the
viral ion-conducting channels are only weakly ion selective it is suggested
that these proteins may embody a “channel-pore dualism”. The term is
coined in analogy to the particle—wave dualism of light: depending on the
experimental conditions they exhibit channel characteristics or pore (low or
no ion selectivity) characteristics.
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4.2, Structural information

There is a large amount of structural information available for M2 and Vpu
(see Fischer, 2005, references therein). The information is based from early
studies using CD spectroscopy (M2: Duff et al., 1992; Vpu: Wray ef al.,
1999), NMR spectroscopy (M2: Kovacs and Cross, 1997; Kovacs ef al.,
2000; Vpu: Ma et al., 2002; Park et al., 2003), FTIR spectroscopy (M2:
Kukol ef al., 1999; Vpu: Kukol and Arkin, 1999), and X-ray reflectivity
(Zheng et al., 2001). Most of the experiments have used parts of the TM
domain or parts of the cytoplasmic domains in the case of Vpu. Recently for
M2 the first crystal structure has been published showing a TM domain
assembly in absence of a hydrophobic lipid environment in a state at low-pH
conditions cocrystallized with amantadine (Stouffer ef al., 2008). Without
the drug in the pore the conformation seems to represent a solvent accessible
pore and therefore an open state of the bundle. This is in contrast of findings
from solution NMR spectroscopic studies (Schnell and Chou, 2008). The
data show the tetrameric assembly with the tryptophans (Trp-41) occluding
the putative pore and interpreted this as the closed state of the channel. In the
study, amantadine is found in binding pockets outside the pore.

Vpu is the only protein for which the cytoplasmic domain structure has
been characterized by NMR spectroscopy. The spectra reveal either two
(Federau et al., 1996) or three helices (Willbold et al., 1997) connected via
short loops. In addition, interactions of the cytoplasmic domain with
cellular proteins have also been reported for Vpu (Coadou et al., 2003;
Gharbi-Benarous ef al., 2004).

Depending on the experimental conditions, TEM data of p7 reveal a
hexameric (Griffin ef al., 2003) or heptameric assembly (Clarke ef al., 2006).

4.3. Modeling the mechanism of function

Modeling the mechanism of function has two aspects: experimental data
need to be derived and the data have to be converted into theoretical
models which then have to be filled with atomistic details.

The working hypothesis is that the viral proteins are formed in the ER and
exist as monomeric units prior to any assembly. Assembling is a common
feature for membrane proteins in general (Engelman, 2005; Popot and
Engelman, 2000) as well as for other channel or pore-forming proteins such
as alamethicin and melittin (Bechinger, 1997; Tossi ef al., 2000). For these
proteins, the topology of the pore once formed is also an assembly of helical
TM domains (Boheim et al., 1983). Up to now only gramicidin channel is
known to consist of two ff-barrel units forming hydrogen bonds in a head-to-
head formation at their N-termini (Woolley and Wallace, 1992).

To model the pore or channel some care need to be taken to obtain
structural details of the monomeric protein. After careful assessment of the
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conformational space of the monomeric TM domain, the domain may then
be replicated and reoriented to form the appropriate bundle. This has now
been done for Vpu (Kriiger and Fischer, 2008). At this stage also the effect of
lipid composition and thickness on the structure of the TM domain of Vpu
can be addressed. It has been reported that Vpu adopts to the environment
via kinking rather than forcing the lipid environment to adjust (Kriiger and
Fischer, 2008). This is in contrast to experimental findings of X-ray reflec-
tivity data but may be due to the high protein to lipid ratio (0.02) used in the
experiments where already assemblies may have formed (Khattari et al.,
2006). None of the sequences of the putative channel-forming proteins
contain a Leu heptad (Gurezka ef al., 1999) or GxxxG motives (Russ and
Engelman, 2000) with the latter especially known to promote close helix—
helix packing.

For a functional and selective pore, it is required to have an ingenious
balance of hydrophilic and hydrophobic pore-lining residues. Purely hydro-
phobic pores would pose a barrier for the permeating ion similar to the lipid
environment. At contrast a highly hydrophilic motif would trap the passing
ion. Modeling a hydrophobic pore, Beckstein and Sansom (2003) have
shown that the amount of water within the pore changes continuously
between “water filled” and “empty” (termed by the authors as “vapor”
phase) depending on the pore diameter. Therefore, the term “oscillating
liquid/vapor phase” within the pore has been created. Conductance can
only be observed when a sufficient amount of water molecules is present
within the gorge portion of the pore. The observed oscillation between the
liquid and the vapor state within the pore is just one aspect which addresses
the role of a specific type of wall within a channel. The lumen of a biological
ion channels consists of a complex alignment of polar and nonpolar residues.
Many more aspects have to be considered for a proper description of the ion
permeation such as its interaction with the residues at the entrance/lumen
of the pore and the behavior of the hardly removable first tetrameric
hydration shell within the pore.

Recently, the TM domain of Vpu (Ulmschneider and Ulmschneider,
2007) has been folded within a hydrophobic slab mimicking a lipid bilayer.
In this approach, the slab shows a gradual change of the dielectric constant
toward the center of the membranes. Monte Carlo simulations have been
used in combination with replica exchange methods to assess the fold of the
domains. This is another approach toward a fully in silico modeling of
membrane protein structure.

Several approaches on the level of bundles have been tried for Vpu to
elucidate the mechanism of function once the pore is formed. Molecular
dynamics simulations in combination with physical models of ion perme-
ation have been undertaken. In all of these studies solely the TM domain of
Vpu has been used. The TM domain was oligomerized into tetrameric,
pentameric, and hexameric bundles. In one of the studies, after using MD
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simulations to achieve a reasonably stable structural model, the energy
profiles for Na™ and CI- along the pore have been calculated by placing
them at various positions within the pore (Grice ef al., 1997). Recently,
steered MD simulations were used to assess the potential of mean force of
the ions across the lumen of the pore (Patargias ef al., 2009). Based on the
energy profile the pentameric model supports the experimental findings of a
weak cation-specific channel. In a combined computational and experi-
mental approach, structural features of the Vpu bundle, such as the tilt of the
helices in the mechanism of function and the role of a putative selectivity
filter based on a EYR-motif at the C-terminus, has been demonstrated
(Cordes et al., 2002). Together with other MD simulation work in which
the instability of the hexameric bundle has been explicitly shown (Moore
et al., 1998), the pentameric bundle model is now fairly established until
further proof to the contrary. The essential question remains, what happens
between the stage of the monomer and the functional bundle? Two kinetic
pathways are possible, either the assembly happens in an all or nothing step
with minor adjustments or more likely the monomers assemble sequentially.
For the influenza A M2 channel, proton conductance has been modeled
using MD simulations (Chen ef al., 2007; Smondyrev and Voth, 2002).
Based on theoretical considerations, there are two possible scenarios for the
proton to pass the pore and specifically the histidines (His-37): either the
protonated histidine flips and carries the proton to the other side, or all
histidines undergo a “‘swing motion” due to electrostatic repulsion and
thereby open the pore accordingly (Schweighofer and Pohorille, 2000).

5. CHANNEL-FORMING PROTEINS
IN ANTIVIRAL THERAPY

Inhibition of proteins which are essential in the virus life cycle is a
basic approach in antiviral therapy. In the case of channels and pores, there
are in principle two strategies (1) to inhibit the channel itself by a suitable
inhibitor, either small organic molecule or peptide drug and (2) to prevent
the formation of the channel by hindering the assembly of the monomers,
where custom designed ‘‘anti-oligomerization” peptides appear to be most
promising.

5.1. Small molecule drugs

There are several small molecule drugs under investigation which inhibit
some of the channel proteins. A derivative of amiloride such as hexamethy-
lene amiloride has been shown to be eftective against HIV-1 and in
particular against Vpu (Ewart ef al., 2002). Experiments have been done
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in HELA cells which coexpressed Vpu and Gag proteins as well as with pure
Vpu reconstituted into artificial membranes from proteoliposomes. Also p7
from HCV, synthesized by solid phase peptide synthesis and reconstituted
into lipid bilayers, is affected in the presence of hexamethylene amiloride
(Ewart et al., 2002; Premkumar et al., 2004). M protein from Dengue
virus-1 also forms channels when reconstituted into artificial membranes
and can be blocked by hexamethylene amiloride and amantadine
(Premkumar et al., 2005).

Amantadine, known as one of the first drugs against influenza A, blocks
the proton channel M2 in a concentration of up to 5 uM (Chizhmakov
et al., 1996; Hay ef al., 1985; Tu ef al., 1996) by changing M2 dynamics
(Hu et al., 2007). Depending on the technique used, the drug may either
enter the pore (X-ray crystallography: Stoufter et al., 2008) or diffuses into
hydrophilic/hydrophobic pockets in the outer rim of the bundle (NMR
spectroscopy: Schnell and Chou, 2008). Amantadine/rimantadine resistance
is on the rise because most mutations determining drug resistance do not
impair channel function. New derivatives of these drugs are being developed
in the hope of overcoming drug resistance (Kolocouris et al., 1996). Aman-
tadine is also under investigation for treatment of chronic hepatitis C virus
infection (Lim et al., 2005) and seems to affect p7 when this protein is used
within a GST-His-p7 or GST-p7 construct (Grifhin ef al., 2003, 2004). In a
recent study with full-length p7, amantadine shows no affect on the channel
activity of p7 in a range of up to 10 pg/ml (Steinmann ef al., 2007b). In a
computational study using global search algorithms, a hexameric model of p7
has been suggested (Patargias ef al., 2006). Amantadine has been docked into
the pore and its residence is suggested to be in the vicinity of the histidine in
the first TM domain at position 17. A clinical study has shown that amanta-
dine does not lead to a mutation at the position of His-17 (Castelain ef al.,
2007). The attribute affects the pH-dependent entry pathway of HCV. One
still can argue that the residence of amantadine at the site of His-17 is
possible, but as can be seen in the study of Patargias ef al. (20006), it does
not necessarily occlude the pore. As a consequence, it may not to be a potent
candidate for blocking of p7. Kcv from PBCV-1 (Plugge et al., 2000) and
Vpu also respond on amantadine and derivatives (Kolocouris ef al., 1996),
but only to fairly high doses.

It has been shown that iminosugar derivatives are affective against
bovine viral diarrhea virus (Durantel ef al., 2001). In follow-up studies, it
could be shown that p7 from HCV is a possible target of these small
molecules as well (Pavlovic et al., 2003). With a liposome assay for p7
activity, large-scale drug screening for p7 comes into reach (StGelais ef al.,
2007). Investigations on the interaction of p7 with iminosugars indicate an
effect in the range of up to 10 pg/ml (Steinmann ef al., 2007b). Especially
derivatives such as N-nonyl-deoxynojirimycin (NN-DN]J) and N-nonyl-
deoxygalactonojirimycin (NN-DGJ) are potential candidates.
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5.2. Peptide drugs

Peptide drugs have several advantages over small molecule drugs (1) they are
highly active and specific and (2) they accumulate in tissue to a lower extent
and therefore exhibit lower toxicity. There is a major drawback such as the
difficulty to deliver the drug to the target site. Usually peptide drugs have
very low oral bioavailability and need to be injected (Hamman et al., 2005).
They are commonly used for severe chronic diseases. Peptide drugs have a
low uptake by the gastrointestinal tract and experience rapid presystemic
enzymatic degradation. However, advances in peptide manufacturing and
improvements in peptide drug delivery systems have and will further
rejuvenate this field.

The concept of interfering with the molecular action by using parts of
protein itself has been shown in HIV research. It has been found that Vpu,
a channel-forming protein of HIV-1, interferes with the function of the
acid-sensitive leakage K* channel (TASK) (Hsu et al., 2004). Vpu has high
sequence homology with parts of the TASK protein. The authors have
additionally shown that parts of TASK can also hamper channel activity of
TASK. The mechanism of function is proposed to be a disturbed assembly
of the protein in the presence of the protein fractions.

The concept of interfering with protein assembly within the aqueous
phase has already been used to interrupt the fusion mechanism of gp41 from
HIV-1 (Root ef al., 2001). The interaction of the trimeric gp41 with the
cellular membrane induces conformational change into a bundle of six
helices which is called the “‘trimer-of-hairpins.” This intermediate catalyzes
the fusion of the viral with the cellular membrane. A protein which
corresponds to only five out of these six helices has been synthesized, called
“five-helix” protein. The gap generated by the missing sixth helix in this
assembly acts as a high-affinity target site for gp41.

6. CONCLUDING REMARKS

After almost 20 years of research viral channel-forming proteins still
leave a lot of open questions. Elucidation of their modes of action should be
accelerated since for some viruses these proteins are essential and conse-
quently a valuable drug target. Several questions remain to be answered:
what is the relation of channel and pore functionality; how do they assemble
and which oligomeric structure do they adopt; and finally, which sequence
elements and interactions govern the fate of nascent viral channel mono-
mers to form either homo-oligomeric channels or instead interact with host
cell proteins?
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For a full understanding of the mode of action, the full-length proteins
need to be considered more thoroughly. Up to now all functional analysis is
based on looking solely on the TM domains. For Vpu, bilayer experiments
and assays indicate that the protein can be seen as a unification of two
domains, the TM and the cytoplasmic domain, each of which can act
independently from the other. It may be due to future research whether
this is also the case for the other proteins.
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