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Preface

Viruses enter cells and modulate the biosynthetic machinery of the host for the synthesis of
their own building blocks. These building blocks assemble in an organized fashion and large
numbers of viral copies finally leave the host, ready to enter the next host cell. This life style
would be of little concern if it were not that many viruses have a fatal side effect to the host,
leading to the death of the host cell and sometimes to the death of the whole organism. Under
these circumstances, the first two sentences could be rewritten and the words “enter” and
“leave” replaced by more drastic words such as “attack,” “invade,” or “kill.” However, not all
the attacks lead to an immediate cell death or to a phenotypic manifestation in the organism.

Viruses are under constant survival pressure and have evolved mechanisms to resist 
environmental pressure by having for example a high mutation rate. This may lead finally also
to an increased spreading to novel hosts, which can have a devastating effect on the invaded
organism, including humans, especially if the species barrier is crossed in an unpredicted way.
In the modern world, the large density of populations and travel habits can lead to a rapid spread
of the virus, with a possible major impact on our social behavior and the economy. The recent
appearance of the SARS virus or avian influenza viruses in humans represents such an imme-
diate threat. Once within a host, some viruses, such as HIV-1, replicate but rather than produce
faithful copies of the parent virus, constantly mutate making it almost impossible to produce a
vaccine and limiting the success of drug therapy. We are also directly or indirectly affected by
animal or plant viruses. The last foot and mouth outbreak within the United Kingdom and other
European countries resulted in the slaughter of large numbers of farm animals to prevent the
rapid spread of the disease. As an indirect effect, the country side, dependent to a very large
extent on tourism, had to be closed down to avoid any further spread of the disease. Plant viruses
threatening our annual harvest and can through price rises add to inflation. However, not all
viruses cause harm to us, some of the plant viruses may even cheer us up such as the tulip
mosaic virus that causes the striping pattern of tulip petals.

In this book, we aim to summarize the current knowledge on a special class of viral
molecules, the membrane proteins, from the full range of viruses, including plant viruses.
Research on these membrane proteins has been limited by a number of technical difficulties,
and rate of progress compared with globular proteins has been slow. Membrane proteins are
involved at the stage of viral entry into the host cell, in modulating subcellular electrochem-
ical gradients and/or shuffling proteins across cell membranes.

The first section is dedicated to viral membrane proteins from plant viruses with the
most recent computational research on the viral genome revealing the first experimental evi-
dence of a K� channel encoded by a plant virus. The second section in the book is dedicated
to the proteins involved in the early event of the life cycle of the viruses in the host cell, the
fusion proteins. The third section summarizes, in several chapters, the current state of the
research on ion channels and viroporins, which are known to modulate the electrochemical
balance in the virus itself and subcellular compartments in the host cell. The fourth section
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describes membrane-bound and membrane-associated viral proteins. All chapters include
functional and structural data and address, where possible, the development of antiviral drugs.
A large number of techniques are described by the authors, revealing the way in which a wide
range of approaches are required to shed light on the molecular life of viruses.

I wish to thank the editorial team at Kluwer Academic Publishers for their enthusiasm
and physical support during the generation of this synthesis of our recent advances in viral
membrane protein research. Thanks go also to all the authors for their willingness and
patience while working on the book. My acknowledgment includes also Judy Armitage
(Oxford) and my colleagues in the lab for stimulating and helpful discussions.
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Membrane Proteins in Plant Viruses

Michael J. Adams and John F. Antoniw

1. Introduction

The plant cell wall is a substantial barrier preventing direct entry of viruses and 
therefore, unlike many animal viruses, plant viruses cannot initiate infection by any inde-
pendent ability to cross membranes. A few plant viruses enter through microscopic wounds
but most are introduced into their hosts by a vector, most frequently a leaf-feeding insect.
Small pores between adjacent cells (plasmodesmata) provide cytoplasmic continuity and 
thus a channel for transport of nutrients and some larger molecules, and viruses exploit this
route for cell-to-cell transport. While some viruses remain restricted to a small area around
the initial site of infection and may be limited to certain cell types, many exhibit long distance
movement via the plant vascular system.

Among the plant viruses, cell-to-cell movement depends on one or more virus-encoded
movement proteins (MPs) and many of these are integral membrane proteins that interact with
the endoplasmic reticulum (ER). Many RNA viruses multiply within the cell cytoplasm and
there is recent evidence that replication proteins of such viruses are also targeted to membranes.
In addition, membrane proteins may play a role in plant virus transmission for those viruses
that enter the cells of their vectors. In this chapter, we survey the occurrence of membrane pro-
teins among all plant viruses and review the literature on their biological role. We also present
and discuss the limited structural information on plant virus integral membrane proteins.

2. Survey of Transmembrane Proteins in Plant Viruses

In preparation for this chapter, we have used a plant virus sequence database that we
developed to make a comprehensive survey of all published complete gene sequences of all
plant viruses.

2.1. The Database

The database used was developed from files originally prepared for the electronic 
version of the Association of Applied Biologists (AAB) Descriptions of Plant Viruses 
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(Adams et al., 1998). As part of that project, we provided software (DPVMap) to display
selected virus sequences interactively. A separate enhanced feature table (EFT) file was 
written for each sequence containing the start and end nucleotide positions of the features
(e.g., open-reading frames (ORFs), untranslated regions) within the sequence. In DPVMap
any of the features of the sequence could be dragged into a sequence editor to display either
its nucleotide sequence (as RNA or DNA), or the predicted amino acid sequence of an ORF.
Annotations provided for the correct display of reverse complementary sequences and of
those incorporating a frameshift or intron. Sequence features were checked for accuracy and,
as far as possible, nomenclature for genes and proteins were standardized within genera and
families to make it easier to compare features from different viruses. From a modest begin-
ning, the number of sequences provided has been increased and now includes all complete
sequences of plant viruses, viroids and satellites, and all sequences that contain at least one
complete gene. The information contained in the individual EFT files is valuable because it
has been checked for accuracy and is often more detailed than that provided in the original
sequence file from EMBL or Genbank. However, the EFT files can only be used 
with DPVMap and to examine one sequence at a time. We therefore decided to transfer this
information together with the sequences themselves into a database table, so that multiple
data sets could be selected and extracted easily and then used for further analysis.

The database was prepared in MySQL on a Linux PC and includes up to date taxonomic
information and a table of sequence data containing all the information from the individual
EFT files. The version used here was based on sequences available from the public databases
at the end of November 2002 and includes a total of 4,687 accessions. It therefore records the
start and end positions of all important features and genes in every one of the significant plant
virus sequences. The database has been placed on a public Internet site (DPVweb at
http://www.dpvweb.net) where it may be accessed using client software.

2.2. Software

A web-enabled Windows client application was written in Delphi for IBM-compatible
PCs to scan the database tables, translate each complete ORF into its amino acid sequence,
and then to predict transmembrane (TM) regions using TMPRED (Hofmann and Stoffel,
1993). A summary of the results was exported to a Microsoft®Excel spreadsheet and exam-
ined for consistency within species and genera. The results have been used to inform the 
presentation and discussion of the different types and function of plant virus membrane 
proteins (below) and some ambiguous results were checked using the web-based soft-
ware HMMTOP (Tusnády and Simon, 1998), TMHMM (Sonnhammer et al., 1998), and
TopPred 2 (von Heijne, 1992).

3. Cell-to-Cell Movement Proteins

Most plant viruses encode one or more specific MPs that are required for the virus to
spread between adjacent host cells. Functions assigned to these proteins include nucleic-acid
binding (some viruses move as nucleic acid–MP complexes), modification of the size exclu-
sion limit of the plasmodesmata (the connections between adjacent cells), and targeting to the
inter- and intracellular membrane system, the ER. A number of groups of MPs have been
identified and at least some of these are integral membrane proteins.
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3.1. The “30K” Superfamily

A very large number of plant viruses have MPs that share common structural features,
which led Mushegian and Koonin (1993) to propose the name “30K” superfamily for them.
This grouping has most recently been reviewed and defended by Melcher (2000). It includes
a surprisingly diverse range of viruses including those with DNA genomes (the pararetro-
viruses and the ssDNA viruses in the genus Begomovirus) and many different groups of both
positive sense (Bromoviridae, Comoviridae, Capillovirus, Dianthovirus, Furovirus,
Idaeovirus, Tobamovirus, Tobravirus, Tombusvirus, Trichovirus, Umbravirus) and negative
sense (Nucleorhabdovirus, Tospovirus) RNA viruses. These have been assigned by computer
predictions showing the presence of a core domain consisting of two �-helices separated by
a series of �-elements.

The best-studied virus from this group is Tobacco mosaic virus (TMV, genus
Tobamovirus). Its MP has been shown to increase the size exclusion limit of plasmodesmata,
and specifically at the leading edge of expanding lesions (Oparka et al., 1997). It has non-
specific RNA-binding activity, forming a viral RNA–MP complex that moves between cells
(Citovsky and Zambryski, 1991). It can also bind to the cytoskeleton (Heinlein et al., 1998;
Reichel and Beachy, 1998; Reichel et al., 1999; Boyko et al., 2000) but it remains uncertain
whether this property is essential for cell-to-cell movement as recent evidence suggests that
TMV can replicate and move in the absence of microtubules (Gillespie et al., 2002). There
remains much to be discovered about the interaction of the MP with host cell components and
how this facilitates cell-to-cell movement of the viral RNA, but a combination of CD spec-
troscopy, trypsin treatment, and mass spectroscopy has helped to develop a topological model
(Brill et al., 2000). This confirms the role of the two core �-helices as TM domains resistant
to trypsin, and indicates that the N- and C-termini would be exposed in the cytoplasm and a
short loop in the ER lumen (Figure 1.1).

There is less experimental information for the other MPs in this group but they are
likely to have a similar association with membranes. For example, the movement protein (3a)
of Alfalfa mosaic virus (genus Alfamovirus, family Bromoviridae), used as a MP–GFP (green
fluorescent protein) construct, co-localized with ER in tobacco protoplasts and onion cells
and moved between adjacent onion cells. Fractionation and biochemical studies in insect cells
demonstrated that the MP–GFP was an integral membrane protein (Mei and Lee, 1999)
although no ER targeting signal has been identified. Some other “30K” superfamily MPs that
have been shown to interact with membranes are the ORF3 products of Grapevine virus A and
Grapevine virus B (genus Vitivirus) (Saldarelli et al., 2000), the P22 of Tomato bushy stunt
virus (genus Tombusvirus, family Tombusviridae) (Desvoyes et al., 2002), and the BC1 pro-
tein of Abutilon mosaic virus (genus Begomovirus, family Geminiviridae) (Zhang et al., 2001,
2002; Aberle et al., 2002).

Some of the superfamily member MPs act in a rather different fashion by producing
tubules that extend through the plasmodesmata. This has been best studied in Cowpea mosaic
virus (CPMV, genus Comovirus, family Comoviridae) (Van Lent et al., 1991). In these exam-
ples, the virus has been shown to move as intact virions and therefore to require the coat protein
(CP), but it appears that some “30K” superfamily MPs have both tubule-forming and RNA-bind-
ing activities (Perbal et al., 1993; Jansen et al., 1998; Canto and Palukaitis, 1999; Nurkiyanova
et al., 2001). Unlike TMV, the CPMV MP does not localize to either the microtubules or the ER
and the mechanism of its delivery to the cell periphery is not known. The tubules themselves are
thought to arise from the host protein plasma membrane (Pouwels et al., 2002).
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TMPRED correctly identified the position and orientation of the two TM domains of
TMV and 7 other tobamoviruses (out of 16 different species sequenced). Among the “30K”
superfamily generally, a TM domain was identified in most viruses, but two domains were
predicted in only 20 out of more than 60 species.

3.2. Triple Gene Block

Some positive-sense ssRNA filamentous and rod-shaped viruses do not have the single
MP exemplified by TMV or CPMV but a group of three, partially overlapping, proteins
known as the “triple gene block” (TGB). The structure and function of the TGB has been
recently reviewed by Morozov and Solovyev (2003). All three TGB proteins are required for
movement and the two smaller proteins, TGBp2 and TGBp3, are TM proteins. These were
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Figure 1.1. Topological model of the Tobacco mosaic virus movement protein, re-drawn from Brill et al. (2000),
and used by kind permission of Prof. R.N. Beachy. Hydrophobic amino acid residues are shown in pale grey. 
Basic residues (in white) are concentrated in domain B and acidic residues, shown in dark grey are concentrated in
domains A and C; Cys residues are shown with white background. Domains I and II are conserved amongst
tobamoviruses.



not only strongly predicted by computer analyses but also by in vitro studies (e.g., Morozov
et al., 1991), localization to membrane fractions of infected plant tissues (e.g., Gorshkova 
et al., 2003), and by microscopical studies of proteins fused to GFP showing them to be local-
ized to the ER or membrane bodies as well as to plasmodesmata (e.g., Solovyev et al., 2000;
Cowan et al., 2002; Zamyatnin et al., 2002; Gorshkova et al., 2003). No detailed structural
studies have been reported, but all TGBp2 molecules (11–14 kDa) contain two TM segments
and it is predicted that the N- and C-termini are in the cytoplasm. TGBp3 molecules are of
three different types. Those of the filamentous viruses (genera Allexivirus, Carlavirus,
Foveavirus, Potexvirus) are 6–13 kDa in size and have a single TM segment, while those of
the rod-shaped viruses are larger (15–24 kDa) and have two segments, and those of the genus
Benyvirus, having a different arrangement to those in the genera Hordeivirus, Pecluvirus, and
Pomovirus. The C-termini of TGBp3 molecules are predicted to be in the cytoplasm.

Transiently expressed TGBp2–GFP fusions localize to the ER, while TGBp3 fusions
are found in membrane bodies near the plant cell periphery but in the presence of TGBp3,
TGBp2 is re-targeted to the peripheral bodies (Solovyev et al., 2000; Tamai and Meshi, 2001;
Cowan et al., 2002; Zamyatnin et al., 2002; Gorshkova et al., 2003). TGBp2 and TGBp3
together appear to be responsible for targeting rod-shaped virus TGBp1 to plasmodesmata
(Erhardt et al., 1999, 2000; Lawrence and Jackson, 2001), but the (smaller) TGBp1 of the 
filamentous viruses can move independently (e.g., Morozov et al., 1999). TGBp2 is also
involved in increasing the size exclusion limit of plasmodesmata and it has been suggested
that this may occur via the regulation of callose deposition or degradation. Recent evidence
that TGBp2 interacts with TIP, a host protein regulator of �-1,3-glucanase (a key enzyme of
callose turnover), strengthens this hypothesis (Fridborg et al., 2003).

In TMPRED, the expected TM domains were consistently and strongly detected in all
TGBp2 and TGBp3 sequences. TGBp2 proteins were 104–154 amino acids (aa) long, with a
loop between the two predicted TM domains of 39–61 aa. The two classes of TGBp3 proteins
were correctly identified; in the rod-shaped viruses with two TM domains, the second domain
is consistently at the C-terminus (within 2–5 aa).

3.3. Carmovirus-Like

Members of the genus Carmovirus are among the smallest RNA viruses (genome 
�4 kb). They do not have MPs of the “30K” superfamily, nor a TGB, but two small, over-
lapping, internal ORFs are involved in cell-to-cell movement (Hacker et al., 1992). The first,
and slightly smaller, of these proteins is a soluble protein with RNA-binding capacity, while
the second contains two potential TM domains. In experiments using the type member,
Carnation mottle virus (CarMV), the two putative TM domains of the p9 protein were
inserted into the Escherichia coli inner membrane protein Lep and then tested for insertion
into dog pancreas microsomes. The experiments demonstrated TM activity and that the 
N- and C-termini of the protein were located in the cytoplasm. It was proposed that 
the charged C-terminus of p9 would interact with the C-terminal domain of the smaller p7
protein that had already bound to viral genomic RNA (Vilar et al., 2002). Results of a spatio-
temporal analysis are consistent with this hypothesis (Garcia-Castillo et al., 2003). Our analy-
sis confirmed the consistent presence of two TM domains in most members of the genus, but
only indicated one such domain in Melon necrotic spot virus and in members of the related
genus Necrovirus, where the protein seems to be smaller than in CarMV.
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3.4. Other Movement Proteins

In Maize streak virus (genus Mastrevirus, family Geminiviridae), the MP is encoded by
ORF V2, the smaller of the two ORFs translated in the positive sense and a central �-helical
domain has been predicted to have TM properties (Boulton et al., 1993). This is supported 
by studies showing its localization to plasmodesmata (Dickinson et al., 1996) and by the
occurrence of similar domains in other members of the genus (confirmed by our analyses),
but it has not yet been proved experimentally that the hydrophobic domain is required for
membrane association (Boulton, 2002).

In Banana bunchy top virus (genus Babuvirus, family Nanoviridae), GFP-tagging
showed that the protein encoded by DNA-4, which possesses a hydrophobic N-terminus, was
found to localize exclusively to the cell periphery. Deletion of the N-terminal region abolished
its ability to localize to the cell periphery (Wanitchakorn et al., 2000). Our analyses show 
similar domains in other viruses of this family.

Within the genus Tymovirus, the first ORF, which almost completely overlaps with the
large replication protein, has been identified as a MP (Bozarth et al., 1992). This protein is
much larger than those discussed above (69–85 kDa) and is proline-rich. Its localization
within cells has not been reported. There were no strongly hydrophobic regions in the
sequences of this gene for any of the members of the genus and the few possible TM regions
identified in our analysis were not strongly supported and did not appear at a consistent 
position within an alignment of the MPs of the genus members.

In Beet yellows virus (genus Closterovirus, family Closteroviridae), the 70K HSP70h
(heat shock protein 70 homolog) has been shown to be absolutely required for cell-to-cell
movement (Peremyslov et al., 1999) and can be localized in plasmodesmatal channels
(Medina et al., 1999). The protein acts as a molecular chaperone and is incorporated into the
tail of the functional virion (Alzhanova et al., 2001). This activity appears to be related to its
ATPase activity and it is not clear whether any membrane-targeting activity is involved,
although our studies show several potential TM domains within the protein, one of which
appears to be fairly consistent among all members of the family.

3.5. General Comments

At least for the better studied viral MPs (TMV, TGB proteins, Carmovirus), it seems
probable that they enter the ER co-translationally and that the hydrophobic regions then
migrate into the ER membrane. Movement to the cell periphery probably occurs as complexes
with virions (or other nucleic acid–protein associations) in membrane-bound bodies and may
use the cytoskeleton-based pathway. The complexes are thus delivered to the neck of the plas-
modesmata. None of the plant host proteins that interact with viral MPs have yet been
unequivocally identified but it is interesting that the NSM movement protein of Tomato spot-
ted wilt virus (genus Tospovirus, family Bunyaviridae), which has been classified in the
“30K” superfamily, has been shown to interact with the viral CP, to bind viral RNA and, in a
yeast two-hybrid screen, to bind to two plant proteins of the DnaJ family, that are in turn
known to bind plant HSP70s (Soellick et al., 2000). There are at least hints here of common
links between what appear to be very dissimilar viral MPs. It is also interesting that there is
increasing evidence that some plant proteins (“non-cell-autonomously replicating proteins,”
NCAPs) have properties similar to viral MPs in their effects upon plasmodesmatal size exclu-
sion limits and in transporting RNA (see, for example, the detailed review by Roberts and
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Oparka, 2003). It therefore appears likely that plant virus MPs mimic various aspects of the
plant’s own machinery for trafficking of large molecules.

4. Replication Proteins

Positive-strand RNA viruses assemble their RNA replication complexes on intracellu-
lar membranes and some progress has been made in identifying the proteins and sequences
responsible.

In the genus Tombusvirus (family Tombusviridae), ORF1 encodes a polymerase with a
readthrough (RT) domain and the smaller product contains an N-terminal hydrophilic portion
followed by two predicted hydrophobic TM segments. In the type member, Tomato bushy
stunt virus, the protein is localized to membrane fractions of cell extracts (Scholthof et al.,
1995). Infection of Nicotiana benthamiana cells with Cymbidium ringspot virus (CymRSV)
or Carnation Italian ringspot virus (CIRV) results in the formation of conspicuous membra-
nous bodies, which develop from modified peroxisomes or mitochondria, respectively. The
ORF1 proteins can be localized in these membranous bodies (Bleve-Zacheo et al., 1997) and
have been shown to be integral membrane proteins with their N- and C-termini in the cyto-
plasm (Rubino and Russo, 1998; Rubino et al., 2000, 2001; Weber-Lotfi et al., 2002). These
domains were consistently identified in all sequenced members of the genus by our TMPRED
analysis; in the other genera of the Tombusviridae, although TM domains were identified they
did not appear to be in corresponding positions, or at similar spacing, within the protein.

Members of the family Bromoviridae have three RNAs and the major products of both
RNA1 and RNA2 (1a and 2a proteins) are required for replication. In both Brome mosaic
virus (BMV, genus Bromovirus) and Alfalfa mosaic virus (genus Alfamovirus) proteins 1a and
2a co-localize to membranes, but respectively to the ER and tonoplast (Restrepo-Hartwig and
Ahlquist, 1999; Heijden et al., 2001). In BMV, the 1a protein is primarily responsible for this
localization and a region, C-terminal to the core methyltransferase motif, has been identified
by membrane floatation gradient analysis as sufficient for high-affinity ER membrane 
association although other regions are probably also involved (den Boon et al., 2001). The 1a 
protein is fully susceptible to proteolytic digestion in the absence of detergent, suggesting that
it does not span the membrane, but has an association with membranes that is stronger (resist-
ant to high salt and high pH conditions) than is usual for a peripheral membrane protein. 
The 2a protein is then recruited to the membrane through its interaction with 1a and the 
N-terminal 120 amino-acid segment of 2a is sufficient for this (Chen and Ahlquist, 2000).
Neither experimental evidence, nor computer predictions, suggest that a TM domain is
involved with this interaction, although TMPRED does identify some (rather weak) regions
in most Bromoviridae 1a proteins.

Members of the family Comoviridae have two RNAs, each of which encodes a polypro-
tein. Products of RNA1 are involved in replication, which has been associated with ER 
membranes in CPMV (Carette et al., 2000, 2002) and in Grapevine fanleaf virus (genus
Nepovirus) (Ritzenthaler et al., 2002). In particular, the nucleoside triphosphate binding 
protein is believed to act as a membrane anchor for the replication complex and in Tomato
ringspot virus (genus Nepovirus) a region at its C-terminus has been shown to have TM prop-
erties (Han and Sanfaçon, 2003). This is strongly confirmed by our TMPRED analyses for
viruses in all genera of the family (Comovirus, Fabavirus, and Nepovirus).
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Some progress in identifying the plant proteins with which the viral replication proteins
interact has been made in the genus Tobamovirus. Western blot studies of membrane-bound
Tomato mosaic virus (ToMV) replication complexes indicated the presence of a plant protein
related to the 54.6-kDa GCD10 protein, the RNA-binding subunit of yeast eIF-3 (Osman and
Buck, 1997). More recently, studies of Arabidopsis mutants have revealed several genes that
are necessary for efficient multiplication of tobamoviruses. In particular TOM1 has been
identified as a 7-pass TM protein of 291aa that interacts with the helicase domain of
tobamovirus replication proteins and TOM2A, a 4-pass TM protein of 280 aa that interacts
with TOM1. GFP-tagging had demonstrated that these proteins co-localize with the replica-
tion proteins to vacuolar (tonoplast) membranes in plant cells (Yamanaka et al., 2000, 2002;
Hagiwara et al., 2003; Tsujimoto et al., 2003).

There is less detailed evidence for the involvement of membrane targeting in the repli-
cation of other plant viruses but the replication proteins of Peanut clump virus (genus
Pecluvirus) have been localized to membranes (Dunoyer et al., 2002). In the genus Potyvirus,
there have been suggestions that the 6K2 product of the polyprotein of Tobacco etch virus is
involved with replication and that it binds to membranes (Restrepo-Hartwig and Carrington,
1994) and this is supported by recent results showing that the CI-6K2 protein of Potato 
virus A was associated with membrane fractions but that fully processed CI was not 
(Merits et al., 2002). Our analyses show that there is a strongly predicted TM domain in all
6K2 proteins in the family Potyviridae.

5. Proteins Involved in Transmission by Vectors

To initiate infection of a host plant, viruses have to be introduced into a cell across the
substantial barrier posed by the cell wall. Many plant viruses are dependent upon vectors for
this step. Some virus–vector interactions involve adsorption onto, and release from, an exter-
nal surface and this is typified by the nonpersistent, stylet-borne transmission by aphids of
many viruses, for example in the genus Potyvirus. In other viruses, there is a more intimate
and lasting (“persistent”) relationship with the vector, in which the virus enters the host cells
of its vector (“circulative”) and, in some cases may replicate within it (“propagative”) as well
as within the plant host. Viral membrane proteins may therefore play an important role in the
transmission of some viruses.

5.1. Insect Transmission

5.1.1. Persistent Transmission by Aphids

Persistent (circulative but not propagative) transmission has been best studied in mem-
bers of the family Luteoviridae. Electron microscopy indicates that virus particles cross the
gut into the aphid haemocoel in coated vesicles by receptor-mediated endocytosis (Gildow,
1993; Garret et al., 1996). While the aphid gut acts as a barrier against the uptake of some
morphologically similar viruses, uptake of different luteoviruses is not always related to the
efficiency of virus transmission and it therefore appears that endocytosis is only partially
selective. It is likely that the CP is primarily involved in interactions with the receptor but evi-
dence for the role of the CP–RT is not entirely consistent. Mutants of Barley yellow dwarf
virus-PAV lacking the RT were taken up through the aphid gut (although not subsequently
transmitted) (Chay et al., 1996) but some mutations in the Beet western yellows virus RT
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domain apparently affect acquisition across the gut membrane (Brault et al., 2000). Changes
in the CP and/or the RT of Potato leafroll virus (PLRV) have also been shown to hinder pas-
sage across the gut membrane (Rouze-Jouan et al., 2001). Virions taken up into the haemo-
coel appear to be bound to a protein (symbionin) produced by endosymbiotic bacteria of the
genus Buchnera. This appears to be important for virus survival within the vector (see review
of Reavy and Mayo, 2002). If a virus is to be transmitted, it must then cross a membrane into
the accessory salivary gland and this, also, is a specific, receptor-mediated process. The aphid
and virus determinants of this process have not been characterized in detail but virus-like 
particles of PLRV consisting of CP (without the RT) and no genomic RNA could be exported
into the salivary duct canal suggesting that the virus determinants are located within the CP
alone (Gildow et al., 2000). Our analyses do not suggest that there are TM domains in the 
CP or RT and it is likely, therefore, that their association with membranes is peripheral.

5.1.2. Transmission by Hoppers

Viruses transmitted by leafhoppers, planthoppers, and treehoppers include members of
the genera Mastrevirus, Curtovirus, and Topocuvirus (family Geminiviridae) which have cir-
culative, but not propagative, transmission. There is little experimental work to determine
how these enter their vector, but chimerical clones based on the whitefly-transmitted African
cassava mosaic virus (genus Begomovirus, family Geminiviridae) with the CP of the leafhop-
per transmitted Beet curly top virus (genus Curtovirus) could be transmitted by the leafhop-
per, demonstrating that the CP was the major determinant of vector specificity (Briddon et al.,
1990). A single TM domain is predicted in the CP of all these viruses by TMPRED (but not
in the whitefly-transmitted geminiviruses) but it is not known whether this is related to any
role in vector transmission.

Hopper-transmitted viruses that are propagative include members of the genera
Marafivirus (family Tymoviridae) and Tenuivirus, some plant rhabdoviruses and all plant-
infecting members of the family Reoviridae. In Rice dwarf virus (genus Phytoreovirus),
a nontransmissible isolate that could not infect cells of the vector was shown to lack the 
P2 outer capsid protein, one of the six structural proteins of the virus (Tomaru et al., 1997).
It was subsequently shown that this protein was required for adsorption to cells of the insect
vector (Omura et al., 1998). In another reovirus, Rice ragged stunt virus (genus Oryzavirus),
the spike protein encoded by S9 was expressed in bacteria, fed to the vector, and shown to
inhibit transmission. Its ability to bind a 32-kDa insect membrane protein indicated that this
might be a virus receptor that interacts with the spike protein (Zhou et al., 1999). Within the
genus Tenuivirus, the larger RNA2 product pC2, encoded in a negative sense, has several typ-
ical features of viral membrane glycoproteins (Takahashi et al., 1993; Miranda et al., 1996)
and these are strongly detected by TMPRED, but its structure and function have not been
studied in detail.

5.1.3. Transmission by Thrips

Viruses in the genus Tospovirus (family Bunyaviridae) are transmitted by thrips in a
propagative manner, and the best studied is the type member, Tomato spotted wilt virus
(TSWV). Virus enters its vector after ingestion of infected plant material and involves endo-
cytosis by fusion at the apical plasmalemma of midgut epithelial cells. It is believed that one
or both of the membrane glycoproteins (GP1 and GP2) serve as virus attachment proteins,
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binding to vector receptor proteins. The evidence for this, largely derived from electron
microscopy has recently been summarized by Ullman et al. (2002). The use of anti-idiotypic
antibodies has indicated that GP1 and GP2 bind thrips proteins of about 50 kDa (Bandla 
et al., 1998; Meideros et al., 2000) but the receptors have not been characterized in detail.
Experiments in mammalian cells show that transporting and targeting of TSWV glycopro-
teins is probably very similar to that in animal-infecting bunyaviruses (e.g., Uukeniemi virus
and Bunyamwera virus). The glycoprotein precursor was efficiently cleaved and the resulting
GP1 and GP2 glycoproteins were transported from the ER to the Golgi complex, where they
were retained. GP2 alone was retained in the Golgi complex, while GP1 alone was retained
in the ER, irrespective of whether it contained the precursor’s signal sequence or its own 
N-terminal hydrophobic sequence (Kikkert et al., 2001). TMPRED predicts 5–10 TM 
segments in the precursor glycoprotein of different tospoviruses.

5.1.4. Persistent Transmission by Whiteflies

Viruses in the genus Begomovirus (family Geminiviridae) are transmitted by whiteflies
in a circulative, but not propagative, manner. The route of transmission is similar to that
described above for aphids (Section 5.1.1.) and it is therefore likely that receptor-mediated
endocytosis is involved, both in crossing the gut into the haemocoel and then in viral trans-
mission through the salivary glands. Several experiments indicate that the specificity for this
resides in the CP. For example, Abutilon mosaic virus has lost its ability to be transmitted by
whiteflies (probably because it has been maintained in plants by cuttings) and does not move
into the haemocoel (Morin et al., 2000). However, this ability can be restored by substitution
of the CP by that of Sida golden mosaic virus (Hofer et al., 1997) or by mutation at 2 or 3
positions (aa 124, 149, 174) in the CP (Hohnle et al., 2001). Conversely, replacement of two
amino acids (129 Q to P, 134 Q to H) in the CP of Tomato yellow leaf curl Sardinia virus was
sufficient to abolish transmission (Norris et al., 1998). There is not yet any detailed informa-
tion on the interaction between the CP and putative whitefly receptors but our TMPRED
results show that this is unlikely to involve a TM protein.

5.2. Fungus Transmission

A range of single-stranded RNA viruses are transmitted by plasmodiophorid “fungi,”
obligate intracellular parasites that are confined to plant roots. Although traditionally regarded
as fungi by plant pathologists, these organisms are of uncertain taxonomic affinity but appear
to be more closely related to protists than to the true fungi. In some of these, the viruses are
carried within the vector and both acquisition and transmission involves transport across the
membrane that separates the cytoplasm of the vector from that of its host (Adams, 2002;
Kanyuka et al., 2003). For rod-shaped viruses of the genera Benyvirus, Furovirus, and
Pomovirus, deletions in the CP–RT domain abolish transmissibility (Tamada and Kusume,
1991; Schmitt et al., 1992; Reavy et al., 1998), while for filamentous viruses of the genus
Bymovirus (family Potyviridae), deletions in the P2 domain have a similar effect (Adams 
et al., 1988; Jacobi et al., 1995; Peerenboom et al., 1996). In Beet necrotic yellow vein virus
(BNYVV, genus Benyvirus), substitution of two amino acids (KTER to ATAR at 553–556) in
the CP–RT prevented transmission by the vector, Polymyxa betae (Tamada et al., 1996).
Computer predictions by TMPRED and other software suggest that all the CP–RTs and P2
proteins have two hydrophobic regions. Directional alignment of these two helices also shows
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evidence of compatibility between their amino acids, with groupings of amino acids that are
either identical or in the same hydrophobicity group and evidence of possible fits between the
small residues on one helix and the larger aromatic ones on the other. From these patterns,
and from calculation of relative helix tilts, structural arrangements consistent with tight pack-
ing of TM helices were detected. These included ridge/groove arrangements between the two
helices and strong electrostatic associations at the interfacial regions of the membrane. This
suggests that the two TM domains could be paired within a membrane and with their C- and
N-termini on the outside of the membrane. Nontransmissible deletion mutants lack the sec-
ond of these putative TM regions and modeling of the BNYVV substitution suggests that it
would disrupt the alignment of the polypeptide at a critical position adjacent to the second
TM domain (Adams et al., 2001) (Figure 1.2). As there are few other similarities between the
genomes of some of these viruses, it seems probable that the TM regions are instrumental in
assisting virus particles to move across the vector membrane.

6. Other Membrane Proteins

Studies with Southern cowpea mosaic virus (genus Sobemovirus) have investigated the
interaction of the CP with artificial membranes using a liposome dye-release assay and cir-
cular dichroism. The native CP and the R domain (which binds RNA and is usually on the
inside of the spherical particle, but which is externalized under certain pH and salt conditions)
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Figure 1.2. Models of the predicted helices and interfacial regions of the TM domains in the CP–RT of Beet
necrotic yellow vein virus (BNYVV), showing the effects of the KTER�ATAR substitution that abolishes
transmission by the plasmodiophorid vector Polymyxa betae, modeled using MOLMOL (Ver. 2.6) and displayed
using the WebLab Viewer (from Adams et al., 2001). Electrostatic interactions are shown dotted.



were shown to interact with liposomes in vitro. Studies of mutants, mapped the region respon-
sible to residues 1–30 and analysis of this region by circular dichroism indicated that it
assumes an alpha-helical structure when exposed to liposomes composed of anionic lipids
(Lee et al., 2001). It has not yet been shown if this occurs in vivo but, if it does, the authors
suggest that it could be related to cell-to-cell movement, to replication, to beetle transmission,
or alteration of ion flux into or out of the cytoplasm. In our analyses, the region is not 
predicted to have TM properties.

Our TMPRED analyses indicate a few other plant virus proteins with strong TM prop-
erties, for which functions have not been assigned. These include the nonstructural protein
P9-2 in Rice black streaked dwarf virus (RBSDV, genus Fijivirus, family Reoviridae) and its
homologs in other members of the genus (P9-2 of Nilaparvarta lugens reovirus, P9-2 of 
Fiji disease virus, P10-2 of Oat sterile dwarf virus, and P8-2 of Maize rough dwarf virus).
The TM domains occur in similar positions in the middle of the protein with the N- and 
C-termini exposed to the outside and a loop of 20–25 aa between them. No protein with 
similar properties can be identified in other plant-infecting reoviruses and it has not been
detected within infected plants (Isogai et al., 1998). A further example is the small P6 protein
encoded by Barley yellow dwarf viruses of the genus Luteovirus (family Luteoviridae), which
all contain a single, strongly predicted TM region. Viruses assigned to other genera in the
family do not appear to have this ORF and its function is not known.

7. Conclusions

It is clear that MPs play an essential role in the pathogenesis and movement within the
plant of many plant viruses. However, studies of the structure and function of such proteins
are still in their infancy. Substantial progress may be expected in the next few years, particu-
larly in the area of cell-to-cell movement where viruses are proving useful tools to study the
basic processes of macromolecular trafficking between adjacent plant cells.
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2
Structure and Function of a Viral 
Encoded K� Channel

Anna Moroni, James Van Etten, and Gerhard Thiel

1. Introduction

Since the pioneering work on the M2 protein from influenza virus A (Pinto et al., 1992;
Wang et al., 1993), several other viruses have been discovered to encode proteins that func-
tion as ion channels. Typically these proteins are small, consisting of about 100 amino acids,
and they contain at least one hydrophobic transmembrane (TM) domain. Oligomerization of
these subunits produces a hydrophilic pore, which facilitates ions transport across host cell
membranes (Carrasco, 1995; Plugge et al., 2000; Fischer and Sansom, 2002; Mould et al.,
2003).

This chapter will focus on the properties of the Kcv protein encoded by chlorella 
virus PBCV-1, a protein with the structural and functional hallmarks of a K� channel protein.
Other virus-encoded channel proteins or suspected channel proteins are described elsewhere
in this book.

PBCV-1 is the prototype of a genus (called Chlorovirus) of large, icosahedral, plaque-
forming, dsDNA viruses that replicate in certain unicellular, eukaryotic chlorella-like green
algae. The chlorella viruses are in the family Phycodnaviridae, which has �75 members 
(Van Etten, 2000). The PBCV-1 330-kb genome contains �375 protein-encoding genes,
including the kcv gene, and 11 tRNA genes. Cryo-electron microscopy and three-dimensional
image reconstructions of PBCV-1 indicate that its outer glycoprotein capsid shell surrounds
a lipid bilayer membrane (Yan et al., 2000; Van Etten, 2003). The membrane is required for
infectivity because the virus loses infectivity rapidly in chloroform and more slowly in ethyl
ether or toluene (Skrdla et al., 1984).
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2. K� Channels are Highly Conserved Proteins with 
Important Physiological Functions

Eukaryotic K� channels are involved in many important physiological functions. These
range from controlling heart beat and brain functions in animals (Hille, 2001) to the control
of growth and development in plants (Blatt and Thiel, 1993; Very and Sentenac, 2002).
Potassium channels also exist in prokaryotes (Schrempf et al., 1995; Derst and Karschin,
1998), where they may be involved in osmoregulation.

All K� channels consist of tetramers of identical or similar subunits, arranged around a
central ion-conducting pore (Miller, 2000). Within this central pore is a motif of eight amino
acids, TxxTxG(Y/F)G, which is common to all K� channels; this motif forms the selectivity
filter of the permeation pathway. Based on their subunit TM topology, K� channels are 
classified into 6, 4, and 2 TM domain channels. The smallest K� channels belong to the 
2-TM class and are formed by two TM domains connected by a stretch of amino acids,
the so-called pore (P) domain. This basic structure is conserved among the pores of the more
complex 4-TM and 6-TM channels (for overview, see Wei et al., 1996).

3. Structural Aspects of Viral K� Channel Proteins 
as Compared to those from Other Sources

The Kcv protein encoded by virus PBCV-1 is a 94 amino acid peptide, which shares the
overall molecular architecture of K� channel proteins from prokaryotes and eukaryotes
(Plugge et al., 2000; Gazzarrini et al., 2003). Hydropathy analysis of the Kcv primary amino
acid sequence suggests two TM domains (M1 and M2). These domains are separated by 44
amino acids, which contains the above-mentioned signature sequence ThsTvGFG (Plugge
et al., 2000) common to all K� channels (Heginbotham et al., 1994). The amino acid
sequence immediately flanking the Kcv signature sequence resembles the pore domains 
of prokaryotic and eukaryotic K� channel proteins. A comparative analysis reveals that it 
displays on average 61% similarity and 38% identity to the corresponding domain of many
K� channel proteins (Plugge et al., 2000).

A gene (ORF 223) which encodes a protein with all the elements to form a K� channel
was recently identified in another member of the Phycodnaviridae family, EsV-1 (Ectocarpus
siliculosus virus) (Delaroque et al., 2001). The derived amino acid sequence of this putative
channel from virus EsV-1 predicts a 124 amino acid protein that resembles Kcv (Delaroque
et al., 2001). The identity is �41% over a stretch of 77 amino acids (Van Etten et al., 2002).
The EsV-1 encoded protein also has the K� channel signature sequence. In fact, it has a Tyr
in the selectivity filter GYG that makes it even more similar to other K� channels than Kcv,
which has a Phe in this position.

A unique feature of the PBCV-1 K� channel protein in comparison with other prokary-
otic and eukaryotic K� channels is the small size of its cytoplasmic N- and C-termini. The
derived amino acid structure of Kcv predicts that it lacks a cytoplasmic C-terminus and that
the N-terminus (1MLVFSKFLTRTE12) only consists of 12 amino acids (Plugge et al., 2000).
With this minimal structure, Kcv is the smallest K� channel known. Essentially, the entire
Kcv protein is the size of the “pore module” of all K� channels consisting of three functional
elements M1–pore domain–M2. The 124 amino acid EsV-1 virus homolog also has very short

22 Anna Moroni et al.



cytoplasmic tails. Compared to Kcv it has four and seven extra amino acids at the N- and 
C-termini, respectively.

Solving the crystal structure of bacterial K� channel proteins, KcsA, KirBac1.1, and
MthK has provided an enormous amount of information on the structure of ion channels and
on how channels function (Doyle et al., 1998; Jiang et al., 2002, 2003; Kuo et al., 2003).
Because the Kcv amino acid sequence aligns well with the pore module of KcsA (Gazzarrini
et al., 2003) and KirBac1.1 (Figure 2.1), their high-resolution structures provide a guide for
modeling Kcv structure. Because of a good alignment of the entire Kcv channel (including
the N-terminus) with KirBac1.1, we have used the latter structure as a template for modeling
the Kcv structure (Figure 2.1). The predicted structure contains all the structural elements of
a K� channel pore present in KcsA and KirBac1.1. These elements include the outer helix
TM1, the turret, the pore helix, the selectivity filter, and the inner helix TM2. Interestingly,
the model also predicts an N-terminal helix in Kcv. This prediction agrees with the functional
importance of the Kcv N-terminus (see below) and the suggested role for this “slide helix”
domain in KirBac1.1 (Kuo et al., 2003).

Not only is the overall Kcv structure similar to KirBac1.1, functionally important amino
acids occur in the same positions. For example, there are two structurally important aromatic
amino acids conserved among K� channels (e.g., aa F101F102 in KirBac1), which are also 
present in the Kcv pore helix (residues 55 and 56) (Figure 2.1A). Crystallographic studies on
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Figure 2.1. Putative structure of full-length Kcv. (A) Sequence alignment of the pore region of KirBac1.1 
(aa 48–147) with full-length Kcv. Conserved substitutions are shown in gray. Pair of aromatic residues structurally
important (see text) is indicated with asterisk. (B) Homology model of two of the four subunits of Kcv, generated 
by using the sequence alignment in A and the crystallographic coordinates of KirBac1.1 (Kuo et al., 2003). In
analogy to KirBac1.1 structure, the helical N-terminus is indicated as “slide helix.” Model generated with automated
homology modeling (Deep View Swiss-Pdb Viewer) within Swiss-Model.



KcsA indicate that this pair of aromatic residues is a part of a structure that acts as a cuff to
keep the pore open at the appropriate diameter for K� passage (Doyle et al., 1998).

However, differences also exist between the crystallized bacterial channels and the
hypothetical Kcv structure. The main difference is that Kcv has a much shorter inner helix 
as compared to KcsA and KirBac1.1. This suggests that Kcv lacks the gating mechanism
present in KcsA and KirBac1.1 that results from crossing the C-termini of the inner helixes.

4. The Short N-Terminus is Important for Kcv Function

Proteins encoded by virus PBCV-1 are often small and in many cases are the smallest
of their kind when compared with their prokaryotic and eukaryotic homologs (Van Etten and
Meins, 1999; Van Etten, 2003). Apparently, Kcv is another example of the ability of PBCV-1
to optimize a protein for structure and function. In this context, we tested the role of the small
Kcv cytoplasmic N-terminus in channel functions. Deletion of 13 Kcv N-terminal amino
acids (2L–F13) results in lose of conductance in Xenopus oocytes and mammalian HEK293
cells (Moroni et al., 2002). The C-terminus of the wild-type and truncated proteins was also
fused to the green fluorescent protein (GFP) in order to visualize its intracellular location in
HEK293 cells. The truncated Kcv was synthesized to the same extent as the wild-type 
protein. Also, no obvious differences occurred in the intracellular distribution of the two
Kcv : GFP chimeras in HEK293 cells. Thus, incorrect localization of Kcv does not explain 
the failure of the truncated protein to conduct a current (Moroni et al., 2002). These results
indicate that the N-terminus has an essential, but unknown, role in channel function.

A Prosite scan of the Kcv sequence identified two putative CK2 phosphorylation sites.
One site (9TRTE12) is located in the cytoplasmic N-terminus. This same sequence is also a
possible site for interaction with 14.3.3 proteins, a class of modulatory proteins that interact
with K� channels in plant and animal cells (DeBoer, 2002; Kagan et al., 2002). However,
when the two threonins (9T, 11T) in Kcv were mutated to alanines, the channel properties in
Xenopus oocytes were similar to the wild-type channel. This result rules out the N-terminus
as an essential target for protein phosphorylation/dephosphorylation.

Other interesting features of the Kcv N-terminus include two positive-charged amino
acids located at residues 6 and 10. To examine their role in channel function, the two amino
acids were neutralized in a double mutant (Lys6Ala Arg10Ala). However, these amino acid sub-
stitutions had no obvious effect on Kcv activity when measured in Xenopus oocytes (Gazzarrini
et al., 2002). All together these results indicate that the N-terminus is required for CSV 
channel function but that there is some tolerance with respect to its amino acid composition.

Resolution of the crystal structure of bacterial K� inward rectifier KirBac1.1 identified
an aforementioned structural element in the N-terminus preceding the first TM domain 
(Kuo et al., 2003). This amphipathic helical element termed “slide helix” is positioned at the
membrane/cytosol interface. The slide helix may be a more general structural element of 
K� channels because spin labeling electron paramagnetic resonance analysis identified 
a similar structure in KcsA (Cortes et al., 2001; Li et al., 2002).

The amphiphathic nature of the short Kcv N-terminus with its predicted helical 
structure (Figure 2.1) suggests that this domain might also function as a slide helix. 
This observation does not explain the functional role of this domain, but it is reasonable to
speculate that it is involved in the proper anchoring and perhaps even moving of the channel
protein in the plasma membrane.
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5. Functional Properties of Kcv Conductance in 
Heterologous Expression Systems

Kcv is suitable for structure/function studies because it expresses in heterologous 
systems (Gazzarrini et al., 2003). When Kcv cRNA is injected into Xenopus oocytes, the cells
exhibit a specific K� conductance that is absent in water-injected cells (Plugge et al., 2000;
Gazzarrini et al., 2002). Two control experiments established that this conductance was not
due to upregulation of endogenous channels but resulted from expression of the viral encoded
channel. First, a Kcv mutant was created in which the Phe66 in the selectivity filter was
exchanged for ala. Other k� channels with this amino acid substitution are expressed in
oocytes but do not conduct a current (Heginbotham et al., 1994). The Kcv mutant also did not
produce a current in Xenopus oocytes (Gazzarrini et al., 2002) indicating that this critical
amino acid is also required for the Kcv generated conductance. Second, Kcv forms a func-
tional K� channel in two other heterologous systems. Using a chimera with GFP Kcv was 
successfully expressed in both mammalian HEK293 and CHO cells (Moroni et al., 2002;
Gazzarrini et al., 2003) where it produced a conductance similar to that measured in 
Kcv expressing oocytes. The Kcv :: GFP chimera localized to membranes in both cell lines.
The results of these two experiments indicate that the expression of the PBCV-1 kcv gene in
heterologous cells results in a functional K� channel.

We have also tried to express the putative K� channel protein-encoding gene from virus
EsV-1 in both Xenopus oocytes and HEK 293 cells. Although this protein resembles Kcv, it
does not produce a K� conductance in either system. Instead, it produces nonspecific and
variable currents in both systems (M. Mehmel, unpublished results). Currently it is not 
possible to distinguish whether these currents are due to an EsV-1 induced conductance or 
if they result from overexpression of a foreign protein in these cells with the consequent
upregulation of endogenous channels (see Barhanin et al., 1996; Coady et al., 1998; Kelly
et al., 2003).

6. Kcv is a K� Selective Channel

The similarity in ion selectivity between different K� channels results from the highly
conserved architecture of the selectivity filter (Heginbotham et al., 1994; Doyle et al., 1998;
Miller, 2000). Usually K� channels conduct K� and Rb� equally well and Cs� with lesser
efficiency. Permeability of Na� and Li� is generally low (Hille, 2001).

Kcv expressed in Xenopus oocytes or HEK293 cells also exhibits ion selectivity. The
Kcv channel has about a 10-fold preference for K� over Na� in both systems. The complete
selectivity sequence for monovalent cations is: Rb�· K��Cs���Na��Li� (Kang et al.,
2003).

7. Kcv has Some Voltage Dependency

Kcv currents produced in Xenopus oocytes consist of two kinetic components; during
voltage-clamp steps, a small time-dependent component is superimposed on an instantaneous
component (Gazzarrini et al., 2002). Because channel blockers inhibit both of these compo-
nents in a proportional manner, it is likely that they reflect distinct kinetic states of the same
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channel (Gazzarrini et al., 2002). From these results, the activity of the channel can 
be described as follows: about 70% of the Kcv channels are always open at all voltages. At
both extreme positive and negative voltages, the open Kcv channel conductance decreases 
in a voltage-dependent manner. The remaining channels (30%) open in a time- and voltage-
dependent manner, reaching half-maximal activation at about �70 mV (Gazzarrini 
et al., 2002).

The voltage dependency of the Kcv channel is not understood in the context of its sim-
ple channel structure. Mutation analyses eliminated the possibility that the two positively
charged amino acids in the N-terminus are involved in voltage sensing (Gazzarrini et al.,
2002). Additional experiments indicate that the Kcv voltage dependency is not related to a
voltage-dependent block by external divalent cations. Although Kcv conductance is sensitive
to changes in extracellular Ca2�(but not Mg2�) this sensitivity is voltage independent
(Gazzarrini et al., 2002), and therefore, can not explain the voltage-dependent behavior of the
channel.

8. Kcv has Distinct Sensitivity to K� Channel Blockers

Kcv currents are blocked by conventional K� channel inhibitors. For example, external
Ba2� and Sr2� inhibit Kcv inward current in a strong voltage-dependent manner (Plugge
et al., 2000; Gazzarrini et al., 2003). In contrast, the Kcv channel is only slightly inhibited by
external Cs�; 10 mM Cs� reduces the K� inward current by �20% (Plugge et al., 2000).
Likewise, another K� channel blocker tetraethylammonium (TEA) (10 mM) only inhibits
Kcv K� conductance 30–40% at all voltages (Gazzarrini et al., 2003).

Scorpion and snake toxins block many prokaryotic and eukaryotic K� channels, includ-
ing KcsA (MacKinnon et al., 1998), by binding to conserved domains on the external side of
the channel pore (i.e., turret). However, Kcv differs from KcsA in the turnet region that has
most of the toxin-binding sites (Doyle et al., 1998; MacKinnon et al., 1998). We examined
the sensitivity of Kcv to two scorpion toxins, Charybdotoxin and Agytoxin-2. Both toxins
specifically block wild-type Shaker channels and Shaker channels in which the pore was
replaced with the KcsA pore module (MacKinnon and Miller, 1989; Garcia et al., 1994;
MacKinnon et al., 1998). However, neither toxin has any effect on Kcv conductance, consis-
tent with Kcv’s apparent lack of binding sites for these toxins.

The well-known antiviral drug amantadine was found to block the M2 channel from
influenza virus A (Wang et al., 1993) and the putative p7 channel from hepatitis C virus
(Griffin et al., 2003) at micromolar concentrations. This cyclic amine is also a good inhibitor
of Kcv conductance (Figure 2.2B). But the inhibition of Kcv by amantadine can not be 
interpreted in analogy to the action of the cyclic amine on the other viral channels. While 
the affinity of the M2 channel to amantadine is in the nanomolar range (Wang et al., 1993),
Kcv has only a low affinity to this drug. In the case of Kcv, a Ki of 0.8 mM was obtained for
the amantadine block in both oocytes and HEK293 cells (Gazzarrini et al., 2003).
Furthermore it appears that other K� channels are also inhibited by amantadine with a 
low affinity in the millimolar range (Blanpied et al., 1997). These results suggest that aman-
tadine is not a specific antiviral drug but also acts as a genuine K� channel blocker at high
concentrations.

26 Anna Moroni et al.



9. Ion Channel Function in Viral Replication

With the exceptions of the M2 and BM2 proteins from influenza A and influenza B
viruses, respectively, the physiological roles of viral channel proteins are unknown. It is well
established that the M2 channel allows H� to enter the virion. This results in a pH-dependent
fusion of endosomal and viral membranes (Martin and Helenius, 1991; Ciampor et al., 1995).
While membrane fusion is essential for influenza virus replication, the M2 protein is not
absolutely required for this process. Influenza viruses also replicate, albeit at a lower rate, in
the absence of a functional M2 channel (Watanabe et al., 2001). The BM2 protein presum-
ably serves a similar function in influenza B virus (Mould et al., 2003). For other viral chan-
nels, or suspected viral channels, little is known about their physiological roles. Current
hypotheses suggest a participation in infection, physiological modification of the host, or
release of progeny viruses (Carrasco, 1995; Fischer and Sansom, 2002). However, in all these
cases, the viral proteins accelerate replication but they are not obligatory (Gonzalez and
Carrasco, 2003).
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Figure 2.2. Sensitivity of PBCV-1 replication and Kcv conductance to amantadine. (A) Increasing concentrations
of amantadine cause a decrease in the number of PBCV-1 generated plaques (here light spots) in lawns of Chlorella
NC64A cells. (B) Steady-state current/voltage relation of Kcv expressed in Xenopus oocytes with 50 mM K� in the
bath medium and increasing concentrations of amantadine. (For experimental details, see A: Van Etten et al., 1983;
B: Gazzarrini et al., 2002).



10. Kcv is Important for Viral Replication

The function of Kcv in the PBCV-1 life cycle is unknown. However, because the 
K� channel inhibitors amantadine and Ba2�, but not Cs�, inhibit K� conductance in oocytes,
as well as PBCV-1 plaque formation, we assume that Kcv activity is important in one or more
stages of virus replication. Furthermore, we predict that channel activity is involved in a very
early phase of infection because the channel and viral infection/replication have the same 
sensitivity to Ba2�. Since Ba2� is not membrane permeable, presumably it can only inhibit
viral replication in an early phase of infection, that is, when virus and host are exposed to the
external medium.

One possible scenario assumes that Kcv is located in the internal membrane of the
virion (Skrdla et al., 1984; Yan et al., 2000). For the early phase of infection, we hypothesize
that after digestion of the cell wall, the viral membrane fuses with the host plasma membrane.
This fusion of the Kcv containing viral membrane with the high resistance host membrane
increases the K� conductance of the host membrane. The resulting membrane depolarization
might prevent membrane fusion by a second virus, thus inhibiting infection by a second virus.

Several observations are consistent with this hypothesis: (a) Like other viruses which
depolarize the host plasma membrane during infection (Boulanger and Letellier, 1988;
Daugelavicius et al., 1997; Piller et al., 1998, 1999), PBCV-1 infection results in a rapid
(within a few minutes) depolarization of the host plasma membrane as monitored by bisoxi-
nol fluorescence (Mehmel et al., 2003). Depolarization is host specific and its time course is
correlated with the number of infecting viruses. Destruction of the viral membrane with
organic solvents prior to adding the virus to the host prevents host membrane depolarization
(Mehmel et al., 2003). (b) The virus-induced membrane depolarization is correlated with an
increase in host cell K� conductance (Figure 2.3). That is, increasing the extracellular con-
centration of K-glutamate prior to virus infection has no obvious effect on bisoxinol fluores-
cence. This result suggests that the resting conductance of the host cell to K� is low. However,
when the same amount of K-glutamate is added after infection, an increase in fluorescence
occurs, that is, membrane depolarization increases. This experiment indicates a postinfection
increase in membrane conductance to K�. (c) Membrane depolarization exhibits the same
sensitivity to inhibitors as Kcv conductance in oocytes. When expressed in oocytes, the Kcv
channel is inhibited by amantadine and Ba2� but is relatively insensitive to Cs� and TEA
(Plugge et al., 2000; Gazzarrini et al., 2003). This same pharmacological sensitivity occurs in
PBCV-1 plaque assays; amantadine and Ba2� strongly inhibit and TEA and Cs� weakly
inhibit PBCV-1 plaque formation (Plugge et al., 2000; Kang et al., 2003; Van Etten, unpub-
lished results). This similarity is not only qualitative but also quantitative; amantadine inhibits
both processes with roughly the same half-maximal concentration (Figure 2.2 and Plugge
et al., 2000). (d) The correlation of Kcv activity and virus replication to inhibitors is sup-
ported by recent findings with a Kcv-like protein from another chlorella virus, MA-1D. The
MA-1D Kcv-like protein and PBCV-1 Kcv differ by five amino acids (Kang et al., 2003).
However, unlike PBCV-1 Kcv, the MA-1D Kcv-like channel is sensitive to Cs�when it is
expressed in Xenopus oocyctes. Interestingly, MA-1D plaque formation is also inhibited by
Cs� (Kang et al., 2003). (e) Typically, proteins that are packaged in nascent virions are
expressed late in infection (Van Etten et al., 1984). The kcv gene is expressed as both an early
and late gene and thus Kcv could be packaged in nascent virions (Mehmel and Kang, unpub-
lished results). Unfortunately, attempts to produce antibodies to Kcv peptide fragments have
been unsuccessful. Consequently, it is not known when the Kcv protein is synthesized 
and also its intracellular location, either in the cell or in the virion. However, it is plausible to
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speculate that the channel is inserted in the internal membrane of the virion. Both PBCV-1
and EsV-1 have such an internal membrane located underneath their capsid shell (Skrdla
et al., 1984; Wolf et al., 1998; Yan et al., 2000). The origin of this membrane is unknown 
in PBCV-1. For EsV-1 there is good evidence that the membrane originates from the endo-
plasmic reticulum of the host cell (Wolf et al., 1998; Van Etten et al., 2002). (f) The chlorella
host exhibits an exclusion phenomenon. That is, cells dually inoculated with different viruses
typically only replicate one of the infecting viruses (Chase et al., 1989).

Collectively, these results support the hypothesis that PBCV-1 induces depolarization
of the host cell membrane in an early phase of infection. This depolarization arises from an
increase in K� conductance of the host cell, possibly as a consequence of fusion of the virus
membrane with the host plasma membrane. The physiological importance of such a host 
cell depolarization is still unknown, but presumably, the membrane depolarization alters the
physiological state of the host cell so that virus specific functions are favored.

11. Evolutionary Aspects of the kcv Gene

The origin of the kcv gene is unknown. Phylogenetic comparison with certain K�

channels (e.g., Kir, Kv, tandem K� eukaryotic and prokaryotic K� channels) suggests that
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Figure 2.3. Effect of PBCV-1 and K� on the fluorescence of the voltage-sensitive dye bisoxinol in Chlorella
NC64A cells before and after PBCV-1 infection. (A) Infection of Chlorella NC64A cells with PBCV-1 (m.o.i. of 20)
results in an increase in bisoxinol fluorescence. The increase is indicative of membrane depolarization. Elevation of
the external K� concentration from 1 to 30 mM causes an additional rise in bisoxinol fluorescence. (B) Elevation of
the K� concentration prior to infection has no perceivable effect on bisoxinol fluorescence. The fluorescence
increases only after mixing the chlorella cells with PBCV-1. (For experimental details, see Bronner and Landry
[1991] and Mehmel et al. [2003].)



Kcv belongs to an independent cluster (Plugge et al., 2000). Many viruses “acquire” genes
from their host cells. The possibility that kcv has a close homolog in its host cell Chlorella
N64A was eliminated by hybridizing a kcv gene probe with DNA isolated from the uninfected
host, as well as several viruses that infect Chlorella NC64A. Hybridization occurred with
DNA from all the viruses but not with DNA from the host cell (Kang et al., 2003). Hence,
while a kcv-like gene is present in all the viruses that infect Chlorella NC64A, the gene
appears to be absent in the host cells.

As noted above, another Phycodnavirus, EsV-1, encodes an ORF with the hallmarks of
a K� channel. The derived primary amino acid sequence of this protein resembles Kcv (see
above). It is interesting to note that even though PBCV-1 and EsV-1 viruses have very large
genomes and are obviously related, they only have 33 genes in common. Among the common
genes are the ones encoding K� channel-like proteins (Van Etten et al., 2002). This observa-
tion suggests that the K� channel may serve an essential function in the life cycle of viruses
classified in the family Phycodnaviridae.
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Part II

Fusion Proteins



3
HIV gp41: A Viral Membrane 
Fusion Machine

Sergio G. Peisajovich and Yechiel Shai

Entry of HIV into its target cell requires the fusion of the virion envelope and the cell plasma
membrane. This process is catalyzed by the viral envelope glycoproteins gp120, which 
mediates the binding to specific receptors on the target cell surface, and gp41, responsible for 
the actual membrane merging. This chapter will focus on the conformational changes that
gp41 undergoes during the fusion process, on the mechanism by which these conformational
changes are linked to membrane fusion, and on the design of inhibitors able to block 
different stages of this process.

1. Introduction

In order to deposit their genetic material in the interior of their target cells, primate
lentiviruses, such as HIV and SIV, must fuse their lipidic envelopes with the target cell plasma
membrane. The energetic barriers associated with this process are overcome by the action of
the specific viral envelope glycoproteins gp120 and gp41. They are initially synthesized as an
inactive precursor, gp160, that is cleaved by cellular proteases during its transport to 
the plasma membrane. Once cleaved, gp120 remains attached by noncovalent forces to the
transmembrane (TM) subunit gp41 and, during budding, are incorporated to the envelope 
of the virions.

The activity of the gp41/gp120 complex is precisely regulated. This prevents its fuso-
genic properties from destabilizing the intracellular membranes of the infected cell as well as
the viral envelope. Only the interaction of gp120 with specific receptors on the target cell
(CD4 and a co-receptor, most commonly the chemokine receptors CXCR4 in T-cell tropic and
CCR5 in M-tropic viruses) triggers a series of conformational changes in the gp120/gp41
complex that ultimately leads to the merging of the virion and cell membranes.

At the level of the amino acid sequence, gp41 shares many features with other viral
envelope glycoproteins involved in membrane fusion (see Figure 3.1): (a) its N-terminus 
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contains a stretch of about 15 hydrophobic residues (Gallaher, 1987), named “the fusion
peptide,” which is believed to insert into and destabilize the target cell membrane during the
fusion process, (b) following the fusion peptide and preceding the TM domain, there are two
heptad repeat regions (Gallaher et al., 1989), called NHR and CHR, respectively, and (c) both
NMR and crystallographic studies have shown that three NHR fold into a trimeric coiled coil
surrounded by three CHR helices, each NHR–CHR pair being connected by an extended loop
(Chan et al., 1997; Caffrey et al., 1998; Skehel and Wiley, 1998). This six-helix bundle likely
represents the post-fusion conformation (Melikyan et al., 2000). This chapter will focus 
on the conformational changes that gp41 undergoes during the fusion process that lead to 
the post-fusion conformation, on the mechanism by which these conformational changes are
linked to membrane fusion, and on the design of inhibitors able to block different stages of
this process.

2. HIV Envelope Native Conformation

Despite initial discrepancies (Rey et al., 1990; Rhodes et al., 1994), it is now accepted
that, in the surface of mature virions, gp41/gp120 forms a trimeric complex (Center et al.,
2001). The regions within the complex responsible for trimerization are likely to be located
in the ectodomain, as soluble “gp140” constructs comprising gp120 and the extraviral region
of gp41 (lacking gp41 TM and intraviral segments) were shown to be trimeric by chemical
cross-linking, gel filtration chromatography, and analytical ultracentrifugation (Chen et al.,
2000; Zhang et al., 2001). The number of trimeric gp41/gp120 complexes per virion has also
been controversial, likely changing depending on the particular strain considered. Indeed,
some HIV-1 isolates have been shown to contain an average of between 7 and 14 trimers,
whereas some SIV isolates contained levels of gp41/gp120 trimers at least 10-fold greater
(Chertova et al., 2002). Furthermore, the large variations observed within strains as well 
as the low percentage of actually infective viral particles still cast doubts on the minimum
number of trimers per virion necessary to sustain infection.
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Figure 3.1. Schematic representation of gp120/gp41. gp41 is attached to the viral membrane, whereas gp120 and
gp41 are held together by non-covalent interactions. gp41 ectodomain includes an N-terminal fusion peptide (in
grey), an N-terminal heptad repeat region (in dots), a C-terminal heptad repeat region (in diagonal), and a pre-
transmembrane Trp-rich region (in black).



Drawing from extensive structural and functional studies done on the envelope protein
from Influenza virus (Wilson et al., 1981; Carr and Kim, 1993; Bullough et al., 1994), it 
is currently believed that the trimeric gp41/gp120 “native or pre-fusion” conformation is
metastable. Although the three-dimensional structure of fragments from gp120 has been
determined (Ghiara et al., 1994; Kwong et al., 1998; Wyatt et al., 1998), the pre-fusion con-
formation of gp41/gp120 remains unknown. Recently, low resolution STEM images showed
that soluble gp140 complexes exhibit a triangular or “tri-lobed” morphology (Center et al.,
2001) not surprisingly considering their trimeric nature.

3. Receptor-Induced Conformational Changes

3.1. CD4 Interaction

For most HIV-1 strains, interaction of gp120 with the CD4 receptor present in the tar-
get cell is the first step in the viral entry reaction (see Figure 3.2). The interaction of gp120
with CD4 induces conformational changes in gp120 and gp41, both of which are reflected by
changes in epitopes exposure. In gp41, there is an immunogenic region that corresponds to
the loop connecting the NHR and CHR helices in the post-fusion conformation (residues
598–604), another one that includes part of the CHR helix (residues 644–663), and a third one
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Figure 3.2. Cartoon model of gp120/gp41-induced membrane fusion. (A) The trimeric gp120/gp41 complex is
initially folded into the native (or pre-fusion) conformation. (B–C) Binding to CD4 induces a conformational change
that exposes the N-terminal coiled coil and allows the subsequent interaction with the co-receptor (C–D). This
interaction results in the shedding of gp120 from gp41 (E), which is now free to refold into the six-helix bundle
conformation (F). Whether this refolding occurs before or concomitantly with membrane fusion is still debated.



that corresponds to a region proximal to the TM domain (residues 656–671, not present in the
solved structures). Interestingly, the first two epitopes become exposed only after gp120–CD4
interaction (Sattentau et al., 1995), whereas the third epitope becomes less immunoreactive
following CD4 interaction (Sattentau et al., 1995).

Further structural information regarding the conformational changes induced by CD4
interaction was provided by the observation that synthetic peptides that partially overlap the
CHR segment and a consecutive Trp-rich region potently block gp41-mediated membrane
fusion. These peptides can be grouped in two distinctive classes: (a) C34 and its different
analogs, which contain in their N-termini the sequence WMEW, believed to fit into a deep
cavity located at the opposite end of the N-terminal coiled coil (Chan et al., 1998), and 
(b) T20 (formerly DP178) and its analogs, which are shifted toward the C-terminus and,
therefore, do not include these cavity-filling residues (Wild et al., 1994). The similarity
between the structural organizations of gp41 and Influenza virus hemagglutinin (Carr and
Kim, 1993; Chan et al., 1997), and the inhibitory activity of the C-terminal peptides led 
to postulate a “pre-hairpin intermediate” in gp41-induced membrane fusion, in which the 
N-terminal coiled coil is formed, but the C-terminal helices are not packed (Chan et al., 1997;
Weissenhorn et al., 1997). At this stage, the C-peptide inhibitors can bind to the exposed
coiled coil (see Figure 3.2B–C), thus preventing the subsequent refolding and blocking fusion
(Furuta et al., 1998).

Mirroring the inhibitory ability of CHR-derived peptides, it was early discovered that
NHR-derived synthetic peptides were also capable of blocking gp41-mediated membrane
fusion (Wild et al., 1992). Indeed, the higher concentrations of NHR-derived peptides
required to block fusion led to postulate that, whereas monomeric CHR-derived peptides
interact with the exposed trimeric coiled coil, trimers of NHR-derived peptides were needed
to interact with the monomeric CHR regions, presumably exposed in the pre-hairpin inter-
mediate. This hypothesis was further supported by the observation that homodimerization of
the NHR-derived peptides (by addition of an N-terminal cysteine) decreased the concentra-
tion needed for antiviral activity (Wild et al., 1992).

3.2. Co-Receptor Interaction

Interaction of gp120 with CD4 results also in the exposure of several new epitopes in
gp120 (Sattentau and Moore, 1991; Wyatt et al. 1995; Sullivan et al., 1998), some of which
are required for co-receptor engagement. Most commonly, T-cell tropic viruses utilize the
chemokine receptor CXCR4, whereas M-tropic viruses utilize the chemokine receptor CCR5.
Although there are differences that depend on the co-receptor and the particular virus
involved, it has been reported that a lag time (that might be as long as tens of minutes in cell
cultures for CXCR4-utilizing viruses) exists between CD4 binding and co-receptor engage-
ment (Gallo et al., 2001).

Co-receptor interactions result in further conformational changes, the most dramatic of
which are gp120–gp41 dissociation (see Figure 3.2D–E, although this has not been confirmed
for all HIV/SIV types) and formation of gp41 six-helix bundle. In a series of elegant experi-
ments, Melikyan and coworkers (2000) have shown that gp41-induced cell–cell fusion is
temperature sensitive and can be reversibly arrested by incubation at 25�C (Temperature
Arrested State, TAS). Interestingly, addition of soluble CD4 during TAS does not inhibit
fusion upon re-incubation at 37�C, whereas addition of T22 (a peptide that binds to CXCR4)
does block fusion, indicating that the process has been arrested after CD4 binding but before
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co-receptor engagement. Furthermore, addition of CHR-derived peptides during the TAS
inhibits fusion, confirming that the pre-hairpin intermediate had formed upon CD4 interac-
tion. Release from the TAS leads to fast six-helix bundle formation (see Figure 3.2E–F)
(Melikyan et al., 2000) (as evidenced by the inability of CHR-derived peptides to block
fusion at this stage, which indeed had been shown to lose the ability to interact with the coiled
coil once the six-helix bundle has formed (Kliger and Shai, 2000). Whether six-helix bundle
formation occurs concomitantly with membrane merger (and indeed this refolding is its driv-
ing force) or it actually precedes membrane fusion is the focus of an ongoing debate. On one
hand, it has been shown that addition of lyso-phophatidyl choline (LPC), which arrests fusion
reversibly by preventing deformation of the membrane into an intermediate state structure
with negative curvature (as detailed in Section 4), prevents also the formation of the six-helix
bundle (Melikyan et al., 2000), suggesting that bundle formation and membrane fusion are
each contingent on the other. On the other hand, it has been reported that anti-six-helix bun-
dle antibodies bind to gp120/gp41 expressing cells attached to CD4/co-receptor bearing cells
arrested at 32�C, prior to membrane fusion (Golding et al., 2002), suggesting that membrane
merger occurs only after six-helix bundle formation.

4. The Actual Membrane Fusion Step

Six-helix bundle formation might exert the force required for bringing the apposing
membranes together. However, membrane merging needs to overcome the strong repulsive
forces that exist between lipid bilayers at very short distances, thought to arise from the
hydration of the polar headgroups, steric interactions, and elastic pressures (Blumenthal
et al., 2003). Viral fusion proteins contain specific regions that are believed to destabilize 
the apposing bilayers, helping to overcome these repulsion forces. In the case of gp41, two
different complex regions, one located at the N-terminus and the other at the C-terminus of
the ectodomain, have been postulated to play roles in membrane destabilization.

4.1. The Role of the N-Terminal Fusion Domain

At the N-terminus of gp41, there is a stretch of about 15 hydrophobic residues (initially
identified by its similarity to the N-termini of other viral fusion proteins (Gallaher, 1987))
named the “fusion peptide,” which is believed to insert into the target cell membrane upon
interaction of gp120 with CD4 and the co-receptor. The role of fusion peptides in membrane
fusion has been extensively analyzed using a protein dissection strategy that involves the
study of short synthetic peptides and their interaction with model membranes, such as large
unilamellar liposomes (Durell et al., 1997). This strategy has revealed that fusion peptides
insertion into lipidic membranes can result in their destabilization and fusion (Pereira et al.,
1997a, b). Specifically, it has been postulated that most fusion peptides have a hydrophobic-
ity gradient along the axis of an ideal helical peptide that results in the insertion of the 
peptide into the membrane in an oblique orientation (Brasseur et al., 1990). This insertion
preferentially expands the acyl chain region, thus promoting the negative curvature of the
membrane (Epand, 1998). Both theoretical and experimental studies have indicated that the
membrane fusion proceeds through a series of intermediate steps (Markin et al., 1984; Siegel,
1999; Kozlovsky and Kozlov, 2002; Yang and Huang, 2002). The first one is a highly nega-
tively curved structure named “stalk,” in which only the outer contacting monolayers have
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fused. Indeed, addition to the outer monolayer of compounds that disfavor negative curvature
blocks fusion (Chernomordik et al., 1995). In the second stage, rupture of the inner mono-
layers leads to a fusion pore that then expands, allowing the transfer of the viral contents into
the cytoplasm of the infected cell. Fusion peptides are believed to stabilize these intermedi-
ates, thus facilitating fusion. In the case of HIV-1, a 16-residue peptide corresponding to the
gp41 N-terminal fusion peptide was shown to induce lipid mixing of PC/PE/Cho (1:1:1) large
unilamellar vesicles (Peisajovich et al., 2000). Furthermore, a 33-residue peptide that
included the fusion peptide as well as the following 17, mostly polar, residues had a signifi-
cantly enhanced fusogenic activity, suggesting that the consecutive polar region might assist
the destabilizing activity of the fusion peptide. As many other fusion peptides, the N-terminal
16-residue peptide decreased the bilayers to hexagonal phase transition temperature of 
dipalitoleoylphosphatidylethanolamine (TH), suggesting its ability to obliquely insert into the
membrane and promote negative curvature. The 17 consecutive residues presumably lie 
near the surface of the membrane, contributing to the correct oligomerization of the peptide,
further enhancing its fusogenic activity (Peisajovich et al., 2000). Supporting the role of gp41
N-terminal region in oligomerization, it has been reported that the wild-type 33-residue 
peptide mentioned above inhibits gp41-induced cell–cell fusion (Kliger et al., 1997).
Furthermore, a V2E mutant was shown to inhibit both gp41-mediated cell–cell fusion and the
liposome fusion induced by the wild-type 33-residue peptide, again suggesting that oligomer-
ization of gp41 N-terminus is needed for proper functioning (Pereira et al., 1995; Kliger et al.,
1997). Interestingly, it has been shown that a synthetic D-enantiomer of the HIV-1 gp41-
derived wild-type 33-residue peptide can potently inhibit HIV-1 gp41-mediated cell–cell
fusion (but not HIV-2) (Pritsker et al., 1998). The ability of the D-peptide to interact with its
natural L-enantiomer in the membrane suggests that chirality plays a complex, yet unex-
plained role in protein–protein interactions within the hydrophobic membrane milieu
(Pritsker et al., 1998).

The NHR region, which follows the fusion peptide and the consecutive polar segment,
was also shown to be involved in the process of membrane fusion. Indeed, elongation of the
mentioned 33-residue peptide (that comprised the fusion peptide and the consecutive polar
region) to include the full NHR region resulted in a 70-residue segment with dramatically
increased fusogenic activity (Sackett and Shai, 2002). Interestingly, this 70-residue construct
mimics the N-terminal half of gp41 during the pre-hairpin intermediate stage, in which the
fusion peptide is inserted into the membrane and the consecutive coiled coil is exposed.
Furthermore, a I62D mutation in the C-terminal region of the heptad repeat, far away from
the N-terminal fusion peptide and known to render the virus noninfectious (Dubay et al.,
1992), resulted in a significant reduction of the fusogenicity of the 70-residue peptide. This
mutation is believed to block the ability of the heptad repeat to form a stable trimeric coiled
coil, suggesting that the correct structure and/or oligomeric state of the full-length peptide is
necessary for its proper activity.

4.2. The Role of the C-Terminal Fusion Domain

HIV gp41, as many other viral fusion proteins, is attached to the viral membrane via a
single TM domain. The TM is preceded by a membrane-proximal Trp-rich region. The impor-
tance of gp41 TM and pre-TM regions on the mechanism of viral entry has been initially 
postulated by Salzwedel et al. (1993) who showed that replacement of the TM segment of
gp41 by a glycosyl-phosphatidylinositol anchor (GPI) abolished gp41-induced syncytium
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formation. Furthermore, mutational studies showed that the Trp-rich pre-TM region of gp41
ectodomain is crucial for fusion (Munoz-Barroso et al., 1999; Salzwedel et al., 1999). These
studies highlighted the importance of the C-terminal regions of fusion proteins ectodomains
in the process of membrane merging. More recently, a more direct role for the C-terminus of
gp41 ectodomain in membrane destabilization has emerged. Nieva and coworkers (Suarez
et al., 2000) observed that a Trp-rich segment located at the C-terminus of HIV-1 gp41
ectodomain displayed a high tendency to partition into the membrane interface as revealed by
the interfacial hydrophobicity scale developed by Wimley and White (1996). Furthermore,
using a protein dissection approach, they showed that a 20-residue segment that immediately
precedes the gp41 TM domain, and included the Trp-rich region, destabilized PC/PE/Cho
(1:1:1) liposomes (i.e., caused permeabilization and lipid mixing). Moreover, mutations
within this region, known to render gp41 nonfunctional resulted in inactive peptides. Based
on these observations, they postulated that the pre-TM region plays a role equivalent to that
of the polar segment that follows the N-terminal fusion peptide (Suarez et al., 2000). In other
words, the structural organization of the N- and C-termini of gp41 ectodomain has two 
elements in common: A hydrophobic segment that inserts into the membrane (the fusion 
peptide at the N-terminus and the TM domain at the C-terminus), followed by (in the case of
the N-terminus) or preceded by (in the case of the C-terminus) more polar helical regions that
participate in the fusion process. Their inherent location at opposite ends of the envelope 
proteins ectodomains suggests that N-terminal fusion peptides exert their effect on the target
cell membrane, whereas pre-TM regions are more likely to act on the viral envelope. Indeed,
it is tempting to speculate that, given the differences between the lipid composition of cell and
viral membranes, these two regions might have been optimized by evolution, thus better 
performing their task on the particular lipid composition of their respective membrane 
environments.

5. HIV Entry Inhibitors

The entry of HIV into susceptible cells is a multistep process that offers many targets
for the development of putative inhibitors. Indeed, some inhibitors played crucial roles in our
understanding of the HIV entry mechanism. They can be grouped in three main categories,
those that prevent CD4 binding, those that prevent co-receptor binding, and those that block
gp41 conformational changes.

5.1. CD4-Binding Inhibitors

Soon after the isolation of HIV, it was discovered that soluble forms of the extracellu-
lar region of CD4 (sCD4) were able to block the infection of T-lymphocytic and myelomono-
cytic cell lines by diverse strains of HIV-1, HIV-2, and SIV (Hussey et al., 1988; Clapham
et al., 1989). Moreover, it is known that sCD4 mechanism of inhibition involves binding to
gp120, an interaction that, for several HIV-1 strains, results in an initial conformational
change in the gp120/gp41 complex that exposes the trimeric N-terminal coiled coil of gp41
(allowing the binding of CHR-derived peptides) (Jones et al., 1998). The gp120–CD4 inter-
action can also be blocked by competition with anti-CD4 antibodies (such as Leu3A), as well
as by anti-idiotypic antibodies that mimic the CD4 epitope and therefore bind to gp120
(Dalgleish et al., 1987).
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5.2. Co-Receptor-Binding Inhibitors

The common HIV co-receptors are members of the seven TM domain family of inte-
gral membrane proteins and, as such, they usually function as receptors of endogenous mol-
ecules (Berger et al., 1999). Therefore, it is not surprising that binding of gp120 to the
co-receptors can be blocked by the natural co-receptor agonists (such as SDF-1 for CXCR4
(Bleul et al., 1996; Oberlin et al., 1996; Amara et al., 1997) or RANTES and MIP-1�/� for
CCR5 (Cocchi et al., 1995; Alkhatib et al., 1996; Deng et al., 1996; Dragic et al., 1996).
Furthermore, both peptidic and nonpeptidic small molecule CXCR4 and CCR5 antagonists
able to block HIV cell entry have been reported. T22 ([Tyr5,12,Lys7]-polyphemusin II) is an
18-residue synthetic peptide analog of polyphemusin II (a peptide isolated from the american
horseshoe crabs, Limulus polyphemus) that has been reported to inhibit the cell–cell fusion
ability of CXCR4-dependent HIV-1 by specific binding to CXCR4 (Murakami et al., 1997).
Furthermore, the bicyclam AMD3100 and the nonapeptide (D-Arg)9 or ALX40-4C are also
small-molecule inhibitors that act by selectively antagonizing CXCR4 binding (Doranz et al.,
1997; Schols et al., 1997; Donzella et al., 1998). Similarly, TAK-779, a nonpeptide com-
pound with a small molecular weight (Mr 531.13) was shown to bind to CCR5 and inhibit
HIV-1 entry (Baba et al., 1999). Indeed, CCR5 antagonists are promising candidates for the
development of effective anti-HIV drugs, as blocking of CCR5, contrary to CXCR4, seems
to have no serious consequences for the normal functioning of the immune system (Samson
et al., 1996).

5.3. Improving the Activity of Inhibitors that Block 
Conformational Changes

The inhibitory potency of the C-peptide inhibitors (some of which are promising anti-
HIV candidates in clinical trials [Kilby et al., 1998]) has been initially correlated with their
helical content (Lawless et al., 1996). Indeed, Jin et al. (2000) observed that the addition of
short helix-capping sequences to both the N- and C-termini of a short peptide, corresponding
to the 19 N-terminal residues of C34 or replacing some of its residues by amino acids with
stronger helical propensity, significantly enhanced their ability to inhibit HIV-1 gp120/gp41-
induced cell–cell fusion. Similarly, it has been reported that replacement of external amino
acids in C34 analogs by charged residues that would form matching ion pairs in a helical con-
formation, resulted in C34 analogs with higher helical content and stronger inhibitory abili-
ties (Otaka et al., 2002). Similarly, stabilization of the helical structure of a 14-residue peptide
that partially overlaps the N-terminus of C34, by chemical cross-linking and substitutions
with unnatural helix-favoring amino acids has been shown to augment the peptide’s inhibitory
potency (Sia et al., 2002). Furthermore, Judice et al. (1997) found a correlation between the
helicity of short constrained T20 analogs designed to adopt �-helical structures and their
inhibitory potencies. These studies strongly indicate that helical structure is crucial for the
inhibitory activity of the CHR-derived peptides and that the NHR regions (their target of inhi-
bition) are indeed forming an exposed trimeric coiled coil in the pre-hairpin intermediate.

Rational design also has been used to improve the activity of NHR-derived inhibitory
peptides. Specifically, Clore and coworkers (Bewley et al., 2002) designed a 36-residue 
peptide, N36(Mut(e,g)) based on the parent NHR-derived N36 peptide. N36(Mut(e,g)) con-
tained nine substitutions planned to disrupt interactions with the CHR region of gp41, while
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preserving the interactions required for the formation of the trimeric N-terminal coiled-coil.
They observed that N36(Mut(e,g)) folds into a monodisperse, helical trimer (contrary to the
tendency of the parent wild-type N36 to form higher order oligomers in aqueous solution) and
was about 50-fold more active that the N36. Based on these results, the authors postulated that
N36(Mut(e,g)) acts by disrupting the homotrimeric coiled coil of N-terminal helices in 
the pre-hairpin intermediate to form heterotrimers and, therefore, represents a new class of
anti-HIV peptide inhibitors.

The design of inhibitors targeted against the CHR regions, which are presumably
exposed in the pre-hairpin intermediate state (Koshiba and Chan, 2002) has been based on
constructs that present a trimeric N-terminal coiled coil with exposed surfaces for the inter-
action of the CHR segments. Clore and coworkers have designed a chimeric protein, termed
N(CCG)-gp41, derived from the ectodomain of HIV-1 gp41 (Louis et al., 2001). N(CCG)-
gp41 comprises an exposed trimeric coiled coil formed by three NHR helices. The structure
is stabilized in two ways: (a) by fusion to a minimal thermostable ectodomain of gp41 and 
(b) by engineered intersubunit disulfide bonds. N(CCG)-gp41 was shown to inhibit gp41-
mediated cell–cell fusion at nanomolar concentrations (Louis et al., 2001).

A different strategy to sequester an exposed CHR region has been used by Kim and his
coworkers (Root et al., 2001). They designed a small protein taking advantage of the binding
properties of the N-terminal coiled coil while minimizing the tendency of the NHR-derived
peptides to aggregate when exposed. The protein, termed 5-Helix, is composed of five of the
six helices that make up gp41’s trimeric helical hairpin, which are now connected with short
peptide linkers. The 5-Helix protein lacks the third CHR helix, and this vacancy created 
a high-affinity binding site for a CHR segment. The 5-Helix protein was shown to inhibit 
several HIV-1 variants at nanomolar concentrations (Root et al., 2001).

6. Final Remarks

Over the last years, our understanding of the mechanism by which enveloped viruses
(particularly HIV) enter their host cells has greatly improved. We were able to dissect this
process in many of its fundamental steps as well as to design potent inhibitors that will even-
tually lead to new classes of antiviral compounds. However, there are still serious gaps in our
knowledge; in particular, we do not know yet the structure of the native or pre-fusion confor-
mation of the gp120/gp41 complex as well as the detailed structural changes triggered by
CD4 and co-receptor interactions. Furthermore, the way in which the interactions between the
N-terminal fusion peptide, the pre-TM region, and the cellular and viral membranes lead to
membrane destabilization and merging still needs to be fully addressed. Moreover, the roles
of gp41 intraviral domain in the fusion process and in the structural organization of the mature
virion are also poorly understood. New and exciting advances along these lines are likely to
come in the next years.
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4
Diversity of Coronavirus Spikes:
Relationship to Pathogen Entry and
Dissemination

Edward B. Thorp and Thomas M. Gallagher

Coronaviruses are widespread in the environment, infecting humans, domesticated and 
wild mammals, and birds. Infections cause a variety of diseases including bronchitis,
gastroenteritis, hepatitis, and encephalitis, with symptoms ranging from being nearly unde-
tectable to rapidly fatal. A combination of interacting variables determine the pattern and
severity of coronavirus-induced disease, including the infecting virus strain, its transmission
strategy, and the age and immune status of the infected host. Coronavirus pathogenesis is best
understood by discerning how each of these variables dictates clinical outcomes. This chap-
ter focuses on variabilities amongst the spike (S) proteins of infecting virus strains. Diversity
of coronavirus surface proteins likely contributes to epidemic disease, an important and
timely topic given the recent emergence of the human SARS coronavirus.

1. Introduction

Coronaviruses circulating in nature exhibit considerable genetic variability, and ongo-
ing virus evolution can generate novel variants capable of epidemic diseases such as the
recent SARS-CoV. A central goal in coronavirus research is to pinpoint virus strain variations
and relate the differences to epidemiologic and pathogenic potentials. Identifying variations
correlating with properties such as viral transmission from animals to humans leads toward
mechanistic understanding of epidemics and also points to the relevant targets for antiviral
therapeutics. For the coronaviruses, it is clear that pronounced variations are accommodated
in the spike (S) genes, which encode the “corona” of virion protrusions (Figure 4.1). 
Each protrusion is a complex, oligomeric assembly of extremely large. �1,300 amino acid S
protein monomers that are integrated into virion membranes by their C-terminal transmem-
brane anchors. The spikes are essential for virus binding to cell-surface receptors and for
virus–cell membrane fusion. During infection, the spikes also accumulate on cell surfaces,
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Figure 4.1. Electron micrographs and model of coronavirus structure. Top: Negatively stained (uranyl acetate)
micrographs of murine coronavirus mouse hepatitis virus (strain A59). Bottom boxes: Schematic of coronavirus
particles. S: spike glycoprotein, HE: hemagglutinin-esterase glycoprotein, M: triple-membrane-spanning membrane
glycoprotein, E: small envelope glycoprotein, N: nucleocapsid phosphoprotein. Dotted lines indicate noncovalent
protein–protein or protein–RNA interactions.



bind to receptors on neighboring uninfected cells, and mediate cell–cell membrane fusion, a
process that creates syncytia and causes rapid expansion of infections (Figure 4.2). Thus, the
unique characteristics of S proteins from different coronavirus isolates correlate with distinct
patterns of virus entry, virus dissemination via syncytia, virus tropism, and pathogenesis. 

2. S Functions During Coronavirus Entry

To appreciate the unique characteristics of these S proteins, one must visualize their
activities in the context of the infection cycle. We begin with virion binding to susceptible
host cells. As mediators of virus attachment to cells, S proteins are set apart by their ability
to evolve remarkably varied attachment specificities. Sialic acid, a ubiquitous component of
cell-surface carbohydrate complexes, is a documented low-affinity ligand for porcine and
bovine coronavirus spikes (Schultze et al., 1991). Aminopeptidase N (APN), a type II-
oriented membrane glycoprotein found in abundance on respiratory epithelia, is a receptor for
antigenic “group 1” coronaviruses (Delmas et al., 1992; Tresnan et al., 1996). Members of
this antigenic cluster include human respiratory viruses such as human CoV 229E, as well as
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Figure 4.2. Virus entry and dissemination. Top: Depiction of virion attachment to cellular receptors and
subsequent fusion of viral envelope with the host cell plasma membrane. Bottom: Depiction of spikes (S) on the
infected cell surface recognizing opposing cellular receptors and promoting intercellular fusion and cell–cell spread.



several devastating animal pathogens such as transmissible gastroenteritis virus of swine 
and infectious peritonitis virus of cats. CarcinoEmbryonic Antigen-related Cell Adhesion
Molecules (CEACAMs), immunoglobulin-like type I-oriented membrane glycoproteins that
are prevalent in the liver and gastrointestinal tract, serve as receptors for the prototype mem-
ber of the antigenic “group 2” coronavirus mouse hepatitis virus (Dveksler et al., 1991;
Godfraind et al., 1995). Receptors for group 3 coronaviruses, which include several bird
viruses causing severe bronchitis in chickens and turkeys, are currently unknown.

High-resolution structures are predicted for APN (Sjostrom et al., 2000; Firla et al.,
2002), and are actually known for CEACAM (Tan et al., 2002). Structural homologies
between these two proteins are not readily apparent. Thus, the adaptation of coronaviruses to
either receptor likely involves substantial remodeling of binding sites on S proteins. In this
regard, it is important to remember that Apn or Ceacam receptor usage correlates with the
antigenic and genetic relationships used to divide coronaviruses into groups (Siddell, 1995).
Therefore, one can reasonably infer that S variations adapt viruses to particular receptor
usage, that receptor usage dictates the ecological niche of infection, and that coronaviruses 
in distinct niches then evolve somewhat independently to create recognizable antigenic/
phylogenetic groups. Suggestions that the SARS-CoV constitutes the first member of a fourth
coronavirus group (Marra et al., 2003; Rota et al., 2003) may imply that this pathogen has
adapted some time ago to bind a novel receptor set apart from either Apn or CEACAM.

High-resolution crystallographic structures for coronavirus S proteins are not yet
known. Therefore, one can only speculate about the detailed architecture of their receptor-
binding sites. The S proteins are moderately amenable to protein dissection techniques in
which expressed fragments are assayed for receptor-binding potential, and these studies have
roughly localized the sites of receptor interaction on primary sequences ((Suzuki and Taguchi,
1996; Bonavia et al., 2003), see Figure 4.3). Current hypotheses suggest that, as coron-
aviruses diverge into types with particular receptor specificities, amino acid changes are fixed
into S proteins at putative receptor-binding sites (Baric et al., 1999). This may be the case;
however, S protein variabilities are relatively complex, and while many strain differences
cluster in amino-terminal regions where receptors are thought to bind (Matsuyama and
Taguchi, 2002a; see Figure 4.3), several changes are also found outside of this area. This 
complex variability can be appreciated by recalling the multifunctional properties of the 
S proteins, which contain receptor-binding sites as well as the machinery necessary to fuse
opposing membranes (Figure 4.2). For S proteins, this membrane fusion activity is not con-
stitutive, but is (with few exceptions) manifest only after receptor binding. In part, complex
variability in S proteins may reflect the fact that receptor-binding and membrane fusion
processes are coupled during virus entry. Put another way, the S-receptor interaction releases
energy that is then used to create the conformational changes leading to S-induced membrane
fusions. This coupling of receptor binding with membrane fusion activity suggests that sub-
tle strain-specific polymorphisms virtually anywhere in the large S proteins might affect
either or both of these essential functions, and by doing so, alter the course of coronavirus
entry into cells.

The mechanism by which coronavirus S proteins mediate membrane fusion, recently
clarified in studies by Bosch et al. (2003), involves a process in which the proteins respond
to target cell receptor binding by undergoing conformational change (Gallagher, 1997;
Matsuyama and Taguchi, 2002; Zelus et al., 2003) (Figure 4.4A). Next, a currently unidenti-
fied hydrophobic portion of the protein termed the fusion peptide (FP) harpoons target cell
membranes (Figure 4.4B). This is followed by irreversible conformational changes in which
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Figure 4.3. Linear depictions of coronavirus spike glycoproteins. Spikes representing groups I–III and the SARS
coronavirus are depicted. Scissors indicate proteolytic cleavage between S1 and S2 of spikes. Heptad repeat regions
(HR) as indicated by Learn Coil-VMF and MultiCoil are indicated in S2 and are upstream of transmembrane 
(TM) spans and conserved cysteine-rich stretches (C). Group I spikes recognize aminopeptidase N (CD13)
metalloprotease. Group II spikes bind to carcinoembryonic antigen-related cell adhesion molecule (CEACAM)
receptors. Downstream of the CEACAM-binding domain for group II MHV lies a deletion prone region (DPR).
Amino acid (a.a.) lengths are drawn approximately to scale and relative to the size of the HIV type I envelope (env)
fusion glycoprotein. FP is the hydrophobic fusion peptide for HIV-I. Hydrophobic residues are present N-terminal to
HR1 regions in coronaviruses.

Figure 4.4. Proposed mechanism for S-mediated membrane fusion based on models of class 1-driven viral fusion.
(A) Attachment of oligomeric spike S1 domains to receptor. Cylinders represent alpha-helical secondary structure.
(B) Arrows depict exposure and insertion of hydrophobic fusion peptides into target membrane, subsequent to
displacement of S1. CC indicates formation of alpha-helical coiled coil. (C) Fold-back or collapse of S2 leading to
membrane coalescence. S1 domains have been removed for clarity and may in fact be absent as S1 sheds from S2
during fusion activation (see text). (D) Formation of end-stage coiled-coil bundle, fusion pore, and subsequent
expansion of pore.

alpha-helical portions of the protein condense into helical bundles (Figure 4.4C), ultimately
bringing opposing membranes into sufficient proximity to coalesce them together 
(Figure 4.4D). This is a well-documented mechanism by which several viral and cellular 
proteins catalyze membrane coalescence (Weissenhorn et al., 1999; Russell et al., 2001; Jahn,
et al., 2003) and is now classified as a “class-1” type fusion reaction. Algorithms predicting 



secondary protein structure (Singh et al., 1999) suggest regions of alpha helicity (designated
heptad repeat, or HR 1 and 2, see Figure 4.3) in all coronavirus S proteins, including SARS-
CoV. Thus, it is generally agreed that the core fusion machinery for all coronaviruses is built
in such a way as to catalyze a conserved class-1-type fusion reaction.

It is notable that the fusion module (FP, HR1, HR2, TM span) occupies only about 
20% of the inordinately large coronavirus S proteins, and the functional relevance of all but
a portion of the remainder is largely unknown. Given that receptor-binding sites are distant
from membrane fusion machinery in the primary structures (Figure 4.3), a sensible specula-
tion is that much of the S protein structure is involved in linking receptor binding to the 
activation of membrane fusion. This is, after all, a crucial coupling that controls the timing
and location of virus entry; that is, viral S proteins undergo conformational changes and 
proceed irreversibly through the class-1-type membrane fusion reaction only when engaged
by cellular receptors embedded into the target cell membrane. In considering the activation
mechanism, presently available genetic data point toward noncovalent linkages between
receptor-binding regions and the fusion machinery (Grosse and Siddell, 1994; Matsuyama
and Taguchi, 2002). In the best-studied MHV system, CEACAM binding does cause N-
terminal S regions to separate from C-terminal, integral-membrane fragments (Gallagher,
1997), in all likelihood revealing the fusion apparatus (Matsuyama and Taguchi, 2002). This
is a process that is augmented by cellular protease(s) that cleave the MHV S proteins at a site
between receptor-binding and fusion-inducing domains ((Stauber et al., 1993; Bos et al.,
1995; see also Figure 4.3). Proteolytic cleavage likely increases overall S protein conforma-
tional flexibility and eases the constraints on exposure of the fusion module, allowing it 
to advance more readily through the “class-1” pathway (Figure 4.4). These findings are 
beginning to point toward therapeutic targets interfering with coronavirus entry, and further
breakthroughs will likely come from detailed S protein structure determinations.

3. S Functions During Dissemination of Coronavirus Infections

In considering the entire infection cycle, we advance now to describing intracellular
events as they pertain to S protein and virion morphogenesis. As stated above, the action of 
S proteins during entry delivers viral genomes into cells. These genomes are monopartite
27–32 kb single-stranded, positive-sense RNAs (Lai and Stohlman, 1978). The organization
of genes on this large RNA has been well characterized, and the mechanisms of gene expres-
sion are understood in some detail and are not described here (for reviews, see Lai and
Cavanagh, 1997; Sawicki and Sawicki, 1998). As is typical of RNA virus genomes, the vast
majority is translated, with the 5� �two thirds encoding so-called “nonstructural” proteins
that are not found in virions and the remaining �one third encoding primarily “structural,”
that is, virion proteins (Figure 4.5). On eclipse, the nonstructural proteins are synthesized
without delay, thereby generating RNA-dependent RNA replicase activities that subsequently
transcribe antigenomic (negative-sense) RNAs, as well as several subgenomic viral mRNAs.
The essential virion proteins S, E (envelope), M (matrix), and N (nucleocapsid) are translated
from the newly created set of 3� proximal subgenomic mRNAs, whose abundance in infected
cells is far greater than genomic (virion) RNA, thereby permitting accumulation of virion pro-
teins to the levels required for particle assembly.

A defining characteristic of coronavirion morphogenesis is its intracellular assembly
(Figure 4.6), known for some time to take place in the ER-Golgi intermediate compartment
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(Krijnske-Locker et al., 1994). Infectious virus production requires newly synthesized
genome RNA and its associated N proteins, as well as the three integral-membrane proteins
S, E, and M. The assembly process, described in greater detail in the legend to Figure 4.6,
involves a series of noncovalent interactions; S associating with M (de Haan et al., 1999), M
with N (Kuo and Masters, 2002), and N or M with virion RNA (Nelson and Stohlman, 1993;
Narayanan et al., 2003). Interestingly, assembly and secretion of intracellular vesicles
requires only M and E (Vennema et al., 1996); S and the ribonucleocapsids are dispensable
and must be considered to be passive participants in particle morphogenesis. Thus, the S pro-
teins, depending on their affinity for M and their abundance relative to M, may or may not
engage in the virion assembly process. In model coronavirus infections, S–M affinities and
molar ratios are such that only a portion of S proteins assemble into virions and significant
proportions of the population advance as free proteins through the exocytic pathway and on
to infected-cell surfaces (Figure 4.6). As there is no evidence that any coronavirus budding
takes place at plasma membrane locations, these cell-surface S proteins likely function solely
to mediate the cell–cell fusions that facilitate rapid spread of infection. Little is presently
known about the relative efficiencies of S–M interactions among the coronaviruses, although
the interacting portions of these proteins do indeed differ among virus strains. One might
speculate that relatively low S–M affinities reflect adaptations to growth under conditions
where syncytial spread of infection provides selective advantages that are greater than those
afforded by high S–M affinities favoring efficient infective virion morphogenesis.

4. S Polymorphisms Affect Coronavirus Pathogenesis

It has been known for nearly 20 years that S gene differences correlate with in vivo path-
ogenic potential (Dalziel et al., 1986; Fleming et al., 1986), but only with the recent advent of
facile reverse genetics approaches have these S mutations been definitively linked to coron-
avirus virulence. Definitive links required greater genetic control over the large and heteroge-
neous coronavirus RNA genome (Figure 4.5), so that one could construct and then characterize
panels of recombinant viruses that harbor differences in S genes and nowhere else. 
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Figure 4.5. Coronavirus genome organization. Depictions of the murine coronavirus MHV (31.2 kb: GenBank
accession number NC 001846) and human SARS coronavirus (29.7 kb: # AY278741) positive strand RNA genome.
The 5� end is capped, followed by a leader (L) sequence and untranslated region (UTR). The polymerase and
protease polyprotein complex is encoded along two open reading frames (1a and 1b) by a ribosomal frame-shifting
mechanism and subsequently proteolytically processed into smaller fragments. Vertical lines with globular heads
indicate intergenic (IG) sequences. Shaded boxes are structural proteins (sequentially: HE, S, E, M, N) that
incorporate into virion particles. Genomes are polyadenylated. Drawn approximately to scale.
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Figure 4.6. Coronavirus assembly. Depiction of accreting coronavirus structural proteins (HE, S, E, M, and N)
and RNA at the endoplasmic reticulum golgi intermediate compartment (ERGIC) and the secretion of viral particles
along the secretory pathway. Spikes (S) that do not incorporate into particles continue to traffic to the cell surface
and promote intercellular spread with neighboring cells.

Studies pioneered in the Masters and Rottier laboratories have yielded creative approaches
that are now widely employed to manipulate the 3� genomic region encompassing “structural”
genes (Koetzner et al., 1992; Kuo et al., 2000). The process takes advantage of the fact that
coronavirus RNAs tend to recombine, most likely by a copy-choice mechanism (Lai, 1992).
Thus, defined site-directed mutant RNAs derived by in vitro transcription will recombine with
endogenous viral RNAs within infected cells to create site-specific recombinants (Figure 4.7).
Isolation of rare recombinants from the far greater parental (nonrecombinant) population



depends on the incorporation of a positive-selection marker on the in vitro transcript RNAs,
which in current approaches amounts to an S ectodomain with strict specificity for APN or
CEACAM receptors. Thus, a mutant RNA encoding a group 2 (CEACAM-specific) 
S ectodomain will recombine in APN� cells infected by a group 1 (APN-specific) virus, and
desired recombinants can be isolated by plaque assays on CEACAM� cells (Figure 4.7). 
A subsequent recombination of in vitro transcripts encoding group 1 (APN-specific) S
ectodomains with the first-generation CEACAM-specific recombinants can generate 
additionally mutated second-generation recombinants that can be isolated by plaque assay 
on APN� cells. This remains a powerful way to manipulate the 3� portion of the coronavirus
genome despite the recent construction of full-length 27–32 kbp infectious coronavirus
cDNAs providing for complete genetic control (Almazan et al., 2000; Casais et al., 2001;
Thiel et al., 2001; Yount et al., 2002).

The RNA recombination system has been frequently used to specifically incorporate 
S gene changes, and the general findings indicate that relatively subtle S alterations strongly
influence coronavirus virulence and tropism (Sanchez et al., 1999; Phillips et al., 2001;
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Figure 4.7. Targeted recombination approach to coronavirus reverse genetics. Schematic depicts an input
synthetic RNA that harbors a site-directed mutation in the open reading frame (ORF) of a CEACAM-tropic spike
(S). The subgenomic transcript recombines during viral replication with the genome of an engineered coronavirus
that alternatively harbors APN-tropic spikes. Recombinant full-length genomes encoding CEACAM-tropic spike
ORFs are packaged into particles that have incorporated newly synthesized CEACAM-specific S glycoproteins. 
This small percentage of progeny recombinant virions can enter and replicate in CEACAM-bearing cells. 
Non-recombinants do not switch tropism and are not selected. (Based on findings by PS Masters & PJ Rottier
laboratories.)



Casais et al., 2003; Tsai et al., 2003). Correlating these alterations in virulence with the 
specific receptor-binding and membrane fusion functions of S proteins has just begun. Recent
findings made in the Perlman laboratory have begun to establish these important relationships
(Ontiveros et al., 2003). In this laboratory, two variants of the group 2 mouse hepatitis coro-
navirus were identified with striking differences in neurovirulence, and using the established
reverse genetics system, relative virulence was traced to a single S amino acid change, glycine
310 in virulent isolates, serine 310 associated with attenuation. This single difference had
global effects on the overall stability of the S proteins, with gly310ser dramatically increas-
ing the stable association of S1 and S2. Concomitant with this stabilization, membrane fusion
activities were diminished. In particular, S proteins with the gly310 could mediate cell–cell
fusion without the requirement for CEACAM triggering, while those with ser310 could not.
These findings indicate that a subtle mutation outside of the core fusion machinery can pow-
erfully influence S-mediated fusion, in this instance affecting its requirements for activation
by receptor binding. These findings also point toward S-mediated cell–cell fusion activity as
a core agent of coronavirus pathogenicity.

5. Applications to the SARS Coronavirus

As of September 2003, over 30 SSARS sequences were posted in gene banks. To appre-
ciate the sequence variations, one must view the data in the context of known and presumed
SARS-CoV epidemiology. This virus is generally considered to be of zoonotic origin. While
the natural wild or domestic animal reservoir is probably unknown, isolates strikingly similar
to human SARS-CoV has been isolated from exotic animals in Guangdong, China (Guan
et al., 2003). These animals included asymptomatic palm civits and raccoon dogs, all housed
in a single live animal market. The collection of animal CoV sequences shows some limited
diversity (18 nt differences in the 29,709 nt genomes). Speculation is that around November
2002, one or more of these zoonotic “SZ” viruses infected humans and generated SARS fever,
dry cough, and pneumonia. Virus from the initially infected human (the true “index” patient)
may never be available, but viruses that have been isolated from Guangdong patients have
interesting variation relative to “SZ” isolates. In comparing animal SZ viruses with the avail-
able collection of human SARS-CoV isolates, 11 clear S polymorphisms were detected (Guan
et al., 2003; see Figure 4.8). These appear to be relatively scattered changes throughout the
1,200-residue S ectodomain, and in this regard show some similarity to a collection of 
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Figure 4.8. Human vs animal spike sequences. Shown are amino acid differences between spikes of human SARS
and animal isolates. Numbers indicate location of spike residue. Dashed line demarcates boundary between S1 and
S2 regions. Residue 894 resides within a candidate fusion peptide upstream of heptad repeat 1. Residue 1163 is
within heptad repeat 2. TM indicates transmembrane region.



16 scattered differences between murine-specific and laboratory-generated zoonotic forms of
murine hepatitis coronavirus (Baric et al., 1997, 1999).

Assigning xenotropic potential to a particular combination of these 11 mutations is 
a challenging but important undertaking. This might be accomplished by employing the
approaches used successfully to identify correlates of murine hepatitis virus virulence. 
S cDNAs encoding SZ or SARS isoforms, as well as SZ/SARS chimeras, can be easily con-
structed and then used to create recombinant coronaviruses. Tropism of the recombinants for
human or animal cells can then be assessed using traditional virological methods. The next
challenge will be to correlate S variations to alterations in receptor-binding or membrane
fusion potentials. In all likelihood, the successful approaches will again be relatively tradi-
tional ones in which soluble S fragments—SZ, SARS, and SZ/SARS chimeras—are devel-
oped as mimics of authentic coronaviruses and then used as ligands for binding to human or
animal cells, or once identified, SARS cellular receptors and their homologs in animal cells.
By titrating soluble S ligands, relative affinities might be obtained. Questions concerning
whether SARS polymorphisms specifically affect the membrane fusion reaction can then be
addressed by relatively straightforward assays in which S-induced syncytia are measured
(Nussbaum et al., 1994). Among the murine coronaviruses, there are S polymorphisms that
have no effect on S binding to CEACAM receptors, but yet dramatically impact membrane
fusion (Krueger et al., 2001). It will be important to determine whether there are similar vari-
abilities in the SARS S proteins, and whether the membrane fusion process is central to
SARS-CoV species transfer and human pathogenicity.

6. Relevance to Antiviral Drug Developments

At present, there are no clinically useful anti-coronavirus drugs, however, the targets for
such drugs are clearly in sight. One obvious target is the coronavirus-encoded 3CL protease,
as it is essential for the post-translational processing of gene 1 polyproteins into functional
subunits ((Ziebuhr et al., 1995; see Figure 4.5). Structure-based, rational anti-3CL protease
drug design is at a relatively advanced stage (Anand et al., 2003) and protease inhibitors
roughly analogous to those used to combat HIV infection may be forthcoming. A second tar-
get, one that is far more relevant to the topic of this chapter, is the S protein. S proteins cause
a characteristic syncytial cytopathology in the lung epithelia of SARS patients (Kuiken et al.,
2003), and should the S protein dissections described above link syncytial activities with
pathogenicity in animal models, investigations would reasonably focus on drugs designed to
block S function.

Therapeutics designed to block S-receptor interactions constitute one strategy. Recent
structure determinations for a group 2 coronavirus receptor (Tan et al., 2002), and delineation
of relevant peptide loops interacting with S proteins (Rao et al., 1997), bring promise to the
hypothesis that S-binding receptor fragments might be constructed and used to interfere with
virus entry. Such a peptide drug might block infection by inducing the premature triggering
of the fusion reaction (Figure 4.4). One must, however, be cautious about advocating this
approach because, while many soluble receptors will drive S proteins unproductively into
denatured states, some will clearly trigger productive fusion reactions (Matsuyama and
Taguchi, 2002). As was found in studies with HIV and soluble CD4 (Moore et al., 1992;
Arthos et al., 2002), virus infectivities may be enhanced rather than neutralized.
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A second strategy might extend from current hypotheses concerning coronavirus 
neutralization by antibodies. Several potently neutralizing monoclonal antibodies bind S in
regions between CEACAM-binding and fusion-inducing domains (Dalziel et al., 1986).
While the mechanisms of neutralization are far from clear, one hypothesis is that the 
antibodies interfere with conformational transitions linking receptor interaction with fusion
activation. High-resolution images of these antibody–S interactions could serve as a guide to
construct smaller peptide ligands that neutralize infection by restricting global S conforma-
tional change.

Finally, recent convincing evidence that the S proteins of the group 2 mouse hepatitis
coronavirus carry out a “class-1” fusion reaction (Bosch et al., 2003) make it probable that
several coronaviruses including SARS-CoV will be sensitive to a HR peptide-based fusion
inhibition. Peptides derived from the HR regions of structurally similar retroviruses and
paramyxoviruses interfere with fusion by associating with complete spikes during the activa-
tion reaction, preventing the appropriate collapse into a coiled-coil bundle (Wild et al., 1994;
Yao and Compans, 1996; see Figure 4.4). Similarly, a small 38-residue peptide representing
mouse hepatitis virus HR2 powerfully inhibited both virus–cell and cell–cell fusion, reducing
these activities by several logs when present at 10 �M concentration (Bosch et al., 2003).
These HR2 peptides block entry by binding transient intermediate conformations of the
fusion protein, depicted in Figure 4.4B, C. It will therefore be important to know whether the
genetic variabilities inherent in the coronavirus S proteins alter receptor affinities or fusion
kinetics, as these parameters determine the lifespan of the drug-sensitive intermediate struc-
tures (Reeves et al., 2002), and by extension they determine whether HR2-based peptides will
be effective antiviral agents. By combining comparative studies on S protein receptor binding
and membrane fusion with investigations of HR peptide-based antiviral activities, a mecha-
nistic understanding of antiviral action will develop that can lay the groundwork required to
develop therapies for human and animal diseases caused by the coronaviruses.
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5
Aspects of the Fusogenic Activity of
Influenza Hemagglutinin Peptides by
Molecular Dynamics Simulations

L. Vaccaro, K.J. Cross, S.A. Wharton, J.J. Skehel, and F. Fraternali

The interactions of the fusion domain of influenza hemagglutinin (HA) (N-terminal
20 residues, the fusion peptide) with a POPC lipid bilayer have been studied by molecular
dynamics (MD) simulations. This domain is considered a model system for studying
processes occurring during viral membrane fusion. Synthetic peptides corresponding to this
domain are able to cause red blood cell hemolysis and leakage of liposomal content.
Mutations in their sequences lead to homologs with fusion properties similar to whole HA
molecules with the corresponding sequence changes. Detailed information about the molec-
ular interactions leading to insertion into the core of the lipid bilayer can be obtained by the
analysis of our simulations. We observe that the N-terminal 11 residues of the fusion peptides
are helical and insert with a tilt angle with respect to the membrane plane of about 30�, in very
good agreement with experimental data. The tilt angle stabilizes around the final value only
after 4 ns. Residues Glu11, Glu15, and Asp19 are positioned at the level of the lipid phos-
phate groups, and the last peptide segment can either be helical or unfolded without altering
dramatically the tilting of the first N-terminal 11 residues. The membrane bilayer experiences
a thinning caused by the presence of the peptides and the calculated order parameters show
larger disorder of the alkyl chains. These results indicate a perturbed lipid packing upon
peptide insertion that could facilitate membrane fusion.

1. Introduction

Membrane fusion is one of the most frequently occurring mechanisms in biology and
yet one of the most poorly understood. Amongst the known fusion events, a fusion caused by
viral infection represents a relatively simple system because of the small number of viral
proteins involved. Many viral fusion proteins fold into coiled coil bundles, suggesting that a
common structural element is necessary for the bridging of membranes as a preliminary step
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to fusion (Skehel and Wiley, 2000). Moreover, most viral proteins contain a conserved stretch
of about 20 amino acids at the N-terminus, called fusion peptide FP, which provides the
attachment point of the virus to the target membrane. One of the best structurally studied
membrane fusion processes is that induced by the Influenza HA protein. Native HA is
a homotrimer, with each subunit comprising two glycopolypeptides linked by a single disul-
fide bond, HA1 and HA2, produced during infection by cleavage of the biosynthetic precursor
HA0. At neutral pH, the fusion peptides are buried in the interior of the trimer (Wilson et al.,
1981), but endosomal acidification induces substantial conformational changes in the HA
structure, the most important being the relocation of the fusion peptide from its buried posi-
tion to form the membrane-distal tip of a 100 Å long triple stranded coiled-coil (Skehel et al.,
1982; Bullough et al., 1994; Bizebard et al., 1995).

Synthetic FPs have been assayed for their capacity to perturb natural membranes and to
fuse liposomes at neutral pH (Lear and De Grado, 1987). Peptides with specific amino acid
substitutions have fusion properties similar to whole HA molecules with the corresponding
mutations (Wharton et al., 1988; Steinhauer et al., 1995; Han et al., 1999). The incorporation
of mutants of HA into infectious influenza viruses by reverse genetics (Cross et al., 2001)
allowed for investigations on the importance of the conserved spacing of glycines in the FP
sequences. These studies demonstrate that FPs are good models to study the membrane-
associated structures and the processes that cause viral fusion. The most supported hypothesis
is that the bilayer perturbations caused by these peptides are necessary but not sufficient for
the occurrence of viral fusion in the physiological context (Nieva and Agirre, 2003).

One of the key features of the fusogenic sequence is that very few mutations are
tolerated when replacing Gly1, especially polar residues are prohibitive. In order to maintain
fusogenic properties, the first three N-terminal residues have to be of hydrophobic nature.
Moreover, deletion of Gly1 leads to a non-fusogenic mutant (Gething et al., 1986; Wharton
et al., 1988). Recently, the pKa of the N-terminal amino group of Gly1 was measured by 15N
NMR (Zhou et al., 2000) in the presence of DOPC. The measured high value (8.69) is indica-
tive of the stabilization of the protonated form of the amino group by means of non-covalent
interactions. In general, peptides with protected amino terminus are found to inhibit viral
fusion, and by deprotecting the amino group promotion of negative curvature strain of mem-
branes has been observed (Epand et al., 1993). All these observations underline the specificity
of fusion peptide sequences and hint to an important role of this segment in the interaction
with the membrane. The protonation state of the N-terminus, the orientation of the peptide
with respect to the membrane bilayer and to the phosphate groups seem all to be key factors
of the exhibited fusogenicity. Molecular simulations have been demonstrated to be very use-
ful in analyzing in atomic detail processes not directly accessible to experimental techniques.
It is very difficult to obtain detailed experimental structural data on non-bilayer and interme-
diate structures in the cell fusion process; therefore, theoretical models can help in outlining
key features and in directing new experimental work. 

The first atomic MD simulation of spontaneous membrane fusion has been recently
published (Marrink and Tieleman, 2002), demonstrating that force field parametrization is
accurate enough to produce atomic details of processes like membrane destabilization and
binding of peptides to lipid bilayers (Tieleman et al., 1997; Sansom et al., 1998). We, there-
fore, decided to investigate the aforementioned aspects of the FP insertion and membrane per-
turbation by MD simulations in a preformed POPC bilayer. The main aspects that have been
investigated are the conformational stability of the modeled structures in lipid bilayers, their
orientation and depth of insertion, and the disorder created to the membrane’s alkyl chains.
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2. Methods

The initial structures for the simulations are the pdb files 1IBN (pH 5.0) and 1IBO
(pH 7.4), hereafter mentioned as NMR5 and NMR7 (Han et al., 2001). The peptides were
inserted in a fully equilibrated 128 POPC lipid bilayer (Tieleman et al., 1999). The Glu11
residue was placed at the level of the lipid phosphate groups (Han et al., 2001) in the bilayer.
Each system was then solvated, resulting in a total of about 19.000 atoms (box dimensions
were 6.2 	 6.7 	 6.2 nm3), subjected to 500 ps of solute restrained MD simulations in order
to let the lipid equilibrate. The final structures were submitted to 5 ns simulation runs.
Simulations were run using GROMACS (Berendsen et al., 1995). The LINCS algorithm was
used to constrain all bond lengths within the lipids. A cutoff of 0.9 nm for Coulomb and
Lennard-Jones interactions was used and Particle Mesh Ewald (Essmann et al., 1995) to
calculate the remaining electrostatic contributions on a grid with 0.12 nm spacing.

NPT conditions (i.e., constant number of particles, pressure, and temperature) were
used in the simulations. A constant pressure of 1 bar in all three directions was used, with a
coupling constant of 1.0 ps (Berendsen et al., 1984). Water, lipids, and protein were coupled
separately to a temperature bath at 300 K with a coupling constant of 0.1 ps. The lipid param-
eters were as in previous MD studies of lipid bilayers (Tieleman et al., 1999) and the GRO-
MOS96 force field (43a1) was used for the peptide (van Gunsteren et al., 1996). The SPC
water model was used for the solvent (Berendsen et al., 1981). Analysis programs from GRO-
MACS were used, together with self-written programs (tilt angle and secondary structure cal-
culations). The bilayer thickness has been measured as the average difference in the Y
coordinates (the membrane plane is in XZ orientation) between the phosphorous atoms of the
upper and lower leaflets. The depth of residues in the bilayer has been measured as the aver-
age difference in the Y coordinates of each residue’s C� atom and the phosphorous atoms of
the upper leaflet.

3. Results

3.1. Comparison with Experimental Structures

For several years, numerous biophysical studies have been performed to determine the
structure of fusion peptides within a membrane-like environment and peptide binding to the
lipidic bilayer. The high hydrophobicity of these peptides forbids measurements of their
partitioning between aqueous and membrane phases. To overcome this problem, the insertion
of hydrophilic residues into the sequence has allowed the NMR structure determination of a
fusogenic homolog of the HA fusion peptide (GLFGAIAGFIENGWEGMIDG), called E5
(GLFEAIAEFIEGGWEGLIEG), in DPC and in SDS micelles (Dubovskii et al., 2000; Hsu
et al., 2002). In order to study the native sequence in an in vivo-like environment, a new
host–guest fusion peptide system has been engineered so as to render the HA fusion peptide
completely water soluble and with high affinity for biological lipid model membranes. The
fusion peptide is tethered with a flexible linker to a host peptide that solubilizes the entire sys-
tem (Han and Tamm, 2000). This innovative design has allowed not only partition experi-
ments of fusion peptides to lipid bilayers (Li et al., 2003), but also NMR studies of the
structure of the fusion domain in detergent micelles at pH 5.0 and 7.4. Two different confor-
mations for the two pH environments have been proposed in this study (we will refer to these
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structures as NMR5 and NMR7) (Han et al., 2001). It is supposed by these authors that the
secondary structure of the peptide changes to some extent by changing the pH. In particular
the C-terminal segment GWEGMIDG (residues 13–20) is quite disordered in the NMR7
structure. The first segment is mostly �-helical in both cases, but the pH 5.0 conformer pres-
ents a short stretch of 310 helix from residues 13 to 18. The NMR study in SDS micelles of
the E5 peptide (Hsu et al., 2002) also proposes two different structures at pH 4.3 and 7.3. All
the low pH structures are very similar, with most of the peptide in helical structure, with a
hinge in the region around residues G12 and G13. In Figure 5.1, the NMR5 structure is com-
pared with the structure of the E5 peptide (Dubovskii et al., 2000) in SDS, determined at the
same pH (5.0). The “V”-shape adopted by the NMR5 structure is smoothed for E5 and the
peptide assumes a boomerang-shaped conformation with an oblique orientation of the first 11
residues. No hydrophobic pocket due to interaction between Phe9 and Trp12 is formed in the
E5 structure, although there is a clear hydrophobic side facing the membrane. The average
rmsd for the first 11 C� atoms is 0.96 Å between NMR5 and E5. This striking similarity out-
lines the importance of these residues in the fusogenic activity of these peptides. The Glu11
and Glu15 residues of both peptides are pointing to the same direction (toward the phosphate
groups of the bilayer interface) and the Phe residues are on the opposite side pointing toward
the lipidic tails of the membrane.

All these considerations seem to imply that the N-terminal 11 residues of the FPs are
helical and that residues 11 and 15 should be located at the phosphate–water interface. We,
therefore, constructed two structures starting from the coordinates of NMR5 and NMR7,
inserted into a preformed POPC lipid bilayer (see Methods section) and we simulated each
system for 5 ns (we will refer to simulated conformers as HA5 and HA7, respectively). We
did not take into account differences in the protonation state of charged residues (except for
the N- and C-termini) depending on the pH values at which the structures were determined.
The two conformers are simply different starting points for the simulations of which we want
to study the time evolution and stability. With the purpose of studying in more detail the loca-
tion of the N-terminus at the interface between membrane phosphate groups and water
together with the effects of the protonation state of the N-terminal amino group, we con-
structed two additional starting structures with charged N- and C-termini (referred to as
HA5_c and HA7_c). In Figure 5.2, the final snapshots of all the simulated systems are
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Figure 5.1. Comparison of the NMR structures for the HA fusion domain at pH 5.0 (black) and the E5 peptide
(grey). Superimposition on all C� atoms is 1.3 Å and 0.9 Å on the first 11 C�s.



reported. Both HA5 and HA5_c structures retained their helical conformation during most of
the simulated time, but the charged termini peptides adopted a “hook”-shaped turn at the 
N-terminal three residues that allowed the charged amino group to reach the aqueous phase
(vide infra Figure 5.4). The “V”-shaped form was kept in the HA5_c simulation, while it was
slightly widened in HA5 [Figure 5.2(b)]. All peptides adopted a tilted insertion angle at the
end of the simulation (�30� with respect to the membrane surface). The HA7 starting struc-
ture remained disordered in the segment 12–20, and remained tilted, although the tilting was
more pronounced for the HA7_c conformer [Figure 5.2(c)].

In Figure 5.3(a) the NMR5 (black) and NMR7 (grey) structure bundles are reported and
in Figure 5.3(b), the superimposition of the final conformers of HA5 (black) and HA5_c
(grey) with the NMR5 structure is shown. The negatively charged side chain groups are all
pointing toward the aqueous phase, and the hydrophobic groups are directed toward the
hydrophobic lipid chains. In all MD structures, we observed large mobility of Phe3, while the
relative position of Phe9 and Trp14 is preserved. The already mentioned hook-shaped con-
formation of residues 1–3 is clearly visible in the HA5_c structure. The relative position of
Glu11 and Glu15 is maintained and their side-chain carboxylate groups are both reaching the
polar phase of the membrane, acting as anchoring points at the membrane interface. For the
NMR7 structures, one can observe that, apart from the previously discussed differences,
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Figure 5.2. Final snapshots after 5 ns of MD simulations. (a) HA5_c; (b) HA5; (c) HA7_c; (d) HA7. Helical
segments are represented by cylinders. Only the water molecules and the phosphorous atoms (cpk spheres) have been
dispayed for clarity.



Glu15 is pointing in a different direction with respect to Glu11, and it is directed toward the
hydrophobic phase of the membrane. In our simulations, the carboxylate groups are unproto-
nated and, therefore, they tend to move toward the aqueous phase [Figure 5.3(c)]. The fact
that this segment remains unstructured during the simulated time implies that if the peptide
would enter the membrane in an already partially disordered conformation, the process of
refolding would be prevented by the competitive favorable interactions with the polar head
groups at the membrane interface.

Several measured properties for the studied peptides are reported in Table 5.1. The
helical content derived from the simulations is often higher than measured ones, but it should
be considered that folding–refolding events occur on larger time scales than the ones sampled
here. HA5 and HA5_c show higher helical content than the HA7 structures, and neutral
termini conformers are in both cases more helical. The mechanism of anchoring to the
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(a)

(b)

(c)

Figure 5.3. (a) NMR structures for HA5 (black) and HA7 (grey); (b) superimposition of the HA5_c structure
(light grey) and of the HA5 structure (dark grey) to the experimental structure (black); (c) superimposition of the
HA7_c structure (light grey) and of the HA7 structure (dark grey) to the experimental structure (black).



membrane of the charged N-termini, with consequent disruption of helical conformation at
residues 1–3, will be discussed in the next paragraph.

3.2. Membrane Anchoring

The charged termini conformers present the four N-terminal residues in a curled
conformation, caused by the amino group reaching out towards the polar head groups of the
membrane and the aqueous phase. The remaining helical segments between residues 5 and 11
and residues 15 and 18 are not affected by this curling, and remain stable during the simu-
lated time. In order to show the behavior of the amino group during the simulated time in
more detail, snapshots of its time evolution for the HA5_c structure are shown in Figure 5.4.
The charged amino group is initially deeply inserted into the membraneous hydrophobic
phase. Within the first 60 ps of simulations, a shell of water solvation has already formed
around the amino terminus and remains stable for the rest of the simulation. The calculated
Radial Distribution Function (RDF) for this group with water shows an average number of
two/three molecules of water solvating this group (data not shown). Analogous behavior is
observed for the HA7_c conformer. This simulation result could explain at a molecular level
the experimentally observed high pKa value for this amino group (Zhou et al., 2000), because
the base strength increases when the protonated form is stabilized. In this study, the authors
conclude that the N-terminus of the peptide is close to the aqueous phase and protonated. Our
simulations, starting from a situation in which the peptide is deeply inserted into the mem-
brane, allow us to follow the inverse process. The peptide inserting into the membrane 
will pass through the aqueous phase, then the polar phase, and, finally, reaches the hydropho-
bic phase of the bilayer. In our simulations, we observe the amino terminus reaching out to
the polar phase, yielding a stable solvated state. We decided to perform additional simulations
with a neutral amino terminus in order to rule out artificial perturbations of the membrane
generated by the charged amino group, deeply inserted into the hydrophobic phase. The inser-
tion of these peptides at a tilted angle into the membrane bilayer seems to be one of the com-
mon features of all the viral fusion peptides (Brasseur, 1991; Gray et al., 1996; Lins et al.,
2001). Therefore, we analyzed this parameter for all the performed simulations. In Table 5.1,
the average value of the tilt angle, defined here as the angle formed with the membrane plane,
is reported. For all the studied conformers, this angle is around 30�, in very good agreement
with experimental data measured by spin-labeling electron paramagnetic resonance (EPR)

Fusogenic Activity of Influenza Hemagglutinin Peptides 71

Table 5.1. Relevant Structural and Insertion Parameters for the Studied Peptides

Peptide Ha
calc(%) Hb

CD (%) Hc
NMR (%) Tilt angle (�) Thicknessd (Å)

HA5 71.0 33.0 66.0 32.7 31.7
HA5_c 51.1 — — 28.4 28.2

HA7 47.6 — 40.2 31.0 26.9
HA7_c 39.3 — — 34.3 27.3

Notes:
aHelical content (in % over all residues) calculated from the 5 ns trajectory.
bHelical content measured from CD experiments in POPC.
cHelical content calculated from the pdb structures in SDS micelles.
dMembrane thickness measured as the average difference in the Y coordinates of the phosphorous atoms of the upper and lower
leaflets (membrane is in XZ plane).



techniques (Macosko et al., 1997; Zhou et al., 2000; Han et al., 2001). The values are not
dependent on the chosen charged state of the N- and C-termini; as we will see later for the
HA5_c and HA7_c simulations, the immersion depth of the first two residues will be affected
but not the average tilt angle. Recently, the fusion domain of the human immunodeficiency
virus gp41 has been studied by MD for 1 ns (Kamath and Wong, 2002). In our case, longer
simulation times were necessary to distinguish clearly between the slow process of migration
to the interface and the stabilization of the tilt angle.

The simulated bilayer thickness, measured as the average distance between phospho-
rous atoms of the upper and lower leaflets of POPC, is for all the systems smaller than the
one for the simulated POPC bilayer alone (36 Å, data not shown) and of the experimentally
measured value (40 Å) (Table 5.1) (Kinoshita et al., 1998). There is a thinning effect of about
8 Å on average by comparison to the value of the equilibrated POPC bilayer. The smallest
thickness values are observed for HA7 and HA7_c simulations; therefore, we cannot dis-
criminate between HA5 and HA7 peptides on the basis of their insertion mode and bilayer
perturbation. The effect of reducing the membrane thickness could be related to two main
causes (in relation to the presence of the peptide): (a) the interaction of the polar residues with
the polar interface that tends to “pull down” the phosphate groups of the upper leaflet; (b) the
disorder in the hydrophobic tails generated by the peptide, which results in lower order
parameters especially for the palmitic chains (data not shown). In the case of charged termini
peptides, the first cause has a stronger effect. In order to analyze in detail the insertion mode
of the peptide, we report in Figure 5.5, the depth of insertion of the 11 N-terminal residues.
We do not observe a substantially different behavior with respect to the tilted orientation 
of the peptide and to the thinning of the membrane between the two conformers HA5 and
HA7, and the partially unfolded state of the C-terminal segment in HA7 does not affect the
behavior of the 11 N-terminal residues. 

Therefore, we concentrated our analysis only on those residues that determine the tilted
insertion into the membrane. The charged termini peptides are less deeply inserted, with
strong differences at positions 1–2. The tilted insertion is mainly due to residues 3, 5, and 6
in agreement with previous experimental observations (Macosko et al., 1997; Zhou et al.,
2000; Han et al., 2001). For neutral termini peptides, the first three N-terminal residues
remain more deeply inserted and no migration to the interface is observed during the 
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Figure 5.4. Time evolution of the solvation process of the charged N-terminus (circled) for the HA5_c simulation.
After 60 ps, two molecules of water are solvating the charged group throughout the resting simulated time.



simulated time. For the remaining residues, the most deeply inserted Ile6 is located at about
10 Å depth (for HA5 and HA7).

4. Conclusions

This work describes, at a molecular level, the mechanism of oblique insertion of the
fusion peptide of influenza HA into lipid bilayers. The amphiphilic character of the sequence
and the typical glycine pattern favor helical structures in hydrophobic environments. Our
work supports previous structural observations of highly amphiphatic conformations adopt-
ing an inverse “V”-shaped structure, with a bend at residue 12 that forms a hydrophobic
pocket. We believe that one of the most critical parameters to exhibit fusogenicity is the inser-
tion with a tilted angle in the membrane in order to perturb the bilayer. In particular, the pres-
ence of a fairly stable helix spanning the first 11 N-terminal residues is deemed necessary to
stabilize the tilted angle to a value of about �30�. This tilted insertion is mainly due to
residues 3, 5, and 6 in agreement with experimental EPR measurements, and especially good
agreement is found for residue 6, which is inserted at 10 Å. The C-terminal segment can be
partially unfolded, without modifying the tilted orientation of the first segment. The lipid
bilayer is perturbed by the presence of the peptides and a thinning of about 8 Å is observed
after 5 ns of simulation.
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Part III

Viral Ion Channels/viroporins



6
Viral Proteins that Enhance 
Membrane Permeability

María Eugenia González and Luis Carrasco

1. Introduction

During the infection of cells by animal viruses, membrane permeability is modified at
two different steps of the virus life cycle (Carrasco, 1995) (Figure 6.1). Initially, when the
virion enters cells, a number of different-sized molecules are able to co-enter the cytoplasm
with the virus particles (Fernandez-Puentes and Carrasco, 1980; Otero and Carrasco, 1987).
Membrane potential is reversibly destroyed, being restored several minutes later. Endosomes
are involved in the co-entry process, since inhibitors of the proton ATPase block early per-
meabilization even with viruses that do not require endosomal function. A chemiosmotic
model has been advanced to explain the molecular basis of early membrane modification 
by virus particles (Carrasco, 1994). The viral molecules involved are components of virions:
glycoproteins when enveloped particles are analyzed or, still unidentified, domains of the
structural proteins in the case of naked viruses. Attachment of the particle to the cell surface
receptor does not alter membrane permeability by itself. Inhibitors that hamper virus decap-
sidation, still allowing virus attachment to the cell surface, block early membrane permeabi-
lization (Almela et al., 1991).

At late times of infection, when there is active translation of late viral mRNAs, the
plasma membrane becomes permeable to small molecules and ions (Carrasco, 1978)
(Figure 6.1). Different viral molecules may be responsible for this late enhancement of mem-
brane permeability, including viroporins (Gonzalez and Carrasco, 2003), glycoproteins, and
even proteases (Chang et al., 1999; Blanco et al., 2003). This chapter is devoted to reviewing
some characteristics of membrane permeabilization by viral proteins. In addition, the method-
ology used to assay enhanced permeability in animal cells is described. Finally, the design of
selective viral inhibitors based on the modification of cellular membranes during virus entry
or at late times of infection is also discussed.
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2. Measuring Alterations in Membrane Permeability

2.1. The Hygromycin B Test

A number of hydrophilic molecules, including some antibiotics, poorly permeate
through cellular membranes (Contreras et al., 1978; Lacal et al., 1980). This is the case of
hygromycin B, anthelmycin, blasticidin S, destomycin A, gougerotin, and edein complex. 
The aminoglycoside antibiotic hygromycin B (MW 527) is produced by Streptomyces
hygroscopicus. This hydrophilic molecule is an efficient inhibitor of protein synthesis in 
cell-free systems but interferes very poorly with translation in intact cells. However, the
modification of the plasma membrane by viruses or by other means leads to a rapid blockade
of translation (Carrasco, 1995). Concentrations of the antibiotic ranging from about
0.1–1 mM are added to the culture medium and protein synthesis is estimated by incubation
with radioactive methionine for 1 hr (see Figure 6.2) (Gonzalez and Carrasco, 2001). In
addition to its simplicity, the hygromycin B test has a number of advantages for assaying
changes in membrane permeability. One is its great sensitivity, and another is that this
test measures membrane modifications only in cells that are metabolically active. Moreover,
in cultures where some cells are uninfected, hygromycin B would only enter virus-infected
cells that are synthesizing proteins. The hygromycin B test has been applied with
success to prokaryotic (Lama and Carrasco, 1992) and eukaryotic cells, including yeast
(Barco and Carrasco, 1995, 1998) and mammalian cells (Gatti et al., 1998; Gonzalez and
Carrasco, 2001).
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2.2. Entry of Macromolecules into Virus-Infected Cells

Alpha-sarcin is a protein of 150 amino acid residues, which is produced by Aspergillus
giganteus (Oka et al., 1990). This protein inhibits translation by modifying ribosomes in an
enzymatic manner. Thus, a molecule of alpha-sarcin is able to inactivate a great number of
ribosomes by hydrolysis of the A4324-G4325 phosphodiester bond in the 28S rRNA (Chan
et al., 1983). This toxin does not enter mammalian cells because it does not attach to the cell
surface and is therefore unable to cross the plasma membrane. However, alpha-sarcin effi-
ciently interferes with protein synthesis in cell-free systems or in cells where the permeabil-
ity barrier has been destroyed (Fernandez-Puentes and Carrasco, 1980). Alpha-sarcin
co-enters cells in conjunction with virus particles, and is liberated to the cytoplasm (Otero and
Carrasco, 1987; Liprandi et al., 1997). In this manner, this toxin irreversibly blocks transla-
tion several minutes after virus entry. The molecular basis of the co-entry of macromolecules
with virus particles has been analyzed in detail elsewhere (Carrasco, 1994, 1995). Apart from
alpha-sarcin, a number of proteins that interfere with translation, many of them of plant 
origin, have been described (Fernandez-Puentes and Carrasco, 1980; Lee et al., 1990). The
release of all these toxins into cells is enhanced by virus particles. Not only proteins, but also
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other macromolecules, including nucleic acids efficiently co-enter with virus particles
(Cotten et al., 1992). However, none of these macromolecules passes into cells at late times
of infection.

2.3. Other Assays to Test the Entry or Exit of Molecules 
from Virus-Infected Cells

Apart from the use of translation inhibitors that do not easily permeate into intact cells,
a number of assays can be employed to assess modifications in membrane permeability.
Amongst these assays, we can list the following.

2.3.1. Entry or Exit of Radioactive Molecules

Cells are preloaded with radioactive uridine and the exit of nucleotides can be moni-
tored after induction of viroporin expression (Gonzalez and Carrasco, 1998). Unlike with
most amino acids, the pool of uridine nucleotides is abundant in the cell interior, thus 
providing a convenient and sensitive assay for monitoring the exit of molecules from cells.
Other tests use radioactive glucose derivatives (e.g., 2-deoxyglucose), which cannot be
metabolized and accumulate in cells. The analysis of the release of radioactive compounds
that are not actively transported into cells leads to the failure to measure enhanced membrane
permeability.

2.3.2. Entry of ONPG and Dyes

Entry of o-nitrophenyl-�-D-galactopyranoside (ONPG) into the bacterial cells can be
determined very simply. This �-galactosidase substrate can be incubated with bacterial cells
and production of the resulting compound can be followed by determining the absorbance 
at 420 nm (Lama and Carrasco, 1992). There are a number of non-vital dyes employed 
to characterize cell mortality. It should be noted that the entry of these compounds, in fact,
determines a modification in cell membranes, which in some cases does not directly correlate
with cell death. Trypan blue is a dye widely used for monitoring enhanced membrane perme-
ability. However, this assay is not very sensitive. In addition, trypan blue staining does not dis-
criminate between metabolically active or dead cells, as the hygromycin B tests does. Another
assay employs the polyamine neurobiotin that needs specific connexin channels to enter mam-
malian cells (Elfgang et al., 1995). Permeabilization of cell membrane increases uptake of this
cationic molecule. Internalized neurobiotin can be detected in paraformaldehyde-fixed cells,
by fluorescence microscopy, using fluorescein isothiocyanate-conjugated streptavidin
(Gonzalez and Carrasco, 1998).

2.3.3. Entry of Propidium Iodide

Propidium iodide (PI) is a DNA-intercalating compound that does not enter intact cells.
However, those cells that exhibit increased membrane permeability are able to take up PI,
which can be assayed by cell fluorometric analysis (Arroyo et al., 1995).

2.3.4. Release of Cellular Enzymes to the Culture Medium

The appearance in the culture medium of cellular enzymes is a clear indicator of 
cell mortality. This is the case for lactic dehydrogenase and bacterial �-galactosidase, present
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outside the cells (Sanderson et al., 1996). Commercial kits to measure this enzymatic 
activity are available. The release of cellular proteins to the medium occurs at very late times
of viral infection, when cells have already died. This alteration takes place at much later 
times after hygromycin B entry can be detected (Blanco et al., 2003).

3. Viral Proteins that Modify Permeability

3.1. Viroporins

Viroporins are small proteins encoded by viruses that contain a stretch of hydrophobic
amino acids (Gonzalez and Carrasco, 2003). Typically, viroporins are comprised of some
60–120 amino acids. The hydrophobic domain is able to form an amphipathic �-helix. The
insertion of these proteins into membranes followed by their oligomerization creates a
hydrophilic pore. The architecture of this channel is such that the hydrophobic amino acid
residues face the phospholipid bilayer while the hydrophilic residues form part of the pore. 
In addition to this domain, there are other features of viroporin structure, including a second
hydrophobic region in some viroporins that also interacts with membranes. This second 
interaction may further disturb the organization of the lipid bilayer. These proteins may also
contain a stretch of basic amino acids that acts in a detergent-like fashion. All these structural
features contribute to membrane destabilization. More recently, another domain has been
described in some glycoproteins and also viroporins that has the capacity to interact with
membranes. This domain is rich in aromatic amino acids and is usually inserted at the inter-
face of the phospholipid bilayer (Suarez et al., 2000; Sanz et al., 2003). This type of interac-
tion also leads to membrane destabilization, further enhancing membrane permeability.

A number of viroporins from different viruses that infect eukaryotic cells have been
reported. This group of proteins includes picornavirus 2B and 3A, alphavirus 6K, retrovirus
Vpu, paramyxovirus SH, orthomyxovirus M2, reovirus p10, flavivirus p7, phycodnavirus Kcv,
coronavirus E, and rhabdovirus alpha 10p. A recent review devoted to viroporins discusses the
structure and function of a number of proteins of this group (Gonzalez and Carrasco, 2003),
and so the details of each particular viroporin will not be reviewed in this chapter.

The main activity of viroporins is to create pores at biological membranes to permit the
passage of ions and small molecules. The cloning and individual expression of viroporin
genes has allowed their effects in bacterial and animal cells to be analyzed. Thus, the expres-
sion of this type of viral gene enhances the permeation of ions and several hydrophilic mole-
cules in or out of cells (Carrasco, 1995). In addition, the purified viroporin molecules open
pores in model membranes, providing a system that is amenable to biophysical analysis
(Fischer and Sansom, 2002). The pore size created by viroporins allows the diffusion of 
different molecules with a molecular weight below about 1,000 Da.

The main step affected in animal viruses containing a deleted viroporin gene is the
assembly and exit of virions from the infected cells (Klimkait et al., 1990; Liljestrom et al.,
1991; Loewy et al., 1995; Betakova et al., 2000; Watanabe et al., 2001; Kuo and Masters,
2003). These genes are not essential for virus replication in culture cells, but the plaque size
is much smaller in viroporin-defective viruses. Notably, virus entry and gene expression in
viroporin-deleted viruses occur as in their wild-type counterparts. An aspect of viroporin
function at the molecular level that is still not understood is the link between pore activity and
virus budding.
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3.2. Viral Glycoproteins that Modify Membrane Permeability

In addition to small hydrophobic viral proteins, there are other virus products that 
promote membrane permeabilization. This occurs with a number of virus glycoproteins (GP)
that are known to increase cell membrane permeability, such as the human immunodeficiency
virus gp41 (Chernomordik et al., 1994; Arroyo et al., 1995), the Ebola virus GP (Yang et al.,
2000), the cytomegalovirus US9 protein (Maidji et al., 1996), the Vaccinia virus A38L pro-
tein (Sanderson et al., 1996), rotavirus VP7 and NS4 proteins (Charpilienne et al., 1997;
Newton et al., 1997), the hepatitis C virus E1 protein (Ciccaglione et al., 1998), and the
alphavirus E1 protein (Nyfeler et al., 2001; Wengler et al., 2003).

The architecture of some viral glycoproteins is such that upon oligomerization, the
transmembrane (TM) domains may form a physical pore. In principle, two different regions
of a viral fusion glycoprotein could form pores. One such region contains the fusion peptide
that would create a pore in the cell membranes upon insertion (Skehel and Wiley, 1998), while
the TM domain would form a pore in the virion membrane (Wild et al., 1994). Moreover,
sequences adjacent to the TM region could have motifs designed to destabilize membrane
structure (Suarez et al., 2000). Entry of enveloped animal viruses leads to early membrane
permeabilization, which is mediated by the formation of the two pores (fusion and TM)
formed by viral fusion glycoproteins. This early permeabilization induced during the entry of
virions requires conformational changes of the fusion glycoproteins. By contrast, after virus
replication, newly synthesized glycoproteins may affect membrane permeability when they
reach the plasma membrane (Figure 6.3). This modification is achieved only by the TM
domain, while the fusion peptide does not participate in this late modification. In viruses that
lack the typical viroporin, its function could be replaced by these pore-forming glycoproteins,
while for other viruses viroporin activity may be redundant (Bour and Strebel, 1996). In the
latter case, pore formation may be generated by viral glycoproteins and viroporins
(Figure 6.3). We would like to propose the possibility that pore-forming glycoproteins play 
a key role mainly during virus entry and, in some cases, also during virus budding, while 
viroporins come into action when viruses need to exit the cell.

Early membrane permeabilization is always carried out by a virion component. In the
case of enveloped viruses, this early event is executed by a structural glycoprotein, which is
coupled to the fusion process. An understanding of fusion at the molecular level also requires
an explanation of the phenomenon of early membrane permeabilization. We have advanced
the idea that viral glycoproteins involved in membrane fusion participate in the dissipation 
of the chemiosmotic gradient, thus providing the energy to push the nucleocapsid and 
neighboring macromolecules to the cell interior (Carrasco, 1994; Irurzun et al., 1997). Fusion
glycoproteins do not simply serve to bridge the cellular and the viral membrane, but instead
are designed to open pores in both membranes. This pore-opening activity may be necessary
to lower membrane potential and to dissipate ionic gradients. Several chapters of this book
are devoted to the detailed description of the structure and function of these glycoproteins, so
we will focus our attention on viral glycoproteins that permeabilize membranes when indi-
vidually expressed in cells. These membrane active proteins may exhibit this activity later on
in the virus life cycle.

3.2.1. Rotavirus Glycoprotein

Rotavirus infection provokes a number of alterations in cellular membranes during
infection (del Castillo et al., 1991). Amongst these alterations, there is an increase in the 
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concentration of cytoplasmic calcium (Michelangeli et al., 1991). Several rotavirus proteins
exhibit membrane-destabilizing activity. The enterotoxin NSP4 induces alterations in mem-
brane permeability (Tian et al., 1994). The individual expression of the non-structural glyco-
protein NSP4 has the ability to increase the concentration of cytoplasmic calcium. This
increase may be mediated by activation of phospholipase C activity (Dong et al., 1997).

Rotavirus particles induce the co-entry of protein toxins into cells (Cuadras et al.,
1997). At least two structural components possess the ability to permeabilize cells, including
VP5 protein and VP7 glycoprotein (Charpilienne et al., 1997; Irurzun et al., 1997).

3.2.2. The HIV-1 gp41

Infection of lymphocytic human cells by HIV-1 enhances membrane permeability 
to ions and several compounds (Voss et al., 1996; Gatti et al., 1998). There are at least three
different HIV-encoded proteins responsible for these alterations: Vpu protein, the retroviral
protease, and the fusion glycoprotein gp41. Apart from the fusion peptide, there are two
regions of gp41 that exhibit membrane permeability; one is located at the carboxy terminus
(Arroyo et al., 1995; Comardelle et al., 1997) and another corresponds to the membrane-
spanning domain (Arroyo et al., 1995). The C-terminus of gp41 includes two 20–30 residues,
which may form cationic amphipathic �-helices, designated as lentivirus lytic peptides 1 and 2
(LLP-1 and LLP-2). Synthetic LLP-1 peptide forms pores in planar phospholipid bilayers

Viral Proteins that Enhance Membrane Permeability 85

Late

Early

Figure 6.3. Participation of pore formation by viral glycoproteins and viroporins in membrane permeability. 
Early membrane permeabilization is coupled to the fusion activity of the corresponding viral glycoprotein. This
fusion glycoprotein may create two pores. One is located at the target cell membrane and the other is formed by 
the TM domain. Late membrane permeabilization may be carried out by viroporins or by the TM domains of viral
glycoproteins.



(Chernomordik et al., 1994), permeabilizes HIV-1 virions to deoxyribonucleoside triphos-
phates (Zhang et al., 1996), and induces alterations in ion permeability of Xenopus oocytes
(Comardelle et al., 1997).

3.2.3. Other Viral Glycoproteins

Inducible expression of the hepatitis C virus E1 glycoprotein increases membrane 
permeability in bacterial cells. The ability of E1 to modify membrane permeability has been
mapped to the carboxy terminus of the protein (Ciccaglione et al., 1998, 2001). Similar 
permeabilization was found with Escherichia coli cells that synthesize Semliki forest virus E1
glycoprotein after exposure to low pH (Nyfeler et al., 2001). Finally, overexpression of Vaccinia
virus A38L glycoprotein produces changes in the morphology, permeability, and adhesion of
mammalian cells. The potential capacity of A38L protein to form pores at the plasma membrane
promotes the entry of calcium ions and PI and the release of lactic dehydrogenase into the
culture medium (Sanderson et al., 1996).

4. Membrane Permeabilization and Drug Design

4.1. Antibiotics and Toxins that Selectively Enter Virus-Infected Cells

Different approaches have been envisaged for the design of compounds that interfere
with virus replication based on modifications in membrane permeability. One such approach
makes use of inhibitors of cellular or viral functions that do not permeate easily into intact
animal cells. Notably, these agents selectively enter into virus-infected cells (Carrasco, 1978;
Benedetto et al., 1980). Most of the inhibitors used thus far interfere with protein synthesis,
although compounds that affect other functions could also be employed. Entry of these agents
leads to the inhibition of translation specifically in virus-infected cells, leading to a profound
inhibition of virus growth (Contreras et al., 1978; Carrasco, 1995; Gatti et al., 1998).
Although this approach discriminates well between uninfected or virus-infected cells in cul-
ture, the high toxicity of the agents thus far assayed has hampered its use in whole animals.
Perhaps future searches for less toxic compounds would make this approach amenable to
application in therapy. In fact, some of the plant toxins that co-enter with virus particles have
been described as being antiviral agents (Lee et al., 1990). Even compounds such as
hygromycin B, which has been used in the veterinary field as an antibacterial agent, could
also be used as an antiviral compound for rotavirus infections (Liprandi et al., 1997).

4.2. Viroporin Inhibitors

The paradigm of an inhibitor of a viral ion channel is amantadine (Hay, 1992)
(Figure 6.4). This compound has been used as an anti-influenza agent in humans (De Clercq,
2001). The target of amantadine is the influenza-encoded protein M2. Residues 27, 30, 31,
and 34 of M2 determine the amantadine sensitivity of this ion channel. A drawback of
amantadine is the high doses necessary to affect influenza. The search for more effective
compounds may provide a more efficacious treatment for this illness.

Compounds that interfere with the functioning of other viroporins have also been
described. This is the case of amiloride derivatives that block HIV-1 Vpu activity (Ewart et al.,
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2002). In this manner, the production of infectious HIV-1 is reduced in the presence of this
agent. Recently, long alkyl-chain iminosugar derivatives have been found to interfere with the
function of the hepatitis C virus p7 protein as an ion channel (Griffin et al., 2003; Pavlovic
et al., 2003). These compounds exhibited antiviral activity with bovine viral diarrhea virus,
which is closely related to the hepatitis C virus (Durantel et al., 2001).

4.3. Antiviral Agents that Interfere with Viral Glycoproteins

Much effort has been concentrated recently on the development of antiviral agents that
inhibit the fusion step of HIV. Binding of HIV gp120 to the CD4 receptor is followed by
further interaction of this viral glycoprotein with the coreceptor molecules CXCR4 and CCR5.
After this initial interaction, the conformation of the ectodomain of the TM glycoprotein gp41
is profoundly modified. Exposure of the fusion peptide at the amino terminus of gp41 triggers
its insertion into the target cellular membrane, leading to the fusion of the viral and the cellular
plasma membranes. All these steps have been used as targets for anti-HIV therapy (Cooley and
Lewin, 2003). As regards the fusion step, a variety of peptide mimetic inhibitors have
been developed. The pioneering work on peptide T20 has demonstrated that this compound
is a potent inhibitor of gp41-induced membrane fusion. T20 exhibits antiviral activity in 
HIV-infected patients. The detailed mechanism of action of T20 at the molecular level is
known. This peptide is homologous with 36 amino acids within the C-terminal heptad repeat
region (HR2) of HIV-1 gp41. T20 competitively binds to HR1 and interferes with the forma-
tion of the six helix HR1–HR2 bundle complex necessary for membrane fusion. At present
there are a great number of peptides that interfere with binding of gp120 or with gp41-induced
membrane fusion and that have been tested for their anti-HIV activity and clinical efficacy. In
this regard, T1249 is one of the second generation of HR-2 peptide mimetic inhibitors that
consists of 39 amino acids. PRO 542 is a soluble CD4 receptor (CD4-IgG2) that binds to
and neutralizes gp120 before virus binding occurs. SCH-C is an oxime–piperidine compound
that is a coreceptor antagonist. This small molecule acts as an inhibitor of CCR5. MD3100 is
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a non-peptidic, low molecular weight bicyclam compound that prevents interactions between
CXCR4 and gp120, blocking signal transduction from CXCR4. Future research in this field
will provide us with additional antiviral compounds to add to the anti-HIV armory.
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7
FTIR Studies of Viral Ion Channels

Itamar Kass and Isaiah T. Arkin

1. Introduction

Obtaining high-resolution structures of membrane proteins using solution NMR
spectroscopy or diffraction methods has proven to be a difficult task. As a result, only a few
dozen structures of membrane proteins can be found in the PDB (Berman et al., 2000). Any
structural insight obtained from other biophysical methods, therefore is particularly useful.
One such method is Fourier Transform Infrared Spectroscopy (FTIR) that can provide useful
structural information on membrane proteins in general, and viral ion channels in particular.
In this chapter, we will begin by briefly describing the principles of infrared spectroscopy in
general and site-specific infrared dichroism (SSID) in particular. We will then discuss in detail
a few examples in which SSID has been applied to the study of viral ion channels. Finally,
we discuss future directions and possibilities in which infrared spectroscopy can enhance our
understanding of this important family of proteins.

1.1. Principles of Infrared Spectroscopy

Infrared spectroscopy is the measurement of the wavelength and intensity of absorption
of infrared light (c.200–5,000 cm�1) due to molecular vibrations. Not all possible vibrations
within a molecule will interact with electromagnetic waves in the infrared region. In order to
interact with infrared light, the vibration must result in a change of the molecular dipole
moment during the vibration. Heteronuclear diatomic molecules, such as carbon monoxide or
hydrogen chloride, which possess a permanent dipole moment, have infrared activity because
stretching of this bond leads to a change in the dipole moment. In contrast, homonuclear
diatomic molecules such as dihydrogen or dioxygen have no infrared absorption, as these
molecules have zero dipole moment and vibrations of the bonds will not produce one. It is
important to note that it is not necessary for a compound to have a permanent dipole moment
to interact with infrared light. As an example, centrosymmetric linear molecules such as 
carbon dioxide do not have a permanent dipole moment. This means that the symmetric stretch
will not be infrared active, because no dipole moment is generated. However, in the case of the
asymmetric stretch, a dipole moment will be produced, resulting in infrared activity.
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1.1.1. Amide Group Vibrations

Nine vibrational bands can be characterized as pertaining to the peptide group, named
amide A, B, I, II–VII (Krimm, 1983). Amide I and amide II bands are the two major vibra-
tions of the protein infrared spectrum. The amide I band (between 1,600 cm�1 and
1,700 cm�1) is mainly associated with C
O group stretching and is directly influenced by
the backbone conformation (see below). The amide II mode is derived mainly from the N–H
bending vibration and from the C–N stretching vibration (18–40%), and is also conforma-
tionally sensitive.

1.1.2. Secondary Structure

Protein infrared spectra are greatly affected by the local microenvironment of the
different secondary groups. As a result, infrared spectra can be used to identify secondary
structures (Susi and Byler, 1986). A large number of synthetic polypeptides, with a defined
secondary structure content, has been used for the measurement and characterization of
infrared spectra for secondary structure elements. For example, polylysine which adopts 
�-sheet or �-helical conformation depending on temperature and pH of the solution.
Experimental and theoretical work on a large number of synthetic polypeptides have provided
insights into the variability of the frequencies for particular secondary structure conformations
(Krimm and Bandekar, 1986).

For �-helical structures, the mean wavenumber of the amide I mode is found to be 
c.1,652 cm�1, whereas the wavenumber of the amide II mode is found to be around 1,548 cm�1

(Chirgadze and Nevskaya, 1976). The width of the peak at half of the height for the �-helix
band depends on the stability of the helix. Half-widths of about 15 cm�1 correspond to an 
�-helix to random coil free energy of transition of more than 300 cal/mol. Half-widths of
38 cm�1 correspond to an �-helix to random coil free energies of transition of about
90 cal/mol (Nevskaya and Chirgadze, 1976; Arrondo et al., 1993).

Spectrum from synthetic polypeptides with an antiparallel �-chain conformation, have
been collected (Chirgadze and Nevskaya, 1976). From the data, it follows that, the amide I
absorption is primarily determined by the backbone conformation and is independent of the
amino acid sequence, the amino acid hydrophilic, and the hydrophobic properties and
charges. The average wavenumber of the main absorption is about 1,629 cm�1 with a mini-
mum of 1,615 cm�1 and a maximum of 1,637 cm�1. The average wavenumber value for the
second absorption is 1,696 cm�1 (lowest value 1,685 cm�1). Parallel �-sheet structure results
in an amide I absorption near 1,640 cm�1.

The � turn structure involves four amino acid residues which form an i to i � 3 hydro-
gen bond. A number of turn structures have been identified from protein structures: type I
(42%, nonhelical), type II (15%, nonhelical, requires Gly in position 3), and type III (18%,
corresponds to one turn of 310-helix). It was found that strong overlapping of the different
types of turns with the �-helical absorption occurs in the infrared spectrum. However, an
absorption near 1,680 cm�1 is now clearly assigned to � turns.

2. SSID FTIR

In this part, the theory of SSID and its application to the determination of rotational 
and orientational constraints for oriented transmembrane helices is presented. Infrared 
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spectroscopy dichroism measurements of single amide I vibrations corresponding to 13C
18O
(Torres et al., 2001) or the symmetric, ss, and antisymmetric, as, stretching modes of the Gly
CD2 (Torres et al., 2000) or Ala CD3 (Torres and Arkin, 2002) contain information about the
helix tilt and rotation angles. This information can be extracted by analysis of the dichroism
of a set of labeled sites along the peptide sequence, and used as an input to molecular dynam-
ics simulations (Kukol et al., 1999). The approach provides rotational and orientational 
constraints about selectively labeled peptides even under conditions of modest fractional 
sample order.

The orientation of a transition dipole moment of a single vibrational mode in an 
�-helix, represented as vector P

→
in Figure 7.1, can be expressed as a function of several

parameters: (a) the helix tilt angle �, (b) the angle � relating the helix axis and the vibrational
mode [in the case of the amide I mode it is measured to be 141� (Tsuboi, 1962)], and (c) the
rotation angle � of the vibration about the helix axis. The orientation of the helix with respect
to the axes can, therefore, be readily extracted given a perfect dichroic ratio �, defined as the
ratio between absorption of parallel and perpendicular polarized light, from a site-specific
FTIR dichroism measurement.

Although possible in theory, calculating the molecular orientation restrains from exper-
imental dichroic ratios is complicated. First, many vibrational modes in a peptide are located
at different rotation angles. This results in overlapping of the different dichroism signals,
whereby the information about the helix rotational pitch angle is lost. The second problem
arises due to less than perfectly ordered sample: while a fraction of the helices are tilted from
the membrane normal by the angle �, others are not, resulting in a reduction of the observed
sample dichroism (due to vibrational modes located within disordered peptides).
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Figure 7.2. Schematic of the optical configuration of attenuated total internal reflection.

The first of these problems is addressed by isotope labeling in order to shift the fre-
quency of a specific vibrational mode so that its dichroism may be directly measured. The
second problem is overcome by using more than one labeled site along the peptide backbone
and the direct determination of the fractional order of each of the samples. This analysis 
is aided by the fact that the relative rotational pitch angles of the labeled sites are known:
in �-helices, consecutive sites are related by a 100� rotation. Alternatively, one can use the
fact that symmetric and antisymmetric vibrational modes of the CD2 group in Gly CD2 are
mutually perpendicular, in order to determine two dichroic ratios, for ss and as vibrations,
in a single residue (Torres et al., 2000; Torres and Arkin, 2002).

2.1. Dichroic Ratio

The experimentally measured dichroic ratio � is defined as the ratio between the
absorption of parallel and perpendicular polarized light, by a chromophore whose dipole 
vector is P

→
(see Figure 7.1):

� � ��

��

(1)

�

�z

2 �z
2 � �x

2 �x
2

� y
2 �y

2
(2)

The absorption of light is equal to the squared scalar product between the electric field 
components �x, �y, and �z and the corresponding dimensionless integrated absorption coef-
ficients �x, �y, and �z (Arkin et al., 1997). In the geometrical configuration of attenuated
total internal reflection shown in Figure 7.2 (Harrick, 1967), the dichroic ratio is given by:

2.2. Sample Disorder

In equation 2, sample disorder is not taken into account, in that all helices are assumed to
share the same tilt angle (i.e., there is no variation in �). However, in practice this is never the
case, as shown schematically in Figure 7.3. Following Fraser (Fraser, 1953), the fraction 
of perfectly ordered material about a particular helix tilt is denoted by f, and thus 1 � f
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Figure 7.3. Schematic representation of the distribution of a chromophore’s transition dipole moment in a uniaxial
averaged system.

2.3. Orientational Parameters Derivation

As stated above, in order to overcome the uncertainty of the sample’s disorder we rely
on the use of multiple labels, as follows. In the first sample i, a single isotopic label  is inserted
in a particular position. Dichroism analysis of the sample yields two measure quantities:
(a) the dichroism of the helix, �Helixi

, which is due to the randomly rotated transition dipole
moment of the peptidic C
O stretching modes, and is a function of the helix tilt � and the
sample disorder fi:

�Helixi

 �(�, fi) (4)

(b) Similarly, the dichroism of the labeled site �Sitei
is obtained, which is a function of

the helix tilt �, sample disorder fi, and the rotational position of the chromophore about the
helix axis, �.

�Sitei

 �(�, �, fi) (5)

Thus, from a single peptide with one label two equations are obtained with three unknowns.
The solution is obtained upon using another peptide, which is identical to the first in all
aspects except for the position of the isotopic label, which in this case is adjacent to the first
label (i.e., �j 
 �i � 100�).

�Helixj

 �(�, fj) (6)

�Sitej

 �(�, � � 100�, fj) (7)

represents the random fraction. An appropriate and mathematically simple correction for the
integrated absorption coefficients yields the desired function describing the dichroic ratio:
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Taken together, two additional measurables are obtained, leading in total to four coupled 
equations with four unknowns: the helix tilt angle, the rotational position of the first labeled
site, and the two sample disorders.

2.4. Data Utilization

The strength of the orientational restraints is through the objective incorporation 
in energy refinement procedures. Explicitly, the angle measured experimentally by SSID for
different C
O bonds in the helical bundle can be restrained using a harmonic energy penalty
function during the modeling process (Kukol et al., 1999). One such modeling process is
global searching molecular dynamics in which a large number of starting structures are used
to search the conformational space of a transmembrane �-helical bundle (Adams et al., 1995).

3. Examples

3.1. M2 H� Channel from Influenza A Virus

The first model for transmembrane segments of a virus channel, based on SSID FTIR
method was determined for the M2 H� channel from Influenza A virus (Kukol et al., 1999).
M2 is a homotetrameric membrane protein, composed of 97 amino acids (Lamb et al., 1985;
Holsinger et al., 1995). In a landmark study Pinto, Lamb, and coworkers (Pinto et al., 1992)
discovered that the M2 protein has ion channel activity.

FTIR measurements of peptides encompassing the transmembrane domain of
M2 labeled at residue Ala29 or residue Ala30 with 13C (Kukol et al., 1999), are shown in
Figure 7.4. The values obtained were � 
 (31.6 � 6.2)� and �Ala29 
 (�59.8 � 9.9)�
whereby � is defined as zero for a residue located in the direction of the helix tilt. Note that
�Ala30 is simply �Ala29 � 100�. The results obtained were in excellent agreement with those
obtained from solid state NMR spectroscopy (Kovacs and Cross, 1997).

As shown in Figure 7.4, the helices in M2 are significantly tilted from the membrane
normal and the Trp and His residues implicated in channel gating (Tang et al., 2002) and pH
activation (Wang et al., 1995), respectively, are located in the channel pore.

3.2. vpu Channel from HIV

A model for the transmembrane domain of vpu viral ion channel from HIV-1, was
determined using double labeled residues (Kukol and Arkin, 1999). The 81-residue vpu pro-
tein belongs to the auxiliary proteins of the human immunodeficiency virus type 1 (HIV-1)
(Cohen et al., 1988; Strebel et al., 1988). vpu is responsible for: (a) the degradation of one of
the HIV-1 coreceptor molecules, CD4 (Schubert et al., 1996; Schubert and Strebel, 1994),
allowing the env glycoprotein to be transported to the cell surface; (b) virus particle release
(Schubert et al., 1996). The molecular basis of these actions is unknown. The transmembrane
region of vpu is composed of 22 residues that span the membrane (Maldarelli et al., 1993).
vpu forms homo-oligomers of at least four subunits as detected by gel electrophoresis
(Maldarelli et al., 1993). By analogy with the M2 protein of Influenza A virus (Lamb and
Pinto, 1997), it has been suggested that the transmembrane domain of vpu may act as an ion
channel (Strebel et al., 1989; Klimkait et al., 1990; Maldarelli et al., 1993; Schubert and

96 Itamar Kass and Isaiah T. Arkin



Strebel, 1994). Recently it has been shown that the channel activity of vpu is blocked by
amiloride derivatives (Ewart et al., 2002). Furthermore, amiloride derivatives inhibited the
virus release activity of vpu, thereby linking its channel activity with its native function.

In the structural analysis of M2, the main problem that arose from using site-specific
labels with 13C, was the spectal overlap of the signal arising from the isotopic labeled residue
and the 12C natural abundance. To enhance the 13C amide I mode intensity, two labels were
introduced into the peptide, at positions i and i � 7. These two labels have approximately 
the same rotational pitch angle ���i�7 in �-helical geometry (Pauling et al., 1951). The error
introduced in this assumption is compensated by the fact that the signal of 13C amide I mode
is enhanced.

Two labeled peptides at positions Val13/Val20 and Val14/Ala21 were synthesized and
examined in order to find orientational constraints. The helix tilt was determined to be
� 
 (6.5 � 1.7)�, where the rotational pitch angle was calculated to be � 
 (283 � 11)�
for the 13C-labels Val13/Val20, and � 
 (23 � 11)� for the 13C-labels Ala14/Val21. The
oligomerization number of vpu is not known, hence, a different molecular dynamics search
were used for calculating a model based on the FTIR results. The molecular dynamics search
was done for tetrameric, pentameric, and hexameric homo-oligomers, as the orientational
data are independent of the helix oligomerization. The combined spectroscopic and molecu-
lar approach yields, in this case, a single pentameric model of the transmembrane domain of
the protein, as shown in Figure 7.5.
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Ser31-Ile35. Bottom left, Ile35-Ile39; bottom right, Ile39-Leu43. The figure was created with MOLSCRIPT 
(Kraulis, 1991).



3.3. CM2 from Influenza C Virus

The transmembrane domain of CM2 from Influenza C virus (Hongo et al., 1994),
composed of 23 residues, was also subject to SSID analysis (Kukol and Arkin, 2000). CM2
protein of Influenza C virus (Hongo et al., 1994) has been characterized as an integral 
membrane glycoprotein, which forms disulfide linked dimers and tetramers. CM2 is assumed
to be structurally similar to the Influenza A M2 protein and the Influenza B NB protein
(Hongo et al., 1997; Pekosz and Lamb, 1997). The transmembrane domains of M2 and NB
both form ion channels in lipid membranes (Duff and Ashley, 1992; Sunstrom et al., 1996).
Based upon two pairs of labeled residues, Gly59/Leu66 and Gly61/Leu68, the helix tilt was
determined to be � 
 (14.6 � 3.0)�, whereas the rotational pitch angle was calculated to be
� 
 (218 � 17)� for the 13C-labels Gly59/Leu66 (Figure 7.6).

4. Future Directions

Although 13C labels have been shown to relay site-specific secondary structure and ori-
entational information, the use of this label is limited. The reason for this limitation is the high
natural abundance of 13C and the lack of baseline resolution between the main amide I band
and the isotope-edited peak. To overcome these problems, the use of new labels, 1-13C
18O
(Torres et al., 2000, 2001), Gly CD2 (Torres et al., 2000), and Ala CD3 (Torres & Arkin,
2002), were found to be valuable. The double-isotope label 1-13C
18O, virtually eliminates
any contribution from natural abundance of 13C. More importantly, the isotope-edited peak 
is further red-shifted compated with that of 1-13C and is completely baseline resolved from
the main amide I band. Recent work on the structure of transmembrane domain of phospho-
lamban (Torres et al., 2000) have illustrated the utility of the new isotopic label.

98 Itamar Kass and Isaiah T. Arkin

0.0
0.1

0.3

0.2

0.4 B

A
bs

or
ba

nc
e

0.00
0.05
0.10
0.15
0.20
0.25
0.30

A

0.0
0.1
0.2
0.3
0.4
0.5
0.6

C

1700 1680 1660 1640 1620 1600 1580
0.0
0.2
0.4
0.6
0.8
1.0

Frequency/cm–1

D

Figure 7.5. Left: ATR-FTIR spectra of the amide I region obtained with parallel (solid line) and perpendicular
(dotted line) polarized light of vpu transmembrane domain peptide in lipid vesicles. Panels A and C depict the spectra
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The figure was created with MOLSCRIPT (Kraulis, 1991).



A different advantage arises from the use of labels such as Gly CD2 or Ala CD3. The
symmetric and antisymmetric vibrational modes of the groups are mutually perpendicular,
allowing the determination of two dichroic ratios, ss and as, in a single residue. This is impor-
tant because according to the theory of site-directed dichroism, at least three dichroic ratios
have to be known to determine the main structural parameters of the helix. In the case of the
labels 13C and 1-13C
18O, the dichroism of the helix and at least two labeled positions 
are needed, that is, two samples, each of them labeled at a different residue. In the case of
(Gly CD2), ss and as dichroic ratios can be determined using a single residue.

Finally, an additional approach taken for the T-cell receptor CD3- (Torres et al.,
2002a, b) and the transmembrane domain of the trimeric MHC class II-associated invariant
chain (Kukol et al., 2002) involves the use of multiple labels (i.e., �2). In both of the above
cases, a large series of peptide were studied containing around 10 consecutive labels. Thus,
local helix kinks and twists can be observed due to the localized information. This approach
is now being employed to refine the structure of the aforementioned viral ion channels as well
as new targets.

In conclusion, the structural information obtained from SSID FTIR is capable of 
defining structural models for transmembrane �-helices in general and viral ion channels in
particular. Improvements in the methods, including new isotopic labels and the combination of
multiple labels set the stage for increased reliability and higher resolution models in the future.
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normalized to the amide I maximal intensity in order to show the dichroism of the 13C amide I absorption band. The
position of the arrows indicate the isotope edited peaks. Right: Consecutive slices of the CM2 structure in a CPK
representation. From top to bottom: Tyr51-Ala56, Ala56-Gly61, Gly61-Leu66, and Leu66-Val70. The figure was
created with MOLSCRIPT (Kraulis, 1991).
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8
The M2 Proteins of Influenza A 
and B Viruses are Single-Pass 
Proton Channels

Yajun Tang, Padmavati Venkataraman, Jared Knopman, 
Robert A. Lamb, and Lawrence H. Pinto

This chapter summarizes and evaluates the evidence that the M2 proteins of influenza 
A and B viruses possess intrinsic ion channel activity that is essential to the life cycle of the
virus. Both of these proteins are homotetramers with fewer than 100 residues per subunit, an
N-terminal ectodomain and a single transmembrane (TM) domain. There is little amino acid
homology between the two proteins other than a H–X–X–X–W motif in the TM domain. 
The proton selectivity of the A/M2 ion channel depends on the presence of a TM domain 
histidine residue, which serves as a “selectivity filter.” It is possible that this filter functions
by binding protons and subsequently releasing them to the opposite side of the TM pore.
Protons normally flow from the acidic medium bathing the ectodomain of the protein through
the TM pore and then into the virion interior. Protons are prevented from flowing through the
pore of the A/M2 channel in the opposite direction by a TM tryptophan residue, which serves
as the activation “gate” that is closed if the medium bathing the ectodomain is neutral or alka-
line. Thus, protons serve as both the activating stimulus and the conducted ion for the A/M2 
channel. The BM2 protein has very little amino acid homology to the A/M2 protein, but it has
ion channel activity that depends on TM histidine and tryptophan residues. Together, these
proteins constitute the first-known members of the single-pass proton channel family.

1. Introduction

It is difficult to demonstrate the intrinsic ion channel activity of proteins that are
encoded by viruses because they often encode proteins for which there is no known cellular
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homolog. An additional complication stems from the possibilities that virally encoded protein
might function either in the virus particle (virion) itself, in the infected cell, or in a manner to
upregulate an endogenous cellular ion channel that is normally silent.

Electrical activity has been reported for several proteins encoded by viruses: NB of
influenza B virus (Sunstrom et al., 1996), VPU of HIV virus (Schubert et al., 1996), A/M2
protein of influenza A virus (Pinto et al., 1992), BM2 protein of influenza B virus (Mould
et al., 2003), and K� channel protein of Chlorella virus (Plugge et al., 2000), and for some of
these proteins the claim has been made that these proteins serve to provide ion channel activ-
ity that is needed at some stage during the life cycle of the virus. Ion channels are distin-
guished from pores by the criteria that ion channels are selective for a limited range of ions
and remain closed until they are activated by a chemical or electrical stimulus that is specific
to the ion channel. The flow of ions across an ion channel is driven by the electrochemical
gradient of the conducted ion across the membrane, and neither the flux of another ion or
molecule nor the hydrolysis of ATP play a direct role.

The principal experimental obstacle to demonstrating ion channel activity of virally
encoded proteins is the difficulty in recording ion channel activity from the extremely small
viruses or intracellular organelles that contain the presumed ion channel proteins. Even if it
were possible to record from these structures or infected cells, it would still be necessary to
distinguish the ion channel activity of the virally encoded protein from that of host cell pro-
teins. Instead of recording from a virus, organelle, or host cell, the properties of presumed ion
channel proteins have been studied in expression systems and these properties compared with
those expected from the life cycle of the virus at the relevant stage proposed for the protein.
The greater the number of correlations that can be made between the ion channel function
predicted from the biological role and the actual ion channel function in an expression sys-
tem, the stronger is the case that can be made for intrinsic ion channel activity. We will first
review the evidence that the A/M2 protein of influenza functions as an ion channel in the life
cycle of the virus and then discuss the mechanism for its ion selectivity and activation.

2. Intrinsic Activity of the A/M2 Protein of Influenza Virus

The evidence that the A/M2 protein has intrinsic ion channel activity does not come
only from measurements of its ion channel activity in expression systems, but also from a
detailed knowledge of the life cycle of the virus, experiments employing the antiviral drug
amantadine, and measurements on mutant A/M2 proteins.

The influenza A virion is bounded by a membrane formed by budding from the plasma
membrane of the infected cell and contains three integral membrane proteins, hemagglutinin
(HA), neuraminidase (NA), and A/M2 (reviewed in Lamb and Krug, 2001). Influenza A virus
HA binds to a sialic acid receptor on the surface membrane of the infected cell and is then
endocytosed (reviewed in Lamb and Krug, 2001). While in the acidic endosome, the HA 
protein undergoes a conformational change to its low pH form that exposes a hydrophobic
fusion peptide to the interior of the endosome, so that after fusion with the endosome, the
interior of the virus is exposed to the cytoplasm of the infected cell. However, fusion alone 
is not sufficient for the release of the viral genetic material (uncoating). Experiments with
detergent-lysed virions have shown that the ribonuclear proteins (RNPs) are only released
from the matrix (M) protein at low pH (Zhirnov, 1992). For this reason, a low pH step is
needed for uncoating. Several lines of evidence implicated the A/M2 protein to be responsible
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for this acidification and led to the postulate that the A/M2 protein might have ion channel
activity (Sugrue et al., 1990; Sugrue and Hay, 1991). This ion channel activity was postulated
to cause acidification of the virion while it is contained within the acidic endosome and, pre-
sumably, to continue to provide acidification after the process of fusion has begun in order to
maintain the low pH conditions needed to complete release of the RNPs from the M protein.

The first line of evidence implicating the A/M2 protein in the acidification of the virion
came from experiments with amantadine, which inhibits the “early” uncoating step in 
replication; this evidence has been reviewed (Hay, 1992; Lamb et al., 1994). Amantadine-
resistant “escape” mutant viruses contain alterations in amino acids in the A/M2 protein TM
domain (Hay et al., 1985), suggesting that the inhibiting molecule and the A/M2 protein inter-
act in some manner. The notion that the A/M2 protein has ion channel activity or is able to
accomplish acidification came from experiments involving the “late” phase of the infective
cycle, in which the HA protein is transported from the endoplasmic reticulum to the surface
of the infected cells. It had been known that the HA protein of certain subtypes of influenza
is inserted into the cell membrane in its low pH conformational form when the infected cells
were exposed to micromolar concentrations of amantadine (Sugrue et al., 1990), presumably
due to the low pH of the trans-Golgi network (Ciampor et al., 1992; Grambas et al., 1992;
Grambas and Hay, 1992). When the ionophore monensin, which catalyzes the exchange 
of Na� for H� across membranes, was added to the amantadine-treated infected cells, the 
HA was inserted into the plasma membrane in its high pH form, suggesting that the A/M2
protein and monensin (Sugrue et al., 1990; Grambas and Hay, 1992) both act to shunt the pH
gradient across the Golgi membrane.

The A/M2 ion channel protein is a homotetrameric integral membrane protein with each
chain of the mature protein containing 96 amino acid residues (Lamb and Choppin, 1981;
Lamb et al., 1985; Zebedee et al., 1985; Holsinger and Lamb, 1991; Sugrue and Hay, 1991;
Panayotov and Schlesinger, 1992; Sakaguchi et al., 1997; Tobler et al., 1999). The coding
regions for the A/M2 protein have been conserved in all known subtypes of avian, swine,
equine, and human influenza A viruses, and the amino acid sequence of the A/M2 TM domain
has been conserved to a greater extent than the remainder of the protein (Ito et al., 1991). The
TM domain consists of 19 residues, including polar residues and a histidine residue, making
it possible for the A/M2 protein TM domain to form the channel pore, a proteinaceous core
that allows protons to flow across the membrane.

Direct evidence that the A/M2 protein has ion channel activity was obtained in record-
ings from oocytes of Xenopus laevis (Pinto et al., 1992) and mammalian cells (Wang et al.,
1994; Chizhmakov et al., 1996; Mould et al., 2000b) that expressed the protein. The oocytes
were found to have ion channel activity that was increased when the pH of the solution
bathing the N-terminal ectodomain of the protein was lowered (Wang et al., 1995;
Chizhmakov et al., 1996; Pinto et al., 1997; Mould et al., 2000). This activity is so strong that
the oocytes and mammalian cells can become acidified in a short time (Shimbo et al., 1996;
Mould et al., 2000) when bathed in a mildly acidic solution. The ion channel activity and
acidification were both inhibited by amantadine with an apparent Ki of ca.0.5 �M (Wang
et al., 1993). However, these findings, although consistent with intrinsic ion channel activity,
were not sufficient to demonstrate that the activity was intrinsic to the A/M2 protein and not
merely the result of upregulation of a normally silent, endogenous protein of the expressing
cell. Two additional lines of evidence support this conclusion. First, mutations made in the
TM domain of the A/M2 protein produce alterations in the functional characteristics of the
protein that are predicted from the biology of the virus infection or anticipated properties of
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the TM domain. A/M2 proteins with mutations corresponding to those found in amantadine-
resistant escape mutant viruses have ion channel activity expressed in oocytes that is resistant
to amantadine (Holsinger et al., 1994; Pinto et al., 1997). Second, mutations of two amino
acids in the TM domain of the protein produce distinct changes in the proton-handling prop-
erties of the recorded activity. Proteins in which His37 has been mutated to Gly, Ala, or 
Glu possess ion channel activity different from that of the wild-type (wt) protein, in that their
activity is not specific for protons and is relatively independent of the pH of the solution
bathing the N-terminal ectodomain than the wt protein (Wang et al., 1995). A/M2 mutant pro-
teins for which Trp41 is mutated to Ala, Cys, Phe, or Tyr become activated at higher values of
pH than the wt protein and are capable of supporting efflux of protons into external media of
high pH, in contrast to the wt protein which “traps” protons in the cytoplasm (Tang et al.,
2002). In addition, purified recombinant A/M2 protein, when introduced into artificial lipid
bilayers or vesicles, produces ion channel activity that is amantadine sensitive (Tosteson
et al., 1994; Lin and Schroeder, 2001) and selective to protons (Lin and Schroeder, 2001).
These results, taken together, show that the A/M2 protein has the necessary ion channel 
activity in expression systems to explain its postulated role in viral uncoating.

It is important to note that no one piece of evidence would be sufficient to make the
conclusion that A/M2 protein has intrinsic ion channel activity. For example, the activity
recorded from artificial lipid bilayers might not reflect the activity found in the virus or the
infected cell. The activity recorded in oocytes from wt A/M2 protein might be the result of
upregulation of an endogenous ion channel, as is the case for other virally encoded proteins
(Shimbo et al., 1995). However, the body of evidence from recordings of ion channel activ-
ity, taken together with knowledge of the viral life cycle and the proposed role of the protein,
together with the results of experiments with the inhibitor amantadine and amantadine-
resistant escape mutations, help to make a strong case for the conclusion of intrinsic ion 
channel activity.

It should be noted that alterations in the morphological and functional properties of
cells ensue with time when they express large quantities of the A/M2 protein. Cells overex-
pressing the A/M2 protein display a dilation of the lumen of the Golgi apparatus and delay in
transport through the secretory pathway that are ameliorated by amantadine and mimicked by
treatment with the ionophore monensin (Sakaguchi et al., 1996). In addition, we have noticed
that cells overexpressing the A/M2 protein also show a greater amount of nonspecific “leak-
age” current (that is not amantadine-sensitive) when studied with the patch clamp method
(mammalian cells) or with two-electrode voltage clamp (oocytes) than do control cells that do
not express the protein. The amplitude of these leakage currents often exceeded that of the
amantadine-sensitive current after expressing the A/M2 protein for a few days. Thus, second-
ary effects due to the presence of the A/M2 protein have been found, and these effects are a
consequence of the intrinsic activity of the A/M2 protein. These secondary effects give rise to
a general increase in “leakiness” of the expressing cells and alterations in morphology of the
cells (Lamb et al., 1994; Giffin et al., 1995), and it would be incorrect to conclude that this
increase in “leakiness” in cells expressing the A/M2 protein represents an intrinsic property
of the protein.

Results obtained from reverse genetic experiments on the influenza A virus support the
conclusion from the above evidence that the A/M2 protein is essential to the life cycle of 
the virus. If the gene encoding the A/M2 protein is deleted from the genome of the virus,
or if a mutation encoding a functionally defective A/M2 protein replaces the wt gene in the
virus, then viral replication is severely impaired (Watanabe et al., 2001; Takeda et al., 2002).
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It should be noted that in spite of either deletion or mutation of the gene encoding the A/M2
protein, the virus is still able to replicate in carefully controlled tissue culture conditions, at
levels comparable to that found in the presence of the inhibitor amantadine (Takeda et al.,
2002). However, this ability to replicate at a very reduced rate does not mean that the A/M2
protein is “nonessential” because the fitness of the mutant viruses is so low that when placed
in competition with the wt virus they would become extinct within a few generations (Takeda
et al., 2002).

Recently, the case for the A/M2 protein has been further strengthened by the finding
that the B/M2 protein of influenza B (see below) virus is an integral membrane protein
(Paterson et al., 2003) that has ion channel activity (Mould et al., 2003).

3. Mechanisms for Ion Selectivity and Activation of 
the A/M2 Ion Channel

Ion channels differ from simple TM pores by being selective for a particular ion and
being activated or opened by a specific physical or chemical stimulus. The pore-lining residues
of the homotetrameric (N-terminal ectodomain) A/M2 channel have been studied with cysteine
scanning mutagenesis and coordination with transition elements, and it was found that Ala30,
Gly34, His37, and Trp41 are pore-lining residues (Pinto et al., 1997; Gandhi et al., 1999; Shuck
et al., 2000). Amantadine-resistant “escape” mutants are found to occur at the location of two
of these pore lining residues (Ala30 and Gly34), and the apparent Ki for externally applied
amantadine is lower for the wild-type channel when the pH of the bathing solution is high than
when the pH is low, suggesting that externally applied amantadine fits into the pore of the
channel. We tested the ability of amantadine to inhibit the channel when applied from the
inside of oocytes expressing the A/M2 channel by injecting amantadine, together with a fluo-
rescent tracer to measure the volume injected into the cytoplasm. We found that for intracellu-
lar concentrations of amantadine as high as 1 mM (many times higher than the concentration
needed to inhibit when applied externally), there was no significant inhibition (Figure 8.1).

The A/M2 protein is very highly selective for protons (Chizhmakov et al., 1996;
Shimbo et al., 1996; Mould et al., 2000). This high proton selectivity was blunted by replace-
ment of TM His37 with Ala, Gly, or Glu (Pinto et al., 1992; Wang et al., 1995). In order to
help elucidate the mechanism for the action of His37, the kinetic isotope effect was measured
in experiments in which water was replaced by deuterium oxide. The magnitude was found
to be between 1.8 and 2.2, values that are much higher than the ratio of the viscosities of these
liquids (1.3). This result is consistent with the possibility that protons either bind to the histi-
dine and are released (Mould et al., 2000) or form short-lived proton “wires” across the His37
barrier (Smondyrev and Voth, 2002). The single channel conductance of the channel is very
low (Mould et al., 2000; Lin and Schroeder, 2001), and it is thus not likely that long-lived
proton “wires” form, as this mechanism would result in a high proton conductance.

When oocytes expressing the A/M2 protein are bathed in solutions of low pH, the cyto-
plasm of the expressing cells becomes acidified, and it takes many minutes for their internal
pH to return to normal (Shimbo et al., 1996; Mould et al., 2000). In contrast, the internal pH
of cells that are exposed to protonophores decreases rapidly when bathed in solutions of low
pH and also recovers rapidly when the pH of the bathing medium is restored to neutral.
Several lines of evidence point to Trp41 of the A/M2 protein acting as a “gate” that shuts 
the path for proton outflow when the pH of the bathing medium is high (Tang et al., 2002).
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A

B

C

Figure 8.1. Intracellular injection of amantadine does not inhibit inward currents of oocytes expressing the wild-
type A/M2 protein. (A) Extracellular application of amantadine inhibits inward currents elicited by oocytes
expressing the wild-type A/M2 protein. An oocyte expressing A/M2 protein was bathed for 30 s in Barth’s solution
at low pH (5.5), resulting in inward current. This current was inhibited by extracellular application of amantadine 
(1 mM). (B) Oocytes expressing the wild-type A/M2 protein were injected with 50 nl of 20 mM amantadine,
resulting in a final intracellular concentration of about 1 mM (assuming total oocyte volume of 1 �l). After injection,
the oocytes were maintained in Barth’s solution (pH 8.5) for 2.5 min and then placed in the recording chamber and



First, outflux of protons is speeded in mutants in which Trp41 is replaced by amino acids with
smaller side chains. Second, intracellularly injected Cu2� (which inhibits the wt A/M2 
channel when applied extracellularly by coordination with His37; see Gandhi et al., 1999) is
ineffective in inhibition of the wt channel but is able to inhibit the A/M2-W41A mutant chan-
nel. Third, the efflux of protons from the A/M2-W41C mutant channel can be influenced by
intracellular injection of a cysteine-specific methanethiosulfonate reagent. However, one
additional possibility for the reduced efflux is that the acidification of the cytoplasmic domain
of the channel itself might reduce the conductance of the channel (desensitize or inactivate
the channel). We tested this possibility by measuring the conductance of the A/M2 channel
during the process of acidification and found no evidence for decreased conductance result-
ing from acidification that reduced the cytoplasmic pH of the expressing oocyte by as much
as 1.5 pH units below the resting value of c.7.5 (Figure 8.2). Thus, Trp41 of the A/M2 
channel seems to act as a “gate” that shuts the pathway for efflux of protons as long as the pH
of the medium bathing the ectodomain of the channel is high. This would trend to “trap”
protons in the interior of the virion while it is contained in the endosome (Tang et al., 2002).

4. The BM2 Ion Channel of Influenza B Virus

The influenza B virus, like the influenza A virus, is endocytosed and uncoating occurs
after fusion of the virion with the endosomal membrane (reviewed in Lamb and Krug, 2001).
Uncoating of the virus requires a low pH step to allow dissociation of the RNPs from the
matrix protein (Zhirnov, 1992). The influenza B virion was long thought to contain three inte-
gral membrane proteins, hemagglutinin, neuraminidase, and NB. A fourth small, virally
encoded protein, BM2, was mistakenly thought to be found in the cytoplasm of expressing
cells (Odagiri et al., 1999). The primary amino acid sequence of the BM2 protein bears little
resemblance to that of the A/M2 protein, but upon examination of the sequence, it was found
to contain a predicted TM domain with a H–X–X–X–W motif. The BM2 protein was found
to be an integral membrane protein with N-out C-in orientation, bearing a single TM domain
and probably forms a homotetramer (Paterson et al., 2003). The BM2 protein was studied in
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exposed to Barth’s solution at low pH (5.5), followed by extracellular application of amantadine (1 mM). The inward
currents measured were in the range seen for the oocytes expressing wild-type A/M2 protein. Co-injecting 
6-carboxyfluorescein with amantadine, and measuring the fluorescence from an excitation scan (400–515 nM) from
these oocytes allowed calculation of the resulting concentrations. (C) Oocytes expressing the wild-type A/M2 protein
were bathed for 30 s in Barth’s solution at low pH (5.5), resulting in inward current. They were then washed with
Barth’s solution at high pH (8.5) for 4 min and injected with 50 nl of 20 mM amantadine, resulting in a final
intracellular concentration of about 1 mM (measured by co-injection of 6-carboxyflourescein and assuming total
oocyte volume of 1 �l). The oocytes were maintained in Barth’s solution (pH 8.5) for 2.5 min and then returned to
the recording chamber. They were then bathed in Barth’s solution at low pH (5.5), followed by extracellular
application of amantadine (1 mM). While intracellular injection of amantadine does not inhibit inward currents
elicited by oocytes that express the wild-type protein (N 
 3; p � 0.05), extracellular application of amantadine
(1 mM) resulted in complete inhibition of the currents (N 
 3; p � 0.05). In additional experiments, oocytes
expressing the wild-type A/M2 protein were bathed for 30 s in Barth’s solution at low pH (5.5), resulting in inward
current. They were then injected with 50 nl of 20 mM amantadine, resulting in a final intracellular concentration of
about 1 mM (measured by co-injection of 6-carboxyfluorescein and assuming total oocyte volume of 1�l). The
oocytes were maintained in Barth’s solution (pH 8.5) for 2.5 min and then returned to the recording chamber
containing Barth’s solution at low pH (5.5). Finally, amantadine (1 mM) was applied extracellularly. Intracellular
amantadine injections did not inhibit inward currents elicited by oocytes expressing the wild-type A/M2 protein
(N 
 3; p � 0.05).

Figure 8.1. Continued



oocytes and mammalian cells and was found to be capable of mediating acidification of the
cells when bathed in a solution of low pH (Mould et al., 2003). The acidification activity was
eliminated by mutation of the TM domain His19 to Cys. The dependence of current on 
external pH was found to be very similar to that of the A/M2 protein. One difference between
the two proteins, however, lies in the inability of amantadine to inhibit the BM2 channel. This
difference is not surprising in light of the great differences between the amino acid sequences
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Figure 8.2. Acidification of the solution bathing the cytoplasmic domain of the wild-type A/M2 protein does not
cause desensitization of the ion channel. (A) Time course of the acidification and membrane conductance of Xenopus
oocytes that express the protein. Note that the conductance increases the first 200 s because acidification brings an
increased concentration of the conducting ion to the cytoplasmic mouth of the channel. (B) Oocytes expressing the
A/M2 protein were bathed continuously in low pH (5.8) solution. The ratio of the amantadine-sensitive conductance
measured 600 s after the beginning of the low pH exposure to the conductance measured 120 s after the beginning
of exposure is plotted against the decrease in intracellular pH that occurred between 120 and 600 s from the
beginning of the low pH exposure. During this interval, the pH of the oocytes decreased substantially (see A) but 
the conductance did not decrease, showing that desensitization did not occur. Conductance was measured with 
two-electrode voltage clamp using the standard methods and internal pH was measured with a liquid ion exchanger
electrode.



of the two channels. The pore-lining residues of the A/M2 channel with which the hydropho-
bic domain of amantadine probably interacts are V27, A30, S31, and G34. In a helical wheel
model of the TM domain of the BM2 channel, the analogous pore-lining residues are all 
serines, which are very unlikely to coordinate with the hydrophobic portion of the amantadine
molecule.

The NB molecule, the “third” integral membrane protein of the influenza B virus, and
once thought to be the needed ion channel protein of the virus, has been studied extensively
in bilayers, where it induces cation currents (Sunstrom et al., 1996; Fischer et al., 2001) that
can be reduced by high concentrations of amantadine (Fischer et al., 2001). This molecule,
however, does not provide for acidification of oocytes (Mould et al., 2003) and its expression
causes an upregulation of endogenous oocyte currents (Shimbo et al., 1995). In light of these
findings and our recent findings with the BM2 ion channel protein of influenza B virus, it is
unlikely that the NB protein is an ion channel of influenza B virus that causes acidification
during uncoating.

5. Conclusion

In order to conclude that a protein encoded by a virus serves as an ion channel in the
life cycle of that virus, it is necessary to perform experiments in which the protein is perturbed
and its function measured with in vitro systems as well as experiments that perturb the viral
genome and measure the effect upon replication. Of great help is the ability to test the effect
of an inhibitor of the ion channel upon both the function of the channel and the replication 
of the virus. No one single measurement is sufficient because each of the methods that are
suitable for studies of virally encoded ion channels have shortcomings and are susceptible to
artifacts. Comparison of the A/M2 and BM2 proteins shows that two virally encoded proteins
are capable of achieving the same goal, virion acidification, in spite of having very different
primary amino acid sequences but having a critical, five-residue-long motif in common within
the TM domain of a homotetrameric protein. We thus believe that these two proteins are the
first known members of the single-pass family of proton channels.
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9
Influenza A Virus M2 Protein: Proton
Selectivity of the Ion Channel, 
Cytotoxicity, and a Hypothesis on
Peripheral Raft Association and 
Virus Budding

Cornelia Schroeder and Tse-I Lin

The influenza A virus M2 protein, the prototype viral ion channel, mediates passage through
low-pH compartments during viral entry and maturation. Its proton channel activity is essen-
tial for virus uncoating and in certain cases for the maturation of viral hemagglutinin (HA).
A fluorimetric assay of ion translocation by membrane-reconstituted M2 disclosed the nature
of the conducted ions, protons, and allowed the determination of an average unitary current
in the attoampere range. Upon hyperexpression in heterologous systems, M2 is cytotoxic in
correlation to pH gradients at the cytoplasmic membrane. An M2 mutant with relaxed cation
selectivity proved significantly more cytotoxic and was exploited as a conditional-lethal
transgene. M2 has an additional function, not inhibited by channel blockers, as a cofactor in
virus budding where it interacts with M1 to determine virus morphology—spherical or fila-
mentous. The M2 protein has recently been shown to bind cholesterol, but cholesterol
appeared nonessential for ion channel activity. The M2 endodomain contains a cholesterol-
binding motif, which also occurs in HIV gp41. We propose that M2 is targeted to the raft
periphery enabling it to co-locate with HA and NA during apical transport. In a new model
of influenza virus morphogenesis M2 may cluster or merge separate rafts into viral envelope
and act as a fission (pinching-off) factor during virus budding.
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1. Determination of Ion Selectivity and Unitary Conductance

1.1. Background

Early electrophysiological recordings of M2 cation conductance revealed relatively
weak cation channel activity (Pinto et al., 1992). Significant background current measured in
the presence of a selective inhibitor, amantadine, had to be subtracted. Despite technical
advances (Chizhmakov et al., 1996; Ogden et al., 1999; Mould et al., 2000) M2 single chan-
nels are not resolved by electrophysiological techniques. We adapted a fluorimetric method
developed to monitor proton translocation by membrane-reconstituted bacterial rhodopsin
(Dencher et al., 1986). The hydrophilic fluorescent pH indicator pyranine is incorporated into
the lumen of liposomes reconstituted with the ion channel; the dual wavelength fluorescence
ratio is proportional to internal pH. This method delivered the proof that M2 translocated pro-
tons (Schroeder et al., 1994a). A fluorimeter with greater temporal resolution enabled initial
rate recordings and quantitative analyses of channel conductance (Lin and Schroeder, 2001).
The method has also been used in a comparative inhibitor study of amantadine derivatives and
polyamines (Lin et al., 1997).

1.2. Method

1.2.1. Expression, Isolation, and Quantification of the M2 Protein

M2 protein is expressed from recombinant baculovirus in Trichoplusia ni (T. ni) insect
cells. Yields are optimal (1–2 mg M2 per l) at a multiplicity of infection of two plaque-
forming units per cell in the presence of amantadine. M2 expressed in this system carries 
the normal modifications, palmitoylation and phosphorylation (Schroeder et al., 1994a). A
detergent-extract of the total membranes is prepared and purified by immunoaffinity FPLC
(Lin and Schroeder, 2001).

1.2.2. Reconstitution of M2 into Liposomes

Buffers contain either sodium or potassium ions: KPS (12 mM K2HPO4, 50 mM
K2SO4, pH 7.4) or NaPS (12 mM Na2HPO4, 50 mM Na2SO4, pH 7.4). Complex liposomes
are composed of L-�-dimyristoylphosphatidylcholine (DMPC), brain sphingomyelin,
phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, gangliosides, and 
cholesterol (molar ratio 10 : 3 : 3 : 1 : 0.5 : 0.32 : 14). Simple liposomes contain DMPC/
phosphatidylserine (PS) (85:15). An ionophore, for example, 0.2 mol% valinomycin is
included in the lipid mixture or added during incubation. The lipid film is taken up in 50 �l
400 mM 1-octyl-�-D-glucopyranoside (OG), followed immediately by 400 �l buffer and 
50 �g M2 in 50 �l of the same buffer containing 40 mM OG at 37�C. Liposomes are formed
at 4�C in dialysis cassettes (Slide-a-lyzer, Pierce) during step-wise dialysis against three
changes of 3 vol. buffer, followed by three changes of 10 vol. and finally two changes of 
5 l for 12 hr in the presence of Amberlite XAD-2. All buffers except the last contain 0.04%
sodium azide. The fluorescent pH indicator pyranine (2 mM, Molecular Probes) is added 
during the first two steps of dialysis when it can still penetrate the detergent-containing mem-
brane. The integrity of liposome-inserted M2 is checked by PAGE and Western blots with
antibodies to both terminal peptides. Control liposomes are prepared in parallel without M2.
The size of liposomes is determined by photon correlation spectroscopy. The buffer capacity
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of the liposome lumen is calculated as described by Dencher et al. (1986) from the decay
kinetics of a pH gradient.

1.2.3. Proton Translocation Assay

Reagents are equilibrated at 18�C. Control or M2 vesicles (5–10 �l) are injected with a
syringe into 2 ml incubation buffer, NaPS or KPS or NMDGH (N-methyl-D-glucamine-Hepes).
Ionophores (monensin, 5 nM, or valinomycin, 50 nM) are added where required. Samples 
are stirred continuously. Pyranine emission at 510 nm at two excitation wavelengths (410 and
460 nm) is recorded at 1 s intervals. Three to five recordings are averaged. Pyranine fluores-
cence ratios are calibrated with standard buffers in increments of 0.1 to 0.2 pH units. For
inhibitor studies vesicles can be pre-incubated in the presence of the test compound under incu-
bation conditions and proton translocation triggered by addition of ionophore. Alternatively,
inhibitors are added after triggering proton translocation (Lin and Schroeder, 2001).

1.3. Proton Selectivity

Since the permeabilities of channel proteins differ in the inward and outward direction,
the orientation of a membrane-reconstituted protein to the liposome membrane is important.
Under the conditions described, M2 inserts randomly (Lin and Schroeder, 2001), meaning
that only half of the liposomal M2 is engaged in proton translocation, into or out of the 
vesicles, depending on concentration gradients.

M2 is active at 0.04–10 �M H� (pH 5 to 7.4). It is reasonable to monitor Na� and
K� ions with comparable sensitivity as pH, but fluorescent probes for Na� and K� are too
insensitive with a threshold of about 1 mM (Haugland, 1999). Therefore, the highly sensitive
proton translocation assay was adapted to monitor metal ions: M2 proteoliposomes are pre-
pared in a single-cation buffer, NaPS or KPS. To see whether M2 conducts a specific cation
the liposomes are introduced into a buffer made up with a different cation or devoid of 
metal ions (NMDGH). In closed systems an ion flux must be coupled to a compensating
counterflux, hence in the case of M2 coupled ion fluxes can be monitored via internal pH.
Cation fluxes into and out of the vesicles are feasible since M2 is membrane-inserted in both
orientations.

The principle is illustrated in Figure 9.1. Figure 9.1A depicts an M2 vesicle immersed
in incubation buffer. Ionic conditions and/or pH differ on either side of the membrane. 
Figure 9.1B and C shows vesicles prepared in NaPS introduced into KPS of the same pH 7.4.
Introduction of these M2 vesicles into NaPS did not result in pH change, but exposure to KPS
also caused no pH change (Figure 9.2). M2 did not allow an influx of K�or an efflux of Na�

ions, either of which could have been compensated by proton counterflow. Only when
ionophores specific for sodium (e.g., monensin, Figure 9.1B) or potassium ions (valinomycin,
Figure 9.1C) were added, an immediate pH increase or decrease ensued. Proton flux was 
in reverse to metal ion flux carried by the ionophore, causing internal pH to rise or fall 
(Figure 9.2). Inverse fluxes were observed in M2 vesicles prepared in KPS (not shown). An
external buffer without metal cations (Figure 9.1D) also did not permit metal ions to perme-
ate M2 unless an ionophore was added. At pH 5.7 where M2 is more active (Pinto et al., 1992;
Chizhmakov et al., 1996) the ion selectivity remained as stringent (cf. Lin and Schroeder,
2001). Thus, M2 proved essentially impermeable to K� and Na�.

Influenza A Virus M2 Protein 115



116 Cornelia Schroeder and Tse-I Lin

Figure 9.1. Setup of ion selectivity studies. A M2 vesicles prepared in neutral-pH buffer with a single metal ion,
K�is introduced into an incubation buffer with a different composition. M2 tetramers are present in both orientations
with respect to the membrane. B M2 vesicles prepared in a Na� buffer are introduced into a K� buffer of the same
pH. Proton influx (arrow) is elicited by adding a Na� ionophor (m
monensin) which allows Na� efflux. C A K�

ionophor (v
valinomycin) elicits proton efflux. D Vesicles are introduced into a metal ion-free buffer pH 5.5.
Addition of monensin allows Na� efflux and elicits proton influx. Adapted from Lin and Schroeder (2001) 
(with permission from the J. Virol.).
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Figure 9.2. Demonstration of proton selectivity. M2 (solid symbols) or control (open symbols) vesicles containing
Na� buffer were introduced into Na� or K� buffers; initial pHout
7.4. Fluorimetrically monitored internal pH is
plotted against time. Ionophores were added at 18 sec. Squares: Na�buffer plus monensin; triangles: K� buffer plus
valinomycin; diamonds: K� buffer plus monensin. Adapted from Lin and Schroeder (2001) (with permission from
the J. Virol.).

An estimate of the proton selectivity of M2 (strain Weybridge) is at least 3 	106 with
respect to sodium and potassium ions. This is the ratio of the highest metal ion concentration
(120 mM) at which ion flux was undetectable, and the lowest proton concentration (40 nM;
pH7.4) where internal pH change was recorded (Lin and Schroeder, 2001). Similar estimates
are 1.7 	106 from whole-cell recordings on Weybridge M2-expressing MEL cells
(Chizhmakov et al., 1996; Ogden et al., 1999) and 1.5 and 1.8 	106 determined by 



patch-clamping of CV-1 cells and Xenopus oocytes expressing the M2 protein of influenza
A/Udorn/72 (Mould et al., 2000).

The arbitrary membrane insertion of M2 proved fortuitous for demonstrating its proton
selectivity. However, the method would become more versatile if vectorial membrane 
insertion of the protein of interest were feasible, for example to study less selective channels,
or functional coupling of two different channels.

1.4. Average Single-Channel Parameters and Virion 
Acidification During Uncoating

Given the low activity of this type of ion channel the presence of other ion channels in
the preparation has to be excluded, since even minute contaminations would influence record-
ings. This is straightforward applying the selective M2 inhibitor rimantadine (reviewed by Hay,
1992). Following 5 min pre-incubation with 1 �M rimantadine, proton translocation is com-
pletely blocked confirming the identity of the channel and the absence of interfering activities.

Proton fluxes were calculated from the internal pH on the basis of the volume and
buffer capacity of the liposome. Two types of liposome differing in composition and size were
analyzed (Table 9.1). Cholesterol-containing vesicles of complex lipid composition had 
a significantly, 10-fold, larger volume than simple DMPC/PS vesicles. The buffer capacity,
which depends mainly on the phospholipid head groups (Dencher et al., 1986) was similar in
both systems. Complex M2 vesicles contained 500, the simple vesicles 100 M2 tetramers.
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Table 9.1. Average Single-Channel Parameters of Liposome-Reconstituted 
Influenza M2 Protein

DMPC/PS vesiclesa Complex vesiclesa

Diameter (nm) 115 � 38 256 � 97
Lipid content (2 	 S/SPL)b 1.18 	 105 5.87 	 105

Total liposomes (1 mg)c 6.64 	 1012 1.33 	 1012

Liposome volume (nm3) 7.89 	 105 8.75 	 106

Total liposome volume (1 mg) 5.24 �l 11.7 �l
M2 tetramers per liposome 100 500

pHout 7.4 5.7 7.4 5.7

�ø[mV] 150 �94 150 �94
�pHin (initial pH change per s) �0.1134 �0.2664 �0.0514 �0.1701

�0.0362 �0.0175 �0.0210 �0.0616
Initial proton translocation rate 40.5 95 42.9 142

dH�/dt [pmol s�1] �12.9 �6 �17.5 �51
Proton translocation rate 7.3 17.2 7.7 25.7

per M2 tetramer [H� s�1] �2.3 �1.1 �3.2 �9.3
Unitary current at 18�C [aA]d 1.2 2.7 1.2 4.1
Unitary current at 37�C [aA]d 5 40 n.de n.de

Unitary conductance at 18�C [aS]d 8 29 8 44
Unitary conductance at 37�C [aS]d 33 440 n.de n.de

Notes:
aLiposome compositions: see chapter 1.2.2.
bAverage lipid surface area SPL 
 0.7 nm2.
c1 mg liposomes contains 7.83	1017 lipid molecules and 50 �g M2 (1.1 nmol 
 6.65 	 1014 tetramers).
daA 
 attoampere; aS 
 attosiemens.
eNot done. Adapted from Lin and Schroeder (2001) (with permission from the J. Virol).



Average single-channel currents were determined from the initial (1 sec) proton translo-
cation rate at two pHout, pH 7.4 where proton translocation is driven by the potassium ion 
concentration gradient and the channel is in its ground state, and pH 5.7, which activates 
the channel (Pinto et al., 1992; Chizhmakov et al., 1996). The average proton translocation
rate for both types of vesicles is about 7 protons per second per tetramer. At a pHout of 5.7,
the flux increased to 17 protons per second in DMPC/PS, and 26 in complex vesicles (Lin and
Schroeder, 2001). The lipid composition therefore had no significant influence on single-
channel conductance (Table 9.1).

These proton currents represent 1.2–4.1 aA, four orders of magnitude below the noise
level (�10 fA) of whole-cell patch clamp recordings defined as an upper boundary to M2 uni-
tary currents (Ogden et al., 1999). Based on a temperature dependence study an extrapolation
to 37�C predicts a maximum of �40 aA for the low-pH activated state of the channel (Lin and
Schroeder, 2001). Inactive M2 protein in the preparation will inevitably cause the activity to
be underestimated.

Single-channel conductance is defined as the quotient of the current and the transmem-
brane (TM) potential. Assays were performed at 150 mV (K� gradient) and �94 mV (proton
gradient); for comparison, the resting potential of cells is around�70 mV (reviewed in Lodish
et al., 1996). M2 average unitary conductance was between 8 and 44 aS (Table 9.1). pH acti-
vation enhanced the conductance 3.5- to 5-fold, which extrapolates to �10-fold (0.4 fS) at
physiological temperature. Previous whole-cell recordings on M2-expressing MEL cells had
not resolved single-channel conductance below 0.1 pS (Chizhmakov et al., 1996; Ogden
et al., 1999). The unitary parameters of the M2 protein may be the lowest reported for any ion
channel. M2 proton translocation rates of 7 to 26 per second (Table 9.1) resemble figures for
transporters and pumps, orders of magnitude below rates of sodium or potassium channels,
107–108 per second (reviewed in Lodish et al., 1996). However, the single-channel current of
M2 appears especially minute because it is limited by the low physiological proton concen-
tration, but its unitary proton permeability p turned out to be within the range of other, non-
selective proton-conducting channels (Lin and Schroeder, 2001).

The generic function of the M2 ion channel in the influenza virus infectious cycle is the
initiation of virus uncoating. Is its proton translocation rate sufficient to acidify the virus inte-
rior within a timescale of minutes? The initial pH decrease in DMPC/PS vesicles is 0.26 pH
units per second (Table 9.1). Extrapolated to 37�C (�15-fold increase) the virus interior may
acidify in a minute or less. The virion is approximately the size of a DMPC/PS vesicle con-
taining 75% to 90% less M2 protein (Zebedee and Lamb, 1988), yielding an acidification rate
of 0.4–1 pH unit per sec. A coupling mechanism supporting a counterflow of cations or an
influx of anions into the virion has not been discovered. Due to the site and mechanism of
virus budding (see below) the balance of K�and Na� in the virion interior should reflect 
concentrations in the cytoplasm (high K�, low Na�), the reverse of the endosomal K�–Na�

balance. A minute K� efflux from, or anion influx into the virion is conceivable, mediated by
another protein or peptide as an ionophore, channel, or transporter. Possibilities worth testing
are found in the literature. (1) The influenza B NB protein is an integral membrane protein of
the virus envelope, which may have anion channel activity (for reviews see Lamb and Pinto,
1997; Fischer and Sansom, 2002). It would be interesting to see whether it couples with BM2,
the functional equivalent of influenza A M2 (Mould et al., 2003), (2) An amide hydrogen
exchange study on TM peptides of influenza A HA suggests that several residues have access
to water and the TM domain may form a pore (Tatulian and Tamm, 2000). Given the vast,
about 50-fold excess of HA trimers over M2 tetramers in the virion even a very low level of
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potassium efflux through hypothetical HA pores would balance proton influx through M2. 
A hypothetical alternative not requiring coupling is that the pinching-off of budding virus
establishes a concentration disequilibrium within the virion which is rectified by proton
influx.

2. Cytotoxicity of Heterologous M2 Expression

Low single-channel conductance and stringent proton selectivity of the M2 protein
cause minimal perturbation of ionic conditions during virus replication. However, M2 hyper-
expression results in significant cytotoxicity to certain heterologous cell systems, for exam-
ple, insect cells (Schroeder et al., 1994a) and yeast (Kurtz et al., 1995). M2 has also been
shown to be cytotoxic in E. coli (Guinea and Carrasco, 1994), without however stringently
establishing the relation of toxicity to ion channel activity by utilizing an M2-specific ion
channel blocker. This was now done by cloning the M2 gene into the plasmid pTRC99A
under a tight inducible promoter and selecting clones of M2-expressing Escherichia coli by
their total inability to plate in the absence of 25 �M rimantadine (cp. Chapter 3; Schroeder
et al., 2004).

Heterologous cell systems in which the expression of wild-type M2 is toxic have in
common a pH gradient at the cytoplasmic membrane. In E. coli and Saccharomyces 
cerevisiae, it is the proton electrochemical gradient (Kurtz et al., 1995); in the case of insect
cells the gradient is imposed by cultivation in pH 6 media. M2 is more active at pH � 7 and
correspondingly more cytotoxic.

An M2 mutant with relaxed ion selectivity, H37A, was far more cytotoxic also to 
vertebrate cells, apparently as an unspecific cation channel (Smith et al., 2002). Such mutants
where the proton sensor, His37, has been replaced by Gly, Ala, or Glu retain amantadine 
sensitivity (Wang et al., 1995; Smith et al., 2002), indicating that His37 is not essential for
amantadine binding and inhibition (cf. Figure 9.3). Thus, the mode of action proposed by
Salom et al. (2000) whereby amantadine competes with protons for binding to His37 cannot
be the exclusive mechanism of inhibition. Brian Thomas introduced M2 as a conditional-
lethal transgene. In vivo expression of a construct with M2 H37A under the control of the 
T-cell specific p56Lck proximal promoter resulted in total ablation of T-cell development. 
In vitro development could be rescued with amantadine (Smith et al., 2002). The technique’s
scalpel-like precision makes it an attractive tool for dissecting developmental gene 
expression, even in the era of RNAi.

3. The M2 Protein Associates with Cholesterol

Detergent-resistant cholesterol- and sphingolipid-rich membrane microdomains (DRM
or rafts) are implicated in the budding of ortho- and paramyxo-, retro-, and other viruses
(Sanderson et al., 1995; Scheiffele et al., 1999; Manié et al., 2000; Zhang et al., 2000; Pickl
et al., 2001; Suumalainen, 2002; for reviews see Nayak and Barman, 2002; Briggs et al.,
2003). In polarized host cells the three influenza A virus envelope proteins HA, neu-
raminidase (NA) and M2 are apically expressed and co-localize in the trans-Golgi (Zebedee
et al., 1985; Hughey et al., 1992; Kundu et al., 1996). The glycoproteins HA and NA are tar-
geted to rafts (Skibbens et al., 1989; Kurzchalia et al., 1992; Kundu et al., 1996; Scheiffele
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et al., 1997; Harder et al., 1998) where they assemble with viral matrix-RNP complexes
(Scheiffele et al., 1999; Zhang et al., 2000; Barman et al., 2001). In contrast, only about 10%
of the M2 protein partition into DRM (Zhang et al., 2000), correlating with the under-
representation of M2 in the virus envelope (Zebedee and Lamb, 1988).

Cholesterol is a constitutive raft lipid essential for trafficking HA from the trans-Golgi
network (TGN) to the apical surface (Keller and Simons, 1998). Cholesterol can also func-
tion as a protein-associated raft-targeting signal, binding very tightly but noncovalently to
caveolin (Murata et al., 1995) or covalently to hedgehog (Hh) proteins (Porter et al., 1996).
Several viral and host membrane proteins bind cholesterol, Sendai virus F protein (Asano and
Asano, 1988), HIV gp41 (Vincent et al., 2002), the mitochondrial peripheral benzodiazepine
receptor (Li and Papadopoulos, 1998) and many others, most but not all of which are raft 
proteins. Caveolin and Shh are palmitoylated (Monier et al., 1996; Pepinsky et al., 1998), and
so are influenza M2 (Sugrue et al., 1990a; Veit et al., 1991) and HA (Schmidt, 1982) while
NA carries no lipid modifications.

Cleverley et al. (1997) reported that the cytotoxicity of the M2 protein to insect cells
was abrogated by cholesterol depletion. Nevertheless, we found that M2 expression was toxic
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to intrinsically cholesterol-free E. coli (cp. chapter 2) and this toxicity was suppressed by
rimantadine. We purified E. coli M2 carrying an N-terminal his-tag by Ni-NTA chromato-
graphy. Like authentic M2 and the insect cell-generated M2 protein E. coli-expressed M2
formed tetramers (Schroeder et al., 2004) as required for ion channel activity (Sakaguchi
et al., 1997). Therefore, the toxicity exerted by M2 in E. coli was most likely caused by its
ion channel activity, for which cholesterol is not essential.

Cholesterol was found associated to M2 protein isolated from influenza virus-infected
cells and from insect cells (Schroeder et al., 2004). Influenza virus M2 was purified from pri-
mary chick embryo cells pre-labeled with 3H-cholesterol and neutral lipids extracted from the
purified protein were analyzed by thin-layer chromatography. Only 50% of the label could be
extracted. Of this about 70% migrated with cholesterol. Insect cell M2 protein stained with
the cholesterol-binding fluorescent dye filipin (using the method of Smejkal and Hoff, 1994).
The cholesterol content of M2 purified from its indigenous virus–host system or from insect
cells was estimated at 0.5 or 0.9 molecules per monomer (Table 9.2).

Proton translocation rates of M2 reconstituted into cholesterol-free and cholesterol-
rich, raft-like liposomes did not differ significantly (Table 9.1). Considering that conditions
in those experiments were not absolutely cholesterol-free—T. ni M2 protein contained
approximately equimolar cholesterol—we attempted functional reconstitution of cholesterol-
free M2 isolated from E. coli. Cholesterol was not essential for membrane incorporation, ion
channel function or the rimantadine sensitivity of E. coli-expressed M2, however, the specific
activity of E. coli M2 was at least 5–times lower than that of T. ni M2 (Schroeder et al.,
2004). More subtle effects of cholesterol on M2 stability and activity can therefore not be
ruled out.

Liposomes are widely used experimental models of lateral phase separation (Ahmed
et al., 1997) and the Triton X-100 (TX-100) insolubility of membrane microdomains and their
associated proteins (Schroeder et al., 1994b, 1998; Brown and London, 1998). Raft associa-
tion is routinely analyzed by extraction with 1% TX-100 or CHAPS at 4�C (Fiedler et al.,
1993). We investigated the partition of insect cell- and E. coli-expressed M2 into synthetic raft
membranes by detergent extraction and flotation. The complex lipid mixture was the same as
used in the functional reconstitution of M2 (see chapter 1.2.2). 5–10% of the liposomal M2
protein partitioned into the detergent-resistant membranes, confirming the low degree of 
raft association of M2 protein expressed from influenza virus or constructs in MDCK 
cells (Zhang et al., 2000). There was no significant difference in the behavior of T. ni and
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Table 9.2. Cholesterol Content of M2 Expressed in 
Different Host Cells

Cholesterol molecules
Host cell M2 expressed from per M2 tetramer

CECa Influenza virus 3.6b

T. ni Baculovirus CFM2 2.2c

E. coli pTRC99A Nx8� 0.1c

Notes:
aPrimary chick embryo cells.
bDetermined by labeling with 3H-cholesterol.
cBy densitometry of Coomassie and filipin-stained M2 bands in native gels (E. coli M2
serves as a cholesterol-free control for filipin staining).



E. coli-expressed M2, except that the latter was more prone to precipitation (Schroeder et al.,
2004).

4. M2 as a Peripheral Raft Protein and a Model of its 
Role in Virus Budding

The M2 protein has an independent, presumably structural role in virus morphogenesis
(antiviral ion channel blockers have no effect, Zebedee and Lamb, 1989) and has therefore
been termed a multifunctional protein (Hughey et al., 1995). Antibodies to the M2
ectodomain inhibit virus release (Zebedee and Lamb, 1988; Hughey et al., 1995) concomi-
tantly tilting the balance of filamentous vs. spherical particles toward the latter (Hughey et al.,
1995; Roberts et al., 1998). From mutations selected in the presence of such antibodies it is
inferred that interactions between the M2 and the M1 protein influence the morphology of
budding virus. The cytoskeleton (Roberts and Compans, 1998) is another significant factor in
the generation of filamentous particles.

We explored the hypothesis that the cholesterol affinity of M2 is related to its enigmatic
function in virus budding. Given that cholesterol is required for the apical transport of HA
(Keller and Simons, 1998) and for efficient influenza virus budding (Scheiffele et al., 1999)
the cholesterol affinity of M2 may be the unknown (cf. Nayak and Barman, 2002) mechanism
co-localizing M2 with viral glycoproteins in the TGN, in transport vesicles and, ultimately,
ensuring low-level incorporation into budding virus. That M2 and HA are in fact co-
transported in the same vesicles is implicated by the fact that M2 protects acid-labile HA from
denaturation in the trans-Golgi (Sugrue et al., 1990b; Ciampor et al., 1992 a, b; Ohuchi et al.,
1994; Takeuchi et al., 1994; Sakaguchi et al., 1996).

Zhang et al. (2000) proposed that the exclusion of M2 from the virion be determined
by its exclusion from rafts. But its essential role in virus uncoating (Kato and Eggers, 1969;
Takeda et al., 2002) and its influence on virus morphology argue in favor of a mechanism
specifically incorporating (rather than excluding) the M2 protein in the virion: cholesterol
affinity may guide its localization and function in virus assembly and budding.

Efficient budding of fully infectious influenza virus results from interactions of the
matrix (M1) and the three envelope proteins (Latham and Galarza, 2001) and their associa-
tion to membrane rafts (Scheiffele et al., 1999). M1 is the major driving force of morpho-
genesis, since expression of M1 alone produces virus-like particles (Gomez-Puertas et al.,
2000) and budding is completely abolished in its absence (Lohmeyer et al., 1979). Abrogation
of HA and NA cytoplasmic sequences and of HA palmitoylation interferes with but does 
not prevent raft association and budding (Jin et al., 1996, 1997; Zhang et al., 2000).
Palmitoylation at the HA TM and cytoplasmic sequence makes raft targeting more efficient
(Melkonian et al., 1999). The significance of M2 palmitoylation for virus budding is not
known.

4.1. Interfacial Hydrophobicity and Potential Cholesterol and 
Raft Binding Motifs of the M2 Post-TM Region

The M2 sequence was scanned for potential cholesterol-binding hydrophobic areas.
White and Wimley (1999) developed a scale for the affinity of peptide sequences to the
water–membrane interface. Similar to the HIVgp41 pre-TM sequence (Suárez et al., 2000)
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the M2 post-TM amino acid sequence has a high interfacial hydrophobicity extending �10
residues beyond the TM domain delineated by a classic Kyte and Doolittle (1982) hydropho-
bicity plot (Figure 9.4). Apart from the TM segment the post-TM sequence is the only other
hydrophobic part of the M2 protein and thus a candidate cholesterol-binding site (Figure 9.3).

Vincent et al. (2002) pointed out that the cholesterol-binding pre-TM region of gp41
encompasses a cholesterol recognition/interaction amino acid consensus-L/V-X(1–5)-Y-X(1–5)-
R/K- (the “CRAC” motif) first identified in the peripheral-type benzodiazepine receptor, a
protein involved in mitochondrial cholesterol transport (Li and Papadopoulos, 1998; Li et al.,
2001). The M2 post-TM sequence exhibits one or two CRAC motifs immediately down-
stream of the TM domain (Figure 9.3). Of interest, the endodomain of the influenza B M2
protein (Mould et al., 2003; Paterson et al., 2003) also includes CRAC domains, albeit fur-
ther downstream of the predicted TM segment. In HIV gp41 the motif is located adjacent but
upstream of the TM domain, facing the extracellular space and the HIV exterior (Vincent
et al., 2002). In most sequenced influenza A M2 proteins, a CRAC motif encompasses the
palmitoylation site Cys50, and in many it is followed by a second CRAC motif. In a major-
ity of human influenza A strains the second motif is missing and the first motif appears to
extend further downstream. In the strain A/Udorn/72 the consensus is violated (Figure 9.3).
Whether these sequence variations have any impact on cholesterol binding remains to be
seen. Similarly, the HIV gp41 CRAC consensus is violated in certain SIV strains (Vincent
et al., 2002).

The M2 post-TM sequence has been modeled as an alpha-helical extension of the 
TM domain by Kochendorfer et al. (1999). They predict that each amphiphilic helix of 
the post-TM makes a tight 90� turn and binds hydrophobically to the inner leaflet. The post-
TM sequence also contains a conserved endocytic internalization motif Yxx� (Collawn et al.,
1990) at amino acids 52–55, bridging the M2 CRAC tandem (Figure 9.3). Yxx� frequently
marks tight turns in the three-dimensional structures of internalized proteins (Collawn 
et al., 1990). The two turns may confer the structural flexibility required for a role of the 
post-TM region in membrane fission (see below). Saldanha et al. (2002) generated a 
three-dimensional model of the M2 cytoplasmic domain, based on the three-dimensional
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structure of the cytoplasmic domain of the HIV Vpu protein. The cytoplasmic domains of 
M2 and Vpu exhibit significant sequence homology. Saldanha’s model also predicts an alpha-
helical secondary structure of the post-TM region with a membrane-proximal turn, and a kink
at Lys60 (cf. Figure 9.3).

Kochendorfer et al. (1999) and Saldanha et al. (2002) pointed out the potential of the
basic residues of the M2 post-TM region to coordinate with negatively charged phospholipid
headgroups. Another pertinent observation is the striking homology of the M2 Weybridge
post-TM sequence to the XIP region of Na/Ca exchangers: DRrlLFYKYVYKRYRAG
(accession number AAD26362). The M2 post-TM and the XIP region are aligned with respect
to the preceding TM segment and the internalization motif (italics), except for two additional
residues in XIP (minor case). A CRAC motif is obvious, residues identical in M2 post-TM
(cp. Figure 9.3) are in bold print, functionally similar residues, either hydrophobic or basic,
are underscored. Moreover, the XIP domain exhibits specific affinity to phosphatidylinositol
4,5-bisphosphate (He et al., 2000), which is enriched in the cytoplasmic leaflet of raft mem-
branes (Liu et al., 1998).

The gp41 pre-TM region is required for HIV fusion (Muñoz-Barroso et al., 1999;
Salzwedel et al., 1999). It associates with liposome raft domains and forms pores in 
a cholesterol- and sphingomyelin-dependent manner (Sáez-Cirión et al., 2002). In analogy,
the M2 post-TM region may be involved in cholesterol binding and membrane restructuring,
however, not during virus entry but morphogenesis.

4.2. M2 as a Peripheral Raft Protein

The 19-residue M2 TM helix (Lamb and Krug, 1996) is significantly shorter than the
26- to 29-residue TM segments of the raft proteins HA and NA. M2 is therefore unlikely to
reside in the raft proper where membrane thickness increases with cholesterol content, the
length of lipid acyl chains (Coxey et al., 1993) and progression through the Golgi complex
toward the plasma membrane (PM) (Ren et al., 1997). The short TM domain of the M2 pro-
tein on the one hand and the post-TM sequence with the palmitate moiety on the other may
confer dual affinity to raft and bulk membrane, thus a preference for the raft–non-raft inter-
face. The short TM segment may be firmly rooted in non-raft membrane, while the palmitate
moieties of the post-TM sequence may extend into rafts (Figure 9.5). The concept of periph-
eral raft binding is not new. Acetylcholinesterase was proposed to be targeted to the raft edge
by its saturated acyl chain modification, which prefers liquid-ordered membrane (raft)
whereas its polyunsaturated acyl chain preferentially inserts into liquid-disordered (non-raft)
membrane (Schroeder et al., 1998). For obvious steric reasons the individual palmitate chains
of an M2 tetramer cannot all insert into the same raft (Figure 9.5B), unless the TM domains
are surrounded by a narrow shell of non-raft membrane completely enclosed in raft mem-
brane. M2 tetramers might thus bridge separate rafts, cluster or merge them. Dual membrane
domain affinity may even enable M2 to shepherd membrane microdomains into larger arrays
and to stabilize patches of non-raft membrane within raft macrodomains.

4.3. M2 as a Factor in the Morphogenesis and 
Pinching-Off of Virus Particles

Returning to the mutational evidence of physical interactions between the M1 and M2
proteins, antibodies to the M2 ectodomain inhibit virus release and shift the equilibrium
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toward the spherical morphology, but Fab fragments are not effective, suggesting the impor-
tance of cross-linking adjacent M2 molecules (Hughey et al., 1995). Resistant mutants and
laboratory strains (e.g., PR8, WSN) exhibit substitutions in M1 or M2 (Zebedee and Lamb,
1989). The fact that some of these map to the M2 endodomain implies that the cross-linking
of M2 ectodomains interferes with interactions on the other side of the membrane between
the M2 endodomain and M1 during virus budding. That the M2 endodomain binds more
strongly to the matrix than the much shorter cytoplasmic domains of HA and NA has been
observed following detergent (C12E8) extraction of purified influenza virus. HA and NA 
are quantitatively extracted within 10 min whereas M2 remains associated with the M1/RNP
pellet (Bron et al., 1993).

At the onset of budding the raft cluster maturing into viral envelope has a diameter of
the order of 200 nm. The M2 protein is likely to concentrate at the edges (Figure 9.6). Initially
M2 may also serve as a focus of attachment of M1/RNP and become trapped in surrounding
raft membrane, as well as at the fault-lines between merging rafts (cp. Figure 9.5). As 
the periphery contracts during extrusion more and more M2 will be expelled into non-raft
membrane. Before pinching-off nascent virus particles are connected to the PM by a tubular
membrane surrounding the budding pore (Garoff et al., 1998). M2 should concentrate here
and in adjacent non-raft membrane (Figure 9.6), as seen in published electron micrographs of
influenza virus budding. Immunogold-labeled antibodies to the M2 N-terminus cluster at the
neck of virus buds (Hughey et al., 1995; Lamb and Krug, 1996). The fact that antibodies to
the M2 ectodomain favor the budding of spherical particles (Hughey et al., 1995; Roberts
et al., 1998) may be rationalized by their linking the M2 tetramers into a ring, constricting the
budding pore, which accelerates pinching-off. Likewise, dynamin and other proteins forming
rings around membranous tubes promote membrane fission (for a review see Huttner and
Zimmerberg, 2001).

An M2 molecule at the neck of the bud potentially interacts with M1, with raft and 
non-raft membrane. If the endodomain is restrained within the matrix, M2 is forced into 
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an orientation perpendicular to the envelope. At the same time dynamic transitions of the
palmitate group and/or the proposed post-TM raft-binding region as well as the TM domain
may initiate membrane restructuring and fission. Post-TM segments and palmitate moieties
can be envisaged dissociating from non-raft membrane and folding back into the envelope.
Rearrangement of M2 clusters at the narrowing lipid domain boundary may seal both the viral
and the plasma membrane. The proposed budding mechanism may produce virions with 
distinct polar caps of M2 clusters. The cartoon (Figure 9.6) depicts spherical and filamentous
buds just before fission. M2 is shown at one or both ends of the bud, the latter version 
assuming that the long M2 endodomain formed the initial focus associating with the matrix.
This model is presented in greater detail in Schroeder et al. (2004).
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10
Computer Simulations of Proton 
Transport Through the M2 Channel of 
the Influenza A Virus

Yujie Wu and Gregory A. Voth

1. Introduction

The M2 channel of the influenza A virus is formed by a viral integral membrane pro-
tein. This channel is highly proton-selective and low pH-gated. It plays important roles in the
viral life cycle, which have been illustrated by many experiments as will be further elaborated
upon in the next section, making it of great interest to drug design and medicine. These char-
acteristics of the M2 channel have attracted a significant amount of research effort in the past
couple of decades. Today, experimental studies have covered various aspects, including, but
not limited to, virology, cellular biology, electrophysiology, molecular genetics, biochemistry,
and structural biology. Despite these efforts, some of the most important properties of this
important channel remain unclear. One key example is the detailed mechanism for proton
selectivity and gating. Furthermore, information concerning the explicit dynamics of proton
transport (PT) inside the channel is largely unavailable from experiments.

Recent computer simulation studies from our group have shed some light on these
issues. From the structural and dynamical properties of the protein and pore water to the
dynamics of an excess proton inside the channel, these studies have presented us with a more
detailed picture of the M2 system at the atomic level and helped to improve our understand-
ing. This chapter summarizes our recent computer simulation results on the M2 channel with
an emphasis on the PT process through the channel and the molecular mechanisms under-
lying its selectivity and gating properties.

In the following section, an overview of current experimental results is presented. 
We then review the computer simulations of explicit PT through the M2 channel and discuss
its implication for the selectivity and gating mechanisms in the following section. Finally, we
present and discuss our latest computational results concerning the possible closed and open
structures of the channel and the proton conductance mechanism.
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2. Overview of Experimental Results for the M2 Channel

2.1. The Roles of the M2 Channel in the Viral Life Cycle

The M2 channel is formed by the viral M2 protein that can be found in the membrane
of both the viral particle and the infected cells. When the pH at the N-terminal/extracellular
side of the channel goes lower than 5.8 or so, the channel opens and selectively transports 
protons across the membrance from its N-terminal side to its C-terminal side (Pinto et al.,
1992; Chizhmakov et al., 1996).

This function of the M2 channel provides a pH-regulating mechanism that has been
found crucial in the viral life cycle. The dissociation of the viral matrix protein from the
ribonucleoprotein, which is part of the viral uncoating process, requires a low pH environ-
ment produced through the M2 channel (Bukrinskaya et al., 1982; Sugrue et al., 1990; Martin
and Helenius, 1991; Wang et al., 1993). Some influenza virus subtypes also need the M2
channel in the viral maturation process, where it elevates the intravesicular pH of the 
trans-Golgi network, preventing the viral protein haemagglutinin from incorrect folding in an
otherwise low pH environment (Ciampor et al., 1992; Grambas and Hay, 1992; Grambas
et al., 1992; Takeuchi and Lamb, 1994). Experiments have shown that both parts of the viral
life cycle can be interrupted by blocking the M2 channel with the antiflu drug amantadine 
(1-aminoadamantine hydrochloride, AMT) (Ciampor et al., 1992; Grambas and Hay, 1992;
Grambas et al., 1992; Sugrue et al., 1990).

2.2. The Architecture of the M2 Channel

The gene for the M2 peptide has been cloned and sequenced, revealing a primary 
structure containing 97 amino acids (Lamb and Choppin, 1981; Lamb et al., 1981; Hull 
et al., 1988). The peptide can fold into three structural domains: a 24-residue N-terminal/
extracellular domain, a 19-residue transmembrane (TM) domain, and a 54-residue C-terminal/
cytoplasmic domain (Lamb et al., 1985). The whole M2 protein is a parallel homotetramer of
the M2 peptide (Holsinger and Lamb, 1991; Sugrue and Hay, 1991; Pinto et al., 1977;
Sakaguchi et al., 1997; Bauer et al., 1999; Kochendoerfer et al., 1999; Salom et al., 2000;
Tian et al., 2002). The tetramer is held together mainly by noncovalent interactions. Inter-
subunit disulfide links, existing in the N-terminal domain (Holsinger and Lamb, 1991; Sugrue
and Hay, 1991; Castrucci et al., 1997; Kochendoerfer et al., 1999), further stabilizes the
tetrameric structure. The TM domain can fold into an �-helix and is the main channel-
formation structure (Holsinger et al., 1994; Pinto et al., 1997). In the form of tetramer, the
helices are able to align an aqueous pore through which ions can be transported across 
the membrane. A Cys-scanning mutagenesis study by Pinto et al. (1997) suggested that the
overall structure of the tetramer is a left-handed coiled-coil or helix bundle; and the tilt angle
of the �-helices with respect to the membrane normal has recently been determinied for 
the M2 protein in liposomes, revealing a value of 25� � 3 (Tian et al., 2002).

Interestingly, a synthetic 25-residue peptide (M2-TMP) with the amino acid sequence
corresponding to the residues 22–46 (encompassing the segment for the TM domain, residues
25–43) of the M2 peptide has been found to be able to form proton-selective channels in lipid
bilayers (Duff and Ashley, 1992). The M2-TMP channel is also AMT-sensitive and has simi-
lar ion selectivity and transport efficiency to the M2 channel (Duff and Ashley, 1992; Salom
et al., 2000). Furthermore, many evidences have indicated that they are also very similar in
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structure. For example, it was found to form tetramers in lipid micelles (Kochendoerfer et al.,
1999; Salom et al., 2000). Circular dichroism and solid-state NMR data have shown that its
secondary structure is predominantly �-helix (Duff et al., 1992; Song et al., 2000; Wang 
et al., 2001). The helix tilt angle with respect to the membrane normal and the rotational angle
around the helix axis are roughly 30–40� and �50� respectively, as determined by both site-
directed infrared dichroism spectra (Kukol et al., 1999; Torres et al., 2000; Torres and Arkin,
2002) and solid-state NMR (Kovacs and Cross, 1997; Kovacs et al., 2000; Song et al., 2000;
Wang et al., 2001). The tetramer of M2-TMP was also confirmed to be left-handed so that the
hydrophilic residues can be oriented toward the pore lumen (Kovacs and Cross, 1997).
Therefore, the M2-TMP channel has been used as a simplified model for the M2 channel in
many studies.

2.3. Ion Conductance Mechanisms

The M2 channel is highly proton-selective—at least 106-fold more conductive than
other cations (Chizhmakov et al., 2003; Mould et al., 2000); and it is low-pH gated—under-
going a 50-fold conductance increase from pH 8.2 to pH 4.5 (Wang et al., 1995; Mould et al.,
2000). Though the detailed structure responsible for these functions remains unclear, several
lines of evidence have suggested that a highly conservative residue His37 plays a crucial role.
This residue is the only one that has a pKa around 6 in the TM domain. Mutagenesias studies
have shown that replacing it with Ala, Glu, or Gly can result in a large increase in proton
conductance and loss of pH-induced gating behavior (Pinto et al., 1992; Wang et al., 1995).
Replacing it with Glu can also reduce its selectivity (Wang et al., 1995), while mutating it to
Cys completely abolishes its channel function (Shuck et al., 2000). The pH titration (Wang 
et al., 1995) and Cu2� inhibition experiments (Gandhi et al., 1999) also suggest that the His37
residue is implicated in the selective filter.

Two conductance mechanisms have been proposed. One is called the gating mechanism
(Sansom et al., 1997), which suggests that each of the His37 side chains may acquire an addi-
tional proton to be positively charged when the pH goes lower than the pKa. Then due to the
electrosatic repulsion, the side chains sway from each other, thus opening the otherwise occu-
luded pore to let the pore water penetrate through to form a continuous proton-conductive
water wire (proton wire). The other mechanism (known as the shuttle mechanism) suggests
that the His37 residues are directly involved in a proton relay such that they accept the excess
proton at one side while release a proton at the other side of the imidazole ring (Pinto et al.,
1997). In contrast to the gating mechanism, the bi-protonated intermediate is presumed to be
relatively short-lived and tends to release either the �- or �-hydrogen back to the pore water
to become neutral again (proton shuttling). To transport the next proton, the initial state might
be regenerated through tautomerization or flipping of the imidazole ring.

The existence of bi-protonated histidines in the open state of the M2-TMP channel has
been reported by a UV Resonance Raman (UVRR) spectroscopy study (Okada et al., 2001).
This may lend support to the gating mechanism. Futhermore, their data suggested that the 
histidine residues would be fully bi-protonated since the addition of Sodium Dodecyl Sulfate
(SDS), which was expected to disrupt the bundle structure and expose the subunits to the low
pH buffer, did not yield a change in the corresponding Raman intensity. However, no evidence
was provided to show the subunits were really exposed to the buffer upon adding SDS.

Several recent experimental studies also indicated that Trp41 is another important
residue involved in the gating mechanism. This includes the UVRR experimental study 
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mentioned above (Okada et al., 2001), which suggested that the Trp41 residue may have
cation–� interaction with the bi-protonated histidine residues in the open state. A mutagene-
sis–electrophysiological study found that mutating Trp41 to Phe, Cys, or Ala results in
“leaky” channels that can transport protons outward (i.e., from the C-end to the N-end), sug-
gesting that Trp41 may be the actual channel gate (Tang et al., 2002). Cross and coworkers
determined that the distance between the N�-His37 and C�-Trp41 should be less than 3.9 Å
for the closed channel (Nishimura et al., 2002), implying the involvement of Trp41, and fur-
thermore they proposed a closed structure with the (t-160, t-105)* conformation for His37
and Trp41, in which the Trp41 residues form the actual channel gate.

3. Molecular Dynamics Simulations of 
Proton Transport in the M2 Channel

The gating mechanism was proposed through a restrained molecular dynamics (MD)
simulation (Sansom et al., 1997), where the four charged histidines were observed to move
away to open the pore. However, a later MD simulation without restraints illustrated that a
fully biprotonated state destabilizes the overall channel structure while a doubly biprotonated
state leads to a deformed, yet closed, structure (Schweighofer and Pohorille, 2000). The 
latter result suggests that a fully biprotonated channel is unlikely and the shuttle mechanism
seems more favorable.

The above simulations mainly focused on the structure and/or dynamics of the protein
and pore water molecules, and the excess proton was not included explicitly. No doubt,
explicit PT simulation in the M2 channel may yield more information regarding the mecha-
nism and the PT dynamics.

3.1. Explicit Proton Transport Simulation and Properties 
of the Excess Proton in the M2 Channel

Explicit PT simulations in the M2 channel were successfully performed by our group
(Smondyrev and Voth, 2002) with the aid of a Multistate Empirical-Valence Bond (MS-EVB)
model for PT in aqueous systems (Schmitt and Voth, 1998, 1999a,b, 2000; Cuma et al., 2000,
2001; Day et al., 2002). The biomolecular system for these simulations included an excess
proton, the TM domain, and a fully solvated dimyristoylphosphatidyl choline (DMPC)
bilayer. The system was simulated under the condition of constant temperature and volume,
and no restraints were used. With a presumption that one stable biprotonated His37 might
somewhat open the channel for protons, the TM domain was constructed to contain one His�

and three neutral His’s. These histidine residues were treated as chemically stable in the MD
simulations—they can neither accept nor donate a proton. Seven roughly 1 nsec MD simula-
tion trajectories were produced from different starting configurations, in all of which the
excess proton was placed inside the channel near the N-end.
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*The notation— (t-160, t-105)—means that the conformations of His37 and Trp41 are the t-160 and t-105 rotamers,
respectively. The nomenclature for rotamers used here follows the Penultimate Rotamer Library (Lovell et al.,
2000). In the text, when the monoprotonation state of his histidine is taken into account, the symbol � or � is
added—for example, (t-160, t-105, �)—to indicate the histidine is �- or �-monoprotonated, respectively.



Detailed pictures on the dynamics and solvation structure of the excess proton in 
the M2 channel were obtained from these simulations. Here the most important results 
are reviewed. It was found that the excess proton in the channel still favors an Eigen-like sol-
vation structure most of the time. This property is similar to that of the bulk water. However,
the overall diffusion coefficient of the excess proton was reduced by the channel by up to a
factor of three; in some cases, it was even immobilized for long periods. It was confirmed that
the excess proton in the channel is transferred via the so-called Grotthuss structural diffusion
mechanism as in bulk water, where the excess proton’s solvation structure rather than the
hydronium is propagated in space (Tuckerman et al., 1995; Day et al., 2000).

It was also found that the dynamics of the protein has dramatic influence on the excess
proton’s motion in the channel: A frozen channel was observed in the simulations to 
effectively immobilize the otherwise transferring excess proton (Figure 10.1). The same 
phenomenon has also been observed in explicit PT simulations of the gramicidin A channel
(unpublished data). Though this result may not be too surprising, it is not fully understood. 
A recent simulation study on the excess proton in a leucine–serine synthetic channel (LS2)
has reported the significance of the channel’s local microenvironment on the excess proton’s
hydration properties (Wu and Voth, 2003b). Further studies on this important topic are 
currently underway in our group.

3.2. Implications for the Proton Conductance Mechanism

Though detailed side chains’ structure and dynamics of the amino acid residues are not
the target of the Smondyrev–Voth work, the simulation results do present a different view of
the conductance mechanism in terms of PT. The MD simulation trajectories have reached
roughly 1 nsec. Within this timescale, the excess proton was observed to pass through the
channel at different times in three of the seven trajectories. A simulation snapshot when the
excess proton was passing through the gating region by hopping through a transient water
wire is given in Figure 10.2. Concerted widening of the pore radius was observed in the three
trajectories when the proton was passing through the gating region. This may be ascribed to
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Figure 10.1. The z coordinate of the protonic center of excess charge (CEC) as a function of time for two
simulations, in one of which the channel was frozen. Notice how the CEC was effectively immobilized in the frozen
channel.



the conformational change of the side chains of the His37 residues. Although the applied TM
electric field (100–200 mV) may complicate these conclusions, this result lends direct sup-
port to the gating mechanism. However, the picture here also seems rather different from that
described previously. The MD simulations suggest that one (or maybe two) biprotonated his-
tidine may be sufficient for opening the channel for protons while still keeping it closed for
other ions. Moreover, it seems that the presence of one positive charge near the constrictive
region formed by the His37 residues does not to lead to a barrier too high for protons to pass
through.

4. Possible Closed and Open Conformations

Comparing the M2 channel model used in our previous work (Smondyrev and Voth,
2002) with the available NMR backbone structure determined by Cross et al. (2001) showed
good agreement in the helix tilt angles (Wu and Voth, 2003a). However, the rotational angles
deviate substantially. Though this result is already quite good for computer simulations 
without previous knowledge of experimental structural data, a better starting structure for fur-
ther MD simulations is certainly desirable. Furthermore, it is important to include accurate
conformations of the key residues involved in the proposed conductance mechanism.

4.1. A Possible Conformation for the Closed M2 Channel

As mentioned in Section 2.3, Cross and coworkers have recently proposed a conforma-
tion of His37 and Trp41—(t-160, t-105)—for the closed M2 channel (Nishimura et al., 2002).
Nevertheless, based on the same structural information and our computational results,
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Figure 10.2. An MD simulation snapshot showing the excess proton (white ball indicated by arrow) passing the
gating region by hopping through a transient water wire. The backbone of the channel is displayed by coils. The
water molecules are shown as the small angled sticks. The dots in between the two water layers are the DMPC lipids.



an alternative conformation—(t60, t90, �)—has recently been proposed (Wu and Voth,
2003a). This result was obtained via a thorough scan over the conformational space followed
by energetic and functional assessment. A representative structure of this conformation 
is shown in Figure 10.3a while Figure 10.3b shows the pore radius as a function of the 
channel axis. From these figures, it can be seen that a constrictive region is formed by both
His37 and Trp41.

It was found that this conformation is consistent with nearly all relevant published
experimental results. For example, the mutagenesis, results by Pinto and colleagues (Tang 
et al., 2002) can be interpreted with this conformation: The �-hydrogen of His37 is pointed
toward the indole ring of Trp41, implying a hydrogen–� interaction that can stabilize each
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Figure 10.3. (a) A typical structure of the (t60, t90, �) conformation of His37 and Trp41 for the closed channel
and (b) the corresponding pore radius profile. The backbone of the channel is displayed by coils. For the sake of
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other’s conformation; changing the tryptophan to Phe, Cys, or Ala would abolish this inter-
action, destabilizing the conformation of His37 and resulting in a leaky channel. In contrast,
if the Trp41 residues are mutated to Tyr, the conformation of His37 can be maintained
because the Tyr residues can provide hydroxyl groups to form hydrogen bonds with the 
�-hydrogens of the His37 residues. This explains why mutating Trp41 to Tyr does not lead 
to a leaky channel.

In this proposed closed conformation, the four �-nitrogens of the His37 residues 
are not protonated and are pointed to one another (Figure 10.4). The distance between two 
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Figure 10.4. The view of the same structure in Figure 10.3 from the C-end. Notice the close distance between the
two diagonal �-nitrogens.

Figure 10.5. A snapshot from a MD simulation in which the backbone and heavy atoms of His37 and Trp41 were
position-restrained and the His37 and Trp41 residues took the (t60, t90, �) conformation. Notice the two pore waters
near the His37 residues have opposite orientation.



�-nitrogens in the diagonal is within the range of 4.8–6 Å. This structure can be a good 
chelating site for Cu2�, explaining why the M2 channel can be inhibited by Cu2� ions
(Gandhi et al., 1999).

The constrictive region formed by His37 and Trp41 is narrow enough to prevent cations
effectively larger than an excess proton from passing through the channel. To seek an answer
to how it can stop proton transport, an MD simulation has been carried out. The positions of
the backbone atoms and the heavy atoms of His37 and Trp41 were restrained in the simula-
tion to stabilize the conformation, while the other atoms were free to move. An interesting
pore water structure in the constrictive region was seen in the simulation (Figure 10.5). The
pore waters near His37 have opposite orientations. Similar pore water structure has been
found in an MD simulation of aquaporin and has been used to explain why that channel does
not transport protons (Tajkhorshid et al., 2002). This conformation also leads to an explana-
tion for the channel’s gating behavior: The opposite orientations of the two water molecules
interrupt the proton wire through which the excess proton can hop; and recovery of the pro-
ton wire must involve at least one His37 residue being protonated. The simulation also shows
that the conformation of Trp41 prevents His37 from being exposed to the bulk water at the 
C-end, explaining why protons cannot be transported outward in a wild type M2 channel.

4.2. A Possible Conformation for the Open M2 Channel

Efficient proton shuttling by His37 requires its �-nitrogen to be pointed toward the 
N-end of the channel so that both �- and �-nitrogens can simultaneously form hydrogen bonds
with pore water. Furthermore, the �-nitrogen should be deprotonated so that it can accept 
a proton coming from the N-end of the channel. For these reasons, the orientation of His37
in our proposed closed structure does not necessarily imply the shuttle mechanism. It was
therefore necessary to find an open structure into which the closed structure can evolve upon
protonation. We found a small rotation of the histidine’s �2 angle from 60� to 0� and slight
adjustment of Trp41’s dihedral angles can lead to a conformation with the pore wide enough
for water to penetrate through (Figure 10.6) (Wu and Voth, 2003a). Our density functional
theory calculations showed a pair of histidine and tryptophan in this conformation has much
lower energy than that obtained by rotating the histidine’s �2 angle from 60� to 180�, which
can yield a conformation having the same pore radius.

The close contact between His37 and Trp41 in this open structure makes it possible to
have a cation–� interaction between the two residues. This is in accord with the UVRR study
(Okada et al., 2001). To examine how this structure may open the channel and at the same
time maintain the proton-selectivity, we performed an MD simulation in which the positions
of the backbone and the heavy atoms of the His37 and Trp41 residues were restrained and all
His37 residues were biprotonated. Figure 10.7 shows the pore water structure of a snapshot
after equilibration. The figure illustrates that the pore radius at the constrictive region is large
enough to allow a water molecule to fit in while small enough to prevent ions larger than an
excess proton from passing through efficiently. It can also be clearly seen that the pore water
molecules are highly ordered and their orientations forbid proton transport from the N-end to
the histidine residues. This can be ascribed to the four positively charged histidine residues.
From this result, it may be concluded that the speculative open conformation can open the
channel without loss of proton-selectivity and that it is not very likely for the open channel 
to have fully biprotonated histidines unless considerable conformational change of the 
backbone occur during protonation.
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4.3. Further MD Simulations with the Closed Structure

In order to examine the stability of the closed conformation, we have recently per-
formed two MD simulations with the Amber 99 force field. One of them has position-
restraints only on the backbone atoms, while the other has no restraint. The conformational
stability can be evaluated through the calculated root mean squared deviations (RMSD) as
functions of time for the side chain atoms of His37 and Trp41 (Figure 10.8). Interestingly, the
conformation is more stable in the restrained simulation, while it is not in the free simulation.
Visual examination of the final structure also confirmed that the conformation of His37 and
Trp41 was maintained very well in the restrained simulation, while one pair of His37 
and Trp41 in the free one lost their original conformation. The high stability in the restrained
simulation suggests that dihedral potentials of Amber 99 force field for the two amino acids
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Figure 10.7. A snapshot from a MD simulation of the possible open structure. The backbone and heavy atoms of
His37 and Trp41 were position-restrained in the simulation. The His37 residues (in gray color) and the Trp41
residues (dotted area) are displayed as their molecular surface. Notice that the pore is open enough for a single water
molecule to fit into the constrictive region and that the orientation of the pore water molecules does not allow proton
to hop through from the N-end to the histidine residues.

favor this conformation. However, the energy barrier for maintaining this conformation is not
high; they can be overcome easily by, for example, entropy effects as the restraints on the
backbone are removed, which is reflected by the observed relative instability in the free 
simulation.

One explanation for this result can be that our proposed closed structure may be incor-
rect. Some preliminary solid-state NMR data on the AMT/M2-TMP complex in liposome sug-
gest the �-nitrogen of His37 is protonated at the closed state (Hu and Cross, personal
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Figure 10.8. The root mean squared deviation (RMSD) of the side chains of the His37 and Trp41 residues as a
function of the time for two simulations: The one with position-restraint on the backbone atoms (lower one) and the
other without restraint (upper one).



communication), thus in contradistinction to our proposed structure. Another explanation 
is that the lack of polarizability of the force field does not treat correctly the hydrogen–
� interaction between the �-hydrogen of His37 and the indole ring of Trp41. Hydrogen–�
interaction has been recognized as a significant contributor to molecular structural stability
(Babu, 2003; and references cited therein). The second explanation can be examined through
re-parameterization for the particular conformation, which is currently underway in our group.

5. A Revised Gating Mechanism and Future Work

The MS-EVB simulation results and our recent structural and simulation data have led
us to propose a revised gating mechanism (Wu and Voth, 2003a), described briefly as follows:
The closed channel adopts the (t60, t90 �) conformation. When the pH goes down, one (or
two) histidine residue becomes bi-protonated and undergoes a small conformational change
by rotating its �2 angle from 60� to 0�. The resultant conformation provides a widened pore
so that pore waters penetrate, forming a proton-conductive water wire through the gate region.
Protons can then diffuse through channel by hopping through the pore water molecules via
the Grotthuss shuttle mechanism.

The proposed mechanism will be subject to examinations by both future MD simula-
tions and experiments. Our most recent development of an MS-EVB for histidine will allow
us to examine the role of the key residue His37 in the conductance mechanism in more detail.
Furthermore, we have recently been able to simulate multiple excess protons in the M2 chan-
nel with the completion of an MS-EVB simulation framework for multiple chemical reactions
in system. These future simulation studies will certainly provide valuable microscopic details
and raise new questions and concepts concerning the proton conductance mechanism in the
M2 channel.
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Structure and Function of Vpu from HIV-1

S.J. Opella, S.H. Park, S. Lee, D. Jones, A. Nevzorov, M. Mesleh, 
A. Mrse, F.M. Marassi, M. Oblatt-Montal, M. Montal, K. Strebel, 
and S. Bour

1. Introduction

Virus protein “u” (Vpu) contributes to the virulence of HIV-1 infections of humans by
enhancing the production and release of progeny virus particles. Its biological activities are
associated with the two distinct structural domains of the protein. Since the entire polypep-
tide consists of only 81 amino acid residues, each of the biological activities is associated with
a relatively small and well-defined structural entity. This suggests that the three-dimensional
structure of the protein will lead to a detailed understanding of its biological functions, and
potentially to the identification of small molecules that act as drugs by interfering with its
functions (Miller and Sarver, 1997) as has been done for other HIV-1 encoded proteins
(Turner and Summers, 1999; Wlodawer, 2002). The many structure determinations of HIV
protease alone and complexed with inhibitors led to the development of the highly effective
drugs that are a mainstay of current therapy for AIDS (Erickson and Burt, 1996; Vondrasek
et al., 1997). Even though the protease is about 20% larger than Vpu, its structure was deter-
mined very soon after its discovery (Navia et al., 1989; Wlodawer et al., 1989), while the
structure of Vpu is yet to be determined. The reasons that Vpu has not followed quickly in the
path of protease have their roots in the most fundamental aspects of experimental structural
biology and biochemistry. Vpu is a helical membrane protein, and it requires the presence of
lipids and water to adopt its native functional structure. The lipids interfere with the forma-
tion of crystals for X-ray diffraction as well as the preparation of samples suitable for multi-
dimensional solution NMR spectroscopy. In contrast, protease is a globular, soluble protein
well suited for experimental structure determination by both X-ray crystallography and
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solution NMR spectroscopy (Ishima et al., 2003). In addition, protease is an enzyme with a
well-defined active site. Not only is Vpu a helical membrane protein, but also it has multiple
biological functions that involve two different domains that act as channels or interact with
other proteins, making it a much more complex system for structural biology.

In addition to the prototypical retroviral gag, pol, and env genes, HIV-1 encodes a num-
ber of so-called accessory genes that perform essential functions during the viral life cycle.
The term accessory genes was coined following the finding that their inactivation resulted in
little or no impairment of virus replication in continuous cell lines (Strebel et al., 1988; Fan
and Peden, 1992). However, subsequent studies have shown that accessory gene products can
dramatically change the course and severity of the viral infection (Bour and Strebel, 2000,
2003) and thus have the potential to be novel targets for drugs (Miller and Sarver, 1997).

The vpu gene is found exclusively in HIV-1. The Rev-dependent bicistronic mRNA that
encodes Vpu also contains the downstream Env ORF, which is translated by leaky scanning
of the Vpu initiation codon (Schwartz et al., 1990). In primary isolates, the vpu gene is not
always functional due to the presence of mutated initiation codons or internal deletions
(Korber et al., 1997), suggesting a mechanism by which Vpu expression is regulated by 
the virus.

Vpu is an 81 amino acid type 1 integral membrane protein (Cohen et al., 1988; Strebel
et al., 1988). As shown with its annotated primary sequence in Figure 11.1 and the schematic
representations in the other figures, it has an N-terminal hydrophobic transmembrane helix
and a C-terminal cytoplasmic domain that has two amphipathic in-plane helices. The highly
conserved region spanning residues 47 to 58 between the two amphipathic helices in the cyto-
plasmic domain contains a pair of serine residues that are constitutively phosphorylated by
casein kinase II (Schubert et al., 1994) and is of particular interest. Based on structural simi-
larities between Vpu and the influenza virus M2 ion-channel protein it was speculated that
homo-oligomeric complexes of Vpu might possess pore-forming abilities (Maldarelli et al.,
1993). Thus, the three-dimensional structures of the polypeptides and their oligomeric
arrangement in membranes are of interest for understanding the functions of Vpu (Cordes
et al., 2001; Fischer and Sansom, 2002; Fischer, 2003).

2. Structure Determination of Vpu

Initial attempts at characterizing the structures of polypeptides corresponding to portions
of Vpu were limited by the intrinsic properties of hydrophobic helical membrane proteins, the
use of synthetic peptides, solvent rather than lipid environments, and the experimental methods.
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Figure 11.1. The primary structure of Vpu from HIV-1 (Bour and Strebel, 2003).



Only recently has the first atomic-resolution structure of a Vpu polypeptide become available
(Park et al., 2003), and that was the result of integrating the studies of Vpu into the development
of new experimental methods for determining the structures of membrane proteins by NMR
spectroscopy (Opella, 2002). In addition, substantial progress has been made toward the 
structure determination of the cytoplasmic domain as well as the full-length protein with these
methods. The three-dimensional structures of full-length Vpu and of its structural and functional
domains will be compared to the findings of previous investigations of the structure and dynam-
ics of a variety of Vpu polypeptides, including by infrared dichroism (Kukol and Arkin, 1999),
NMR spectroscopy (Wray et al., 1995, 1999; Federau et al., 1996; Willbold et al., 1997;
Henklein et al., 2000; Coadou et al., 2002, 2003), and molecular dynamics simulations (Grice
et al., 1997; Moore et al., 1998; Torres et al., 2001; Cordes et al., 2002; Lopez et al., 2002).
Both biochemical experiments and computer simulations and modeling have provided insights
into how the oligomerization of Vpu could lead to the formation of ion-conductive membrane
pores, and these efforts will benefit from the availability of the atomic-resolution structures of
the channel-forming domain and the full-length protein.

Vpu is a typical helical membrane protein. A major challenge in structural biology is
the determination of the structures of membrane proteins. Despite substantial efforts, Vpu has
not been crystallized and continues to remain outside the realm of X-ray crystallography.
Thus, NMR is the only method that is applicable, since it does not require crystals, and is
capable of determining the three-dimensional structures of proteins with atomic resolution.
However, the conventional multidimensional solution NMR methods that work well with
globular proteins, such as HIV protease, are problematic for membrane proteins, even rela-
tively small ones like Vpu, because the slow reorientation rates that accompany solubilization
in micelles result in broad resonance line widths, short relaxation times, and efficient spin-
diffusion, all of which contribute to the difficulty in observing and assigning long-range
NOEs as distance constraints for determining the three-dimensional structures of these pro-
teins. Proteins reconstituted into the other well-characterized model membrane environment
of lipid bilayers are more attractive from a biochemical perspective, but are even less well
suited for solution NMR methods; since the polypeptides are effectively immobilized on the
relevant NMR timescales by their interactions with the phospholipids they give spectra with
broad, ill-behaved resonances.

However, it is important to recognize that NMR studies of membrane proteins are dif-
ficult only because of the motional properties of the samples and not the properties of the
polypeptides. We are developing two complementary NMR approaches to structure determi-
nation to deal with this problem (Opella, 1997; Opella et al., 2002), both of which are being
applied in parallel to Vpu polypeptides (Marassi et al., 1999; Ma et al., 2002; Park et al.,
2003). The first utilizes completely aligned bilayers samples and solid-state NMR separated
local field experiments (Waugh, 1976; Wu et al., 1994; Nevzorov and Opella, 2003) that
measure orientationally dependent dipolar coupling and chemical shift frequencies. The 
second utilizes weakly aligned micelle samples (Ma and Opella, 2000; Veglia and Opella,
2000; Chou et al., 2002) and multidimensional solution NMR spectroscopy for the measure-
ment of residual dipolar couplings and chemical shift anisotropies as orientational constraints
(Bax et al., 2001; Prestegard et al., 2001). The use of orientational constraints is resulting 
in the convergence of solution NMR and solid-state NMR approaches to the structure 
determination of membrane proteins (Opella et al., 2002; Mesleh et al., 2003).

Many of the NMR methods have been developed with Vpu in mind, including the
expression, sample preparation, and spectroscopic and functional studies of individual
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structural and functional domains. The association of the two principal activities of Vpu with
different portions of the protein molecule is a strong influence on the plan for structure deter-
mination. The degradation of CD4 appears to be affected by the cytoplasmic domain, and the
ion-channel activity resides in the transmembrane helix, which oligomerizes to form chan-
nels. The NMR studies of Vpu are illustrated with results from polypeptides corresponding to
the transmembrane helix, the cytoplasmic domain, and full-length Vpu with both domains.
All of the polypeptides are prepared by expression in bacteria, which enables uniform and
selective isotopic labeling.

Proteins associated with phospholipid bilayers are immobile on the 104 Hz timescales of
the dominant chemical shift and heteronuclear dipolar interactions. Therefore, solid-state
NMR methods originally developed for crystals and powders are applicable to fully hydrated
samples of protein-containing lipid bilayers as well as other biological supramolecular 
assemblies (Pake, 1948; Waugh, 1976; Opella et al., 1987). Figure 11.2 compares the one-
dimensional solid-state NMR spectra of uniformly 15N labeled full-length Vpu(2–81) to that
of Vpu(28–81), the polypeptide corresponding to the cytoplasmic domain. The frequency of
each backbone amide nitrogen resonance is determined by the anisotropic chemical shift inter-
action because the dipolar couplings to the nearby hydrogens are decoupled, and this is suffi-
cient to qualitatively determine the orientations of the three helical segments of Vpu in
membrane bilayers. The resonances in the solid-state NMR spectrum of full-length Vpu are
clearly segregated into two distinct bands at chemical shift frequencies associated with NH
bonds in the transmembrane helix perpendicular to the membrane surface (200 ppm) and with
NH bonds in both cytoplasmic helices parallel to the membrane surface (70 ppm). Moreover,
these data show that the cytoplasmic domain adopts a unique conformation in the presence of
phospholipids and binds strongly to the membrane surface in only one way. In phospholipid
bilayers, the protein is fully immobilized in its native conformation, and there is no evidence
in these spectra of a substantial number of residues undergoing local motions. Moreover, the
fine structure of the resonances is very similar for the in-plane (70 ppm) regions in both the
full-length and cytoplasmic domain polypeptides, which suggests that the in-plane helices have
the same conformations and orientations with and without the presence of the N-terminal
transmembrane helix. These data serve to verify the secondary structure and establish the 

150 S.J. Opella et al.

Figure 11.2. One-dimensional 15N solid-state NMR spectra of uniformly 15N-labeled polypeptides in completely
aligned bilayers. A. Full-length Vpu (residues 2–81). B. Cytoplasmic domain of Vpu (residues 28–81) (Marassi 
et al., 1999).



overall topology of Vpu in membrane bilayers. Resolution of individual resonances is essen-
tial for obtaining structural information with atomic resolution, and this requires multidimen-
sional solid-state NMR experiments.

In the two-dimensional PISEMA (polarization inversion spin exchange at the magic
angle) (Wu et al., 1994) spectrum of uniformly 15N labeled Vpu(2–30�) shown in Figure 11.3,
each amide site contributes a single correlation resonance that is characterized by unique
1H–15N dipolar coupling and 15N chemical shift frequencies. The unmistakable “wheel-like”
pattern of resonances in the two-dimensional PISEMA spectrum of Vpu(2–30�) in a completely
aligned bilayers sample is typical of those observed for transmembrane helices in uniformly 
15N labeled helical membrane proteins. These PISA (polarity index slant angle) wheel patterns
correspond to helical wheel projections and are direct indices of secondary structure and 
topology (Marassi and Opella, 2000; Wang et al., 2000). The magnitudes of the 1H–15N
dipolar coupling frequencies can be measured directly from the spectra, and provide input for
direct characterization of the helices and comparisons among the domains. The combination 
of the chemical shift and dipolar coupling frequencies enable the determination of the three-
dimensional structure of the protein with atomic resolution (Park et al., 2003).

Figure 11.4 compares the solution NMR spectra of the same polypeptides in micelles.
Most of the correlation resonances of the polypeptide corresponding to the cytoplasmic
domain overlap with the corresponding resonances in the spectrum of the full-length protein.
This suggests that the residues that constitute the cytoplasmic domain of Vpu have very sim-
ilar local environments and properties whether or not the transmembrane domain is attached
at the N-terminus. Similarly, the resonances from the transmembrane helical residues are
unaffected by the presence or absence of the cytoplasmic domain (Marassi et al., 1999). Thus,
both the solid-state NMR data in Figure 11.2 and the solution NMR data in Figure 11.4 
indicate that Vpu is a modular protein with two essentially independent structural domains.
In separate experiments, it was found that there is a continuous stretch of 17 amino acid
residues in the middle of the polypeptide that are resistant to hydrogen exchange (Park et al.,
2003). By this criterion, the transmembrane helix of Vpu consists of residues 8–25 in micelles
in agreement with the finding of the resonances from the same residues in the appropriate
region of the PISEMA spectrum in Figure 11.3 of the polypeptide in lipid bilayers.
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Figure 11.3. Two-dimensional PISEMA spectrum of uniformly 15N-labeled transmembrane domain of Vpu
(residues 2–30�) (Park et al., 2003).



The polypeptide in micelles was weakly aligned by soaking it into a polycrylamide gel.
Then, by comparisons between measurements on the protein in the stressed gel and in isotropic
micelle solutions, it is possible to measure residual dipolar couplings. The unaveraged dipolar
couplings measured in solid-state NMR experiments and the residual dipolar couplings measured
in solution NMR experiments are completely analogous representations of the anisotropic
dipole–dipole interactions first described by Pake (1948) and brought to high resolution by
Waugh (1976) with separated local field spectroscopy. One-dimensional Dipolar Waves are an
extension of two-dimensional PISA wheels, both of which map protein structure from data
obtained on weakly aligned and completely aligned samples. Dipolar Waves describe the peri-
odic variation of the magnitudes of dipolar couplings as function of residue number in aligned
samples (Mesleh et al., 2002, 2003; Mesleh and Opella, 2003). We utilize the fit of the 1H–15N
dipolar coupling from the backbone amide sites to sinusoids of periodicity 3.6 to characterize the
length, curvature, orientation, and rotation of �-helices. They also serve as a sensitive index of
the regularity and ideality of the helices in proteins. Dipolar waves from solid-state NMR data
give absolute measurements of helix orientations because the polypeptides are immobile and the
samples have a known alignment in the magnetic field. In contrast, solution NMR data give
relative orientations of helices in a common molecular frame (Mesleh et al., 2003).

Experimental dipolar couplings measured from the PISEMA spectrum of a uniformly
15N labeled sample of Vpu(2–30�) are plotted as a function of residue number for the trans-
membrane helix of Vpu in Figure 11.5. The residues in the helix are identified on the basis 
of scoring with a 6-residue sliding window that measures the quality of fit to a sinusoid with
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Figure 11.4. Two-dimensional HSQC solution NMR spectra of uniformly 15N-labeled polypeptides in micelles.
A. Full-length Vpu (residues 2–81). B. Cytoplasmic domain of Vpu (residues 28–81). (Reproduced with permission
from Marassi et al. (1999). Proc. Natl. Acad. Sci. USA 96, © 1999.)



a periodicity of 3.6 residues. The transmembrane helix of Vpu has two distinct components
because there is a kink at isoleucine 17, and this is observed in data from both micelle and
bilayer samples. This suggests that all of the detailed structural features of the helix, that is,
the constituent residues, polarity, tilt, and kink, are properties of the polypeptide itself and are
not induced by specific intermolecular interactions with lipids.

The measured value of the dipolar coupling of Ile17 deviates markedly from the sinu-
soidal functions that fit well to the neighboring sites. Higher values of the scoring function
and changes in phase are observed near Ile17 relative to those observed for other residues in
the transmembrane helical region. These data clearly indicate that there is a deviation from
ideality of the helix near Ile17. The different amplitudes and average values of the sine waves
for the residues show that there is a kink in the helix at residue 17, and that the two helical
segments have slightly different orientations. The tilt angle of the helical segments in the lipid
bilayers can only be defined from the solid-state NMR data where the alignment frame is
established by the placement of the sample in the magnet. Residues 8–16 have a tilt angle 
of 12� and residues 18–26 have a tilt angle of 15� with a slightly different rotation angle. 
The two components of the transmembrane helix are represented by tubes in Figure 11.6.

3. Correlation of Structure and Function of Vpu

In addition to its destabilizing effect on CD4, Vpu mediates the efficient release of viral
particles from HIV-1-infected cells (Strebel et al., 1989; Klimkait et al., 1990). These two
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Figure 11.5. Dipolar Waves for N–H couplings in aligned samples of uniformly 15N-labeled polypeptides. A. and
B. are from the transmembrane domain of Vpu (2–30�). C. is from the cytoplasmic domain of Vpu (residues 28–81).
A. represents unaveraged dipolar couplings from a completely aligned bilayers sample. B. and C. represent residual
dipolar couplings from weakly aligned micelle samples (Park et al., 2003).



biological activities of Vpu appear to be mechanistically distinct and involve different struc-
tural domains in Vpu. For example, the particle release enhancing activity of Vpu is inde-
pendent of CD4 and does not require the envelope glycoprotein. Also, mutations of serine
residues 52 and 56, which are crucial for CD4 degradation, only partially affect virus release
(Schubert and Strebel, 1994). In addition, while the determinants for CD4 degradation are all
contained in the cytoplasmic domain of Vpu, the transmembrane domain has been shown 
to play an essential role for the particle release activity (Schubert et al., 1996a; Paul et al.,
1998). The presence of Vpu does not affect the synthesis, processing or stability of the viral
structural proteins (Strebel et al., 1989).

3.1. Vpu-Mediated Enhancement of Viral Particle Release

Two documented scenarios can account for the enhanced viral progeny production in
the presence of Vpu. First, Vpu appears to improve targeting of the plasma membrane as the
main site of viral assembly. Indeed, Vpu-defective viruses show a higher rate of intracellular
budding and accumulation of immature viral particles in intracytoplasmic vesicles (Klimkait
et al., 1990). Second, Vpu may affect a late stage of viral budding at the plasma membrane.
In the absence of Vpu, both single particles and chains of tethered virions remain attached to
the plasma membrane and fail to be released (Klimkait et al., 1990). This phenomenon is rem-
iniscent of late domain defects in the p6 Gag protein (Gottlinger et al., 1991) but the two
events appear to be unrelated (Schwartz et al., 1996). Indeed, while in the case of p6 Gag
mutations, virions that accumulate at the cell surface have an immature appearance and non-
condensed cores (Gottlinger et al., 1991), Vpu-defective tethered virions appear mature
(Klimkait et al., 1990). These data suggest that Vpu is not directly involved in virion forma-
tion or maturation but purely in the late release step involving the separation of the virion and
cellular membranes.

Vpu ion-channel activity was experimentally demonstrated in two independent studies
by measuring current fluctuations across an artificial lipid bilayer containing either full-length
recombinant Vpu protein or synthetic peptides corresponding to the transmembrane domain
of Vpu (Ewart et al., 1996). In addition, voltage clamp analysis on amphibian oocytes
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Figure 11.6. Structural representations of the transmembrane helix of Vpu. A. A tube representation of the
alignment in lipid bilayers. B. Superposition of 100 calculated backbone three-dimensional structures. C. A 90�

rotation of panel B to the vertical axis. D. A 30� tilt of panel C toward the reader (Park et al., 2003).



expressing full-length Vpu support the notion that Vpu forms ion-conductive pores (Schubert
et al., 1996b). The Vpu channel appears to be selective for monovalent cations such as sodium
and potassium. There is an intriguing correlation between the ability of Vpu to form ion-
conductive channels and its ability to enhance viral particle release in vivo. Indeed, a Vpu
mutant bearing a transmembrane domain with a scrambled amino acid sequence lacked 
ion-channel activity and was unable to enhance virus particle release, yet retained full CD4
degradation activity (Schubert et al., 1996b). Nevertheless, how an ion-channel activity of
Vpu could lead to enhanced viral particle production is still unclear (Lamb and Pinto, 1997).
It is conceivable that the channel activity of Vpu locally modifies the electric potential at 
the plasma membrane, leading to facilitated release of membrane budding structures.
Alternatively, the action of the Vpu channel could induce cellular factors involved in the late
stages of virus release or exclude cellular factors inhibitory to the viral budding process.
Regardless of the exact mechanism of how the ion-channel activity affects the release of HIV
particles, it is the best characterized function of the protein (Montal, 2003). Vpu-mediated
enhancement of virus release is strictly dependent on the integrity of the transmembrane
domain, and the ion-channel activity strongly correlates with the three-dimensional structure
of the domain as a pentamer shown in Figure 11.7.
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Figure 11.7. An optimized structure for the transmembrane domain of Vpu as a pentamer (Park et al., 2003).
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3.2. Vpu-Mediated Degradation of the CD4 Receptor

Receptor interference is a hallmark of retroviral infections that involves specific
removal of the cellular receptor used for entry into the host. HIV-1 has been shown to effec-
tively interfere with the transport, stability, and cell-surface localization of its specific recep-
tor, CD4 (Bour et al., 1995a). The gp160 envelope glycoprotein precursor (Env) and Vpu both
significantly contribute to the viral effort to downregulate CD4. Gp160 is a major player in
CD4 down-modulation that can, in most instances, quantitatively block the bulk of newly syn-
thesized CD4 in the endoplasmic reticulum (ER) (Jabbar and Nayak, 1990; Crise et al., 1990;
Bour et al., 1995a). However, the formation of CD4-gp160 complexes in the ER blocks the
transport and maturation of not only CD4 but of the Env protein itself (Bour et al., 1991). 
An important function of Vpu is to induce the degradation of CD4 molecules trapped in intra-
cellular complexes with Env thus allowing gp160 to resume transport toward the cell surface
(Willey et al., 1992). Co-immunoprecipitation experiments showed that CD4 and Vpu phys-
ically interact in the ER and that this interaction is essential for targeting CD4 to the degra-
dation pathway (Bour et al., 1995b). Mutagenesis studies delineated a domain extending from
residues 416 to 418 (EKKT) in the CD4 cytoplasmic domain required for degradation and
Vpu binding (Lenburg and Landau, 1993; Vincent et al., 1993; Bour et al., 1995b). While 
two conserved serine residues at positions 52 and 56 in the cytoplasmic domain of Vpu are
critically important for CD4 degradation (Schubert and Strebel, 1994; Paul and Jabbar, 1997),
they are not required for CD4 binding since phosphorylation-defective mutants of Vpu
retained the capacity to interact with CD4 (Bour et al., 1995b). The role of the Vpu phos-
phoserine residues in the induction of CD4 degradation was elucidated when yeast two-
hybrid assays as well as co-immunoprecipitation studies revealed an interaction of Vpu with
the human beta Transducin-repeat Containing Protein (�TrCP) (Margottin et al., 1998). Vpu
variants mutated at serines 52 and 56 were unable to interact with �TrCP (Margottin et al.,
1998), providing a mechanistic explanation for the requirement for Vpu phosphorylation and
strongly suggesting that �TrCP was directly involved in the degradation of CD4. Structurally,
the Dipolar Waves in Figure 11.5 suggest that the two amphipathic in-plane helices of the
cytoplasmic domain are not collinear and that the phosphorylation sites are well situated for
interactions with other proteins. More details will be revealed when the three-dimensional
structure of the phosphorylated and non-phosphorylated forms of the cytoplasmic domain
become available for comparisons.

Structurally, �TrCP shows a modular organization. Similar to its Xenopus laevis
homolog (Spevak et al., 1993), human �TrCP contains seven C-terminal WD repeats that
mediate interactions with Vpu in a phosphoserine-dependent fashion (Margottin et al., 1998).
In addition to the WD repeats, �TrCP contains an F-box domain that functions as a connector
between proteins targeted for degradation and the ubiquitin-dependent proteolytic machinery
(Figure 11.8) (Bai et al., 1996). A number of proteasome degradation pathways involving
�TrCP have recently been deciphered that resemble, at least in part, that of Vpu-mediated CD4
degradation. For example, ubiquitination and proteasome targeting of the NF�B inhibitor
I�B� was shown to involve the TrCP-containing SkpI, Cullin, F-box protein (SCFTrCP) E3
complex also involved in CD4 degradation (Yaron et al., 1998). Interestingly, the recognition
motif on all known cellular substrates of �TrCP consists of a pair of conserved phosphoserine
residues similar to those present in Vpu (Margottin et al., 1998). These serine residues are
arranged in a consensus motif: DSpGYXSp; where Sp stands for phosphoserine, Y stands for
a hydrophobic residue and X stands for any residue. Serine-phosphorylation plays the major



regulatory role in the stability of SCFTrCP target proteins. For example, activation of the I�B
kinase complex (IKK) by external stimuli such as TNF� induces the serine-phosphorylation of
I�B� followed by rapid TrCP-mediated proteasome degradation (Figure 11.8). Although the
molecular mechanisms by which Vpu targets CD4 for degradation are now reasonably well
defined, it remains unclear how the membrane-anchored CD4 is ultimately brought into con-
tact with cytoplasmic proteasome complexes (Figure 11.8). There is only indirect evidence that
CD4 ubiquitination precedes its degradation by Vpu (Fujita et al., 1997; Schubert et al., 1998).
It is also not clear at present whether Vpu-induced degradation involves dislocation of CD4
from the ER membrane, as shown for other membrane-bound proteasome substrates such as
MHC class I heavy chains (Wiertz et al., 1996).

Vpu has one intriguing property that distinguishes it from all other known substrates of
�TrCP: it is resistant to proteasome degradation. Indeed, while the SCFTrCP usually degrades the
serine-phosphorylated protein directly bound to the TrCP WD domains (i.e., Vpu), CD4, bound
to the Vpu cytoplasmic domain, is degraded instead. Vpu therefore appears to have evolved 
a decoy mechanism by which Vpu domains that might be targeted for poly-ubiquitination 
are masked and those present in CD4 are presented instead to the Cdc34 ubiquitin ligase. 
This phenomenon has serious implications for the regulation and availability of the SCFTrCP

in cells that express Vpu. Indeed, due to the fact that Vpu is constitutively phosphorylated
(Schubert et al., 1994), binds �TrCP with high affinity (Margottin, 1998) and is not released
from the complex by degradation (Bour et al., 2001), Vpu expression in HIV-infected cells
was shown to perturb the physiological function of the SCFTrCP and prevent NF-�B activation
through competitive trapping of �TrCP (Bour et al., 2001). As depicted in Figure 11.8,
this inhibition of NF-�B activation was further shown to induce apoptosis by inhibiting the
NF-�B-dependent expression of anti-apoptotic genes such as Bcl-2, leading to enhanced
intracellular levels of the apoptosis-promoting caspase-3 (Akari et al., 2001).
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Figure 11.8. Model of the biological roles of Vpu.



4. Summary

Although the vpu gene is unique to HIV-1, the activity Vpu provides for enhanced viral
particle release is not. Indeed, the envelope proteins of several HIV-2 isolates, including ROD10
and ST2, were shown to promote viral particle release in a manner indistinguishable from that
of HIV-1 Vpu (Bour et al., 1996; Ritter et al., 1996). Both Vpu and the ROD10 Env are func-
tionally interchangeable and each augment the release of HIV-1, HIV-2 and simian immunode-
ficiency virus (SIV) particles, suggesting a common mechanism of action for these two proteins
(Gottlinger et al., 1993; Bour and Strebel, 1996; Bour et al., 1996; Bour et al., 1999b). Site-
directed mutagenesis revealed that the ability of the HIV-2 ROD Env protein to enhance viral
particle release is regulated by a single amino acid substitution (position 598) in the ectodomain
of the gp36 TM subunit (Bour et al., 2003). Substituting the threonine at that position in the
inactive ROD14 Env by the alanine found at the same position in the active ROD10 Env restored
full particle release activity to the ROD14 Env in transfected HeLa cells (Bour et al., 2003).

Unlike Vpu, the HIV-2 Env protein is unable to induce CD4 degradation (Bour and
Strebel, 1996). The absence of a degradative activity in the ROD10 Env suggests that this
additional function may have evolved in Vpu from the ancestral particle release activity in
response to increased affinity between the HIV-1 Env and CD4 (Bour and Strebel, 1996;
Willey et al., 1992). Additional evidence in favor of this hypothesis comes from examining
the sequence of SIVcpz isolates. The serine residues at positions 52 and 56 essential for inter-
action with TrCP are less conserved in SIVcpz than in the prototypical subtype C HIV-1 iso-
lates (McCormick-Davis et al., 2000b). The Vpu proteins from SIVcpz isolates are therefore
unlikely to induce CD4 degradation. Since SIV isolates bearing a pseudo vpu gene are viewed
as potential ancestors of HIV-1, it is tempting to speculate that the CD4 degradation ability of
Vpu appeared late in the evolution of HIV-1.

Studies in pig-tailed macaque using SIV/HIV chimeric viruses (SHIV) have shown that
mutation of the VPU initiation codon rapidly reverts to give rise to a functional vpu ORF
(Stephens et al., 1997). Such reversion occurs as early as 16 weeks post infection and corre-
lates with a phase of profound loss of CD4-positive cells (McCormick-Davis et al., 1998).
Similar results were obtained in cynomolgus monkeys where the presence of Vpu was corre-
lated with a vast increase in the plasma viral RNA levels 2 weeks post-infection (Li et al.,
1995). The increased viral fitness and pathogenicity conferred by Vpu is bimodal. First, Vpu
increases viral loads in the plasma, thereby contributing to viral spread. Second, the higher
frequency of de novo infections that results from these higher viral loads leads to increased
rates of mutations in the env gene (Li et al., 1995; Mackay et al., 2002). This in turn leads to
more rapid and efficient escape from neutralizing antibodies and accelerated disease progres-
sion (Li et al., 1995). In animals infected with viruses where vpu deletions were large enough
to prevent reversions, investigators observed long term nonprogressing infections character-
ized by a lack of circulating CD4� T cells loss (Stephens et al., 2002). Finally, studies in pig-
tailed macaques showed that in the presence of large deletions in vpu, additional mutations in
the env gene were acquired that partially compensated for the lack of Vpu (McCormick-Davis
et al., 2000a; Singh et al., 2001). Although the mechanism by which Env would recapitulate
the activity of Vpu in these animals is unclear, it is tempting to speculate that Env might have
acquired a particle release activity similar to that displayed by some HIV-1 macrophage tropic
isolates (Schubert et al., 1999) and some HIV-2 isolates (Bour et al., 1996; Ritter et al., 1996).

As details of Vpu’s action on CD4 degradation and particle release emerge, the ques-
tion arises as to why such apparently unrelated activities have evolved within a single protein.

158 S.J. Opella et al.



One possibility is that enhancement of particle release and CD4 degradation are two unrelated
activities, each performing its own function in the viral life cycle. The main role of the 
CD4 degradation activity would thus be to liberate envelope protein precursors trapped in
intracellular complexes with CD4 (Bour et al., 1991; Willey et al., 1992). As the rate of viral
particle production augments, the action of Vpu would guarantee that enough mature enve-
lope proteins are available for incorporation into virions. In addition, it is possible that CD4
degradation was selected as a supporting feature to the main particle release activity. Indeed,
there is experimental evidence that the presence of CD4 at the cell surface actively interferes
with the ability of Vpu to promote viral particle release (Bour et al., 1999a). Another purpose
of intracellular degradation of CD4 by Vpu would therefore be to prevent interference by cell
surface CD4 of the Vpu particle release activity (Bour et al., 1999a).

Much work remains to be done to fully characterize the particle release activity of Vpu.
This includes a better characterization of the ion-channel activity and the identification of cel-
lular partners of Vpu involved in promoting viral egress. We have recently paid special attention
to the cellular specificity of Vpu action. Indeed, we have shown that certain cell types, such as
the 293T embryonic kidney cell line, do not require Vpu for efficient HIV-1 particle release.
While this may indicate that cell type-specific protein factors may be involved in the mechanism
of Vpu action, it is also conceivable that membrane composition characteristics such as choles-
terol concentration determine the need for Vpu in promoting viral release.

There is clear evidence that Vpu-mediated enhancement of viral particle production,
downregulation of cell-surface CD4 and raising viral loads in vivo play key roles in the 
fitness and pathogenesis of HIV-1. It would therefore be beneficial to patients if drugs that
target Vpu particle release activity were available. Providing the particle release activity of
Vpu is indeed dependent on the presence of an ion-channel activity, it is conceivable that
drugs similar to the Influenza M2 channel blocker amantidine could be developed to specifi-
cally target Vpu. The opportunities to develop drugs that target the biological functions of
Vpu will be greatly increased as the structures of the Vpu and its structural and functional
domains become available.
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Structure, Phosphorylation, and 
Biological Function of the HIV-1 Specific
Virus Protein U (Vpu)

Victor Wray and Ulrich Schubert

Knowledge describing the structure and function of the small regulatory human immuno-
deficiency virus type 1 (HIV-1) viral protein U (Vpu) has increased significantly over the last
decade. Vpu is an 81 amino acid class I oligomeric integral-membrane phosphoprotein that is
encoded exclusively by HIV-1. It can therefore be anticipated, that Vpu might contribute to
the increased pathogenic potential of HIV-1 when compared with HIV-2 that has so far had a
lower impact on the acquired immune deficiency syndrome (AIDS) pandemic. Various bio-
logical functions have been ascribed to Vpu: first, in the endoplasmic reticulum (ER) Vpu
induces degradation of CD4 in a process involving the ubiquitin–proteasome pathway and
phosphorylation of its cytoplasmic tail. In addition, there is also evidence that Vpu interferes
with major histocompatibility complex (MHC) class I antigen presentation and regulates Fas
mediated apoptosis. Second, Vpu augments virus release from a post ER compartment by a
cation-selective ion channel activity mediated by its transmembrane (TM) anchor. The phos-
phorylation of the molecule is mediated by the ubiquitous protein kinase caseinkinase 2 
(CK-2) within a central conserved dodecapeptide at positions Ser52 and Ser56 located in a
flexible hinge region between two helical domains. Structural information, provided experi-
mentally mainly by solution- and solid-state nuclear magnetic resonance (NMR) spec-
troscopy and made possible through the availability of synthetic and recombinant material,
have shown that the biological activities of Vpu are localized in two distinct domains that are
mainly confined to the C-terminal cytoplasmic and N-terminal TM domains, respectively.
Similar to other small viral proteins that interact with membranes Vpu is a very flexible 
molecule whose structure is exceptionally environment dependent. It assumes it’s most struc-
tured form in the hydrophobic environment in or at the membrane. An initial 20–23 residue
�-helix in the N-terminus adopts a TM alignment while the cytoplasmic tail forms an 
�-helix-flexible-�-helix-turn motif, of which at least a part is bound parallel to the membrane
surface. Details of the arrangement of oligomeric forms of the molecule that are presumably
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required for the ion channel activity, are emerging from recent theoretical calculations, while
this particular function is currently the area of pharmaceutical interest.

1. Introduction

Since the first description of the acquired immune deficiency syndrome (AIDS) in 1981
and the identification of human immunodeficiency Virus (HIV) as the causative ethnological
agent (Barre-Sinoussi et al., 1983) enormous progress has been made in understanding the
pathogenesis of human lentiviruses. Nonetheless, our knowledge of the contribution of par-
ticular virus factors to the induction of immunodeficiency is still far from complete. In gen-
eral, all replication competent retroviruses contain gag, pol, and env genes encoding structural
proteins and viral enzymes. Beside these retrovirus typical genes Lentiviruses, Spumaviruses,
and the human T-cell leukemia virus (HTLV) and its relatives encode small additional gene
products with regulatory functions in the viral life cycle. Unraveling the molecular structure
of these regulatory HIV proteins has proven essential for understanding and manipulating the
molecular mechanism of these viral factors (reviewed in Miller and Sarver, 1997).

Human immunodeficiency virus type 1 contains at least six regulatory genes, with the
Vpu unique to HIV-1. No structural homolog has been detected in primate Lentiviruses even
in closely related species such as HIV-2 or simian immunodeficiency virus (SIV), except for
the HIV-1 related isolate SIVCPZ (Huet et al., 1990). Depending on the particular HIV-1 
isolate, Vpu is an 80- to 82-residue long type I anchored amphipathic membrane phospho-
protein with a functional and structural discernible domain architecture: first, Vpu augments
virus release from a post ER compartment by a cation-selective ion channel activity mediated
by its TM anchor (Ewart et al., 1996; Schubert et al., 1996a, b; for review see Lamb and
Pinto, 1997). Second, it affects the cell surface expression of several glycoproteins involved
in host immune response: well characterized is the Vpu induced degradation of the primary
virus receptor CD4 in the ER. This process requires the CK-2 dependent phosphorylation of
two conserved serine residues within the cytoplasmic tail of Vpu (Schubert et al., 1992, 1994;
Friborg et al., 1995; Paul and Jabbar, 1997) and the formation of multiprotein complexes con-
taining cellular factors such as h-�TrCP and Skp1p (Margottin et al., 1998) that presumably
link the ubiquitin conjugating machinery to the cytoplasmic tail of CD4 leading to ubiquiti-
nation and finally proteolysis of CD4 by the 26S proteasome in the cytosol (Fujita et al.,
1997; Schubert et al., 1998). In addition, there is also evidence that Vpu decreases the ten-
dency for syncytia formation (Yao et al., 1993), reduces the transport of certain glycoproteins
(Vincent and Jabbar, 1995), interferes with an early step in the biosynthesis of MHC class I
molecules (Kerkau et al., 1997), and increases the susceptibility to CD95 (Fas) mediated
apoptosis (Casella et al., 1999) potentially by regulating the levels of Fas receptor at the cell
surface. While the importance of the Vpu induced interference of MHC-I and Fas pathways
for the HIV-1 replication cycle are rather obscure at the moment there are indications that the
Vpu induced CD4 degradation ensures high infectivity of HIV-1 by preventing incorporation
of envelope glycoproteins into budding virions, a function that is also supported by the acces-
sory protein Nef (Lama et al., 1999).

Like other accessory HIV gene products Vpu is not essential for virus replication in tis-
sue culture. However, it is conceivable that the two major biological functions of Vpu, down-
regulation of CD4 and augmentation of virus particle release, may contribute to the enhanced
pathogenic potential of HIV-1 when compared to its close relative, HIV-2 (Kanki et al., 1994;

166 Victor Wray and Ulrich Schubert



Marlink et al., 1994). Such a hypothesis is supported by in vivo studies indicating that Vpu
indeed increases HIV-1 pathogenicity in a SCID-hu mice model system (Aldrovandi and
Zack, 1996) or virus load and disease progression in a chimeric simian–human immunodefi-
ciency viruses (SHIV)/monkey model (Li et al., 1995).

Clearly, if Vpu is going to serve as a new target for anti-retroviral therapy and, thus,
play any role in the combinatory treatment of AIDS, a prerequisite is the understanding of the
relationship between its function and the molecular structure. Over the last few years, both
aspects of Vpu have been intensely investigated such that these details are currently furnish-
ing areas of pharmaceutical interest (Ewart et al., 2002).

2. Structure and Biochemistry of Vpu

Shortly after the discovery of Vpu (Cohen et al., 1988; Strebel et al., 1988), the protein
was characterized as a membrane phosphoprotein that is co-translationally integrated into the
ER membrane with the suspected class I topology and a reported molecular mass of 16 kDa
(Strebel et al., 1989). Besides theoretical prediction of an amphipathic protein sequence
(Strebel et al., 1989) nothing was known about the molecular structure of the protein at the
time of its first biochemical and functional characterization. To shed more light onto these
topics, we were interested in the determination of its atomic structure, the biochemical char-
acterization of the Vpu phosphorylation, and ultimately in the development of in vitro assays
for Vpu functions with the help of chemical synthesis of Vpu peptides.

A substantial amount of biochemical data exists that characterizes Vpu as a type I 
oriented integral oligomeric membrane phosphoprotein composed of an amphipathic
sequence of 81 amino acids comprising a hydrophobic N-terminal TM anchor proximal to a
polar C-terminal cytoplasmic domain (Strebel et al., 1989; Klimkait et al., 1990; Maldarelli
et al., 1993). The latter contains a highly conserved dodecapeptide from Glu-47 to Gly-58 that
is conserved among all Vpu sequences of known HIV-1 isolates (Huet et al., 1990; Chen
et al., 1993) and contains two seryl residues in positions 52 and 56 which are phosphorylated
by CK-2 in a positive cooperative manner in HIV-1 infected cells (Schubert et al., 1992,
1994). Earlier studies by proteinase K digestion of membrane integrated Vpu indicated that
the membrane anchor is located at the N-terminus and contains less than 30 residues
(Maldarelli et al., 1993). Reconstitution of the synthetic membrane anchor of Vpu in planar
lipid bilayers identified a cation-selective ion channel activity (Schubert et al., 1996b) which
was also demonstrated for full-length Vpu in bilayers (Ewart et al., 1996) and in amphibian
oocytes (Schubert et al., 1996). The idea that Vpu functions as an ion channel was further-
more supported by the observation that Vpu enhances membrane permeability when
expressed in pro- and eukaryotic cells (Gonzales and Carrasco, 1998).

Our structural studies on Vpu involved the establishment of a general NMR approach
for the study of short membrane-associated peptides using a combination of high-resolution
NMR in solution and evaluation of the resulting structures by solid-state NMR in oriented
bilayers. These techniques in combination with solid phase peptide synthesis afford a very
powerful and straightforward approach to determining structural details of membrane-bound
Vpu peptides. This strategy has the advantages that peptide synthesis provides a ready source
of customized NMR probes, which can be easily and selectively labeled with 15N.
Alternatively, the availability of such hydrophobic peptides is usually limited when recombi-
nant DNA techniques are applied, due to the low yield of mostly toxic and insoluble 
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TM peptides when expressed in bacteria, or to their general tendency to form high order
aggregates.

Over the last 10 years, considerable effort has been expended on determining the struc-
ture of Vpu as a prerequisite for understanding the molecular mechanism of its biological
activities. Initial difficulties in producing recombinant material, and the realization that the
molecule represents a type I integral membrane protein (Maldarelli et al., 1993) whose struc-
ture is environment-dependent, led to early studies being conducted on synthetic material
(Henklein et al., 1993). Our early attempts to produce recombinant Vpu failed as the protein,
when expressed in its authentic form, exhibited a high degree of cytotoxicity, probably
because of its activity on biological membranes. In addition, it formed high ordered aggre-
gates (Schubert et al., 1992). Further, we demonstrated that the recombinant Vpu could be
isolated from bacteria in a membrane-bound state, which was a bona fide substrate for in vitro
phosphorylation studies. However, the total yield of expressed protein in Escherichia coli was
far too low for production of purified material for subsequent NMR experiments (Schubert
et al., 1992). Later studies by others where successful in producing recombinant Vpu as a
fusion protein that formed inert inclusion bodies in E. coli (Ma et al., 2002). The failure of
such peptides, either produced synthetically or by recombinant techniques, to crystallize 
precluded X-ray crystallographic studies and hence structural studies has relied on both 
solution- and solid-state NMR spectroscopy as the main approach for producing models of
the structural domains in the molecule.

Biochemical investigations revealed that Vpu is an amphiphatic class I oligomeric inte-
gral membrane phosphoprotein that has 27 hydrophobic amino acids at its N-terminus which
function as a membrane anchor and a C-terminus of 54 hydrophilic and charged amino acids
that comprise the cytoplasmic domain. This latter domain was the first to receive attention.
Despite considerable differences in the amino acid sequences among Vpu proteins from differ-
ent HIV-1 isolates, the prediction of secondary structure suggested a strong conservation of a
supposed �-helix-flexible-�-helix-turn motif for this domain (Schubert et al., 1994). Initial 
circular dichroism data of a series of nine overlapping peptides corresponding to the cytoplas-
mic domain (Wray et al.,1995) and of larger fragments (Henklein et al., 1993) indicated the
presence of only transitory amounts of stable structure in aqueous solution alone while addition
of trifluoroethanol (TFE), a solvent that tends to favor secondary structure through stabilization
of intramolecular interactions and simulates a membrane-like milieu in solution (Buck, 1998),
afforded experimental evidence of the presence of limiting structures with two helices in
regions 28–52 and 58–72 of the cytoplasmic domain (Wray et al., 1995) separated by a loop
containing the two phosphorylation sites at Ser52 and Ser56 (Coadou et al., 2002).

The exact nature of the solution structure of the cytoplasmic domain (Federau et al.,
1996) was established using standard two-dimensional homonuclear 1H NMR techniques
(Wüthrich, 1986) in combination with restrained molecular dynamics (MD) and energy min-
imization (EM) calculations (Brünger, 1992). The combined experimental data for the cyto-
plasmic domain of Vpu indicate Vpu32–81 and a mutant in which the phosphoacceptors were
exchanged for Asn, in 50% aqueous TFE at pH 3.5, are predominantly monomeric and adopt
similar well-defined helix-interconnection-helix-turn conformations in which the four regions
are bounded by residues 37–51, 52–56, 57–72, and 73–78 (Federau et al., 1996). Identical
regions of secondary structure were determined from the 13C and �H chemical shifts of 2H-/
13C-/15N-labeled peptides analyzed in lipid micelles by multidimensional heteronuclear NMR
spectroscopy and indicated the start of the first cytoplasmic helix was at or near residue 31
(Marassi et al., 1999; Ma et al., 2002). Both helices are amphiphatic in character, but show
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different charge distributions. In general, the cytoplasmic region is N-terminally positively
charged, passes through a region of alternating charges in the first helix, and then becomes
negatively charged. The flexibility of the interconnecting hinge region permits orientational
freedom of the helices and comprises a highly conserved dodecapeptide (Schubert et al.,
1992). The presence of cis–trans isomerism of Pro75 manifests itself as a doubling of cross-
peaks of Ala74 and Trp76 in the 2D 1H spectra.

A 1H NMR investigation of a peptide related to Vpu37–81 in an organic-free high-salt
aqueous solution (Willbold et al., 1997) showed two helical secondary structures similar to
those in TFE and a less well-defined helix from 75–79 that was a turn in TFE. In order to be
compatible with the CD data in water these structures must be less stable than those in TFE.
Interestingly a small number of long-range Nuclear Overhauber Effects (NOEs) provided 
evidence of a tertiary fold. Clearly this feature is very susceptible to the solution conditions
and is absent in TFE. The appearance of such weak tertiary structure in membrane-like 
environments still requires verification in the context of the full-length molecule.

Attention was then focussed on the N-terminal hydrophobic domain of Vpu, which is
primarily associated with an ion channel activity either by itself (Schubert et al., 1996b) or in
the context of full-length Vpu (Ewart et al., 1996; Ma et al., 2002), and the orientation 
of the various secondary structure elements of the full-length protein with respect to the 
membrane. MD/EM calculations using NOE data generated as above for the soluble synthetic
peptide Vpu1–39 in 50% TFE indicated a compact well-defined U-shaped tertiary structure
involving a short helix (residues 10–16) on the N-terminal side and a longer helix (22–36) on
the C-terminal side. The side chains of the aromatic residues, Trp22 and Tyr29, in the latter
helix are directed toward the center of the molecule around which the hydrophobic core of the
folded molecule is positioned (Wray et al., 1999). In contrast to helices of the cytoplasmic
region, the helix region in the N-terminus is present at the lowest TFE concentrations and 
may even be present in the absence of membrane mimetic although of limited solubility
(Wray et al., 1999). The tertiary structure however was inconsistent with the formation of ion-
conductive membrane pores in planar lipid bilayers (Schubert et al., 1996b) as this U-folded
N-terminus is unlikely to be able to span the bilayer. Consequently proton-decoupled 15N
cross-polarization solid-state NMR spectroscopy has been employed to investigate full-length
Vpu and its isolated domains oriented in phospholipid bilayers using either synthetic 
discretely 15N-labeled amino acids (Wray et al., 1999; Henklein et al., 2000) or uniformly 
15N-labeled recombinant material (Marassi et al., 1999; Ma et al., 2002; Ho Park et al., 2003).
Details of these solid-state NMR approaches are reviewed more comprehensively in 
Chapter 13 by Bechinger and Chapter 11 by Opella, respectively, in this volume. In brief the
15N chemical shift data and line widths of N-terminal domain molecules are consistent with
a TM alignment of a helical polypeptide, implying that the nascent helices in the folded solu-
tion structure reassemble to form a linear �-helix involving residues 6–29 that lies parallel to
the bilayer normal with a tilt angle of �30� (Wray et al., 1999) and placing Trp22 near to the
Glu28-Tyr-Arg-motif (important for helix termination, anchorage and pore selectivity,
Sramala et al., 2003) at the membrane-cytoplasm interface. Detailed simulations of the 
novel 1H–15N dipolar coupling/15N chemical shift distribution afford an average tilt angle of
approximately 13� (Ho Park et al., 2003). A somewhat smaller value of 6.5 �1.7� has been
concluded from independent site-specific Fourier transform Infrared dichroism data for 
13C-labeled Vpr1–31 peptides (Kukol and Arkin, 1999).

For the cytoplasmic domain both solid-state NMR approaches (Marassi et al.,
1999; Henklein et al., 2000) agree that the first helical cytoplasmic domain, residues 31–51,
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interacts strongly with the bilayer and assumes an orientation parallel to the membrane 
surface. In contrast, data for the second C-terminal helix in an isolated fragment (Vpu51–81)
showed little interaction with the membrane (Henklein et al., 2000), while interpretation of
data from a comparison of uniformally 15N-labeled cytoplasmic fragments for this helix is
ambiguous (Marassi et al., 1999). Interestingly synchrotron radiation-based X-ray reflectiv-
ity methods applied to Langmuir monolayers of mixtures of Vpu and an appropriate phos-
pholipid (Zheng et al., 2001) offers significant insight into structural changes that occur at the
membrane upon changing protein concentration and surface pressure. Thus the tilt angle of
the TM domain decreases with increasing pressure and at medium pressure both cytoplasmic
helices lie on the surface of the phospholipid headgroups. At low pressure the increased tilt
angle of the membrane domain disrupts the position of the cytoplasmic helices and forces
them into the bulk water phase with presumably concurrent loss in structure. In contrast at the
highest pressures measured where there was insufficient space for both helices to lie on the
surface the second helix is forced off the surface to form a two-helix bundle. Although these
experimental parameters may not reflect physiological conditions in a comprehensive way,
they do emphasize the various possibilities that are inherent in the system and that are pre-
sumably strongly influenced by environmental conditions, protein phosphorylation state,
membrane composition, and protein–protein interactions.

3. Biochemical Analysis of Vpu Phosphorylation

Following the first report that Vpu is post-translationally modified by phosphorylation
(Strebel et al., 1989) we searched for consensus sequences for eukaryotic protein kinases
within the Vpu protein and identified the seryl residues in positions 52 and 56 as two poten-
tial phosphorylation sites that correspond to the consensus S/TXXD/E, the minimal sequence
recognized by the ubiquitous casein kinase-2 (CK-2) (Schubert et al., 1992). The two CK-2
phosphorylation sites are conserved in all known Vpu sequences and represent the consensus
S52GN(E/D)S(E/D)G(E/D)59. The assumption that Vpu is a substrate for CK-2 in vivo was
first supported by our observation that phosphorylation of Vpu in HIV-1 infected T-cells can
be blocked by inhibitors specific for CK-2 (Schubert et al., 1992). Furthermore, using bacte-
rial expressed recombinant Vpu as a substrate for in vitro phosphorylation studies we were
able to show that membrane-bound full-length Vpu can be phosphorylated by purified CK-2
or by CK-2 containing extracts from mammalian cells. For identification of phosphoacceptor
sites in Vpu and for biochemical characterization of the kinase reaction we employed syn-
thetic peptides of the cytoplasmic tail of Vpu. Initially, we investigated phosphorylation of
synthetic peptides comprising the hydrophilic, polar C-terminal domain of Vpu from position
I32 to L81. We were able to demonstrate that a peptide, Vpu32–81, containing the wild-type
sequence was phosphorylated in vitro by purified recombinant enzyme CK-2 or by whole cell
extract of mammalian cells, and that inhibitors specific for CK-2 can block the in vitro phos-
phorylation. In contrast, a corresponding mutant peptide, Vpum2/6, was spared by CK-2 con-
firming that phosphorylation occurs at both predicted phosphoacceptor sites. Serine residues
in positions 52 and 56 were replaced by asparagine in the sequence of the mutated peptide
Vpum2/6. Since both, serine and asparagine, have similar effects on secondary structure
according to the “structure derived correlation matrix (SCM)” described by Niefind and
Schomburg (1991), these replacements should not influence the structure of the protein 
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backbone, a prediction which was later confirmed by 1H NMR spectroscopy (Wray et al., 1995;
Federau et al., 1996). Direct evidence was provided that CK-2 targets the phosphoacceptor
sites individually in both positions. For this purpose, the Km values of CK-2 to three 54 amino
acid peptides comprising the entire hydrophilic part and containing single serine to asparagine
transitions in either position 52 or 56 were established (Vpu52, Vpu56, and Vpuwt (Schubert
et al., 1994)). The 3-fold higher Km value of CK-2 to Vpu56 revealed a preferential phospho-
rylation of S56 over S52. This would be in accordance with a positive cooperative mechanism
of CK-2-phosphorylation of Vpu in which phosphorylation of the residue S56 occurs first.
Subsequently, phosphoserine in position 56 stimulates phosphorylation of the second phos-
phoacceptor S52. This model of sequential CK-2 phosphorylation was recently supported by
the findings from Paul and Jabber (1997) that dual phosphorylation of serine residues in both
positions, 52 and 56, but not individual phosphorylation of either one of these residues are
sufficient to induce Vpu mediated proteolysis of CD4. These in vitro analyses provided the
basis for follow up studies demonstrating that in the context of HIV-1 the Vpu induced degra-
dation of CD4 is strictly dependent on the phosphorylation of both acceptor sites, serine 52
and 56 (Schubert and Strebel, 1994). In contrast, the virus release function of Vpu, is not con-
trolled by phosphorylation, and furthermore, this activity depends on the ability of the mem-
brane anchor of Vpu to form cation-selective ion channels. This observation led to the model
of the two distinct functional and structural domain architecture of Vpu (Schubert et al.,
1996a).

Although phosphorylation is of crucial importance for the regulation of Vpu function
its structural consequences have received scant attention. Solution NMR studies have been
restricted to monitoring changes that occur on phosphorylation in the fragment 41–62 in
water and 50% TFE at pH 3.5 and 7.2 (Coadou et al., 2002). Distinct changes are observed
in the chemical shift and NOE patterns which correspond to some loss of helix propensity in
the region 42–49 as well as a change toward a more �-strand-like structure for residues 50–62
with a corresponding displacement of the C-terminal helix. The relevance of these to the
membrane-bound protein are difficult to assess, particularly as the sensitivity of current solid-
state NMR methods did not disclose any significant changes in the orientation of the first
cytoplasmic helix upon phosphorylation (Henklein et al., 2000) while the consequences for
the entire domain awaits investigation.

Thus the experimental evidence demands a dynamic two domain model for the 
membrane-associated structure of monomeric full-length Vpu shown in Figure 12.1 that 
corresponds in many aspects to those already reported in the literature by us (Wray et al.,
1999; Henklein et al., 2000) and others (Marassi et al., 1999). Most recently attention has
been focused on the ion channel activity of Vpu and its similarity to other viral ion channels
(for review see Fischer and Sansom, 2002). Although direct experimental evidence of the
structure of the ion channel are unavailable a considerable number of MD investigations of
various Vpu fragments embedded in octane/water and lipid bilayer systems (for recent results
see Cordes et al., 2002 and references therein and Lopez et al., 2002) combined with con-
ductance measurements provide evidence for water-filled five-helix bundles, the relative ori-
entations of their monomeric units and rationale of the weak cation selectivity. Progress in
this area is considered in Chapter 14 by Lemaitre et al. (this volume).

In summary, although the monomeric model provides details of the topology and 
positions of secondary structure in the bound state it is clear that considerable more experi-
mental and theoretical work is required if a meaningful rationalization is to be achieved 
of Vpu in its functional forms in vivo where it exists as a phosphoprotein in multiprotein 
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complexes involving CD4, �-TrCp, and Skp 1 (Margottin et al., 1998) or in homo-oligomeric
non-phosphorylated forms required for its ion channel activity in the cell membrane.
Improvements in experimental technologies, particularly solid-state NMR, X-ray diffraction,
FTIR dichroism and cryoelectron microscopy, as well as improvements in computational
technology should provide the keys to our future understanding and facilitate approaches to
antiviral drug design.
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Figure 12.1. Model of the membrane-bound structures of monomeric full-length Vpu (A) and its dynamic 
forms (B).
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13
Solid-State NMR Investigations of 
Vpu Structural Domains in Oriented
Phospholipid Bilayers: Interactions 
and Alignment

Burkhard Bechinger and Peter Henklein

The accessory 81-residue protein viral protein U (Vpu) of human immunodeficiency virus-1
(HIV-1) fulfills two important functions during the viral life cycle. First, its intact N-terminus
is required during viral release, a function that is correlated to its capability to form channels
in planar lipid bilayers. Second, its cytoplasmic domain is involved in the binding and degra-
dation of viral receptors including CD4 and major histocompatibility complex-I (MHC-I). 
In order to develop a structural model of Vpu in phospholipid bilayers, various Vpu polypep-
tides have been prepared by chemical synthesis and labeled with 15N at selected backbone
amide sites. After reconstitution of the peptides into oriented phospholipid bilayers, proton-
decoupled 15N solid-state nuclear magnetic resonance (NMR) spectra were recorded. The
measured 15N chemical shifts are indicative of the interactions and alignment of structural
domains of Vpu within the lipid membrane. Whereas the hydrophobic helix 1, which is
located at the N-terminus, adopts a transmembrane tilt angle of approximately 20�, the amphi-
pathic helix 2 in the center of the polypeptide is oriented parallel to the membrane surface.
No major changes in the topology of this membrane-associated amphipathic helix were
observed upon phosphorylation of serine residues 52 and 56, although this modification 
regulates biological function of the Vpu cytoplasmic domain. The alanine-62 position of
Vpu51–81 exhibits a pronounced 15N chemical shift anisotropy suggesting that interactions
with the lipid bilayer of the C-terminal part of the protein are weak.

1. Introduction

The HIV-1 encodes structural as well as several small regulatory proteins (Frankel and Young,
1998). Among the latter ones, the Vpu, fulfills important accessory functions during the life
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cycle of HIV-1. Biochemical experiments indicate that Vpu is an integral oligomeric 
membrane protein of 81 amino acids. Structural and functional studies show that the protein
consists of two distinct domains. Whereas the N-terminus serves as a hydrophobic membrane
anchor, the polar C-terminus is located in the cytoplasm (Maldarelli et al., 1993).

On the one hand, the hydrophobic N-terminus is involved in cation-selective channel-
formation and virus-release (Ewart et al., 1996, 2002; Schubert et al., 1996b; Lamb and Pinto,
1997). Reconstitution into planar lipid bilayers of chemically prepared sequences of the 
N-terminal portion of the protein results in cation selective ion-channel activities (Schubert
et al., 1996b). Membrane permeabilization was also characterized for full-length Vpu in lipid
bilayers (Ewart et al., 1996) as well as in amphibian oocytes (Schubert et al., 1996b). In order
to represent the channel activity of Vpu, oligomeric structures of the membrane anchor
domain have been modeled using computational methods (Grice et al., 1997; Cordes et al.,
2002; Fischer and Sansom, 2002; Lopez et al., 2002).

On the other hand, processes that occur in the ER are tightly connected to the cyto-
plasmic C-terminus (Schubert et al., 1996; Lamb and Pinto, 1997; Tiganos et al., 1997). The
best characterized of these is the downregulation of host cell receptor proteins such as CD4,
the major cellular receptor for HIV-1, as well as MHC class I molecules (Willey et al., 1992;
Kerkau et al., 1997). The degradation of CD4 requires regulatory control by caseine kinase
2-mediated phosphorylation of serines 52 and 56 (Paul and Jabbar, 1997; Tiganos et al.,
1997), the formation of multiprotein complexes containing CD4, Vpu, h�TrCp, and Skp1
(Margottin et al., 1998), and the function of the ubiquitin-proteasome pathway (Fujita et al.,
1997; Schubert et al., 1998).

In order to better understand the functional mechanisms of this polypeptide, structural
data in membrane environments are required. Whereas x-ray diffraction techniques and solu-
tion NMR spectroscopy can provide high-resolution conformations from crystalline samples
or of proteins that exhibit fast isotropic reorientation, they fail in lipid bilayer environments.
In such cases, valuable information has been obtained using solid-state NMR spectroscopy.
The latter technique has provided accurate answers to specific questions such as distances
between selected sites within membrane proteins (Griffin, 1998; Helmle et al., 2000).
Furthermore, the alignments of helical domains relative to the membrane surface have been
determined using this technique (Cross, 1997; Bechinger et al., 1999). In order to develop
their full strength, NMR techniques require combinations of specific, selective, and uniform
labeling of the biomolecules (McIntosh and Dahlquist, 1990; Cross, 1997; Griffin, 1998;
Hong and Jakes, 1999; Castellani et al., 2002; Vogt et al., 2003).

Solid-state NMR spectroscopy has a proven record to provide important structural
information of polypeptides in membrane environments (reviewed in Cross, 1997; Griffin,
1998; Davis and Auger, 1999; Watts et al., 1999; de Groot, 2000; Bechinger and Sizun, 2003).
Membrane-associated polypeptides, which are oriented with respect to the magnetic field,
exhibit chemical shifts as well as dipolar and quadrupolar interactions that are dependent on
the alignment of chemical bonds and molecular domains (Cross, 1997; Bechinger et al.,
1999). Therefore, from these parameters, important structural and topological information 
is extracted from polypeptides that are associated with phospholipid bilayers. In particular,
proton-decoupled 15N solid-state NMR spectroscopy provides valuable information on the
alignment of �-helical polypeptides in oriented phospholipid membranes. The technique has
also been used to analyze the secondary structure of membrane-associated peptides (Cross,
1997; Bechinger et al., 1999; Bechinger and Sizun, 2003). Whereas at orientations of the
helix parallel to the magnetic field direction, the 15N peptide backbone amides exhibit 
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15N chemical shift values approaching 230 ppm, 15N chemical shifts �100 ppm are indicative
of in-plane oriented peptide helices (Bechinger and Sizun, 2003). When all orientations in
space are present at random in nonoriented samples, the NMR resonances add up to broad
“powder pattern” line shapes.

Due its hydrophobic nature, the biochemical expression of Vpu remains difficult and
hydrophobic proteins of this type can sometimes not be obtained at the purity desired. These
problems are enhanced when large quantities of protein are needed for structural investiga-
tions. In addition, selective or specific labeling schemes are required for NMR assignment
purposes. This remains difficult to achieve, although uniform labeling of proteins in bacterial
cell cultures has become routine. The preparation of samples labeled at a single of only a few
sites thus imposes the most stringent requirements on the biochemical preparation method.

Solid-phase peptide synthesis offers alternative means to prepare polypeptides of 
considerable size. This technique works best for short sequences albeit proteins of more than
100 residues have been prepared (Kochendorfer and Kent, 1999). The technique allows the 
modification of residues or the incorporation of isotopic labels at single or a few sites almost
at will. In contrast, due to high costs, the technique is at present not suitable for the labeling
of larger polypeptides in a uniform manner.

The synthesis and the purification of long, hydrophobic polypeptides remains a chal-
lenge and is far from routine. Concomitantly, it can be difficult to obtain preparative amounts
of pure polypeptides, which are required for NMR spectroscopic investigations. Fortunately,
various domains of Vpu as well as the full-length polypeptide could be prepared in quantities
and qualities sufficient for structural investigations including solution and solid-state NMR
spectroscopy (Henklein et al., 1993; Willbold et al., 1997; Wray et al., 1999).

The primary amino acid sequence of Vpu indicates that this protein exhibits an 
amphipathic character (Schubert et al., 1994): a hydrophobic membrane anchor is followed
by a hydrophilic and charged C-terminus. The polar region of Vpu exhibits the potential to
form two amphipathic �-helices, one being zwitter, the other being anionic. They are joined
by a strongly acidic turn that contains the two phosphoacceptor sites Ser52 and Ser56.

2. Peptide Synthesis

For structural and biochemical investigations, various peptides have been synthesized
including the full-length peptide Vpu1–81 and fragments thereof. Peptides encompassing the
hydrophobic membrane anchor are the fragment Vpu1–59, the shortest membrane anchor pre-
pared, Vpu1–27, and a peptide including parts of the cytoplasmic region, Vpu1–39. Furthermore,
the hydrophilic sequence Vpu28–81 and modifications of this sequence, where the serine
residues 52 and 56 were replaced by asparagines, were also prepared.

All of these peptides were synthesized by automated solid-phase peptide synthesis
using Fmoc chemistry (Atherton et al., 1981; Carpino and Han, 2003). To assemble the 
peptides, an automatic 433A Peptide synthesizer (Applied Biosystems, Darmstadt, FRG) and
TentaGel resins with a capacity from 0.17 to 0.2 mmol/g (Rapp Polymere, Tübingen, FRG)
were used. The syntheses were carried out on a 0.1 mmol scale with 10 times excess of the
Fmoc-protected amino acids (Orpegen, Heidelberg, FRG). N-Methylpyrrolidon (NMP) was
purchased from Biosolve (Holland), and the condensation reagents HBTU and HATU from
Applied Biosystems (Darmstadt, FRG).
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To cleave the peptide from the resin and to remove the side chain protecting groups 
at the same time, the product was triturated for 3 hr by application of a mixture of 89% 
TFA (trifluroacetic acid), 5% water, 3% cresole, and 3% triisopropylsilane. The peptides were
purified by reversed phase HPLC using a preparative column (40 	 300) filled with VYDAC
218 TPB 1520 material.

A major problem during the handling of the peptides is their poor solubility in most
common solvents, in particular when peptide fragments containing the membrane anchor
moiety are investigated. The membrane anchor Vpu1–27 was completely insoluble in common
organic solvents (DMF, DMSO, acetonitrile, methanol). This peptide was purified by tritura-
tion with methanol and acetonitrile to remove soluble byproducts. Among all the solvents
tested, pure (TFA) worked best to dissolve this peptide. On the other hand, we found that 
a mixture of 50% trifluoroethanol (TFE) in water was suitable to dissolve and purify the 
elongated peptides Vpu1–39, Vpu1–59 as well as the full-length peptide Vpu1–81. All peptides
were characterized by analytical HPLC and by mass spectrometric analysis using an Applied
Biosystems Voyager Biospectrometry Workstation (Foster City, USA). Typical mass spectra
are shown in Figure 13.1.
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Figure 13.1 Electrospray ionization mass spectra of the products. (A) Vpu51–81, labeled with 15N at the alanine-62
position, theoretical mass 3327. (B) Vpu27–57, labeled with 15N at the leucine-45 position, theoretical mass 3818.



3. Results and Discussion

A substantial amount of biochemical data exists that characterize Vpu as type I oriented
integral oligomeric membrane phosphoprotein composed of a hydrophobic N-terminal mem-
brane anchor (VpuMA) and a polar C-terminal domain (VpuCYTO) (Maldarelli et al., 1993).
Hydrophobicity analysis and protease K digestion studies suggest that the membrane anchor
of Vpu is located within the first N-terminal 27 amino acids (Strebel et al., 1988; Maldarelli
et al., 1993). This sequence has previously been identified to exhibit cation selective ion 
channel activity, that regulates virus release (Ewart et al., 1996; Schubert et al., 1996).

CD spectroscopic analysis indicates that the N-terminal region of Vpu adopts stable 
�-helical conformations in water/TFE mixtures, at concentrations of the organic solvent as
low as 10% (Wray et al., 1999). This result suggests that the peptide exhibits a high propen-
sity to form �-helical structures not only in the presence of membranes but also in their
absence. More structural details of the peptides have been obtained using solution NMR spec-
troscopy in combination with restrained molecular dynamics calculations. In TFE/water mix-
tures, Vpu1–39 exhibits a well-defined tertiary structure. A turn at the N-terminus (Met-1 to
Ile-6) is followed by a linker (Ala-7 to Val-9) that leads into a short helix (Ala-10 to Ile-16).
Thereafter, a short loop region connects into a second longer helix that stretches from Trp-22
to Arg-36 (Wray et al., 1999). Several unambiguously identified long-range NOEs found
between the side chains of Trp-22 and Ile-26 with Ala-7 define a stable U-type tertiary struc-
ture. The compact U-structure establishes close helix–helix contacts with the side chains of
the two aromatic amino acids buried in the interior of the structure.

However, such a U-folded solution structure is unlikely to be able to cross the 
phospholipid bilayer. It is thus difficult to accommodate with the finding that the hydropho-
bic N-terminus of Vpu forms an ion-conductive membrane pore (Schubert et al., 1996b). 
In order to investigate the reasons for this apparent discrepancy, the polypeptide has been
studied in lipid bilayer environments using solid-state NMR spectroscopy. The solid-state
NMR studies presented in this chapter, therefore, provide an ideal complement to the 
solution-NMR investigations. The latter are presented in more detail by our collaborators
Victor Wray and Ulrich Schubert in Chapter 12, this volume.

In previous electrophysiological investigations, channel formation of the peptide
Vpu1–27 was characterized (Schubert et al., 1996b). Therefore, synthetic Vpu1–27 peptides
were prepared and reconstituted into oriented phospholipid bilayers and investigated by pro-
ton-decoupled 15N cross-polarization solid-state NMR spectroscopy. The spectra of Vpu1–27

selectively labelled with 15N at either position Ala-10, Ala-14, and Ala-18 and oriented in
phospholipid bilayers were recorded. All of these helical polypeptides exhibit 15N chemical
shifts between 210 and 220 ppm indicative of transmembrane alignments (Wray et al., 1999).

A quantitative analysis confirms that the experimental 15N chemical shifts measured in
oriented lipid bilayers cannot be accommodated with a single orientation of the U-shaped
structure of Vpu1–39, which is prevalent in water/TFE solutions. Care was taken to account 
for the uncertainties in determining the chemical shift values or in the description of the
chemical shift interactions with the magnetic field (Wray et al., 1999). In contrast, a linear 
�-helical model structure when tilted by approximately 20� with respect to the bilayer normal
is in excellent agreement with the experimental chemical shift values. Transmembrane align-
ments were also observed by the newly developed method of site-directed FTIR spectroscopy
(tilt angle 6.5� �1.7�; Kukol and Arkin, 1999). Thus, major structural rearrangements of the
polypeptide backbone involving the loss of the tertiary fold occur during the insertion from
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aqueous solutions into the membrane. Deuterium NMR spectra of 2H3-alanine labeled Vpu1–39

in oriented membranes indicates the presence of a variety of peptide alignments (Aisenbrey
and Bechinger, unpublished). This observation suggests that equilibria between different 
conformations, oligomerization states, and/or considerable asymmetry within oligomers exist.

Multidimensional solution-state NMR and CD spectroscopies indicate that in the 
presence of TFE/water, the cytoplasmic domain of Vpu consists of helix 2 (residues 37–51),
a loop region involving the two phosphorylation sites at serines 52 and 56, helix 3 (residues
57–72) and a C-terminal turn (74–78) (Federau et al., 1996). Investigations in TFE/water of
Vpu41–62 with the serines 52 and 56 phosphorylated suggest that the loop region opens up
upon phosphorylation to make accessible interactions sites for other proteins (Coadou et al.,
2002). In aqueous buffer of 620 mM salt concentration, these C-terminal helices are short-
ened and helix 3 appears irregular (Willbold et al., 1997). At the same time, the short loop 
at the C-terminus is characterized by Ramachandran angles in the �-helical region. A 
few additional long-range contacts between the loop regions and the C-terminus indicate an
antiparallel alignment of helices 2 and 3 (Willbold et al., 1997). CD and NMR structural data
obtained with peptide fragments in TFE/water are in good agreement with the conformations
of the full-length cytoplasmic domain suggesting that, to first approximation, the individual
helical domains of Vpu act as independent units (Wray et al., 1995; Federau et al., 1996;
Willbold et al., 1997). The membrane alignments of the hydrophobic and cytoplasmic pep-
tide domains were also tested by recent molecular modeling calculations (Sramala et al.,
2003; Sun, 2003).

Also, for the cytoplasmic domain, 15N-labelled peptides were prepared by solid-phase
peptide synthesis and reconstituted into oriented phosphatidylcholine membranes. Thereby
the interactions of helix 2 and helix 3 could be investigated independently of one another
(Henklein et al., 2000). Nitrogen-15 labels were introduced into the central regions of 
helix 2, or in the domain that had been assigned “helix 3” in previous investigations (Federau
et al., 1996; Willbold et al., 1997). Site-directed mutagenesis indicates that both of these
structural domains are essential for CD4 degradation (Tiganos et al., 1997). In oriented 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membranes, a narrow resonance
at 68 ppm is observed for [15N-Leu45]-Vpu27–57 at orientations of the bilayer normal parallel 
to the magnetic field direction (Henklein et al., 2000). The leucine-45 site is positioned in the
central portion of helix 2 (Federau et al., 1996; Willbold et al., 1997). A quantitative analysis
of the solid-state NMR data indicates an orientation of helix 2 where the C� position of D39 is
positioned slightly deeper within the membrane when compared to that of R48 (Figure 13.2A).
This orientation is in excellent agreement with the size and the direction of the hydrophobic
moment calculated for this helix encompassing residues K37–D51 using the algorithm of
(Eisenberg et al., 1984). The range of possible helix orientations is slightly increased when
potential deviations of the chemical shift measurement, or of the main tensor element �11 and
�22 are taken into consideration (Henklein et al., 2000). When the published model of the
aqueous solution structure of the cytoplasmic domain (Willbold et al., 1997) was oriented 
relative to the membrane interface in such a manner that the alignment of helix 2 agrees with
the solid-state NMR data, many charged and polar amino acids beyond residue 64 become
immersed in the membrane interior. However, a few minor modifications within the flexible
regions C-terminal of helix 2 overcome this difficulty and allow solvation of most, if not all,
charged amino acids of the C-terminal domain in an aqueous environment (Figure 13.3).

Phosphorylation of serines 52 and 56 leaves the 15N chemical shift position of the main
peak of 15N-leucine-45 unaltered indicating the absence of major changes in conformation
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Figure 13.2. (A) Edmundson helical wheel diagram of residues 37–51 of Vpu (Federau et al., 1996). The 15N
labeled position is marked with a star. The wheel is oriented to agree with the 15N chemical shift of Leu45 when the
membrane normal is oriented parallel to the magnetic field direction Bo. The solid line represents the suggested
delineation of the hydrophilic–hydrophobic interface of the lipid bilayer. (B) Edmundson helical wheel diagram of
residues 57–72 of Vpu. Different structures have been obtained depending on the chemical environment. Whereas in
water random coil conformations are observed, helical structures extending from Glu57 to Glu69/His72 have been
obtained in TFE/water mixtures. Somewhat shorter helices are observed for example in high-salt solutions, in the
presence of high detergent concentrations, or during molecular modeling calculations in water/1,2-C24-PC
monolayers (Sun, 2003). The separation of hydrophilic and hydrophobic residues is shown for the longest and
shortest helices, respectively, that is, when including residues 57–72 (dotted line; Federau et al., 1996) or when
considering solely the underlined residues 61–69 (hatched line (Sun, 2003)).

and topology of the membrane-associated domain. However, an additional broad component
between 50 and 200 ppm represents a wide range of other amide orientations suggesting that
the interactions of helix 2 with the membrane are weakened (Henklein et al., 2000). This is
probably a result of electrostatic repulsion of some of the peptide, due to the accumulation of
negative charges at the membrane surface that arises from the phosphoserines. Furthermore,
it has been shown that phosphorylation results in major conformational changes in the loop
region (Coadou et al., 2002) and thus probably also in the structure and/or alignment of
residues further C-terminal (Henklein et al., 2000).

When the Vpu51–81 peptide is labeled with 15N at the alanine 62 position and reconsti-
tuted into oriented lipid bilayers, the proton-decoupled 15N solid-state NMR spectra show 
a wide distribution of molecular orientations. The spectra cover the full 15N chemical shift
anisotropy typically observed for backbone labeled alanine residues (Oas et al., 1987; Shoji
et al., 1989; Lazo et al., 1995; Lee et al., 1998, 2001). At the same time, the 31P solid-state
NMR spectra of the samples indicate that the phospholipid membranes are well aligned. This
combination of results is suggestive of the absence of strong interactions between “helix 3”
and the POPC membranes (Figure 13.3). Similar spectral line shapes are also obtained from
peptides labeled at position 62, which comprise the full-length cytoplasmic domain (unpub-
lished result). The widths of the 15N chemical shift resonances from this site indicate that
immobilized structures are formed. Notably, in the absence of TFE only, a few residues of the
C-terminal region of Vpu exhibit instable and irregular secondary structures (Wray et al.,
1995; Federau et al., 1996; Willbold et al., 1997). Therefore, both side-chain and backbone
functional groups are available for intermolecular interactions.



Based on the structural data presented, the following working model of membrane-
associated Vpu has been established. The first, most N-terminal helix, anchors the poly-
peptide in the membrane. The tilt angle of this hydrophobic helix is approximately 20�

(Figure 13.3). The amphipathic helix 2 is located at the membrane interface at orientations
parallel to the surface. This alignment of helix 2 does not change upon phosphorylation of 
serines 52 and 56; however, the association of helix 2 is weakened in the presence of two
phosphates. The solid-state NMR data preclude a strong interaction of helix-3 with the mem-
brane, a finding, which has been confirmed by recent molecular dynamics simulations (Sun,
2003). Overall, neither the structure nor the alignment of the region C-terminal of helix 2
seem well defined (Figure 13.3). Helix formation has been observed experimentally in the
presence of high detergent concentrations (residues 58–70), TFE/water (57–69), or in high
salt solutions (59–67), but not in the presence of water (reviewed in Sun, 2003, table 1). These
residues are also characterized by the highest RMSD values in molecular modeling calcula-
tions (Sun, 2003). Concomitantly, the amphipathic character of this region is strongly depend-
ent on the exact outline of the helix. Figure 13.2B illustrates that inclusion of Glu57 in a
helical wheel analysis considerably reduces the hydrophobic angle subtended by the peptide
(Federau et al., 1996; Henklein et al., 2000) when compared with shorter helical domains
(e.g., Willbold et al., 1997; Sun, 2003). Indeed different structures have been observed for the
C-terminal domain (Figure 13.3) indicating that the membrane interactions of this region are
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Figure 13.3. Some models of Vpu in phospholipid bilayers, taking into consideration part of the conformational
space experimentally observed for the region C-terminal of helix 2. The approximate positions of the Ser52 and
Ser56 phosphorylation sites are indicated in panels B and C.



dependent on the detailed experimental conditions (Zheng et al., 2001). More stable mem-
brane association of parts of the cytoplasmic region are observed in the presence of the
hydrophobic membrane anchor (Henklein et al., 2000; Ma et al., 2002; Sun, 2003). It is thus
possible that anchoring the cytoplasmic domain to the membrane involves alterations in
entropic energy contributions, which are sufficient to shift the membrane insertion equilib-
rium of residues C-terminal of Glu57 (Figure 13.3C,D). Alternatively, molecular modeling
calculations indicate that tight interactions exist within the loop region connecting helices 
1 and 2 (Sramala et al., 2003). If the interactions between helices 2 and 3 are stronger than
the experimental results obtained so far suggest, a connection between helices 1 and 3 might
also be established.

Notably, it has been shown that membrane insertion and helix formation are often
tightly connected processes (Deber and Li, 1995) and this might apply for the C-terminal
region of Vpu as well. Furthermore, a model in which helix 2 adopts antiparallel arrange-
ments with other structured regions further toward the C-terminus (Willbold et al., 1997) 
also in the presence of phospholipid bilayers remains to be considered (Figure 13.2A,
Henklein et al., 2000).

Although the 15N chemical shift of the membrane-associated helix 2 (Leu45) is 
unaltered upon phosphorylation, it can be expected that the association equilibrium of 
helix 2 with the bilayer is modified due to electrostatic interactions. This is compatible with
the appearance of an additional broad component in the 15N spectrum after phosphorylation
(Henklein et al., 2000). This effect should be more pronounced in the presence of acidic phos-
pholipids. In view of the conformational and topological flexibility of residues C-terminal of
Glu57, even modest alterations can lever considerable structural changes of the cytoplasmic
Vpu domain making accessible interaction sites of Vpu (Coadou et al., 2002).
Phosphorylation has also been shown to affect association of membrane polypeptides (Cornea
et al., 1997). It remains to be shown that such conformational rearrangements are indeed
involved in the regulation of Vpu’s activity.
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14
Defining Drug Interactions with the 
Viral Membrane Protein Vpu 
from HIV-1

V. Lemaitre, C.G. Kim, D. Fischer, Y.H. Lam, 
A. Watts, and W.B. Fischer

The replication of HIV-1 is strongly enhanced by a small membrane protein called virus 
protein U (Vpu). Vpu achieves its task by (a) interacting with CD4, the HIV-1 receptor, and (b)
by amplifying particle release at the site of the plasma membrane. While the first role is due to
interactions of the cytoplasmic site of Vpu with CD4, the second role may be due to ion chan-
nel activity caused by the self-assembly of the protein. Recently, a blocker has been proposed
which abolishes channel activity. In this chapter, the mechanism of blocking is described using
computational methods, including a brief overview of other viral ion channel blockers.

1. Introduction

The discovery of the structure and function of a protein goes mostly in parallel with the
wish and also the need to find potential modulators inhibiting the discovered function, espe-
cially in the case of viral proteins. Several textbook discoveries are described in the literature
(for a general review, see Blundell et al., 2002) in a solely rational approach, and potential
drugs have been design for the HIV-1 protease (Lam et al., 1994; for a review see Wlodawer
and Erickson, 1993; Hodge et al., 1997) and influenza neuraminidase (von Itzstein et al.,
1993) based on their respective crystal structures (Colman et al., 1983; Varghese et al., 1983;
Baumeister et al., 1991).

Even more recent example comprises the discovery of an inhibitor of the main protease
Mpro of the SARS virus from an application of a structure-based computational approach
(Yang et al., 2003). This protein is involved in the proteolytic processing of transcribed 
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proteins essential for the viral life cycle. High-resolution data (around 2 Å) obtained in the
presence of the hexapeptidyl inhibitor CbZ-Val-Asn-Ser-Thr-Leu-Gln-CMK revealed the
binding conformation of the drug. In addition, structures recorded at different pHs reveal
large structural arrangements of this protein upon changes in ionization states.

Out of these examples, one protein, neuraminidase, is a membrane protein (see 
Chapter 17 by Garman and Laver, this book). Up to date, antiviral drugs have been found
against two other membrane proteins, including virus adsorption inhibitors (e.g., gp120 from
HIV-1) and virus-cell fusion inhibitors like the 5-helix peptide (Root et al., 2001; for a review,
see De Clercq, 2002). However, resistance development against these drugs (e.g., in the case
of HIV-1 protease, Condra et al., 1995), necessitates the hunt for other targets such as the
smaller, so-called accessory proteins, which include also membrane proteins (for HIV-1,
see Miller and Sarver, 1997). 

1.1. Short Viral Membrane Proteins

Compared to the larger soluble proteins, which can be seen as highly structured candi-
dates with large surface areas on which putative binding motifs can be discovered, membrane
proteins comprise a more difficult target. This is due to the difficulties in obtaining enough
structural information for accessible regions (loops), which is a desirable prerequisite for fast
drug discovery. Recent attempts to derive relatively large quantities of the full length of short
viral membrane proteins, with up to 100 amino acids by applying standard solid phase peptide
synthesis (SPPS), have been successfully achieved for M2 from influenza A (Kochendörfer
et al., 1999). The two 50mer ends of the protein have been synthesized and chemically ligated
to obtain the full-length protein. It is claimed that with this method, even noncoded amino
acids can be incorporated, which would mean in case of Vpu, two phosphorylated serines 
(Ser-52 and Ser-56) would need to be added. Despite the still missing experimental verifica-
tion the method will play an important role in the future in obtaining sufficient quantities of
small proteins in general (Kochendoerfer et al., 2004).

However, so far structural information has emerged gradually by investigating parts of
the whole, for which Vpu from HIV-1 may serve as an example. CD, FTIR, and NMR spec-
troscopy (see Chapters 11 and 13 by Opella et al. and Bechinger and Henklein, respectively,
this book) have been carried out on parts of Vpu, for example, the transmembrane (TM) part
in various lengths and solely the cytoplasmic part. Thereby, the fragments have been pro-
duced either by SPPS or expression methodology. The structural information is sufficient to
enable the generation of computational models. These models, especially the models repre-
senting the TM segment of Vpu, have been embedded in hydrophobic slabs, surrounded by
octane to mimic a lipid bilayer, or in fully hydrated lipid bilayers on an all atom basis
(reviewed in Fischer, 2003). Recently, even a full-length model based on the structural infor-
mation of all these fragments has been produced and embedded in a lipid monolayer (Sun,
2003). The models can be used for docking approaches and molecular dynamics (MD) sim-
ulations enabling detailed structural analysis, until high-resolution data are available. Once a
high-resolution structure is available, these methods may furthermore be used to refine the
static structure, predict protein mechanics and putative drug–protein interactions.

In this chapter, the efforts to obtain information about drug–protein interactions of 
Vpu are summarized and compared with investigations on other short viral membrane 
proteins. The emphasis is to outline the computational methods used for this enterprise and 
to demonstrate their potential for drug discovery especially in the case of Vpu, for which 
a high-resolution structure is not yet available.
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1.2. The Vpu Protein

Vpu is an 81 amino acid protein encoded by HIV-1 with a high degree of sequence 
conservation (Willbold et al., 1997). Its role and structure are reported in detail in other chap-
ters of this book. In brief, its function in the life cycle of HIV-1 is 2 fold (for reviews, see
Fischer and Sansom, 2002; Bour and Strebel, 2003; Fischer, 2003; Montal, 2003): (a) to inter-
act with CD4 in the endoplasmic reticulum to initiate the ubiquinine mediated degradation of
the CD4–Vpu complex, and (b) to enhance particle release at the site of the plasma membrane
altering the electrochemical gradient via ion channel formation by homo oligomerization in
the lipid membrane or interacting with other ion channels (Hsu et al., 2004). While the first
function is fairly established, the second is still open to debate (Lamb and Pinto, 1997). For
example, it is not known whether ion channel activity is an intrinsic part of Vpu’s function.
However, Vpu, either with its TM domain synthesized using SPPS or as full-length protein
from expression and reconstituted into lipid bilayers, shows channel activity (Ewart et al.,
1996; Schubert et al., 1996; Marassi et al., 1999; Cordes et al., 2002; Park et al., 2003).
Recently, a drug has been described which blocks channel activity of Vpu in vitro (Ewart
et al., 2002) and also of p7 from hepatitis C virus (Premkumar et al., 2004). The molecule
causing this effect is a derivative of amiloride, cyclohexamethylene amiloride.

Spectroscopic studies of Vpu incorporated into membranes (or mimic membranes)
using CD (Wray et al., 1995, 1999), FTIR (Kukol and Arkin, 1999), and NMR spectroscopy
(Federau et al., 1996; Willbold et al., 1997; Ma et al., 2002) have identified structural 
elements allowing the following description of the Vpu structure: a helical TM segment is 
followed by a larger cytoplasmic domain with a helix–loop helix–helix/turn motif. The cyto-
plasmic domain seems to be in contact with the membrane (Marassi et al., 1999; Henklein
et al., 2000; Zheng et al., 2003). The tilt angle of the TM segment with respect to the mem-
brane normal using different techniques and Vpu constructs has been found to range from
approximately 6� to 30� (Kukol and Arkin, 1999; Marassi et al., 1999; Wray et al., 1999;
Henklein et al., 2000). The most recent NMR spectroscopic study indicates a kink of the 
TM segment of about 12–15� around residue Ile-17 (Park et al., 2003). Based on these exper-
imental results, several models of Vpu have been proposed from computer simulations 
(Grice et al., 1997; Cordes et al., 2002; Lopez et al., 2002; Sramala et al., 2003; Sun, 2003).

For further details of Vpu, the reader may refer to Chapters 11, 12, 13, and 15 by 
S.J. Opella et al., Wray and Schubert, B. Bechinger and P. Henklein, and P. Gage et al.,
respectively, in this book.

2. The Methods

2.1. Docking Approach

Docking approaches have been proven to be valuable tools in identifying not only the
drug-binding sites on proteins but also to screen large databases for other potential drugs, if
the binding site is known (Blundell et al., 2002; Glick et al., 2002). In docking methods, the
protein and the ligand are transferred to a point on a grid. Smaller spacing of the grid
increases the accuracy of the method, which proceeds in parallel with an increase in computer
time for the calculations. Pioneering work in this field has been achieved by Peter Goodford
(Goodford, 1985; Boobyer et al., 1989; Wade et al., 1993). In this method, putative docking
sites and the potency of different conformations of a drug have been assessed based on 
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calculating electrostatic interactions. To date, several other docking software are available 
differing in the function implemented to evaluate the fit (scoring) of a drug to the binding site
(scoring function). In principle, both the protein and the drug are held rigid during the calcu-
lation to save computer time. More advanced methods allow for the ligand to be flexible
(Wang et al., 1999; Kua et al., 2002) and even the protein (Carlson and McCammon, 2000).
Another improvement of the docking approach is the introduction of the energy of solvation
of the ligand for evaluation of binding affinities and consequently the scoring (Shoichet et al.,
1999). In the present study, AUTODOCK (Morris et al., 1998) was used, in which the
Lamarckian genetic algorithm (GA) is applied. The ligand explores randomly translational,
orientational, and conformational space with respect to a rigid protein. To avoid extreme CPU
time due to the endless number of possible combinations in the search, GAs are combined
with a local search (LS) protocol, which allows for energy minimization at low temperatures.
However, a general drawback for the docking software is the inability to include the electro-
static contributions of a lipid bilayer environment.

2.2. Molecular Dynamics (MD) Simulations

MD simulations per se describe the changes of positions, velocities, and orientations of
a system with time, based on Newtonian principles. From the trajectories, time averages of
macroscopic properties can be deduced. Any screening of a protein surface by a drug or ligand
would cost almost endless MD simulation time, which would impose software failures and
consequently inaccurate results. Moving a ligand around a protein surface might be envisaged
by the use of “artificial” force on the ligand. Steered MD simulation is a step in this direction
used till date for protein folding (Lu et al., 1998; Gao et al., 2002) and to propose pathways of
molecules into or out of known biding sites (Kosztin et al., 1999; Isralewitz et al., 2001; Shen
et al., 2003). A workaround is the combined use of a docking approach followed by a MD sim-
ulation or molecular mechanics calculations (Wang et al., 2001; Beierlein et al., 2003).
However, using solely MD simulations for the exploration of the drug and the protein is
becoming an increasingly valuable tool. Recent investigations on the effect of general anes-
thetics on the ion channel gramicidin A have been investigated (Tang and Xu, 2002). In this
study, the missing local changes on the protein caused by the drugs have been correlated with
a low affinity of the general anesthetics to their target. In another approach, effects of muta-
tions on the structure of the HIV-1 integrase have been analyzed using MD simulations
(Barreca et al., 2003). Simulations have also been done in the presence of an inhibitor
(5CITEP) to address drug–protein interactions. In the present chapter, the putative binding site
of amiloride (Am) and cyclohexamethylene amiloride (Hma) with the TM domain of Vpu has
been derived from the docking approach. In the docking approach, a pentameric bundle was
used to discover the binding site. Simulations were then run with the protein bundle—drug
complex for 12 ns. The topology of the drug and its partial atomic charges have been deter-
mined by PRODRUG (van Aalten et al., 1996) and adapted for the force field GROMOS43a2.

3. Analysis of Drug–Protein Interactions of Vpu 
with a Potential Blocker

According to the results shown experimentally (Ewart et al., 2002), Hma and, to a
lesser extent, dimethyl amiloride block channel activity of full-length Vpu, reconstituted into
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a lipid membrane, and a peptide representing the TM domain of the protein. Am itself 
has almost negligible effect. With these data at hand, and the large amount of structural data
available (see Fischer, 2003, and references therein; Park et al., 2003), computational 
methods can be approached to address the following questions: (a) the location of a putative
binding site and the affinity of the blocker; (b) the dynamics of the blocker at the binding site
and the blocking mechanism; and (c) the entry to the binding site.

3.1. Using the Docking Approach

The question of where the blocker binds can be addressed using docking programs,
even though they are not designed to search within pore-like structures. In the present study,
the program AUTODOCK is used for Am and the most potent blocker Hma, both in proto-
nated (AM�, HMA�)—the most likely form under physiological conditions—and unproto-
nated (AM, HMA) forms (C. Kim, V. Lemaitre, A. Watts, W.B. Fischer, in preparation). The 
Vpu models used are single-stranded Vpu, corresponding to the TM helix of Vpu, Vpu1–32
(Figure 14.1) and the extended kinked model Vpu1–52. Models with assembled helices form-
ing pentameric and hexameric bundles are generated and also used in the docking approach.
The single peptides are rationalized by the idea of a possible binding mechanism in which 
the blocker binds prior to the formation of ion conducting bundles. The results can be 
summarized in such a way that the putative binding site is toward the C terminal end of the
peptides and, in case of the bundles, within the pore. The specific residue to which the block-
ers establish contact is Ser-23. The type of interaction is via hydrogen bonding. Calculated
binding constants are found to be of the same range as those derived from experiments
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Figure 14.1. (A) Structures and atom number used for AM� (top) and HMA� (bottom) for the docking
experiments. (B) Docking result of both blockers on a single strand of Vpu (QPIPIVAIVA10 LVVAIIIAIV20

VWSIVIIEYR30 KI, HV1H2, shown in gray with the helix highlighted) corresponding to the TM segment. The TM
segment is shown with the results for AM� (left) and HMA� (right).
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Figure 14.2. (A) Side view of the blockers (in light gray) within a pentameric bundle consisting of the circular
assembly of the helical TM segments. AM� is shown in the top bundles at 0 ns (left) and 12 ns (right), HMA� in the
lower bundles. The lipid bilayer and the water molecules present during the simulations are omitted for clarity.
Tryptophans and serines are indicated by sticks. The C-terminal end is pointing up, while the N-terminal end is
pointing down. The same structures as in (A) are shown with a view down into the pore from the C-terminal end (B).

(Fischer, Lam, Watts, Fischer, unpublished results). Based on these findings MD simulations
may follow to address the dynamics of the blocker and the protein in an almost realistic envi-
ronment of a hydrated lipid bilayer (Lemaitre et al., 2004). Studies of membrane proteins
embedded in a hydrated lipid bilayer have been highly successful in describing the mecha-
nism of function of ion channels on an atomic level (Tieleman et al., 1997; Sansom et al.,
1998; Shrivastava and Sansom, 2000; Berneche and Roux, 2001; de Groot and Grubmüller,
2001; Im and Roux, 2002; Zhu et al., 2002; Böckmann and Grubmüller, 2002).

3.2. Applying MD Simulations

Based on the findings from the docking approach, cyclohexamethylene amiloride and
amiloride, both in their protonated and deprotonated sates, have been placed within a pen-
tameric bundle (Figure 14.2). The whole system has then been placed into a hydrated lipid
bilayer. The analysis gives an insight into the effect of the blockers on the protein structure.



The analysis of the data reveals no major structural rearrangements of the helices. For a more
detailed analysis of the pore, the bundle is subdivided into three regions: an N-terminal
(residues 1–11), a middle (residues 12–22), and a C-terminal section (residues 23–32). 
The data uncover small structural sorting which allows the following interpretation: while
amiloride induces widening of the pore, cyclohexamethylene induces a more funnel-like
shape, with the narrow part at the N-terminal end.

Principal Component Analysis (PCA) has been applied to determine concerted motion
taking place in the bundles during the simulation (Figure 14.3). PCA (Amadei et al., 1993),
sometimes called “Essential Dynamics,” allows finding correlated motions within an object,
for example, a protein (Garcia, 1992; Wong et al., 1993; van Aalten et al., 1995; Yang et al.,
2001; Grottesi and Sansom, 2003). These correlated motions or principal components have
been shown to describe motions which are relevant for the function of proteins. The technique
involves the removal of the overall rotation and translation to isolate the internal motion only.
This is achieved by a least square fitting to a reference structure and computation of the
covariance matrix C of the atomic coordinates. The principal components are then obtained
by diagonalizing the matrix C with an orthonormal transformation (Amadei et al., 1993).

The only atoms that have been considered for the analysis of the Vpu bundles are the
C� atoms. This enables noise arising from the random motion of the side chains to be
removed and to reduce the size of the matrices which needs to be diagonalized. Furthermore,
the analysis is performed on the equilibrated part of the trajectory, discarding the first
nanosecond. Figure 14.3 shows the first principal motions which have the largest amplitude
in each of the bundles indicated by arrows. The motions describe a correlated change in the
twist or in the kink of individual helices forming the pore for the Vpu bundle without blocker
(Figure 14.3, (1)) and the Vpu bundle in the presence of AM� (Figure 14.3, (3)). The main
correlated motion in the presence of HMA� (Figure 14.3, (2)) describes a concerted change
in the tilt angle of two helices, indicating a closure of the pore which finally explains the 
funnel-like shape.

The mode of blocking also includes occlusion. AM and AM� are within the pore but
are not occluding it completely, while HMA and HMA� almost completely occupy the space
within the pore (Figure 14.3). When in the vicinity of at least one of the serines, the apparent
minimum pore radius left within the middle section is about 1.42 � 0.46 Å for AM� and
0.63 � 0.40 Å for HMA�. The latter value is too small for even allowing a single filed water
(Roux and Karplus, 1991; Woolley and Wallace, 1992; Chiu et al., 1999; de Groot et al.,
2002) to pass the blocker. Water molecules in the peptide antibiotic gramicidin are assumed
to pass the pore in a single file way, which means that one water molecule has only neighbors
in front and in the back.

The root-mean-square deviation (RMSD) values for all blockers remain below 0.2 nm
with slightly higher values for HMA and HMA�, and the largest fluctuations for the latter (data
not shown). The larger values and spread is indicative of the amiloride derivative for the flexi-
ble cyclohexamethylene ring. The root mean square fluctuations (RMSF) of the individual
atoms of the blockers indicate the central body of Am (a 3,4,6-substituted pyrazine ring) and
Hma, remain fairly rigid (RMSF � 0.1 nm) independent of the protonation state of the block-
ers. Only the hydrogen atoms of the amino groups of the pyrazine ring and the guanidinium
group show the largest fluctuations (�0.1 nm). The curves albeit very similar for both block-
ers, when compared with similar atoms, adopt slightly lower values for all atoms in the proto-
nated blocker. The cyclohexamethylene ring in Hma fluctuates around 0.1 nm, independent of
the protonation state. Thus, the hexamethylene ring adds a mobile part to the rigid pyrazine ring.
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The different conformations generated by the MD simulations for the blockers tested
were clustered using a full linkage algorithm, using a cut-off of 0.03 nm for Am and 0.04 nm
for Hma. In the case of Am, this means that molecules with an RMSD smaller than 0.03 nm
relative to all the existing members of a cluster will belong to this cluster. The mostly popu-
lated conformation for AM� with 96.0% is shown in Figure 14.4A, the most frequently
adopted conformation for HMA� with 95.1%, in Figure 14.4B. The carbonyl group linked to
the guanidinium group in the protonated blocker is pointing toward the primary amine group
of the pyrazine ring. Deprotonation of the blockers reveals a conformational change in the
blocker so that the amine part of the guanidinium group is pointing to the primary amine
group of the pyrazine ring (data not shown).

The blockers, independent of their protonation state, interact with the protein via hydro-
gen bonding. The hydrogen bond partners are the serine side chains (Ser-23) which point into
the pore. Therefore, the most prominent difference between AM� and HMA� is that, in addi-
tion to these hydrogen bonds, HMA� also interacts with one of the tryptophans (Trp-22)
which comes to reside at the helix–helix and helix–lipid interface. The cause of this inter-
action might be due to the lower average velocity of HMA� within the site. In addition to 
this dynamic affect, HMA� orients with its hydrophobic cyclomethylene ring stronger to the
hydrophobic part of the pore toward the N-terminal end. This is reflected by an average angle
of 43.0 � 11.8� for HMA� and 11.3 � 12.7� for HMA with respect to the membrane plane.
AM� and AM adopt angles of 5.3 � 23.3� and 8.6 � 51.8�, respectively. The larger standard
deviation reflects the higher flexibility of the Am within the pore.

194 V. Lemaitre et al.

Figure 14.3. First principal components, indicating the correlated motion with the largest amplitude, on the 
C� atoms of the Vpu bundle without any blocker (1), Vpu bundle in the presence of HMA� (2), and AM� (3).
The small arrows indicate the motion calculated for the C� atoms of the helices. The large horizontal arrows
symbolize the protein oscillation between the two conformations on either side. The small arrows highlight the
section of the bundle where the motion takes place.
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Figure 14.4. Most populated structures during the MD simulations for the (A) protonated and the (B) deprotonated
blockers.



The MD simulations have been based on results obtained from a docking approach 
performed with the AUTODOCK software. The blocker was placed at a site suggested by
AUTODOCK. The question arises, would MD simulations be able to deliver the same result?
In order to address this question, a series of 1 ns simulation have been performed with a 
pentameric bundle and HMA� at different position along the z-axis within the pore of a 
pentameric bundle (Figure 14.5). The results in terms of the stability of the bundle and the
overall structure remain similar to the results of the long simulations here (data not shown).
The integrity of the bundle is not destroyed, independent of the position of the blocker. It is
interesting to note that in all of the positions, other than the one used for the longer simula-
tions (position at the Ser-23 site), does the blocker leaves its starting position after 1 ns. To
put the individual pictures in context, any position of the HMA� toward the C- or 
N-terminal end of the bundle may force the blocker to orientate its long axis parallel to the
pore axis, and beyond a certain threshold position even to escape from the pore.

4. How Realistic is the Protein Model?

Computational approaches are always judged by the relevance of their results which
stand and fall with the model assumed. In this case, the question is allowed: how realistic are
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Figure 14.5. A pentameric bundle of the TM segment of Vpu with the individual HMA� superimposed at
different positions along the pore axis at the beginning (left structure) of the simulation and after 1 ns (right
structure). The tryptophans and the serines are highlighted by sticks.



the bundles? Experimental studies propose that Vpu exists as an oligomer (Maldarelli et al.,
1993). Computational experiments on solely the TM segments have been undertaken to relate
the experimentally derived cation selectivity of Vpu to the number of segments forming the
bundle (Grice et al., 1997). In these studies, the low energy for a K� to pass the pore com-
pared to the higher value obtained for Cl� for the pentameric bundle supports the idea of a
pentameric model. In a combined experimental and computational approach, the tetrameric
bundle was excluded as a putative pore (Cordes et al., 2002). However, direct structural 
evidence is still lacking. Thus, Vpu could also be a tetramer unless proven by, for example,
X-ray, spectroscopy or otherwise, and thus, investigations are carried out with the pentameric
and hexameric bundles. The overall orientation of the helices, having the serines facing the
lumen of the pore, is based on findings for other ion channels (Leonard et al., 1988; Galzi
et al., 1991; Pebay-Peyroula et al., 1997; Pautsch and Schulz, 2000; Sass et al., 2000). Most
recent solid-state NMR spectroscopic investigations propose a kink around Ile-17 (Park et al.,
2003). The computer models are generated without an explicit kink; however, the analysis of
the bundles using residues Ile-16 to Ala-18 as center point also reveal on average a kink of
the helices. Differences in the absolute values may derive from the different lipids used and 
the length of the peptides, including additional residues at the C-terminal end to enable 
facilitated purification.

5. The Putative Binding Site

The site of binding is at the moment pure computationally based speculation. However,
we may bring the site into context with experimental evidence.

Am (3,5-diamino-6-chloro-N-(diaminomethylene)pyrazinecarboxamide) is a moder-
ately strong base with a pKa of 8.7 (Schellenberg et al., 1985; Kleyman and Cragoe, 1988).
At physiological pH at least 95%, Am exists in a positively charged form due to the proto-
nated guanidinium group (Cragoe et al., 1967). In the case of epithelial Na� channels, this
protonated form is essential for blocking, indicative of a pH-dependent activity (Kleyman and
Cragoe, 1988). Am is soluble in water up to 16 mM (Benos, 1982). The deprotonated form is
lipid soluble and can easily cross the cell membrane with the consequence of accumulating
within the cell and altering a number of cellular processes (Benos, 1982; Kleyman and Cragoe,
1988; Grinstein et al., 1989). Am cannot be metabolized in the body, so it is eliminated intact
in urine and has a biological half-life of 9.6 � 1.8 hr (Smith and Smith, 1973). Am and its
derivatives are a class of potent blockers of Na� transporters such as the epithelial Na� chan-
nels (ENaC), Na�/H� exchanger and, to a lesser extent, the Na�/Ca2� exchanger (Kleyman
and Cragoe, 1988, 1990). Cyclohexamethylene amiloride was reported to be especially
selective for the Na�/H� exchanger (Kleyman and Cragoe, 1988). Hydrophobic interactions
with parts of the channel adjacent to the Am binding site increases the binding affinity of the
blocker (Garty and Palmer, 1997). For Am, a putative binding site in the Na� channel has
been proposed to be approximately 20% within the TM electrical field (Li et al., 1987; Fyfe
and Canessa, 1998) on the extracellular side (Benos, 1982). The orientation is proposed to
allow the guanidinium group to penetrate into the pore (reviewed in Alvarez de la Rosa et al.,
2000). Using anti-Am antibodies, a six amino acid sequence of WYRFHY (extracellular 
loop of �-rENaC), WYKLHY (�- and �-ENaC subunit) and WYHFHY (�-ENaC subunit)
(Kieber-Emmos et al., 1995; Waldmann et al., 1995; Ismailov et al., 1997; Schild et al., 1997)
has been identified as a putative binding site. Replacement of the second His-282 in the 
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�-ENaC subunit by glutamate abolishes the blocking while replacement by arginine increases
the blocking. Another point mutation within the TM region replacing a crucial serine residue
also abolishes affinity for Am (Waldmann et al., 1995). This indicates that the sequence,
including an aromatic residue, a positively charged residue, and a serine in the vicinity of 
a hydrophobic site, is a key feature for binding Am and its derivatives. Consequently, the
binding site proposed, with the guanidinium group in the vicinity of the serines of the puta-
tive pore of Vpu in the present study, is in agreement with findings on the ENaC.

Also, local anesthetics such as QX-222 and QX-314, which reflect amiloride in their
overall structure, are penetrating the pore of the nicotinic acetylcholine receptor and induce
blocking via occlusion (Neher and Steinbach, 1978). The binding site for these blockers, and
also procaine (Adams, 1977), is proposed to be at a site within the pore which should be near
to the ring of serines and threonines found in the pore of the receptor (Leonard et al., 1988).
Based on experimental findings, computational experiments, using the Monte Carlo mini-
mization method, have been performed on a model of the nAChR based on its TM helices of
M2 (Tikhonov and Zhorov, 1998). The data analyzed the binding geometry of, for example,
QX-222 and Chlorpromazin (CPZ). It is found that the charged groups interact with the side
chains of the serines and threonines (Thr-4 or Ser-8), and the uncharged groups interact with
the ring of hydrophobic residues (Leu-11, Ala-12). The blockers orient their long axis along
the axis of the bundle due to the amphiphatic character of the drugs.

These results are indicative of a generalized pattern of binding behavior and underline
the relevance of the results obtained for the Am and its derivative in the present study.

One of the important factors for the discovery of potential blocker and drugs is also the
knowledge of how the blocker reaches its binding site. The diffusion of the drug to (on rate)
the site and away (off rate) from it is involved in defining the binding constant (Lüdemann
et al., 2000). Also, it is essential to know the correct description of the energetics within the
narrow geometry of the pore. Indirect methods like Brownian dynamics or steered MD, and
calculation of free energies and reaction path methods may give a reasonable picture of the
diffusion of the blocker into the pore. These methods need to be taken into account to improve
the understanding of the mechanism of blocking and the success of virtual drug screening for
pore blockers.

6. Water in the Pore

During the generation of the bundles and finally the hydration of the bilayer system,
water molecules are found within the pore. However, during the 300 ps equilibration step,
they totally escape and do not re-enter the pore during the simulation. During the entire dura-
tion of the simulations, the hydrophilic C-terminal end is engulfed by water reaching the ser-
ines and the blocker. Further toward the N-terminal end, no water molecule remains within
the pore. 

Simulations on bundles of Vpu consisting of peptides representing the TM sequence
IAIVA10 LVVAIIIAIV20 VWSIVII indicate a reduced number of water molecules toward the
C-terminal end during the early stage of the simulation (Lopez et al., 2002). The pentameric
and hexameric bundles are embedded in an octane slab which mimics the lipid bilayer. The
long-range electrostatic interactions have been treated with Ewald sums. These findings are
indicative for a fluctuating number of water molecules within the pore. Recent investigations
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on theoretical hydrophobic pore models show that the presence of water in these pores is
strongly dependent on the pore radius (Beckstein and Sansom, 2003). Below 0.4 nm, the
water density found decreases to almost zero. Water molecules, if bigger than 0.4 nm, traverse
the pore in an “avalanche-like fashion” (Beckstein and Sansom, 2003). For very small radii,
simulations on a very long timescale (�50 ns) are needed to assess the proper behavior of the
water molecules in confined geometry. Thus, the Vpu bundle model presented here shows 
a proper bundle with a temporary state of low water content.

7. MD Simulations for Drug Screening?

The use of MD simulations for drug screening of membrane proteins still needs further
testing. Up to now simulations are still time consuming, which imposes a major drawback
when compared to docking approaches. However, the possibility of implementing more 
realistic conditions upon the models, such as for membrane proteins within a bilayer in an 
all-atom representation including an explicit representation of solvent, will, in the future,
overcome the existing disadvantages through the advancement of both software and hard-
ware (Mangoni et al., 1999). In the meantime, the combination of MD simulations with 
docking approaches has been proven to be a powerful tool for lead discovery (Wang et al.,
2001; Kua et al., 2002). MD simulations with the drug will increasingly play an important
role in the exploration of the dynamics of the ligand and its impact on the protein structure
(Tang and Xu, 2002). Here, if Vpu is identified as a potential drug target, then identification
of residues involved in blocking action will help in further rational drug design.

8. Other Viral Ion Channels and Blockers

One of the earliest antiviral drugs, amantadine (amantadine-1), and also remantadine 
(�-methyl-1-adamantanemethanamine) (Davies et al., 1964; Hoffmann, 1973) are known to
target the viral proton channel M2 from influenza A (Wang et al., 1993), with the latter espe-
cially used in chemoprophylaxis and therapy of influenza A. Its site of blocking is assumed
to be within the lumen of the pore with residues such as Val-27, Ala-30, and Ser-31 involved
(Duff and Ashley, 1992; Pinto et al., 1992; Duff et al., 1993). For a detailed review, see
Chapter 8 by Y. Tang et al., this book. Also NB, an influenza B membrane protein forming
ion channels, can be blocked by amantadine (Sunstrom et al., 1996; Fischer et al., 2001).
However, the binding constants proposed for blocking are too high to propose NB as a poten-
tial target. The short viral membrane protein p7 from Hepatitis C virus also exhibits ion 
channel activity (Griffin et al., 2003; Pavlovic et al., 2003). For this channel, amantadine
seems to block channel activity (Griffin et al., 2003). However, it could be shown that this
channel can also be blocked by long-alkyl-chain iminosugar derivatives (Pavlovic et al.,
2003). Structural and, consequently, computational data, still need to be produced to get more
insight about the putative binding site of these blockers. With Vpu as another viral ion chan-
nel forming protein, the number of HIV protein targets has been enlarged by the discovery of
Am derivatives as potential channel blockers (Ewart et al., 2002; see also Chapter 15 by 
P. Gage et al., this book). Derivatives of amantadine, spiro 5- and 6-membered analogs, have
been identified for weak HIV-1 activity (Kolocouris et al., 1996). Since they have not been
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active against HIV-2, which does not encode Vpu, it is tempting to assume blocking of either
one or both of the two roles of Vpu in the infected cell. Possibly other viral ion channel pro-
teins and viroporins may become highly important future drug targets and we might be just
at the beginning of a fruitful time in this respect.

9. Speculation of Binding Sites in the Cytoplasmic Site

It remains speculative of that the potential ligand-binding site of the AM derivatives might
be in the cytoplasmic part of Vpu. The beauty of this approach would be to also inhibit Vpu’s
function of initiating CD4 degradation. Also, in this particular case of Vpu and in general, future
drug design has to take into consideration the immediate proximity of the lipid membrane.

10. Conclusions

Small viral membrane proteins which are forming ion channels are increasingly in the
line of fire as drug targets. Some of these proteins, like Vpu, are highly conserved. However,
for some of the viruses, antiviral drugs against other proteins are already available. This 
is mostly because these other proteins are globular, relatively easily accessible and, with
moderate effort, crystallizable. Membrane proteins still remain a difficult target in this
respect. On the other hand, these proteins, like Vpu, need to assemble to fullfill their task
which comprises another challenge in finding the proper target structure. It seems likely that,
especially if functioning as ion channels, these small proteins will show their Achilles’ heel
and may become potential targets.
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15
Virus Ion Channels Formed by Vpu of 
HIV-1, the 6K Protein of Alphaviruses 
and NB of Influenza B Virus

Peter W. Gage, Gary Ewart, Julian Melton, and Anita Premkumar

1. Virus Ion Channels

One of the features of cytolytic viral infection of cells is an increase in plasma 
membrane permeability. The loss of cellular metabolites and osmotic effects eventually lead
to rupture of the cell membrane and lysis of affected cells. It has been suggested that virus-
encoded pores, or “viroporins” are responsible for this phenomenon (Carrasco, 1977).
Defined as “small proteins that form pores in lipid bilayers,” viroporins were thought to be
nonselective pores that could become increasingly larger as infection proceeded (Carrasco,
1995). Pores are passive and nonspecific conduits across cell membranes, allowing water,
ions, and low molecular weight molecules (e.g., translation inhibitors such as hygromycin) 
to pass through. In contrast, ion channels are selective for particular ions. Most virus ion
channels studied so far are cation- or proton-selective. For this reason, we use the term “virus
ion channels” rather than “viroporins” for the channels that show ion selectivity.

The precedent establishing that some viruses encode membrane proteins capable of
forming ion channels came from research some years ago on the influenza A M2 protein
showing that M2 forms pH-activated proton channels that are essential for normal replication
of influenza A virus. The drug, amantadine, blocks the channel formed by M2 and thereby
stops virus replication. While amantadine, and an analog, rimantadine, have proven to be 
useful antiviral agents during influenza A epidemics, they are not perfect anti-influenza drugs
because resistant strains can arise by mutation of amino acid residues in the M2 transmem-
brane domain that contribute to the channel pore. Despite this, the principle was established
that a drug capable of blocking a virus-encoded ion channel could inhibit virus replication.

Evidence that M2 ion channels are not functioning as mere pores or viroporins is pro-
vided by experiments that show their proton-selectivity to be unchanged, even when channels
have very high conductances (Mould et al., 2000). Many virus genomes encode small,
hydrophobic proteins, similar to M2 in basic characteristics, though with very little, if any,
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amino acid sequence similarity. The Vpu and 6K proteins, among others, were initially 
suggested as possible virus ion channels on the basis of their hydrophobicity and small size
(Carrasco et al., 1993). Other possible virus ion channels identified by hydrophobicity and
size included the 2B protein from Coxsackie virus, and the 2B and 3A proteins of poliovirus.
The 2B and 3A proteins have been shown to modify membrane permeability when expressed
in Escherichia coli (Lama and Carrasco, 1992). The Coxsackie virus 2B protein is membrane
associated (Porter, 1993), and increases membrane permeability (van Kuppeveld et al., 1997).
The CM2 protein from influenza C has structural similarity to the M2 ion channel of
influenza A (Pekosz and Lamb, 1997).

Virus proteins that have been shown capable of forming ion channels include M2 from
influenza A virus (Duff and Ashley, 1992; Pinto et al., 1992), NB and BM2 from influenza B
virus (Sunstrom et al., 1996; Mould et al., 2000; Fischer et al., 2001), Vpu and Vpr from 
HIV-1 (Ewart et al., 1996; Piller et al., 1996; Schubert et al., 1996b), Kcv, from the large
chlorella virus (Plugge et al., 2000) and p7 from hepatitis C virus (Griffin et al., 2003;
Pavlovic et al., 2003).

Most virus ion channels for which topological data exist have a single transmembrane
domain (Fischer et al., 2000a). The p7 protein from the hepatitis C virus is an exception in
that it has two transmembrane domains (Carrere-Kremer et al., 2002). However, only one of
the two helices is thought to participate in pore formation. With one notable exception (the
M2 protein of influenza A), the importance of virus ion channels for virus replication has not
been well characterized. Information derived from the study of viral ion channels can poten-
tially lead to new therapeutic agents, and an understanding of the mechanisms underpinning
membrane fusion events within cells.

The lipid bilayer technique is commonly used to show that virus proteins form ion
channels. The essential technique is described in detail elsewhere (Miller, 1986). We were ini-
tially introduced to the technique by Dr. Bob French, more than 10 years ago, and we are con-
tinually modifying how we use it. The experimental chamber consists of two plastic cups with
a common, thinned wall between them. In our laboratory, we burn a small hole in the parti-
tion to a desired diameter by varying the voltage across two electrodes straddling the thinned
common wall. A lipid or mixture of lipids is painted across a small (diameter of about 50 to
200 �m) hole in the side of a plastic chamber. After the lipid is painted on, it usually thins to
a bilayer. We track this by applying a voltage ramp to the bilayer and monitoring the current
generated as an index of the capacitance (I 
 C · dv/dt). As the bilayer thins, the current
(capacitance) increases to a plateau. Sometimes the formation of a bilayer is also monitored
visually as the hole becomes black.

The two chambers are traditionally called cis and trans (near and far). Normally, we
have 500 mM NaCl or KCl in the cis chamber and 50 mM NaCl or KCl in the trans chamber.
The same solution is not used in each chamber because it would then not be possible to deter-
mine ion selectivity of channels (see below). We ground the cis chamber and record currents
and voltages in the trans chamber. Protein is added to the cis chamber and the chamber stirred
for periods by a small magnetic stirrer rotating in the bottom of the chamber. The appearance
of ion channel currents is monitored between periods of stirring which is discontinued after
channel activity is seen.

It is sometimes asserted that almost any peptide will form an ion channel in lipid 
bilayers. That is not our experience. Mutations of a channel-forming peptide could com-
pletely prevent ion channel formation. Initially, we did occasionally see “ion channels” in
bilayers not intentionally exposed to any peptide or protein. We soon learned that scrupulous
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attention to cleanliness was essential. The lipid in a container can easily become contaminated
if glass rods or brushes previously exposed to channel-forming peptide are used to obtain
fresh lipid. The bridge electrode in the cis chamber can also retain sufficient peptide from 
a previous experiment to give ion channel activity. Additionally, insufficient cleaning of 
the plastic cups can also give unexpected ion channel activity. We routinely observe lipid
bilayers for periods of 5 min or more (control) before adding peptide to the cis chamber.

Ion channels formed in a lipid bilayer by adding a channel-forming peptide are notori-
ously variable in amplitude. The reason for this has not been elucidated. Two possible reasons
are that channels may increase in size as more “staves” are added to a “barrel-shaped” chan-
nel as has been proposed for alamethicin. It might then be expected that channel selectivity
might become less at higher channel conductances. Alternatively, hydrophobic channels may
cluster in rafts and open and close cooperatively, the rafts becoming larger as more peptide is
incorporated. Thus, the size of currents recorded in bilayers depends on the amount of pep-
tide incorporated in the bilayer, the open probability of channels, and the conductance of
channels. Any of these factors can vary so that comparison of current amplitude in different
solutions cannot be used to estimate single-channel conductance. On rare occasions, when
very small channels are seen with a low and regular conductance, it may be that a unitary
channel is active in the bilayer. Single-channel conductance is an important property of the
channel but is insufficient to determine the ion selectivity of the channel. This can only be
done by measuring reversal potentials in asymmetric solutions. Even if single-channel con-
ductance were shown to be different, it could not be used to indicate relative permeabilities.
Conductance does not necessarily reveal relative permeabilities of a channel. An extreme
illustration of this is that a sodium channel with high selectivity for sodium ions will not pro-
duce currents if there are no sodium ions in solutions. Thus, measurement of reversal poten-
tials in dissimilar solutions, followed by application of the Goldman–Hodgkin Katz equation,
provides the only electrophysiological method of measuring relative ion permeabilities 
(see Vpu section also).

In this chapter, we will discuss three virus ion channels: Vpu of HIV-1, the 6K protein
of alphaviruses, and NB of the influenza B virus. We will first briefly discuss the ion channel
activity of Vpu, discovery of small molecule Vpu channel blockers, and ongoing work aimed
at determining whether and how the channel activity is involved in HIV-1 replication.

2. Vpu of HIV-1

The genome of HIV-1 is illustrated in Figure 15.1. VPU encodes for a small protein,
Vpu, with the sequence (in the HXB2 isolate) shown in Figure 15.1. Viral protein u is an 
integral membrane protein encoded by HIV-1. It is primarily found in the Golgi and endo-
plasmic reticulum (ER) membranes in infected cells. Although it can be detected in the
plasma membrane of cells when artificially overexpressed, it has not been detected in the viral
envelope. The protein contains from 80 to 82 amino acids (depending on the HIV-1 isolate)
consisting of an N-terminal transmembrane anchor and a hydrophilic cytoplasmic 
C-terminal domain. The C-terminal domain contains a 12 amino acid sequence that is highly
conserved and within which are two serine residues that are phosphorylated by caseine
kinase-2. Vpu forms homo-oligomers, but the exact number of subunits in the native complex
is not yet known. The secondary structure and tertiary fold of the cytoplasmic domain of Vpu
have been determined by a combination of NMR, CD spectroscopy, and molecular dynamics
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calculations (Willbold et al., 1997). There are two �-helices separated by a short flexible loop
containing phosphorylated serine residues. Recent structural data for the TM domain (Wray
et al., 1999; Montal, 2003) supports the theoretical prediction that the region is �-helical and
various tilt angles relative to the bilayer normal have been measured. A number of molecular
dynamics simulation studies have been reported based on the assumption that oligomeriza-
tion produces a bundle of �-helixes that spans the membrane (Grice et al., 1997; Moore et al.,
1998; Fischer and Sansom, 2002). These studies favor formation of a pentameric complex.
However, depending on the initial conditions set and restraint parameters, different conclu-
sions about the orientation of the individual helices in the complex were reached.

2.1. Roles of Vpu in HIV-1 Replication

HIV-1, the virus responsible for the AIDS pandemic is a retrovirus belonging to the
lentivirus genus. The viral genome consists of two copies of linear, positive-sense ssRNA
approximately 9,700 nucleotides long, encoding 14 proteins. In the cytoplasm of infected
cells, the viral ssRNA is copied to a dsDNA proviral molecule by viral reverse-transcriptase
which is transported to the nucleus and integrated into the host cell genome.

The ability to initiate infection by transfecting cultured cells with dsDNA HIV-1
proviruses greatly facilitated development of experimental systems for the investigation of
HIV-1 molecular biology: Mutant viruses can readily be constructed in the laboratory and
their replication properties compared with the isogenic wild type. Investigation of recombi-
nant HIV-1 constructs from which the vpu gene was deleted led to Vpu being labeled an
“accessory” protein of HIV-1 because it is not essential for virus replication in vitro.
Nevertheless, a number of reports have shown that Vpu significantly enhances the release of
progeny virions from infected cells. The magnitude of this effect is dependent on both the
virus strain and the type of cell infected. Replication of vpu knockout strains is only margin-
ally decreased (0–4-fold) in cultured CD4� T-cells or cell lines derived from T-lymphocytes.
However, at the other extreme, using infected macrophages, one study has reported a decrease
greater than 1,000-fold in the release of new virus particles when Vpu was ablated, compared
to the isogenic wild-type HIV-1 strain [see (Schubert et al., 1999) and references therein].
Interestingly, it has been reported (Du et al., 1993) that vpu can induce a significant constraint
upon the host range and growth potential of HIV-1 and it was noted that adaptation of cells,
such as T-cell lines, to in vitro replication can involve selection of viruses that have ablated
vpu gene expression by mutation.

210 Peter W. Gage et al.

GAG
POL

ENVVIFLTR

MQPIPIVAIVALVVAIIIAIVVWSIVIIEYRKILRQRKIDRLIDRLIERAEDSGNESEGEISALVEMGVEMGHHAPWDVDDL

Vpu

VPR VPU NEF

GAG
POL

ENVVIF

TAT
REV

LTR

NEF

Figure 15.1. Arrangement of the HIV-1 genome. The diagram illustrates the order of the proteins known to be
encoded on the HIV-1 RNA genome, highlighting the relative location of the Vpu protein with its amino acid
sequence listed below.



As revealed by more detailed probing of the effects of vpu deletion on HIV-1 biology,
an intriguing characteristic of the Vpu protein is that it exerts a number of effects on appar-
ently disparate cellular processes (Kerkau et al., 1997; Emerman and Malim, 1998; Schubert
et al., 1998). Thus, in the past 10 years it has been discovered that Vpu:

1. binds to the CD4 protein in the ER and induces its degradation via the ubiquitin–
proteosome pathway;

2. controls the trafficking of the HIV-1 glycoprotein gp160, and certain other glyco-
proteins, to the plasma membrane;

3. reduces HIV-1 cytopathicity by reducing virus-induced syncytium formation;
4. downregulates expression of MHC class 1 on the cell surface; and
5. augments the budding of newly assembled virus particles from the host-cell plasma

membrane.

A major scientific challenge is to understand fully the molecular mechanisms under-
lying the diverse range of physiological outcomes involving Vpu. In this regard, mutagenesis
studies have shown that two Vpu-mediated activities, CD4 degradation and enhancement 
of virion budding, reside in two separate domains of the protein. Mutations that prevent phos-
phorylation of the conserved serine residues in the cytoplasmic domain revealed that phos-
phorylation is essential for CD4 degradation, as well as inhibition of gp120 trafficking, and
reduced syncytium formation. Yet, an absence of phosphorylation had only a minimal impact
upon augmentation of virus release. Further, a mutant in which the sequence of the first 27 
N-terminal amino acids of Vpu was randomized resulted in a protein (Vpu-RND) which had
lost its ability to enhance virion budding, although the CD4 degradation activity was not
affected (Schubert et al., 1996a). The TM domain of Vpu expressed without the cytoplasmic
domain, was still able to augment virus budding, but not degradation of CD4. Thus, it was
concluded that the C-terminal hydrophilic cytoplasmic domain mediates CD4 degradation
and that the N-terminal membrane-spanning domain (amino acids 1–27) modulates virus 
particle release (Schubert et al., 1996a), though the mechanisms by which Vpu exerts these
activities remain to be elucidated.

2.2. Evidence that Vpu Forms an Ion Channel

We found that Vpu can form ion channels (Ewart et al., 1996). This was established
experimentally using purified recombinant protein reconstituted into planar lipid bilayers. 
A cDNA fragment encoding Vpu was cloned into the expression plasmid p2GEX enabling
IPTG-inducible expression of Vpu fused to the C-terminus of Glutathione-S-Transferase (GST)
in E. coli. After purification of the expressed fusion protein by glutathione–agarose affinity 
chromatography, the GST tag was cleaved by digestion with thrombin and the liberated Vpu
was purified to homogeneity using anion exchange and immuno-affinity chromatography
steps. The zwitterionic detergent CHAPS (3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-
propanesulfonate) was used to maintain solubility of the hydrophobic Vpu polypeptide in
aqueous buffer systems.

Purified Vpu was reconstituted into planar lipid bilayers, either directly from mixed
micelles with CHAPS detergent, or from proteoliposomes prepared after dialysis of the deter-
gent in the presence of phospholipids. Use of these techniques allows more control of the
amount of channel-forming peptide incorporated into the bilayer.

Virus Ion Channels Formed by Vpu of HIV-1 211



Briefly, aliquots containing Vpu were added to the aqueous buffer in the cis chamber of
the bilayer apparatus and the mixture was stirred to facilitate collision of Vpu with the bilayer.
Typically, after brief periods of stirring, ion currents were detected as shown in Figure 15.2A,
indicating that incorporation of Vpu into the bilayer had created a pathway for ions across the
bilayer.

2.2.1. Properties of the Vpu Channel

Electrophysiological measurements of ion currents generated in the presence of Vpu
showed that the reversal potential for currents was close to the equilibrium potential of mono-
valent cations in solutions on either side of the membrane, as illustrated in Figure 15.2B.
These measurements showed that the Vpu channel is about six times more permeable 
to sodium ions than to chloride ions and approximately equally permeable to sodium and
potassium ions.

In designing experiments to gain information about relative cation and anion perme-
abilities of a channel, it is necessary to use “asymmetrical” solutions so that the cation and
anion equilibrium potentials are different. Use of the Goldman–Hodgkin-Katz equation then
allows calculation of relative permeabilities from the reversal potential of the ion currents. 
In symmetrical solutions, both the cation and anion equilibrium potentials are at 0 mV and it
is not possible to calculate relative permeabilities.

A minimal open state conductance of approximately 14 pS was observed, but when
bilayers were exposed to higher concentrations of Vpu, larger conductance states were seen
(Ewart et al., 1996). This is a common observation when testing peptides for channel-
forming ability in planar lipid bilayers (see above). Synthetic peptides were also used to 
show that Vpu forms ion channels in bilayers. A short peptide corresponding to the first 
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Figure 15.2. Ion channel activity of Vpu in planar lipid bilayers. Purified recombinant Vpu (approx. 7–70 ng) in
proteoliposomes was added to the cis chamber of a planar lipid bilayer set-up which was stirred to facilitate
incorporation of the protein into the bilayer. MES (2-[N-Morpholino] ethanesulfonic acid) buffer (10 mM, pH 6.0) was
used and the cis and trans chambers contained 50 or 500 mM NaCl, respectively. Single-channel openings observed at
the indicated holding potentials (mV) are shown in the left-hand panel and a typical current–voltage relationship
generated by plotting the most frequent open state current level versus holding potential is shown in the right hand panel.



27 N-terminal residues produced ion currents with similar properties to the full-length 
recombinant protein and, importantly, a peptide of identical amino acid composition but with
a randomized sequence did not produce channels in artificial lipid bilayers (Schubert et al.,
1996b). These results established that the ion channel activity of Vpu is associated with the
N-terminal hydrophobic domain and that information specific to channel formation is
encoded in the native amino acid sequence.

Another experimental technique has been used to confirm that Vpu forms ion channels.
Patch clamping of the plasma membrane of Xenopus oocytes injected with cRNA encoding
full-length Vpu revealed new cation currents with similar ion selectivity properties to the
channels reported in the bilayer experiments (Schubert et al., 1996b). Because Vpu is prima-
rily an intracellular protein, only very small currents were generated with the wild-type 
Vpu cRNA and the protein could not be detected in plasma membrane fractions by Western
blotting. However, site-directed mutation of two serine residues in the cytoplasmic domain,
preventing phosphorylation of the protein, greatly increased both the currents detected and the
level of Vpu in the plasma membrane. Injection of cRNA encoding mutant Vpu proteins,
either with the TM domain deleted or with a randomized TM sequence, did not induce the
new cation current.

Finally, evidence that Vpu alters membrane permeability also came from experiments
involving cellular expression of Vpu. A bacterial cross-feeding assay demonstrated proline
leaks out of E. coli cells expressing Vpu under control of a temperature-regulated promoter
(Ewart et al., 1996). Interestingly, the same cells were not leaky for methionine, a molecule
of similar size and charge as proline, and nor were membrane vesicles prepared from these
cells leaky to protons. Proline is an amino acid taken up into bacterial cells by an Na� sym-
port that derives its energy from the Na� concentration gradient, whereas the methionine
transporter is energized by ATP hydrolysis directly. Taken together, these observations indi-
cated that, in those experiments, Vpu had not formed a large nonspecific pore in the E. coli
plasma membrane, but rather, the proline leak was a secondary effect, most likely due to 
dissipation of the Na� ion gradient normally maintained by the cells. In contrast, when Vpu
was greatly overexpressed in E. coli or COS cells, nonspecific permeability changes occurred
and the cells became permeable to very large and/or charged molecules such as lysoyme and
hygromycin B (Ewart et al., 1996; Gonzalez and Carrasco, 1998). It is possible that, at high
concentrations, self-association between Vpu monomers in the membrane leads to formation
of larger complexes with reduced pore selectivity. This idea agrees with observations of
increased channel conductance in bilayer experiments correlated to addition of higher 
concentrations of Vpu to the cis chamber (Ewart et al., 1996).

2.3. The Link Between Budding Enhancement by Vpu and 
its Ion Channel Activity

2.3.1. Mutants Lacking Ion Channel Activity and Virus Budding

Strong circumstantial evidence to suggest a link between Vpu’s virus budding enhance-
ment and ion channel activities was first provided by Schubert et al. (1996b, 1998). They
showed that the Vpu mutant, VpuRND, with the randomized TM sequence, when expressed
in Xenopus oocytes, does not induce the cation-specific conductance that is observed with
wild-type Vpu. Similarly, a 27-residue synthetic peptide corresponding to the randomized TM
domain does not produce channels in planar lipid bilayers although the equivalent peptide
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with wild-type sequence clearly does. In addition, the VpuRND mutation caused a decrease
in progeny virus released from cells transfected with a mutated HIV-1 proviral cDNA vector.

2.3.2. Channel-Blocking Drugs Inhibit Budding

The mechanistic association between ion channel activity and budding enhancement
was further strengthened by our discovery of small molecules that block the Vpu ion channel
and inhibit virus budding (Ewart et al., 2002). Two derivatives of the potassium-sparing
diuretic pharmaceutical amiloride were found to inhibit Vpu ion currents in planar lipid
bilayer experiments. These derivatives, 5-[N,N�-hexamethylene]amiloride (HMA) and 
5-[N,N�-dimethyl]amiloride (DMA), have aliphatic substituents on the N atom of the amino
group at the 5 position of the pyrazine ring of amiloride and it appears that such hydrophobic
substituents at this position are important for inhibition of Vpu channels, because amiloride
itself is not inhibitory. The effect of DMA on ion channel activity of Vpu is illustrated 
in Figure 15.3. HMA was found to be a slightly more potent inhibitor of Vpu ion channels
than DMA.

The effect of HMA on the budding of virus-like particles (VLP) was tested in HeLa
cells co-expressing HIV-1 Gag and Vpu proteins. In those experiments, expression of Gag

214 Peter W. Gage et al.

–15 –10 –5 0 5
0.0

0.2

–15 –10 5 0 5
0. 0

0. 4

P

P

I (pA)
Ba3/Ba4 FG 200 Hz 5 ms 0 mV 

5 pA

0.5 s

A

B

C

D

E

F

G

H

CONTROL

100 µM DMA

Figure 15.3. Currents generated by Vpu added to the cis chamber (A,B,C) are blocked following addition of
100 �M DMA to the cis chamber (D,E,F). The potential was 0 mV and there was 500 mM NaCl in the cis chamber
and 50 mM NaCl in the trans chamber (G). An all-points histogram of a 30 s current record showing negative
(downward) current before addition of drug (H). An all-points histogram of a 30 s current record after addition of
100 �M DMA showing only the baseline current.



alone was seen to drive the formation of VLP at the plasma membrane and the presence of
Vpu enhanced the release of VLP into culture medium by approximately 13-fold. HMA
(10 �M) inhibited the release of VLP from Gag/Vpu expressing cells by more than 90%. It
can be seen that the budding in Figure 15.4A is depressed in the presence of 10 �M HMA
(Figure 15.4B).

2.3.3. HMA Inhibits HIV-1 Replication in Monocytes and Macrophages

As a consequence of the demonstrated ability to both block the Vpu ion channel and
inhibit VLP budding, HMA and DMA were tested for anti-HIV-1 activity and were found to
repress replication of the laboratory-adapted macrophage-tropic strain HIVBaL in cultured
human monocyte-derived macrophages (Ewart et al., 2004). At concentrations in the range of
1–10 �M, HMA and DMA strongly inhibited production of extracellular virus as measured
by p24 antigen ELISA, as illustrated in Figure 15.5.

In addition to measuring p24 in culture supernatants, the level of HIV-1 viral DNA
inside the cells was assessed using semiquantitative (Q) PCR to amplify a 320 bp LTR/Gag
fragment. In these experiments, some inhibition of HIV DNA accumulation in the cells was
observed but it was clearly not as marked as the corresponding inhibition of p24 antigen.
These findings indicated that the primary inhibitory target of HMA is at a stage of the repli-
cation cycle after reverse transcription of viral RNA and are consistent with an effect of HMA
on the Vpu ion channel and virus budding.

In summary, Vpu from HIV-1, like M2 from influenza A, belongs to a growing family
of virus ion channels. Recombinant and synthetic Vpu polypeptides in planar lipid bilayers
form Na�- & K�-selective channels that show gating and have a minimal conductance  of
about 14 pS. The Vpu channel activity is inhibited by HMA and DMA, but not by the parent
compound, amiloride. The ion channel activity of Vpu has been linked to the protein’s func-
tion in augmenting virus particle release: Virion budding is strongly suppressed by either
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Figure 15.4. Inhibition of budding of virus-like particles (VLP) by HMA. HeLa cells at 60–70% confluence were
infected with the T7 RNA polymerase expressing vaccinia virus vector vTF7.3 and then transfected with pcDNA3.1
based plasmids for expression of HIV-1 Vpu and Gag proteins under control of T7 promoters. For observation by
electron microscopy, the cells were grown on glass coverslips and subsequently fixed before staining with uranyl
acetate and encasing in Spurr’s resin from which thin sections were cut and stained with lead citrate. The cell in
micrograph A is representative of control cultures incubated in the absence of HMA and shows a distinctly
“unhealthy” cell surrounded by many VLP. Micrograph B is a representative cell from a parallel culture incubated in
the presence of 10 �M HMA showing a large reduction in the number of VLP associated with the cell membrane.



genetic mutations that ablate Vpu ion channel activity or chemical inhibitors of the channel,
HMA and DMA. Though it is not currently understood how changes in cellular ion gradients
contribute to the budding process, nevertheless, the rate and efficiency of budding of new 
virions from the plasma membrane is clearly of fundamental importance to the replication of
HIV-1. Vpu plays a number of roles in the molecular biology of HIV-1, and while expression
of Vpu is not essential in some in vitro systems, this protein does enhance the efficiency of
virus replication, particularly in macrophages. At present the presumably critical roles played
by Vpu in human HIV-1 infections remain elusive. However, the ability of HIV-1 to infect 
and efficiently replicate in macrophages is thought to be essential in AIDS pathogenesis
(Schuitemaker, 1994). In fact, it has been suggested that macrophage-tropic HIV isolates may
be necessary and sufficient for the development of AIDS (Mosier and Sieburg, 1994).
Therefore, drugs such as HMA and DMA that block the Vpu channel and inhibit HIV-1 repli-
cation in macrophages may ultimately have potential therapeutic use as anti-AIDS agents.
Clearly, there is a need for further fundamental research to define the structure of the Vpu ion
channel and to understand its mechanism so that a rational approach to designing better 
channel-blocking drugs can be undertaken. The ultimate aim would be to design a drug of
such high specificity for the Vpu channel that it would act like a magic bullet to slow or even
prevent the progression from HIV-1 infection to AIDS.

3. Alphavirus 6K Proteins

Alphaviruses are members of the Togaviridae family, which includes flaviviruses, the
smallest enveloped animal viruses. This family contains a number of important animal and
human pathogens that are extremely adaptable and are found in a range of habitats on every
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Figure 15.5. Inhibition of HIV-1 replication by HMA. Monocyte-derived macrophages (MDM) cultured 
from human HIV seronegative blood, were infected at a multiplicity of infection of 0.02 with the laboratory adapted
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the Coulter HIV-1 p24 antigen assay. The filled and open bars show the levels of HIV in the control (no drug) and
HMA (10 �M)-treated cultures.



continent except Antarctica. Alphaviruses are unusual in their ability to cross phyla in the
normal course of the infection cycle (i.e., vertebrate to nonvertebrate).

3.1. Replication of Alphaviruses

Much is known about the cell biology of alphavirus replication in vertebrate cells
through the study of the model viruses Sindbis virus (SINV) and Semliki Forest virus (SFV).
The cellular infection process can be summarized as follows: binding and endocytosis, fusion
with endosomes and release of genome to cytoplasm, transcription and translation of the viral
genome, viral assembly, and budding.

3.1.2. Viral Budding

Alphavirus budding has been extensively studied, and some of the molecular mecha-
nisms have been described. The “early” budding model was based on observations with SFV
(Garoff and Simons, 1974); it was proposed that protein–protein interactions between the
cytoplasmic domain of the spike proteins and the nucleocapsid drive budding. Initially, a pre-
assembled nucleocapsid at the plasma membrane interacts with just a few spike proteins. The
reduced mobility of the complex attracts more spike proteins to interact with the nucleocap-
sid. This causes the membrane to curve, eventually encircling the entire nucleocapsid with
glycoprotein spikes. Budded virions are predominantly seen exterior to cells, appearing as
electron-dense regions of diameter 40–60 nm. SFV genomes containing various deletions
were used to show that budding is dependent on nucleocapsid–spike interactions. Genomes
lacking either the spike protein or capsid genes were unable to generate particles individually.
However, co-expression of spike proteins with capsid protein allowed nucleocapsids to
assemble into particles at the plasma membrane. The molecular mechanism of the spike–C
interaction have been identified using molecular modeling, and reconstructions using anti-
idiotype antibodies and fitting the X-ray crystal structures of capsid and E2 into cryoelectron
microscopy-derived electron density maps (Garoff et al., 1998).

3.2. The 6K Protein of Alphaviruses

The importance and role(s) of the 6K protein in cellular infection are not well charac-
terized. The 6K proteins are not highly conserved between alphaviruses (Figure 15.6A),
having only 58% sequence identity but presumably have a common structure and roles.

The small size of the 6K protein (60 amino acids for Ross River virus (RRV) and 58 for
Barmah Forest virus (BFV)), fatty acylation (SINV 6K is palmitoylated on cysteine residues
23, 35, 36, and 39), and hydrophobicity (Figures 15.6B and C) are typical characteristics of
membrane-associated proteins.

These reasons, coupled with its toxicity when expressed in E. coli are probably why a
purification strategy for 6K had not been published earlier (Melton et al., 2002). Examination
of hydrophobicity plots of 6K proteins (see Figure 15.6C) suggests two TM domains. This is
supported by evidence for the topology of the polypeptide from which 6K protein is derived.
However, TM prediction of BFV 6K (using a hidden Markov model) to identify residues typ-
ically found at membrane-aqueous junctions shows a single TM domain covering amino acid
residues 14–32 (Sonnhammer et al., 1998). The prediction for RRV 6K is not as definitive,
but nevertheless indicates a single TM domain. If the protein were to cross the membrane
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twice, the second domain would be squeezed in very tightly, or would have to make an 
intra-membranous loop.

3.3. The 6K Protein and Virus Budding

To investigate the role of the 6K protein in virus replication, a range of site-directed
mutations have been made in SFV and SINV. Removal of the SFV 6K gene affects the effi-
ciency of glycoprotein processing, and the cleavage of p62 and its subsequent transport to the
plasma membrane (Schlesinger et al., 1993; Sanz and Carrasco, 2001). The efficiency of SFV
budding from BHK cells is dramatically decreased when the 6K gene is deleted (Loewy et al.,
1995). It is notable that the relative importance of the 6K protein for budding is highly depend-
ent on the cell type examined. For example, SFV �6K virus yield ranged from 3–50% of 
wild-type SFV (Loewy et al., 1995). This is suggestive of some interaction of 6K protein with
plasma membrane components. SINV with residues 35 and 36 of the 6K protein mutated from
cysteine to alanine and serine make virions of a multi-cored appearance (Gaedigk-Nitschko
et al., 1990). The altered appearance of virions suggests some involvement of 6K protein with
budding or membrane fusion. How the 6K protein exerts its effects on budding is not known.
It has been reported to be present at low levels in virions and yet it is not contained in any
virion reconstructions. Nor does it seem to have any role in docking/internalization processes,
as 6K gene deletion has no effect on the infectivity of virions (Liljestrom et al., 1991).

3.4. Ion Channels Formed by BFV and RRV 6K Protein

In order to test the hypothesis that 6K proteins can form ion channels, we expressed the
6K protein gene sequences of RRV and BFV in E. coli, purified the 6K protein and examined
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Figure 15.6. A: Homology sequence alignment of alphavirus 6K proteins. Identical residues are shown in gray
boxes, homologous residues are shown in plain boxes. Cysteine residues that become palmitoylated in SINV 6K
protein are indicated with asterisks (*). B: Transmembrane prediction for BFV and RRV 6K proteins. The probability
of a residue being located in a transmembrane helix (TM p) is plotted against amino acid sequence no. using the
TMHMM algorithm (Sonnhammer et al., 1998). C: Hydrophobicity plot for BFV and RRV 6K proteins.
Hydrophobic regions are above the baseline, hydrophilic regions are below.
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Figure 15.7. BFV 6K ion channels. A: Channel activity is shown for a range of potentials. The closed state is
shown as a solid line. Openings are deviations from this line. Scale bars are 500 ms and 10 pA. Solutions contained
cis: 510 mM NaCl, 10 mM TES (N-tris[Hydroxymethyl] methyl-2-aminoethanesulfonic acid), pH 7.0; trans: 60 mM
NaCl, 10 mM TES (N-tris[Hydroxymethyl] methyl-2-aminoethanesulfonic acid), pH 7.0. B: Current–voltage
relationship for bacterially expressed BFV 6K. Largest single opening events of a single channel are plotted for each
holding potential. Cis and trans solutions were identical to those in part A.

whether it formed ion channels in planar lipid bilayers (Melton et al., 2002). Examples of 
typical current traces caused by BFV 6K protein are shown in Figure 15.7A and the currents
can be seen to reverse at �40 mV in Figure 15.7B.

Solutions used in these experiments were 510 mM NaCl in the cis chamber and 60 mM
NaCl in the trans chamber. The currents can be seen to reverse between �30 and �60 mV,
indicating a preference for Na� over Cl�. The average reversal potential in the presence of a
510 mM cis/60 mM trans NaCl gradient was 49.1 �/� 0.7 mV. When no protein was added
to the cis solution, no activity was seen (n 
 20, average waiting time 
 7 min).

The open probability of RRV 6K channels was found to be voltage-dependent. Channels
were much more active at �100 mV than at 100 mV. A channel that was closed at positive
holding potentials could often be reactivated by switching to negative holding potentials.

The permeability of RRV 6K channels to cations other than Na� was tested by 
changing the solution in the cis bath to either KCl or CaCl2 while maintaining the holding



potential at �100 mV. When the cis chamber contained potassium or calcium ions, ionic 
currents were observed. Thus, the channels were also permeable to the cations K� and Ca2�.

3.5. Antibody Inhibition of RRV 6K Channels

It is not possible to obtain proteins at 100% purity from expression systems or by 
synthesis with a peptide synthesizer. Because only a few protein molecules are needed to form
an ion channel, it is important to be able to demonstrate that it is indeed the predominant 
protein of interest, not some contaminant that is forming the ion channel. One way of doing
this is to demonstrate effects of specific antibodies to the protein of interest on the ion 
channel activity. Polyclonal antibodies raised in rabbits immunized with synthetic peptides
corresponding to the N- or C-termini of RRV 6K were used to confirm that the 6K protein
was indeed the channel-forming molecule in preparations of the purified recombinant protein.
When antibody recognizing the N-terminal 20 amino acids of RRV 6K (�-R6N) was added
to the cis chamber, a reduction in current to baseline levels occurred. An example of this is
shown in Figure 15.8A and was seen in eight bilayers. The �-R6N antibody had no effect
when added to the trans chamber (n 
 5, data not shown).

Conversely, antibody against the C-terminal of RRV 6K (�-R6C) inhibited channel
openings when added to the trans bath (n 
 6, Figure 15.8B), but not the cis bath (n 
 7, not
shown). All points histograms of currents recorded before and after addition of antibody are
shown in Figures 15.8C and D.

The chamber-dependent effect of antibodies demonstrates that channel inhibition was
specific to the particular epitope recognized by the antibody.

The antibody inhibition experiments also indicate that the RRV 6K protein is stably ori-
ented in bilayers. This is a corollary of the specific topological requirements of vesicle fusion
with planar lipid bilayers, that is, proteoliposomes placed in the cis solution, will fuse 
with a bilayer so that the intra-vesicular domains of TM proteins will be exposed to the trans
solution.

The use of affinity-purified antibodies to specifically inhibit channel currents from both
sides of the bilayer (Figure 15.8) supports the conclusion that the 6K protein forms an ion
channel. The chamber-specific effect of antibody inhibition suggests further that 6K proteins
are oriented in bilayers with the N-terminal facing the cis bath, and the C-terminal facing the
trans bath. Given the length of the 6K polypeptide chain, location of N- and C-termini on
opposite sides of the membrane suggests that the hydrophobic domain consists of a single TM
�-helix. Earlier reports have suggested that 6K crosses the ER membrane twice, with both 
termini in the lumen. However, these data do not exclude the possibility that the C-terminus
of 6K is only transiently located in the ER lumen. The C-terminus of the E2 protein of SINV
has been shown to retract through the ER membrane following cleavage by the signalase
enzyme. A similar retraction of the C-terminal of the RRV and BFV 6K proteins may occur
following cleavage by signalase. The structures of most virus-encoded ion channels discov-
ered to date consist of a single TM domain. Thus, it seems likely that the biologically active
form of 6K protein has a single TM domain.

Following the onset of viral RNA translation in alphavirus-infected cells, the plasma
membrane becomes more permeable to monovalent cations (Ulug et al., 1984). This is fol-
lowed by an increase in permeability to larger molecules, such as translation inhibitors
(Munoz et al., 1985). It is possible that the ion channels formed by 6K proteins are responsi-
ble for both of these changes. This hypothesis is supported by previous experiments on the
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fate of 6K protein in infected cells (Lusa et al., 1991). During alphavirus infection, the cell’s
secretory pathway is used to export the structural proteins of the virus (excepting capsid 
protein) to the plasma membrane. The topology of the membrane-bound proteins is such 
that the N-terminal of the 6K protein becomes exterior to the cell: fusion of ER-derived vesi-
cles with the plasma membrane results in a cell-exterior location for residues in the ER lumen.
The bilayer experiments with 6K proteins at a holding potential of �100 mV approximate the
voltage and orientation conditions for 6K proteins at the plasma membrane of infected cells.
Thus, the dramatic activation of 6K ion channels by negative voltages (see Figure 15.6) would
also occur at the plasma membrane of infected cells.

If the 6K protein is indeed located at the cell surface then it is also possible that 
the increased permeability of infected cells to monovalent cations (Ulug et al., 1984) is due
to the preference of 6K channels for monovalent cations over divalent cations. The wide range
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Figure 15.8. Antibody inhibition of RRV 6K channels. A: Channel activity is shown before (control), and after
(��-R6N) addition of anti-RRV 6K N-terminus antibody to the cis chamber. B: Channel activity is shown before
(control), and after (��-R6C) addition of anti-RRV 6K C-terminus antibody to the trans chamber. A dashed line
represents the closed (baseline) state. Channel openings are downward deflections from the baseline. C,D: All points
histograms showing the effect of antibodies on RRV 6K channels. Paired histograms are shown before (above, “RRV
6K channel activity”), and after addition of antibody to the stated chamber (below). C: Anti-RRV 6K N-terminus 
(�-R6N) was added to the cis chamber. D: Anti-RRV 6K C-terminus (�-R6C) was added to the trans chamber.
Current amplitude probability histograms were generated from 30 s of record. NB: baseline current 
 0 pA.



of conductance values obtained for 6K channels may reflect the protein’s ability (as infection
proceeds) to form channels with larger pores and conductances.

4. NB of Influenza B Virus

In 1984 NB was first described (Shaw and Choppin, 1984) and is unique to the
influenza B virus. It was thought to be the homolog of the influenza A virus M2 protein (Shaw
and Choppin, 1984; Williams and Lamb, 1988). NB is abundantly expressed in virus-infected
cells (Shaw and Choppin, 1984) and found in low copy numbers in the influenza B virus
(Betakova et al., 1996; Brassard et al., 1996).

Using [35S]cysteine and [3H]isoleucine, Shaw (Shaw and Choppin, 1984) detected the
presence of NB in cells infected with three different strains of influenza B virus. The pres-
ence of NB in all three strains of influenza B indicated that this protein was not unique to any
one influenza B strain. Shaw and Choppin (1984) used pulse-chase experiments to study the
kinetics, synthesis, and stability of NB in virus infected cells. Their observations showed that
both NA and NB accumulated in approximately equal quantities in the cells 4 hr after infec-
tion. It was observed that after 8–10 hr of infection, NB was the major protein and that there
was less NA than NB during this stage of infection. They reported that NB disappeared from
the cells 4 hr after it was synthesized. This result is contrary to other findings (Betakova et al.,
1996) showing that the protein is stable for up to 12 hr after infection.

Shaw and Choppin (1984) used hyper-immune mouse serum to demonstrate the pro-
duction of NB during a respiratory infection of influenza B in mice. They showed that mice
infected with the influenza B virus develop antibodies to the NB protein. The B/Lee/40 strain
seems to have a stronger anti-NB response than was detected with the NA or M1 proteins.
Hyper-immune mouse serum was used to detect the presence of NB in cells infected with dif-
ferent strains of influenza B. The serum reacted with all the strains that were tested suggest-
ing that the NB had retained its antigenic determinants sites over a period of 43 years
separating the oldest and newest isolates studied.

4.1. Structure of NB

It has been found that NB is an integral membrane protein associated with the same
membrane fractions as hemagglutinin (HA) and neuraminidase (NA). Like other viral and
cellular membrane proteins 2% TritonX-100 and 0.5M KCl are required to solubilize NB
(Williams and Lamb, 1986). NB is a 100 amino acid protein and has a molecular weight of
12,000 Da whereas the glycosylated protein has a molecular weight of 18,000 Da. The
nucleotide sequence of NB contains 7 cysteine residues, 18 isoleucine residues, and 4 poten-
tial glycosylation sites (Asn-X-Ser/Thr), of which two are found on either side of the TM
region. Asn at residue 3 and Asn at position 7 have been identified as the precise glycosyla-
tion sites. NB contains carbohydrate side chains of the high-mannose type that are processed
to complex sugars in either MDCK or CV1 cells.

NB is a Class III integral membrane protein. The N-terminal domain of 17 amino acids
is extracellular and the large C-terminus of 64 amino acids is intracellular (Williams and
Lamb, 1988). The amino acid sequence of NB shows that it has a region of uncharged
hydrophobic residues (19–40) that could span a membrane. This region has a hydropathic
index greater than two indicating that the protein interacts with membranes.
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The NB protein has two stretches of hydrophobic amino acids the first one at the 
N-terminus, residues 19–40, and at the C-terminus, residues 84–95. NB is anchored in 
the membrane via its N-terminal hydrophobic domain. William and Lamb (1986) used 
site-directed mutagenesis involving the deletion of the N-terminal region to show that the 
N-terminus of 18 amino acids is exposed at the cell surface.

The sequence of the NB protein is shown below.

A
M N N A T F N C T N I N P I T 15
H I R G S I I I T I C V S L I 30
V I L I V F G C I A K I F I N 45
K N N C T N N V I R V H K R I 60
K C P D C E P F C N K R D D I 75
S T P R A G V D I P S F I L P 90
G L N L S E G T P N

4.2. Similarities Between M2 and NB

It was suggested that NB is the influenza B homolog of the influenza A M2 protein
(Shaw et al., 1983; Williams and Lamb, 1986). Recently there have been suggestions that the
BM2 protein of the influenza B is the counterpart of the M2 protein of influenza A and that
BM2 forms ion channels that conduct protons (Mould et al., 2000). Nevertheless, the NB pro-
tein of influenza B virus is analogous to the M2 protein of influenza A virus in many respects.
There is no amino acid sequence homology between the two proteins but they share a num-
ber of common characteristics. Both are small proteins, NB 100 amino acids and M2 96
amino acids. Both are class III integral membrane proteins (von Heijne, 1988) with a single
highly hydrophobic TM region. This region in both proteins has a hydropathic index greater
than 2, indicating that the proteins interact with the membrane. The proteins are anchored 
in the membrane via their hydrophobic regions and are oriented with a short extracellular 
N-terminal region (M2 
 24, NB 
 18) and a long cytoplasmic tail (M2 53 amino acids and
NB 60). The oligomeric structure of both proteins is similar; like M2, NB runs as a dimer or
tetramer on nonreducing gels. The level of expression of both proteins in virus-infected cells
is the same. Both proteins are abundantly expressed on virus-infected cells and are found
associated with the same membrane fractions as HA and NA. On the other hand both proteins
are found in low copy numbers in the viral envelope. The number of molecules per virion is
14 to 68 molecules of M2, 15 to 100 molecules of NB.

The function of NB in the virus still remains uncertain. As NB is located at the host cell
surface it has been suggested that it may be involved in transcription or replication of RNA, or
that it may be involved in organizing proteins on the cell surface during budding. The function of
NB is probably important to the viral life cycle, otherwise the overlapping reading frame would
have been lost by natural mutation. A single mutation in the initiation codon of NB can lead to
elimination of the NB reading frame. This mutation would not affect the coding of NA but this
has not occurred and NB is found both in virus-infected cells and the virus particle.

There is direct evidence that M2 forms a proton channel and since NB is similar in 
so many respects to M2, it is possible that NB may also function as an ion channel. To test
the hypothesis that NB forms an ion channel like the M2, we cloned the NB protein from the
strain influenza/B/Lee/40 into bacterial expression vectors, and then purified and incorpo-
rated NB into artificial lipid bilayers to determine whether it functions as an ion channel.
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4.3. Channel Activity of the NB Protein

We cloned the cDNA for NB into two expression systems (Sunstrom et al., 1996). 
In the first the cDNA was cloned into the plasmid vector pQE-70 (Qiagen) so that the 
C-terminus of the protein had a tag of six histidines at the end of the open reading frame. In
the second expression system the NB cDNA was cloned into the BamH1 site of the plasmid
vector pGEX-2T. In this plasmid the NB open reading frame is fused to the C-terminus of
GST (Glutathione-S-transferase). The NB produced by the GST-fusion protein was truncated
at the C-terminus. The protein failed to react with the C-terminal polyclonal antibody. The
protein was, however, detected on silver-stained gels. Both the polyHis and GST purified NB
showed channel activity.

4.4. Currents at pH 6.0

The planar lipid bilayer technique was used to see whether the NB protein formed ion
channels. The purified protein was incorporated into artificial bilayers by adding 10 to 50 �l
of the fractions containing the protein (as detected from Western blots) to the cis chamber.
The contents of the chamber were stirred until channel activity was seen. Channel activity was
observed between 1 and 30 min after addition of the protein at a potential of 0 mV. The cis
and trans chambers contained 150–500 mM NaCl and 50 mM NaCl solutions, respectively,
at pH 6.0. Typical currents recorded are shown in Figure 15.9A.

The average reversal potential obtained with 150/50NaCl mM in three experiments 
was found to be �20 � 2.1 mV. With 500/50 NaCl mM in four experiments the reversal
potential was found to be �36.8 � 1.85 mV. The sodium equilibrium potentials for solutions
containing 500 mM NaCl in the cis chamber and 50 mM in the trans chamber would be
�53 mV and that for 150 mM NaCl in the cis chamber and 50 mM in the trans chamber
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would be �27.75 mV. Currents recorded using the GST-purified NB (the cis chamber con-
tained 500 mM NaCl and the trans 50 mM NaCl) were downward, that is cis to trans at 0 mV
and �20 mV and upward (trans to cis) at �60 mV and �80mV (Figure 15.9A). The average
current amplitudes plotted against potential in another experiment with the 
same solutions gave a linear relationship between current and voltage (Figure 15.10A) and 
a reversal potential of �37 mV.

This type of channel activity was seen in 52 experiments with NaCl solutions at pH 6.0.
It was concluded that the channels formed by NB were more permeable to Na� than to 
Cl � ions. Assuming there is no proton current at this pH the PNa/PCl ratio is about 9 for both
500 and 150 mM NaCl in the cis chamber, indicating that the NB channels are more perme-
able to Na� than Cl� ions.

In some experiments the purified NB was incorporated into liposomes at relatively 
low concentrations of proteins. The liposomes were then added to the cis chamber to test for
channel activity. Channels with conductances as low as 10 pS were recorded, increasing the
concentration of NB in the liposomes increased the conductances to several hundred
picosiemens.

A synthetic peptide corresponding to the TM domain of the NB protein was also found
to form channels in artificial lipid bilayers (Fischer et al., 2000b). A 28 amino acid synthetic
peptide mimicking amino acids 16 to 44 of the NB protein from the strain influenza/B/Lee/40
was used to test for channel activity in artificial lipid bilayers. The solution used was sym-
metrical 0.5 M KCl. The channels showed a range of conductances from 20 pS to 107 pS.

4.5. Currents at pH 2.5

A channel that is permeable to Na� could also be permeable to protons. However, the
relative concentration of protons at pH 6 in the above experiments would have been very low
and a proton current would be hidden by a sodium current if the channel did not have a very
high H�/Na� permeability ratio. In an attempt to test whether the NB protein formed a 
proton channel, we used 50 mM glycine–HCl solutions at pH 2.5 in both the chambers
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(Sunstrom et al., 1996). It was assumed that at this pH the only cations that pass through the
channels would be protons. The concentration of proton might be sufficiently high to detect
proton currents. Currents were seen in 22 experiments with a reversal potential of 0 mV. In
symmetrical glycine–HCl solutions, this current could have been carried by protons, glycine,
or chloride ions. To confirm the currents were formed by protons symmetrical glycine–H2SO4
solutions at pH 2.5 were tried but no channel activity was seen suggesting the currents in
glycine–HCl were chloride currents. To support this, high concentrations of NaCl solutions
containing 150–500 mM in the cis chamber and 50 mM NaCl in the trans chamber at pH 2.5
were used. Currents were upward, trans to cis at 0 mV indicating that the predominant cur-
rent could not be carried by Na ions. In a typical experiment (Figure 15.9B) in which there
was 150 mM NaCl in the cis chamber and 50 mM in the trans, the currents were upward at
�40 mV and �20 mV, downward at about �40 mV and there was no current at about
�20 mV. Average current amplitude plotted against potential in another experiment is shown
in Figure 15.10B. The cis chamber contained 500 mM NaCl and the trans chamber contained
50 mM NaCl. There was a linear relationship between current and voltage with a reversal
potential at about �22.5 mV. In five experiments in which the solutions used were 150 and
50 mM NaCl, the reversal potential was �8 � 2.9 mV giving a PNa/PCl ratio of 0.5. When
the solutions used were 500 and 50 mM NaCl, in three experiments the reversal potential was
�25 � 3.1 mV giving a PNa/PCl ratio of 0.26. These reversal potentials indicate that the chan-
nels were more permeable to chloride ions than sodium ions at pH 2.5. It appears from the
results that the NB channel changes from a cation-selective channel at physiological pHs to
an anion-selective channel at acidic pH.
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Solutions

cis trans pH ENa ECl E0 PNa/PCl

150 50 6 �25.9 �25.96 �20 � 2.1 8.8

500 50 6 �53.8 �53.8 �36 � 1.9 8

150 50 2.5 25.96 �25.96 �8� 2.9 0.5

500 50 2.5 �53.8 �53.8 �25 � 3.1 0.26

4.6. Effect of C-Terminal Antibody

10–20 �l of polyclonal antibody raised to a synthetic peptide corresponding to the last
24 amino acid residues of NB was added to both the cis and trans chambers of bilayers show-
ing NB channel activity at pH 6. The high level of channel activity seen with the NB protein
was completely abolished within 5 min of addition of the antibody. This effect of the antibody
is illustrated in Figure 15.11.

As a control for the antibody experiments, pre-immune serum was used in both 
chambers in the same manner as the antibody. The pre-immune serum did not affect the NB
channel activity, indicating that the effect of the C-terminal NB antibody was specific.

4.7. Effect of Amantadine

High concentrations (2–3 mM) of the anti-influenza-A drug amantadine (which inhibits
the M2 ion channel) reduced NB channel activity: lower concentrations had no effect



(Sunstrom et al., 1996). This concentration is 100 times more than the concentration required
to inhibit influenza A virus M2 ion channels (Duff and Ashley, 1992; Pinto et al., 1992;
Tosteson et al., 1994). However this high concentration of the drug has been reported to pre-
vent replication of the influenza B virus and some other viruses that enter the host through
endosomes and that require low pH for uncoating of the virus (Davies et al., 1964).

Amantadine has been reported to block ion channels formed by a 28 amino acid 
NB-peptide in a voltage-dependent fashion (Fischer et al., 2001). 0.1 of mM amantadine
completely blocked NB peptide channels. The optimal concentration of amantadine was
between 0.1 and 2.1 mM. Application of a potential of �100 mV potential to a channel
blocked by 2.1 mM amantadine restored the channel activity after several seconds.

4.8. Proton Permeability of NB Ion Channels

In a further attempt to test whether the NB channels were permeable to protons,
we (Ewart et al., 1996) used an NADH-dependent quinacrine fluorescence quenching assay.
This assay determines the ability of E. coli membranes to maintain a proton gradient during
oxidative phosphorylation. The molecule of the quinacrine dye, atebrin, has two protonable
nitrogen atoms. In the unprotonated state, atebrin is fluorescent, electrically neutral, and can
equilibrate across membranes. In the protonated state it loses its fluorescence and the ability
to traverse membranes. In inside-out vesicles in the presence of NADH and oxygen, the inter-
nal concentration of protons increases due to respiratory chain activity. This leads to proto-
nation of atebrin inside the vesicles resulting in the quenching of fluorescence. Vesicles that
are leaky to protons are unable to maintain the proton gradient (H�

in/H
�
out), resulting in reduced

fluorescence quenching. The uncoupler CCCP (carbonyl cyanide m-chlorophenyl-hydrazone)
is added to return the fluorescence back to its maximum level. The amount of active inverted
membranes added was calibrated by varying the amount of membranes. The time taken for
the fluorescence to return (due to a lack of oxygen in the system) was kept within 5 s of 1 min
after the addition of NADH.
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Membrane vesicles prepared from E. coli cells expressing the NB protein from the
polyHis plasmid were used in the fluorescence quenching assay. Vesicles containing NB
showed a clear reduction in quenching compared to the control vesicles. The control vesicles
were prepared from the same E. coli strain, M15, carrying the plasmid pQE-70 without any
insert. The control vesicles did not show proton leakiness in four out of four experiments
(Average quench was 86 � 0.89%). In all four experiments the vesicles expressing the 
NB protein showed an average proton permeability of 55.6 � 6.4%, indicating that the NB
channel does conduct protons in membranes.

In summary, purified NB, when incorporated into planar lipid bilayers, formed cation-
selective ion channels at physiological pHs. These channels were specifically inhibited by the
polyclonal antibody to the C-terminus of the protein but not by pre-immune serum. This is
strong evidence that the channel activity is indeed caused by the NB protein and not by any other
contaminating protein. Attempts to test proton permeability of the channels by reducing the pH
of solutions to 2.5 changed the ion selectivity of the channel so that it became predominantly
chloride-selective. This could be due to the protonation of acidic residues in the selectivity fil-
ter of the channel. The NB TM region most likely forms an �-helix. The TM region of NB, from
amino acid 19 to 40, contains three amino acids with hydroxyl side chains: 20-serine, 24-thre-
onine, and 28-serine. Modeling of this region as an �-helix places these polar residues along the
same face of the �-helix (Fischer et al., 2000b). Because the high resolution structure of NB has
not been determined, it is not known exactly how many �-helices make up the bundle that form
the NB channel pore. Using restrained MD simulation, computational modeling of NB suggests
that it probably exists as a tetrameric, pentameric, or hexameric channel. In 500 mM KCl the
predicted conductance levels of the tetrameric, pentameric, and hexameric channels are 13, 34,
and 53 pS, respectively which are very similar to experimental conductances of 20, 61, and
107 pS, respectively for each of the multimers studied (Fischer et al., 2000b).

Replication of the influenza A virus is very similar to that of the influenza B virus. A
low pH step similar to the one seen in influenza A virus is required for the matrix protein M1
to dissociate from the RNPs in the influenza B virus (Zhirnov, 1990, 1992). It is possible that
NB functions as a proton channel like M2 during this stage in the viral life cycle. A blocker
of the channel during the uncoating stage in the viral life cycle could lead to the arrest of
infection and viral replication and possibly a cure for flu.

A reverse genetics system has been used to generate influenza B virus entirely from
cloned cDNAs (Hatta and Kawaoka, 2003). Using this strategy, it was shown that the NB pro-
tein is not essential for replication of the influenza B virus in cell cultures. They generated a
mutant virus that did not express the NB protein and showed that the mutant virus replicated
as efficiently as the wild-type virus in multiple cycles of replication. However, when tested 
in mice, the NB-knockout viruses showed restricted growth. The titer of viruses was more
than one log less than that of wild-type viruses, suggesting that the NB protein is required for
efficient replication of the virus in mice. It was suggested (Hatta and Kawaoka, 2003) that
channel activity is not the only function of NB and that it probably has other functions that
are important to viral replication in nature.
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16
The Alphavirus 6K Protein

M.A. Sanz, V. Madan, J.L. Nieva, and Luis Carrasco

1. Introduction

Alphaviruses contain a single-stranded RNA molecule as genome of positive polarity.
This genome encodes two polyproteins, one of which is expressed early on in infection,
while the other is synthesized during the late phase of the virus life cycle (for reviews 
see Strauss and Strauss, 1994; Schlesinger and Schlesinger, 1996; Garoff et al., 1998).
Therefore, the replication of alphaviruses is clearly divided in two very distinct phases. Early
on in infection, several nonstructural proteins and their precursors are generated. These 
proteins are necessary for viral RNA replication. Synthesis of early proteins is directed by 
the translation of the genomic RNA that functions as the early viral mRNA. Late on in infec-
tion, an internal RNA promoter is recognized on the minus-stranded RNA molecule, gener-
ating the subgenomic 26S mRNA. This late subgenomic RNA is translated very efficiently
and leads to the production of viral structural proteins. The profound shut-off of host trans-
lation is such that exclusive synthesis of virion proteins takes place during the late phase 
of infection.

Alphaviruses modify membrane permeability at two well-defined times during their
lytic cycle (Carrasco, 1981, 1995; Muñoz et al., 1985). Early modifications of the membrane
are provoked by the entry of the virus particles in a process that does not require viral gene
expression. The virion glycoproteins are responsible for early membrane leakiness. Small
molecules, as well as proteins, efficiently co-enter with virus particles during entry of
alphaviruses (Fernández Puentes and Carrasco, 1980; Otero and Carrasco, 1987). Late on
during infection, ions are redistributed between the outside medium and the cytoplasm, lead-
ing to a progressive drop in membrane potential. A number of small molecules, but not
macromolecules, are able to diffuse through the plasma membrane of alphavirus-infected
cells, starting about 4 hr post-infection (Figure 16.1) (Carrasco, 1978; Garry et al., 1979).
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2. Methods to Assess Whether 6K is a 
Membrane-Active Protein

2.1. Hydrophobicity Tests

Prediction of membrane protein structure and stability has recently been implemented
with the introduction of the WW hydrophobicity scales (Wimley and White, 1996). The
hydrophobicity-at-interface is a new whole-residue hydrophobicity scale (i.e., it includes con-
tributions arising from peptide bonds as well as from side chains), based on the free energy
of partitioning of each amino acid into membrane bilayers. The interfacial hydrophobicity
(WW-1) of an arbitrary sequence reflects the tendency to promote protein–membrane inter-
actions leading to integration. Predilection of a given sequence for membrane-interfaces as
compared to bulk apolar or polar phases appears to be dictated by the presence of aromatic
residues. WW-1 analysis detects within the N-terminal region of 6K protein ectodomain the
presence of two stretches that have a strong tendency to partition into membrane interfaces
and that are segregated from the transmembrane domain (TMD) detected by the
Kyte–Doolittle algorithm (Figure 16.2A). Mutagenesis studies indicated that the preservation
of 6K interfacial sequences is crucial for enhanced membrane permeability (Sanz et al.,
2003). Thus, the integration of 6K into the membrane is not sufficient for membrane destabi-
lization, but this 6K N-terminal region is nevertheless necessary for permeabilizing mem-
branes and for efficient virus budding. Clusters of aromatic residues containing invariant Trp
residues at membrane proximal regions are known to occur in viral proteins inducing fusion
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and fission (Suárez et al., 2000; Jeetendra et al., 2002; Garry and Dashb, 2003). These “pre-
TM” or “aroma” domains (Figure 16.2B) may be of functional importance for viral proteins
that induce membrane perturbations necessary for an efficient viral cycle.

Wimley and White also measured free energies of partitioning from water to n-octanol
for each amino acid, the latter representing a bulk apolar phase analogous to the aliphatic core
of the bilayer. The octanol scale (WW-2) provides a reasonable estimate of the free energy 
of inserting �-helical TMDs into bilayers (White et al., 2001). The 6K transmembrane region
is thought to allow the early formation of a membrane-embedded hairpin structure that 
positions the polypeptide amino and carboxyl termini in the endoplasmic reticulum (ER)
lumen (Liljeström and Garoff, 1991). WW-2 analysis indicates that whereas 17FFWVQLCI-
PLAAFIVLMRCCS37 (o-i)-TMD insertion into membranes would be energetically 
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Figure 16.2. (A) Hydropathy plots corresponding to 6K (wt) and 9YLW11xAAA/18FWV20xAAA mutant (mut)
sequences. Plots were produced using the Wimley–White interfacial hydrophobicity (bars) and Kyte–Doolittle
hydropathy index (line) scales for individual residues. Mean values for windows of 5 and 11 amino acids were used,
respectively. (B) Alignment of N-terminal sequences (first 20 aa) derived from divergent alphavirus 6K proteins.
Aromatic residues are in bold characters. “Aroma” domain is designated by the square. Protein sequences: rrvt, Ross
River; sfv, Semliki Forest; onnvg, O’Nyong-Nyong; weev, Western Equine Encephalitis; sindv, Sindbis; eevv3,
Venezuelan Equine Encephalitis; eeev, Eastern Equine Encephalitis.



favorable (�G � �11 kcal mol�1) the 38CCLPFLVVAGAYLAKVDA55 (i-o)-TMD would
not spontaneously remain inserted at the membrane(�G �2 kcal mol�1). Exposure to
increasing membrane thickness during protein trafficking might affect 6K membrane topol-
ogy. In particular we proposed that the interfacial “aroma” region helix, whose main axis is
approximately parallel to the bilayer plane, followed by a single TMD, would be a more
favorable topology adopted by the secreted versions of 6K (Sanz et al., 2003). Indeed,
WW-2 suggests that a single 22LCIPLAAFIVLMRCCSCCLPFLVVAGAYLA51 (o-i)-TMD
would be energetically favored (�G � �10 kcal mol�1).

2.2. Inducible Synthesis of 6K in E. coli

The system developed by Studier’s group (Studier and Moffat, 1986; Rosemberg et al.,
1987; Studier et al., 1990) has been used successfully for the expression of toxic proteins in
E. coli. This system employs an E. coli strain, BL21(DE3), bearing a prophage (DE3) inte-
grated in its genome that includes the sequence codifying for T7 RNA polymerase under the
control of a lac promoter. The gene encoding the toxic protein to be induced is cloned into
pET plasmids under the control of a T7 RNA polymerase promoter. A variant of this system,
which is even more repressed, makes use of the plasmid pLys, which encodes lysozyme, an
inhibitor of T7 RNA polymerase. Besides, rifampicin selectively blocks transcription driven
by bacterial polymerase, but has no effect on the T7 RNA polymerase itself. Under these 
conditions, only recombinant proteins are synthesized.

Inducible expression of the 6K gene is achieved in both systems, BL21(DE3) and
BL21(DE3)pLys E. coli cells. Significant synthesis of the highly toxic 6K protein is found
when 6K is cloned in pET11 and expressed in BL21(DE3)pLys cells in the presence of IPTG
and rifampicin. 6K synthesis cannot be detected in cultures of BL21(DE3) and plasmid 
pET3-6K that are less repressed. The toxicity of 6K induces a positive selection of cells that
do not synthesize this protein. This selection results from the loss of the prophage. The E. coli
cells that have lost the prophage do not contain T7 RNA polymerase and consequently do not
express 6K. All of the colonies obtained after transfection of E. coli BL21(DE3) with 
pET3-6K plasmid are unable to produce 6K. Even the expression of 6K under the more
repressed conditions may frequently give rise to a mixture of cells that are capable and inca-
pable of expressing 6K. This is an important point to consider if results are to be correctly
interpreted.

2.3. Synthesis of 6K in Mammalian Cells

The expression of 6K in mammalian cells has been achieved using Sindbis Virus (SV)
replicons derived from an infective SV cDNA clone (Hahn et al., 1992; Sanz et al., 2001).
These replicons retain the sequence for the nonstructural proteins and the noncodifying
sequences at the 3� and 5� ends of the genomic RNA (Figure 16.3). The genes encoding for
the structural proteins can be deleted without affecting its replication ability. Moreover, the
presence of the capsid sequence enhances the translation of the subgenomic mRNAs (Frolov
and Schlesinger, 1994, 1996). The SV sequences in the form of cDNA are located after 
a T7 promoter. Therefore, they can be in-vitro transcribed from the corresponding plasmid
using the T7 phage RNA polymerase. These transcribed RNAs from SV cDNA are then 
electroporated into BHK cells (Liljeström et al., 1991; Soumalainen and Garoff, 1994).
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Systems to express the alphavirus 6K gene, based on SV replicons that synthesize the
6K protein in large amounts, have been developed. Two different constructs have been
employed (Figure 16.3). One of them uses a construct containing the 6K sequence adjacent
to the capsid gene. In this replicon, the 6K product released after C autoproteolysis contains
four additional amino acids in its N-terminal end, two from the E3 sequence and two from the
Nde I site introduced in the cloning process. Upon translation of the subgenomic mRNA,
the Capsid (C) protein is liberated by its autocatalytic activity and the rest of the protein is
made at equimolar levels as compared with C. As 6K is an integral membrane protein and 
its insertion into the membrane is necessary to position the polyprotein precursor correctly it
is possible that this 6K may not acquire a genuine topology in the membrane. To circumvent

The Alphavirus 6K Protein 237

Poly ACap
Non-structural proteins SV

3' n.c. SVnsP1 nsP2 nsP3 nsP4 C 6KE2E3 E1

Structural proteins SV

Cap
C

Cap
C 6K

Cap
C ∆E3 6K∆E2

SINDBIS

rep C

rep C+6K

rep C+ ∆(E3/E2) 6K

Poly A

Poly A

Poly A

A

_ + HB

BHK rep C+6K
      rep C+
∆(E3/E2) 6Krep C

_ + _ + _ +

C

6K

B

Figure 16.3. Permeabilization of BHK cells to hygromycin B by the expression of SV 6K. (A) Schematic
representation of the SV genome, the replicon that only encodes C protein, and the two constructs that express SV
6K. (B) Permeabilization to hygromycin. BHK cells were transfected with the indicated RNAs. Protein synthesis was
estimated at 16 hr post-transfection, as indicated in Figure 16.1.



this problem, another construct was engineered, which retains the ER translocation sequence
from E3 and the end of the E2 sequence. The two sites of proteolytic cleavage, those between
C–E3 and E2–6K, have been maintained in this construct in order to synthesize a genuine 6K
protein with no extra amino acids (Figure 16.3). The cleavage between E2–6K which is made
by a signalase present at the ER demonstrates that 6K has reached this cellular compartment.
Large amounts of 6K are synthesized from both replicons and the permeabilizing ability of
6K in both cases is similar (Figure 16.3).

3. Synthesis of 6K During Virus Infection

The schematic representation of the alphavirus lytic cycle is depicted in Figure 16.4.
After virus entry, the genomic single-stranded RNA is translated and subsequently transcribed
to generate the late subgenomic 26S mRNA. The alphavirus structural proteins are synthe-
sized from this subgenomic mRNA, which encodes a proteolytically processed polyprotein
(for reviews see Strauss and Strauss, 1994; Schlesinger and Schlesinger, 1996; Garoff et al.,
1998). C protein is first synthesized and detaches from the rest of the polyprotein by autocat-
alytic proteolysis at its carboxy terminus. Once C protein has been liberated to the cytoplasm,
polyprotein synthesis continues associated with ER membranes. After C cleavage, the
exposed amino terminus contains a signal sequence that interacts with ER membranes and
directs the glycoprotein precursor (E3-E2-6K-E1) into the lumen of the ER vesicles. This 
precursor becomes associated with the ER membrane, spanning the lipid bilayer five times.
This precursor is then cleaved at both ends of the 6K protein by a cellular protease present in
the ER, generating the products PE2 (E3�E2), 6K and E1. PE2 and E1 then associate with
each other to form dimers that travel with 6K through the vesicular system to the plasma
membrane. In addition, the PE2-E1 dimers oligomerize, with the result that the dimers adopt
a trimeric structure. As a final proteolytic step, PE2 is cleaved by a furin-like protease pres-
ent in a post-Golgi compartment, giving rise to glycoproteins E3 and E2. The glycoproteins
transported to the plasma membrane expose their amino-terminal ectodomains to the external
medium, while the carboxy domains remain facing the cytoplasm. The virus genomes repli-
cated in the cytoplasm interact with the C protein to form nucleocapsids. The assembled
nucleocapsids subsequently interact with the carboxy domain of E2. This interaction pro-
vokes the wrapping of the capsid by the lipid envelope, concomitant with the budding of virus
particles.

4. Cell Membrane Permeabilization by 6K

Alphavirus 6K is a very hydrophobic protein of about 60 amino acid residues that has
been classified as a viroporin (Carrasco, 1995). 6K is a heavily acylated integral membrane
protein (Gaedigk-Nitscho and Schlesinger, 1990; Lusa et al., 1991). There are a number of
methods for testing the permeabilization ability of a protein based on the entry or release of
compounds that usually do not cross the cellular plasma membrane (Lama and Carrasco,
1992; Sanz et al., 1994; Carrasco, 1995). The hygromycin B test has been widely employed
to analyze permeability changes produced by the isolated expression of alphavirus 6K in bac-
terial and mammalian cells. The entry of this aminoglycoside antibiotic into cells inhibits
translation that can be easily detected by a radioactive protein labeling assay.
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Synthesis of 6K is very toxic for bacterial cells as judged by the rapid lysis observed
after its induction (Sanz et al., 1994). In addition to the entry of hygromycin B, the efflux of
3H-coline from preloaded E. coli cells can also be detected after inducible expression of 6K.
However, enhanced passive diffusion of compounds with a greater MW, such as �-sarcin,
does not take place (Figure 16.1). The function of alphavirus 6K in cell membrane perme-
abilization is more probably related to its pore-formation ability. The simple insertion of 6K
variants into the bacterial membrane is not sufficient to promote permeabilization, since 6K
variants with mutations in the aromatic residues located at the N-terminal region outside the
TMD are defective for this function (Sanz et al., 2003).

As described above, a system has been designed, based on SV replicons that synthesize
large amounts of 6K protein in BHK cells. HB readily entered into BHK cells transfected with
full-length RNA from wt SV, leading to a profound inhibition of viral translation. The expres-
sion of wt 6K enhanced membrane permeability to HB, whereas this effect was not as strong
with the 6K variants in the interface region located at the amino terminus (Sanz et al., 2003).
These findings are consistent with the hypothesis that the integrity of the interfacial sequence
of 6K is crucial for the correct activity of this protein for enhancing membrane permeability.
Notably, a 6K expressed just after the C sequence exhibited the same permeabilization abil-
ity as the genuine 6K containing the E3 signal sequence (Figure 16.3). These results suggest
that the 6K is able by itself to interact with and permeabilize the plasma membrane.

The 6K proteins of Ross River virus and Barmah Forest virus exhibit the ability to form
cation-selective ion channels in planar lipid bilayers (Melton et al., 2002). Bacterially
expressed 6K proteins were purified and inserted into lipid bilayers with a defined orienta-
tion that is, N-terminal cis, C-terminal trans. Channel conductances varied from 40–800 ps,
suggesting that the protein is able to form channels with different oligomerization states.

5. Function of 6K During the Alphavirus Life Cycle

Despite the relative structural simplicity of 6K, this protein plays several roles during
the virus life cycle, including those we shall now mention. The sequences of 6K located at the
amino and carboxy termini provide cleavage sites during polyprotein processing (Welch and
Sefton, 1980). The second hydrophobic region of 6K directs the translocation of glycoprotein
E1 into the lumen of the ER (Liljeström and Garoff, 1991). After synthesis and proteolytic
processing, 6K may interact with glycoproteins E1 and pE2 to regulate their trafficking to the
plasma membrane (Yao et al., 1996). Another well-documented activity of 6K is its mem-
brane permeabilization capacity (Sanz et al., 1994, 2003; Melton et al., 2002). Finally, the
major function of 6K is to participate in efficient virus budding from infected cells (Gaedigk-
Nitschko et al., 1990; Gaedigk-Nitschko and Schlesinger, 1991; Liljeström et al., 1991;
Schlesinger et al., 1993; Ivanova et al., 1995; Yao et al., 1996; Loewy et al., 1995; Sanz and
Carrasco, 2001; Sanz et al., 2003). Despite the association of the 6K protein with the plasma
membrane and its interaction with E1-E2, very little 6K is incorporated into mature virus 
particles (Gaedigk-Nitschko et al., 1990; Lusa et al., 1991).

The acquisition and analysis of a number of variants of alphavirus, defective in 6K
function, have helped to elucidate its role during the virus life cycle. These studies have
yielded evidence indicating that 6K may be considered an accessory protein, since defective
6K virions can be obtained, albeit in small amounts (Liljeström et al., 1991; Loewy et al.,
1995; Sanz et al., unpublished results). Although 6K protein provides the cleavage sites in the
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glycoprotein precursor for signalase activity, a Semliki Forest virus (SFV) variant lacking the
entire 6K is processed between E2 and E1 (Liljeström et al., 1991; Loewy et al., 1995). This
mutant virus is not defective in synthesis and transport of glycoproteins or in nucleocapsid
formation; its major defects concern the budding process. Notably, E1 is properly translocated
in the 6K-deleted SFV mutant. Similarly, SV variants with single or multiple amino acid sub-
stitutions in the 6K have defects in virion release, leading to the formation of multinucleated
virus particles (Gaedigk-Nitschko et al., 1990; Gaedigk-Nitschko and Schlesinger, 1991;
Ivanova et al., 1995). Proper proteolytic processing of the virus glycoproteins is hampered in
an SV variant bearing an insertion of 15 amino acids in the 6K protein. This variant exhibits
a transdominant phenotype, but virus particles display a similar morphology to that observed
with wt virus (Schlesinger et al., 1993). An SV variant with deleted 6K 22 amino acids shows
defects in glycoprotein proteolytic processing (Sanz et al., 2001). A revertant of this mutant
that had corrected these defects was subsequently isolated, but virus release was still
impaired. Further, the expression in trans of a genuine 6K from an extra subgenomic pro-
moter placed in the same genome did not produce appreciable reversion. In addition, the func-
tions of the 6K protein cannot be rescued by the corresponding counterparts from related
virus species. Thus, the substitution of the SV 6K gene by the 6K counterpart from Ross River
virus leads to the small plaque phenotype and reduced formation of infectious virus (Yao
et al., 1996). This SV variant with the 6K gene from Ross River virus was able to cleave the
glycoprotein precursors and to transport them into the plasma membrane, although the bud-
ding process was impaired. More recently, a clear defect has been observed with three SV 6K
variants in the interface region located at the amino terminus (Sanz et al., 2003). In all three
cases, virus particles accumulated at the plasma membrane. Although their morphology
showed no anomaly, these particles were unable to detach efficiently from cells. Together,
these observations suggest a function for 6K in the release of virions from infected cells.

6. A Model of 6K Function in Virion Budding

A major gap in our understanding of 6K function concerns the link between pore 
activity and the stimulation of virus budding. Several models have been put forward to explain
this connection. One such model proposes that the function of 6K is merely mechanical. The
interaction of 6K with membranes would lead to phospholipid bilayer bending (Gaedigk-
Nitschko et al., 1990; Loewy et al., 1995). This deformation of the membrane promotes virus
budding. The most significant aspect of this model is the actual interaction of 6K with the
membrane, but it does not take into consideration the ion-channel activity of 6K.

Another possibility, which we have advanced, is that pore formation by 6K serves to
dissipate ion gradients, thereby providing the energy to push the viral particles out of the cell
(Sanz et al., 2001, 2003). In addition, the interaction of 6K with membranes may also partic-
ipate in the bending of the phospholipid bilayer. The initial synthesis of 6K-E2-E1 trimers 
is followed by its oligomerization into trimers of PE2-6K-E1 trimers. These oligomers 
then travel to the plasma membrane, concentrating in some selected regions at the cell sur-
face. The interaction of the nucleocapsid with the cytoplasmic tail of E2, may expel 6K from
these hetero-oligomers, giving rise to 6K homo-oligomerization and consequent pore forma-
tion. Thus, these pores would be generated surrounding the budding virions (Figure 16.5).
This leads to the dissipation of membrane potential in the immediate vicinity of these 
particles. The dissipation energy pushes the virus particles out of the cells. In fact, ionic
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changes in the culture medium that modifies membrane potential hamper the release of viri-
ons into the medium (Waite and Pfefferkorn, 1970; Li and Stollar, 1995).
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The Structure, Function, and 
Inhibition of Influenza Virus 
Neuraminidase

Elspeth Garman and Graeme Laver

1. Introduction

The neuraminidase story started in the early 1940s, almost a decade after the first
human influenza virus was isolated.

George Hirst, working in the Rockefeller Institute in New York City, found that when
allantoic fluid from embryonated chicken eggs, which had been infected with influenza virus,
was mixed with red blood cells at 0�C, the cells were very heavily agglutinated (Hirst, 1941).
He then found that when the agglutinated cells were warmed to 37�C they dispersed as the
virus eluted, and the cells could not be re-agglutinated when they were mixed with fresh
infected allantoic fluid at 0�C. The eluted virus, on the other hand, could agglutinate fresh red
cells in the cold.

Hirst’s interpretation of this finding was that the virus had an enzyme which removed
receptors for the virus from the agglutinated red cells when they were warmed to 37�C where
the enzyme was more active. The enzyme therefore became known as “receptor-destroying
enzyme” or RDE.

Alfred Gottschalk, at the Walter and Eliza Hall Institute in Melbourne, Australia, reasoned
that the action of RDE on its substrate would probably yield a “split product.” This split product
was eventually isolated and characterized as sialic acid, or N-acetyl neuraminic acid and the RDE
of influenza virus became known as sialidase or neuraminidase (Gottschalk, 1957). Subsequently
it was discovered that sialidases are quite widespread in nature. Other viruses, bacteria, mam-
malian cells, and some parasites all have their own sialidase enzymes.

In 1948, MacFarlane Burnet realized that specific inhibitors of flu neuraminidase might
be effective antiviral agents. “An effective competitive poison for the virus enzyme might be
administered which, when deposited on the mucous film lining the respiratory tract, would ren-
der this an effective barrier against infection, both initial infection from without and the spread-
ing surface infection of the mucosa which follows the initiation of infection” (Burnet, 1948).
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Burnet’s comment was that this approach did not seem even remotely possible. Now,
more than 50 years later, although we know that “poisoning” the viral neuraminidase does not
stop the virus infecting cells, the subsequent “spreading surface infection” is effectively quelled.

So far, four different potent and specific “competitive poisons” for flu neuraminidase
have been developed, two of which are now being used worldwide to control influenza 
infections in people.

1.1. Structure of Influenza Viruses

Two serologically different types of influenza virus exist; Type A and Type B. Type A
influenza infects a wide variety of animals; pigs, horses, seals, whales, and many different
kinds of birds. Type B influenza seems to be confined to the human population, though one
isolation of type B flu from harbor seals has been reported (Osterhaus et al., 2000).

Influenza virus particles are pleomorphic, consisting of misshapen spherical objects or
long spaghetti like filaments (Figure 17.1).

The genome of influenza A and B viruses consists of single stranded RNA of negative
sense. The RNA exists in eight separate pieces, each of which codes one of the virus proteins
(in some cases two, using overlapping reading frames). The eight RNA pieces are packaged
in an orderly fashion within the virus particle (Fujii et al., 2003).

The RNA is associated with a nucleoprotein and with three proteins, PB1, PB2, and
PB3, involved in RNA replication and transcription. This replication complex is enclosed
within a membrane composed of a matrix protein associated with a lipid bilayer. Embedded
in the lipid bilayer are the two surface glycoprotein spikes, one of which is the hemagglutinin
and the other the neuraminidase, described below.
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(a)

(b)

Figure 17.1. (a) Electron micrographs of negatively stained particles of influenza virus showing their pleomorphic
nature and the surface layer of “spikes” which have been identified as the hemagglutinin and neuraminidase antigens.
The particles are approximately 80–120 nm in diameter. (b) Diagram of the influenza virus showing the eight
segments of negative sense ssRNA, the M2 ion channel spanning the membrane, and the two surface glycoproteins,
neuraminidase (boxes on stalks) and hemagglutinin (rods).



Also spanning the lipid bilayer of Type A influenza virus are a small number of M2 
protein molecules, which function as ion channels. Until recently the only antiviral drugs
available for treating influenza A infections were the ion channel blockers, amantadine and
rimantadine. These, however, have no effect on influenza Type B (which does not possess the
M2 ion channel), they have undesirable side effects and resistance to these drugs develops
very rapidly.

It is perhaps amazing that despite the widespread occurrence of influenza in the world,
the huge number of deaths each year, the misery of flu sufferers, and the enormous economic
cost of influenza, amantadine and rimantadine have been the only compounds found, until
recently, to be effective in treating influenza. This is despite a vast research effort which
included the random screening of many thousands of compounds by pharmaceutical compa-
nies, none of which was found to be an effective antiviral drug.

The two safe and effective drugs, Relenza and Tamiflu, now being used to treat influenza
Type A and Type B, were rationally designed from a knowledge of the three-dimensional
structure of flu neuraminidase. The development of these and other neuraminidase inhibitors
will now be described.

2. Structure of Influenza Virus Neuraminidase

For some time after flu virus neuraminidase was discovered it was assumed that the agglu-
tination of red cells by influenza virus particles was due to the neuraminidase on the virus bind-
ing to its substrate, sialic acid, on the surface of the red cells so linking them together in large
clumps. It is now known that this idea is incorrect. The first indication that the neuraminidase
enzyme was not responsible for aggutinating red cells came from the finding that when some
strains of influenza virus were heated to 55�C, the neuraminidase was inactivated while the
hemagglutinin was still fully active (Stone, 1949). Then, in 1961, further doubts began to
appear. Mayron and colleagues found that a soluble sialidase could be separated from the PR8
strain of Type A influenza virus, and that this soluble enzyme did not adsorb to red cells
(Mayron et al., 1961). Hans Noll then discovered that when influenza B virus particles were
treated with trypsin, almost 100% of the neuraminidase was liberated as a soluble molecule with
a sedimentation coefficient of 9S (equivalent to about 200,000 molecular weight), leaving all of
the hemagglutinin activity still associated with the virus particles (Noll et al., 1962).

Experiments were then done in which influenza virus particles were disrupted with
detergents, and the disrupted virus particles subjected to electrophoresis on cellulose acetate
strips. This resulted in a clear separation of hemagglutinin and neuraminidase activities and,
since the procedure used did not cleave any covalent bonds, it proved that the hemagglutinin
and neuraminidase activities resided in separate protein molecules on the surface of the virus
particle (Laver, 1964).

At about this time the first electron microscope images of negatively stained influenza
virus particles were obtained. These showed pleomorphic objects completely covered with 
a densely packed layer of surface projections or “spikes” (Figure 17.1). These were the two
surface antigens, the hemagglutinin and the neuraminidase.

Electron micrographs of pure preparations of influenza virus neuraminidase molecules,
separated from virus particles which had been disrupted with detergents, showed that the neu-
raminidase consisted of a square, box-shaped head atop a long thin stalk with a small
hydrophobic knob at the end. This served to attach the neuraminidase to the lipid membrane of
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the virus (Laver and Valentine, 1969) (Figure 17.2) and also caused the isolated neuraminidase
to form rosettes in the absence of detergents. It was estimated that each virus particle pos-
sesses about 500 neuraminidase “spikes” which account for about 5% of the protein in the
virus particle. These numbers are approximations only, as they vary from strain to strain.

Further electron micrographs of isolated neuraminidase “heads” by Nick Wrigley
showed these to be tetramers (Wrigley et al., 1973). The stalk of the neuraminidase, which
serves to attach the molecule to the lipid bilayer of the virus can vary in length (Els et al.,
1985; Mitnaul et al., 1996). This is shown in Figure 17.3 where neuraminidase molecules
with shortened stalks (“stubbies”) can be seen in electron micrographs.

The neuraminidase tetramer is composed of four identical monomers, each of which
contains a single polypeptide chain coded by RNA segment number 6. The neuraminidase is
anchored in the lipid bilayer of the viral membrane by a series of hydrophobic amino 
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Figure 17.2. Pure preparations of intact, biologically active neuraminidase “spikes” from influenza virus
particles. The virus particles were disrupted with sodium dodecyl sulfate (SDS) at room temperature and
electrophoresed on cellulose acetate strips at pH 9.0. Strips stained with Coomassie Blue are shown on the left-hand
side. Following electrophoresis, the neuraminidase, which was completely separated from all of the other virus
proteins, was eluted from the (unstained) strips with water. The eluted neuraminidase (in the presence of SDS)
existed as single molecules (bottom right), consisting of a box-like head atop a long thin stalk (approx 12 nm long).
Following removal of the detergent, the neuraminidase molecules all aggregated by their hydrophobic membrane
attachment sequences at the ends of the stalks to form the rosettes shown (top right, which is �2.5 lower
magnification than bottom right). Stalk length varied between strains but was usually approximately 10 nm, giving
rosettes of approximately 24 nm diameter.



acids near the N-terminal end of the polypeptide (Figure 17.4). This contrasts with the hemag-
glutinin which is anchored by a hydrophobic sequence near the C-terminal end of the 
hemagglutinin polypeptide.

No post-translational cleavage of the neuraminidase polypeptide occurs, no signal 
peptide is split off and even the initiating methionine is retained. Nor is there any processing
at the C-terminus; the sequence Met-Pro-Ile predicted from the gene sequence of N2 
neuraminidase is found in intact neuraminidase molecules isolated from the virus. A sequence
of six polar amino acids at the N-terminus of the neuraminidase polypeptide, which are totally
conserved in all nine flu Type A neuraminidase subtypes (but not in flu Type B), is followed
by a sequence of hydrophobic amino acids that must represent the TM region of the 
neuraminidase polypeptide. This sequence is not conserved at all among subtypes (apart from
conservation of hydrophobicity).

Intact neuraminidase molecules can be isolated after disruption of influenza virus par-
ticles with detergents. Remarkably, the neuraminidase from a number of strains of flu virus
is 100% active after disruption of the virus with the powerful detergent, sodium dodecyl sul-
fate (SDS). Even more remarkably, when virus particles from these strains were disrupted
with SDS and electrophoresed on cellulose acetate strips, the intact, active neuraminidase
molecules migrated in one direction completely free of any of the other virus proteins, all of
which migrated in the opposite direction (Figure 17.2) (Laver, 1964).

Neuraminidase molecules eluted from the strips following such electrophoresis existed
as single molecules. When the detergent was removed, for example, by cold ethanol precipi-
tation of the protein, the single neuraminidase molecules aggregated by the hydrophobic 
tips of their tails, forming the rosettes seen in electron micrographs (Figure 17.2).
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Figure 17.3. Rosettes of intact neuraminidase molecules isolated from SDS disrupted wild-type influenza virus
and from a virus with an 18-amino acid residue deletion in the stalk (“stubby”).



Soluble neuraminidase “heads” can be released from some strains of influenza virus 
by treating the particles with proteolytic enzymes, for example, pronase or trypsin. These 
proteases cleave the stalk of the neuraminidase at about residue 75 of the neuraminidase
polypeptide (Figure 17.4) releasing the box-shaped “head” which carries all of the enzymatic
and antigenic activity of flu virus neuraminidase.

2.1. Crystallization of Influenza Virus Neuraminidase

In 1978, neuraminidase “heads” released by pronase from a number of strains of H2N2
and H3N2 influenza virus were crystallized (Laver, 1978). The three-dimensional structure of
the subtype N2 enzyme at 2.9 Å resolution was then determined using X-ray crystallography
(Varghese et al., 1983). Figure 17.5 shows the structure of subtype N9 neuraminidase.

This showed that each monomer in the tetrameric enzyme is composed of six topolog-
ically identical beta sheets arranged in propellor formation. The tetrameric enzyme has 
circular 4-fold symmetry partially stabilized by metal ions bound on the symmetry axis. Deep
pockets occur on the upper corners of the box-shaped tetramer. These pockets were identified
as the catalytic sites by soaking substrate (sialic acid) into neuraminidase crystals and 
solving the structure of the complex (Colman et al., 1983).

Sugar residues are attached to four of the five potential glycosylation sequences in N2
neuraminidase and in one case, the carbohydrate contributes to the interaction between the
monomers in the tetramer.

2.2. Structure of the Conserved Catalytic Site

Sequences of neuraminidase from influenza A and B strains can differ by as much as
75%. Nevertheless, scattered along the neuraminidase polypeptide, are charged residues
which are totally conserved among all strains. These include Arg 118, Glu 119, Asp 151,
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Figure 17.4. Diagram showing certain features of the neuraminidase polypeptide. The neuraminidase is oriented
in the virus membrane in the opposite way to the hemagglutinin. No post-translational cleavage of the neuraminidase
polypeptide occurs, no signal peptide is split off and even the initiating methionine is retained. No processing at the
C-terminus takes place—the C-terminal sequence, Met-Pro-Ile predicted from the gene sequence is found in intact
neuraminidase molecules isolated from virus and in the pronase-released neuraminidase heads. A sequence of 
six polar amino acids at the N-terminus of the neuraminidase polypeptide, which is totally conserved in at least 
eight different neuraminidase subtypes, is followed by a sequence of hydrophobic amino acids which probably
represents the transmembrane region of the neuraminidase stalk. This sequence is not conserved at all between
subtypes (apart from conservation of hydrophobicity). Pronase cleaves the polypeptide at the positions shown,
removing the stalk and releasing the enzymatically and antigenically active head of the neuraminidase, which, in
some cases, can be crystallized.



Arg 152, Asp 198, Arg 224, Glu 227, Asp 243, His 274, Glu 276, Glu 277, Arg 292, Asp 330,
Lys 350, and Glu 425 (N2 numbering).

When the linear neuraminidase polypeptide folded into its three-dimensional structure,
these conserved residues all came together and clustered on the rim and walls of the pocket
(Figure 17.6). This suggested that if an inhibitor, a “plug-drug,” could be devised which
blocked one flu neuraminidase active site, it would also block the sites on all other influenza
virus strains, even those which have not yet been found infecting humans.

2.3. Structures of Other Influenza Virus Neuraminidases

All influenza neuraminidases except N4 and N7 have been crystallized (Figure 17.7)
though not all crystals were suitable for X-ray structure determination. Structures have been
obtained for N2 (Varghese et al., 1983), N9 (Baker et al., 1987), N8 (Taylor et al., 1993), N6
(Garman et al., 1995), and type B (Burmeister et al., 1992) neuraminidases.

N9, N8, N6, and influenza type B neuraminidases have a similar overall topology to 
N2 neuraminidase despite having up to 75% differences in amino acid sequence of the 
neuraminidase polypeptide chain.
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Figure 17.5. Three-dimensional structure of an N9 neuraminidase tetramer, [PDB entry 7NN9]. (Figure drawn
with AESOP [Noble, 1995].)
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Figure 17.6. Ribbon diagram of a monomer of N2 influenza neuraminidase showing the active-site residues
which are conserved across flu strains: ▲ Glu 119, Asp 151, Asp 198, Glu 227, Asp 243, Glu 276, Glu 277, Asp 330,
Glu 425 ▼, Arg 118, Arg 152, Arg 224, His 274, Arg 292, Lys 350, ◆ Tyr 121, Leu 134, Trp 178. (Reproduced from
Colman et al. (1983) with permission from Nature [http://www.nature.com/].)

Figure 17.7. Crystals of influenza neuraminidase; (a) N2, (b) N6, (c) N8, (d) N9 used for X-ray structure
determination, and (e) N1, (f) N3, and (g) N5 which were unsuitable for such studies, and (h) whale N9 in complex
with 32/2 antibody (Fab). Crystal sizes range from 0.6 mm in the largest dimension (N9) to 0.15 mm (N6).



X-ray structure determination pivotally depends on obtaining a diffraction quality 
crystal that is a well-ordered array of protein molecules which will scatter X-rays in a coher-
ent manner. The crystal is mounted on a motorized stage (a “goniometer”) which allows it to
be rotated in the X-ray beam in small angular increments. The diffraction patterns of the scat-
tered X-rays are now collected on image plate or CCD (Charged-Coupled Devices) detectors,
replacing the photographic film of old. Dedicated computer software is used for analyzing the
diffraction images and extracting the intensities of the reflections and further experiments are
required to obtain their phases (for further reading see Blow, 2002).

Experimental methods for crystallography have advanced dramatically in the last 
15 years because of major technical developments. These include the advent of intense 
tunable synchrotron X-ray sources and fast read-out area detectors, a huge increase in com-
puting power and the development of techniques for flash-cooling crystals to cryotempera-
tures (below 130 K) to substantially reduce radiation damage by the beam during data
collection (Garman and Schneider, 1997).

2.4. Hemagglutinin Activity of Neuraminidase

Rosettes of isolated intact neuraminidase molecules of the N9 subtype also had hemag-
glutinin activity (Laver et al., 1984). The hemagglutinin site was shown to be quite separate 
from the catalytic site in a 1.7 Å resolution X-ray structure which located a second sialic acid
binding site situated about 21 Å from the catalytic site on N9 neuraminidase after a 4�C soak (as
opposed to the usual 18�C soak). The residues in contact with the sialic acid come from three
different loops in the structure. These residues are mostly conserved in avian strains of influenza,
but not in those of human and swine. It is thus possible that the hemagglutinin site on the
neuramindase has some as yet undiscovered biological function in birds (Varghese et al., 1997).

3. Function of Influenza Virus Neuraminidase

In 1966, Seto and Rott showed that the function of neuraminidase was probably
associated with the release of virus from host cells (Seto and Rott, 1966). It was then found
that antibody directed specifically against flu neuraminidase, and which abolished the activity
of the enzyme for large substrates, did not prevent the infection of susceptible cells, but
blocked the release of newly formed virus particles (Webster and Laver, 1967).

The role of neuraminidase in the release of virus particles from infected cells was
demonstrated most elegantly by Palese, Compans, and their colleagues in 1974 (Palese et al.,
1974a). Electron micrographs were made of surfaces of cells infected with temperature sen-
sitive (ts) neuraminidase mutants of influenza virus at the permissive temperature and at the
restrictive temperature (where the virus replicated but where the neuraminidase lacked
enzyme activity). These showed virus particles budding normally from the cells and going off
to infect other cells at the permissive temperature. However in cells infected with the ts
mutants at the restrictive temperature, virus particles budded from the cell in the normal man-
ner, but then remained attached to each other and to the surface of the infected cells, forming
great clumps of virus particles. These were clearly not going anywhere, and the infection was
effectively terminated (Figure 17.8).

It is believed, therefore, that the function of flu virus neuraminidase is to remove sialic
acid receptors for the virus from the host cells, and also, perhaps more importantly, from the
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newly formed virus particles themselves. The two surface antigens on the influenza virus 
particle, the hemagglutinin and the neuraminidase, are themselves glycoproteins and possess
carbohydrate side chains with terminal sialic acid receptors for other virus particles. The 
main function of the neuraminidase therefore might be to remove receptors for influenza virus
from newly formed virus particles so allowing these to be released and spread the infection
(Palese et al., 1974a). Another function of flu virus neuraminidase might be to destroy 
sialic acid containing inhibitors for the virus in the mucous secretions of the respiratory 
tract, so enabling the virus to more easily infect cells, and there may be other functions as yet
undiscovered.

Chickens vaccinated with pure neuraminidase “heads” were protected from death by
lethal avian influenza viruses. But whether this protection was due to inhibition of neu-
raminidase activity or to enhanced clearance of the virus by the immune system was not
established (Webster et al., 1988).

3.1. Antigenic Properties of Influenza Virus Neuraminidase

Both of the surface antigens of influenza virus undergo extensive antigenic variation.
This is of two types, antigenic drift and major antigenic shifts. Drift is the result of mutations
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(a) (b)

Figure 17.8. Electron micrographs of the surface regions of MDCK cells infected with temperature sensitive (ts)
neuraminidase mutants of influenza virus after inoculation and incubation for 12.5 hr at the permissive temperature
of 33�C ((a) left) and at the restrictive temperature of 39.5�C ((b) right). The aggregates of virus particles which
accumulated at the restrictive temperature could be dispersed by incubation with bacterial neuraminidase. Staining
experiments showed that the aggregated virus particles formed at the restrictive temperature were covered in sialic
acid residues, while this was absent on those well-dispersed particles formed at the permissive temperature.
Magnification approximately 	30,000. (Reprinted from Palese et al. [1974a] with permission from Elsevier.)



in the genes coding the hemagglutinin and neuraminidase which lead to amino acid sequence
changes in the antibody binding sites (epitopes) on these virus proteins.

The major shifts, on the other hand, involve complete replacement of the genes for one
or both of the surface antigens as a result of reassortment between human and animal (or
avian) influenza viruses, or by mutations in one of these latter viruses which results in their
ability to infect humans (Garman and Laver, 2003).

Nine serologically distinct subtypes of Type A influenza have been discovered in
nature. Of these, N1 and N2 have been found in viruses infecting humans. All of the nine sub-
types have been found in viruses infecting wild water birds.

Neuraminidase of subtype N9 was isolated from a white-capped noddy tern on North
West Island of Australia’s Great Barrier Reef in 1975 (Downie et al., 1977). Crystals of N9
neuraminidase (Figure 17.7) are of particularly high quality and this enzyme has been used
to investigate the antigenic topology of flu neuraminidase and the way the antibody binding
sites (epitopes) change during antigenic drift.

Until recently, the structure of epitopes on protein molecules was a matter of some 
controversy. Attempts to characterize the sites on proteins which bound antibodies involved 
a plethora of diverse methods (Laver et al., 1990).

These included the use of protein fragments to absorb antisera, the production of
antipeptide antibodies and their reaction with intact proteins, and proteolytic digestion of
protein–antibody complexes in an attempt to discover protected peptide bonds. One claim
was also made that the complete and precise determination of all the antigenic sites on
lysozyme had been achieved (Atassi, 1980). It was stated that there were three precisely
defined antigenic sites on the lysozyme molecule and that each comprised six to seven amino
acids contained within sharp boundaries. However, when crystals of antibodies bound to
lysozyme were analyzed by X-ray crystallography, none of the predicted sites was found to
be involved in the binding (Davies et al., 1989).

Furthermore X-ray crystallography showed that about sixteen amino acids on the sur-
face of lysozyme were in contact with about the same number on the antibody, a far cry from
the four to seven residues in the epitopes described by various authors (Laver et al., 1990).

A number of complexes of antibodies bound to influenza virus neuraminidase have now
been crystallized and the structures determined by X-ray crystallography. The structure of 
one of these complexes, N9 neuraminidase–NC 41 Fab, determined at 2.9 Å resolution,
showed that the epitope on the neuraminidase is discontinuous, being composed of five 
separate peptide segments involving about 17 amino acid residues (Figure 17.9) which were
in contact with a similar number of amino acid residues on the antibody molecule (Colman
et al., 1987). It has subsequently been shown that only about three or four of these residues
in the epitope contribute to the energy of binding, the others simply having to show 
complementarity with residues on the antibody.

3.2. Antigenic Drift in Influenza Virus Neuraminidase

Antibodies to flu neuraminidase do not directly neutralize virus infectivity, but if the
cells in which the virus is growing are bathed in antisera to the neuraminidase, most of the
virus is prevented from exiting the cells and the infection is effectively terminated. However,
if the cells are bathed in a monoclonal antibody to the neuraminidase, mutant virus particles
with changes in the epitope recognized by the antibody will “escape” from the inhibiting
effect of the antibody and continue to grow unhindered.
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(a)

(b)

Figure 17.9. (a) Three-dimensional structure of tetrameric influenza neuraminidase subtype N9 complexed with
an Fab fragment from the monoclonal antibody NC41 consisting of Fc and Fv from heavy and light chains which
recognize an antigenic determinant (epitope) on the neuraminidase tetramer [PDB entry 1NCA] (Tulip et al., 1992).
(b) Schematic diagram showing a monomer of neuraminidase viewed down the 4-fold axis. The epitope recognized
by NC41 antibody involves the three loops shown in heavy black and also part of the 329 (N2 numbering) loop
(Laver et al., 1987). The side chains of amino acids 368–370 point towards the viewer, while that of Arg 371 (an
active-site residue) points away and into the catalytic site located above and to the right of C� 371. Mutations at
positions 367, 369, 370, 372, 400, and 432 abolish the binding of NC41 antibody to neuraminidase, whereas
mutations at 368 and 329 reduce binding. A mutation at residue 220 (outside the NC41 epitope) has no effect on
binding of NC41 to neuraminidase.



Many such neuraminidase escape mutants of N2 and N9 have been analyzed and in
each case single amino acid sequence changes were found in the neuraminidase polypeptide
(Air and Laver, 1986). These single changes were enough to completely abolish binding of
the monoclonal antibody which was used to select the particular escape mutant analyzed.

Most of these sequence changes occurred on the top of the neuraminidase “head” on the
rim surrounding the active-site crater, suggesting that neutralizing epitopes were situated in
this region. Other epitopes almost certainly exist at the base of the tetramer, but escape
mutants of these have never been obtained, presumably because antibodies binding in this
region do not “neutralize” infectivity.

How do single amino acid sequence changes totally abolish antibody binding when
only one out of about seventeen contact residues in the epitope is altered? This question was
addressed structurally by Tulip et al. (1991) who determined the structure of five N9 antibody
escape mutants. The mutations were all situated within 5–10 Å of the N9 catalytic site. Only
local structural changes associated with the site of the amino acid substitution or residues 
on either side of it were found; no large scale rearrangements were observed. Although the
precise basis for the abolition of antibody binding is still not clear, changes in charge and
shape complementarity between the two interacting surfaces no doubt play a part.

4. Inhibition of Influenza Virus Neuraminidase

4.1. Design and Synthesis of Novel Inhibitors of 
Influenza Virus Neuraminidase

4.1.1. Relenza

Relenza was the first inhibitor to be synthesized which specifically inhibited the 
neuraminidase of both Type A and Type B influenza viruses and was effective in controlling
influenza infections in people. Its design was based on the crystal structure of flu 
neuraminidase and a sialic acid scaffold. Sialic (neuraminic) acid (Figure 17.10a) is itself a
mild inhibitor of flu neuraminidase, but the dehydrated derivative, deoxy dehydro N-acetyl
neuraminic acid, DANA, Neu5Ac2en (Figure 17.10b) the transition state analog, is a much
better inhibitor. This was convincingly demonstrated by Peter Palese and his colleagues in the
1970s (Palese et al., 1974b). DANA inhibited influenza virus replication in tissue culture but
failed to prevent disease in flu infected animals (Palese et al., 1977).

In using the three-dimensional structure of flu neuraminidase for the rational design 
of antiviral drugs, manual inspection of the active site with the aid of computer graphics 
was complemented by probing the active-site interactive surfaces with various chemical 
substituents using the computer software program GRID (Goodford, 1996) to calculate 
energetically favorable substitutions on the sialic acid scaffold.

The following precise account of the design of Relenza by Mark von Itzstein and his
colleagues is given by Dr. Wen Yang Wu.

“Structural studies where sialic acid was soaked into flu neuraminidase crystals showed
that there was a negatively charged zone in the neuraminidase active site which aligned
with the 4-position of the bound sialic acid (Colman et al., 1983). This led to the 
suggestion that the introduction of a positively charged group, such as an amino group, to the
4-position of sialic acid should enhance its binding to the active site.
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Figure 17.10. Chemical structure of (a) N-acetyl neuraminic acid, NANA, (b) 2-deoxy 2,3-dehydro-N-acetyl
neuraminic acid, DANA, (c) 4-amino-DANA, (d) 4-guanidino-DANA, (Relenza, zanamivir), (e) (3R,4R,5S)-4-
acetamido-5-amino-3-(1-ethylpropoxyl)-1-cyclohexane-1-carboxylic acid (GS4071), and (f) ethyl ester derivative of
(GS4104, tamiflu).

4-Amino DANA was therefore synthesized and, as predicted, bound more tightly to the
active site. There was a 100-fold increase in inhibitory activity for flu neuraminidase of 
4-amino DANA compared to the unsubstituted DANA.

Furthermore, the 4-amino DANA was specific for influenza virus neuraminidase and did
not inhibit mammalian neuraminidases. This strong inhibitory activity and high specificity
suggested that the approach being used might lead to a safe and effective anti-influenza drug.



Further modifications at the 4-position were therefore explored. In this, the synthetic
chemistry focused on the introduction of additional positive charges at the 4-position. A num-
ber of 4-substituted amino-DANA analogs were therefore prepared. All showed good
inhibitory activity and specificity.

It was then proposed to synthesize an analogue with a guanidino group at the 4-position
of DANA, because of its increased positive charge and bigger size, compared to the amino
group. Although it appeared that the bulky 4-guanidino-DANA (Figure 17.10c) would not fit
into the neuraminidase active site, after one water molecule was expelled from the active site,
it would fit in perfectly.

After a few synthetic chemistry challenges were overcome, the 4-guanidino-DANA
analogue was prepared and tested. It was found to be 1,000-fold better inhibitor of flu neu-
raminidase than DANA and did not inhibit mammalian neuraminidases (Von Itzstein et al.,
1993). Although subsequently many derivatives of 4-guanidino-DANA were prepared 
and tested, ultimately the 4-guanidino-DANA analogue (Figure 17.10d) was chosen for clin-
ical trials. It is now marketed as “Relenza” by Glaxo-Smith Kline Ltd.”

However, because of the guanidino group, Relenza is not orally bioavailable and is
given as a powder which is puffed into the lungs.

A second generation Relenza is being developed. This is a dimer in which two mole-
cules of 4-guanidino-DANA are linked via their 7-hydroxyl groups by an appropriate spacer
such as a benzene ring or aliphatic chain. The dimer exhibits cooperativity in binding so that
the inhibitory activity for flu neuraminidase is 100-fold greater than that of Relenza.
Moreover, after administration, the dimer remains in the respiratory secretions for up to 
a week. This suggests that one dose of the dimer every 5 days should be effective, compared
to the therapeutic regime for Relenza and Tamiflu of 2 doses/day for a period of 5 days
(Tucker, 2002).

4.1.2. Tamiflu

In order to produce a neuraminidase inhibitor which was orally bioavailable and which
flu sufferers could swallow as a pill, Choung Kim and his associates at Gilead Sciences in
California synthesized a carbocyclic compound which fulfilled this requirement (Kim et al.,
1997). They noticed the presence of a large hydrophobic pocket in the active site region of flu
neuraminidase that accommodated the glycerol side chain of the substrate, sialic acid, and
exploited this pocket in the synthesis of carbocyclic sialic acid analogs with hydrophobic
alkyl side chains. These carbocyclic compounds are not sugars and have no oxygen in 
the ring.

X-ray crystallography of flu neuraminidase with DANA bound in the catalytic site
showed that the C7 position of the glycerol side chain had no interactions with any of the
amino acids in the neuraminidase catalytic site. This suggested that the C7 hydroxyl could be
eliminated from the glycerol side chain of the carbocyclic system without losing binding
affinity to the neuraminidase.

The CHOH group at the C7 position of the glycerol side chain was therefore replaced
by an oxygen atom. Then, in order to create a molecule with hydrophobic groups which
would interact well with the amino acids Glu 276, Ala 246, Arg 224, and Ile 222 (N9 subtype
numbering) in the large hydrophobic pocket occupied by the glycerol side chain of DANA,
various lipophilic side chains were attached to the oxygen linker that had been introduced at
the 7 position.
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The carboxylate and acetamido groups corresponding to the same groups on DANA
were retained on the new carboxylic compound and an amino group was introduced at posi-
tion C4. An amino rather than a guanidino group was chosen at C4 since the latter, while giv-
ing a more tightly binding inhibitor, would create a molecule having the same disadvantage
as Relenza, in that it would not be orally bioavailable.

The final compound chosen, GS4071, with a 3-pentyl side chain (Figure 17.10e) was a
potent and specific inhibitor of Type A and Type B influenza virus neuraminidase with an
IC50 of 1–2 nM. The X-ray crystallographic structure of GS4071 bound in the catalytic site
of flu neuraminidase is shown in Figure 17.11.

Because of the zwitterionic nature of GS4071 imposed on the molecule by the 
carboxylate and amino groups, GS4071 was not orally bioavailable. This problem was over-
come by converting the carboxylate to the ethyl ester. The resulting compound, GS4104
(Figure 17.10f) now marketed as “Tamiflu”, can be swallowed as a pill. Following absorption
of this prodrug from the gut, the ester is hydrolyzed in the liver and the resulting active neu-
raminidase inhibitor finds its way into the respiratory tract. It is not clear why GS4071 is able
to cross membranes in the respiratory tract when it was unable to cross membranes in the gut.

Following clinical trials Relenza and Tamiflu are now being used worldwide for the
treatment of influenza. They are safe and effective drugs, provided they are used correctly.
They need to be given very soon after infection and they are effective against influenza only,
and not against any other respiratory pathogens, viral or bacterial. Their effectiveness in 
preventing death in cases of severe influenza has not been established, but anecdotal evidence
suggests that this may indeed be an important property of these drugs.

4.1.3. Other Inhibitors of Influenza Virus Neuraminidase

Two other potent and specific inhibitors of flu neuraminidase have been developed. 
One, invented at BioCryst, is BCX-1812 (1S,2S,3R–4R,1�S)-3-(1�-acetylamino-2�-ethyl)
butyl-4-[(aminoimino)-methyl]amino-2-hydroxycyclopentane-1-carboxylic acid) (Babu
et al., 2000).

The second inhibitor, made by Abbott Labs, is A315675 (�)-(2R,4S,5R,1�R,2�S)-5-
(1-acetylamino-2-methoxy-2-methyl-pentyl)-4-propenyl-pyrrolidine-2-carboxylic acid (Kati
et al., 2001). So far, neither of these drugs has been approved for human use.

The way these two compounds, as well as Relenza and Tamiflu, bind in the catalytic
site of flu neuraminidase is shown in Figure 17.11.

4.2. Drug Resistance

One of the unanswered questions is; if Relenza and Tamiflu are used widely in the 
community to treat influenza, how easily will drug resistant mutants of influenza virus arise?

Experiments so far have suggested that the virus might have difficulty in escaping from
the neuraminidase inhibitors. Influenza viruses resistant to the neuraminidase inhibitors have
been selected in vitro by growing virus in the presence of sublimiting concentrations of the
drugs. These experiments revealed the existence of two classes of resistant mutants (Roberts,
2001).

Some mutants had amino acid sequence changes in the hemagglutinin and none in the
neuraminidase, while others had changes in the neuraminidase but not in the hemagglutinin.
It is thought that the hemagglutinin mutants had a reduced capacity to bind to sialic acid
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(a)

(b)

Figure 17.11. Continued

receptors, and so had little need for these to be destroyed by neuraminidase for the virus to
“escape.” The fact that the hemagglutinin mutants have so far been found to be as susceptible
to the neuraminidase inhibitors as the wild-type viruses in animal experiments, suggests 
that the neuraminidase may play some vital role other than receptor destruction in the 
infection process. Possibly the enzyme is required to facilitate the movement of virus 
particles through respiratory secretions, and thus if it is blocked, the virus may be trapped and
immobilized.
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(c)

(d)

Figure 17.11. Crystallographic structures of influenza virus neuraminidase (N9 subtype) with four different
rationally designed inhibitors bound in the active site of the enzyme. The inhibitors are shown as atom-colored 
ball and stick models. The catalytic site of the enzyme is shown with the closer carbon atoms shown darker than those
shown further away. This catalytic site is conserved across all flu neuraminidases. (a) and (b) are antiflu drugs
approved for use: (a) is Relenza (4-guanidino-Neu5Ac2en); (b) is de-esterified Tamiflu (4-acetamido-5-amino-3
(1-ethylpropoxyl)-1-cyclohexane-1-carboxylic acid); (c) and (d) are two further drugs which are being developed:
(c) is BCX-1812 [BioCryst] (1S,2S,3R,-4R,1�S)-3-(1�-acetylamino-2�-ethyl)butyl-4-[(aminoimino)-methyl]amino-
2-hydroxycyclopentane-1-carboxylic acid), and (d) is A315675 [Abbott] (�)-(2R,4S,5R,1�R,2�S)-5-(1-acetylamino-
2-methoxy-2-methyl-pentyl)-4-propenyl-pyrrolidine-2-carboxylic acid. The figures were drawn with Molscript and
rendered with Raster3d.



Sequence changes in the neuraminidase mutants selected by the neuraminidase
inhibitors occurred in active-site residues of the enzyme. This makes sense, as it is those
residues which are involved in binding the inhibitors. In particular, there were changes to
Arg292 (to lysine), one of the three active-site arginines which interact with the natural sub-
strate carboxylate group (which is also present in 4-guanidino-DANA and GS4071), and to
Glu119 (to glycine) which lies in the pocket occupied by the 4-guanidino group of Relenza.
A structural study of the Arg292Lys N9 mutant bound to various inhibitors (Varghese et al.,
1998) revealed that the structural and binding effects of the mutation were most marked for
those inhibitors which were least like the natural ligand. For binding of GS4071 in neu-
raminidase, residue Glu276 rotates to form a salt link with Arg224, creating a hydrophobic
pocket. In the Arg292Lys mutant, Glu276 appears to be anchored by an ionic link to Lys292
not present in the wild-type enzyme, and cannot rotate to form the necessary salt link with
Arg224, thus reducing the binding of GS4071.

The active-site residues which have been found to mutate are also involved in catalysis,
and the mutant neuraminidases were found to be “crippled” in some way, making the mutant
virus less able to infect animals. These findings suggest that mutants resistant to Relenza and
Tamiflu might arise infrequently in the human population.

5. Conclusions

The four drugs described above represent the first example of antiviral drugs rationally
designed from knowledge of the X-ray crystal structure of the target protein of the virus.

These safe drugs, which are most effective if given within a day of symptoms appearing,
have had a rocky ride being accepted into the market place. For example, currently in Britain,
the normal time taken to see a General Practitioner is about two days. Because Relenza and
Tamiflu are only available on prescription, by the time they are administered it is too late for
efficacy. A further problem is that they are only effective against influenza viruses. This would
be remedied if a cheap, rapid, and accurate diagnostic test for flu were available.

However, in the event of an influenza pandemic, it is generally accepted that antiviral
drugs will provide the first line of defense against the new virus. Of these, the neuraminidase
inhibitors are the drugs of choice (WHO, 2003).
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18
Interaction of HIV-1 Nef with 
Human CD4 and Lck

Dieter Willbold

1. Introduction

The genome of the human immunodeficiency virus (HIV) codes not only for structural 
proteins of the virus particle, but also for several regulatory proteins (Figure 18.1). Two 
of them (Tat and Rev) are proteins that are absolutely essential for replication of HIV in cell
culture. Others (Nef, negative factor; Vif, virus infectivity factor; Vpu, virus protein U; Vpr,
virus protein R) are not essential for viral replication in vitro and are, thus, named “accessory
proteins.” They play, however, a decisive role for infectivity and pathogenesis of HIV. Not a
single therapeutically applied agent is directed against one of these regulatory proteins though.

Besides serving as a basis for rational drug design, structure determination of these pro-
teins will yield new insights into their molecular mechanisms and, thus, may open new
approaches to antiviral therapies. Nuclear magnetic resonance (NMR) spectroscopy is well
suited to study three-dimensional structures of these proteins, as can be seen in several other
chapters of this book for example HIV Vpu, and in a variety of publications for Vpr (Roques
et al., 1997; Schüler et al., 1999; Wecker and Roques, 1999; Engler et al., 2001, 2002;
Morellet et al., 2003), Tat (Sticht et al., 1993, 1994; Willbold et al., 1993, 1994, 1996; Mujeeb
et al., 1994; Bayer et al., 1995; Metzger et al., 1996, 1997; Rösch et al., 1996), and Nef
(Grzesiek et al., 1996a, 1997; Geyer et al., 1999). NMR spectroscopy shows its advantages
over other structural techniques especially for investigations on interactions between proteins,
for example, cellular and viral proteins.

Of the above mentioned HIV regulatory proteins, at least two are membrane-associated.
Vpu is an integral type-1 membrane protein. Nef can be anchored in the membrane via a
myristoyl residue at its amino-terminal end. The amino-terminal part of Nef is cleavable by
the HIV protease, thereby detaching the so called “core” domain of Nef from the membrane
(Freund et al., 1994a,b). Several models of Nef function dependent on its membrane 
association are being discussed (Arold and Baur, 2001).
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The Nef protein of HIV type 1 (HIV-1) is important for the pathogenesis of HIV 
infection. This has been shown and confirmed in a number of reports, which included animal
models and studies of humans infected with Nef-deleted HIV strains.

HIV-1 Nef is a protein containing roughly 200 amino acid residues. It is a membrane-
associated protein that is produced at the earliest stage of viral gene expression (Cullen, 1994)
and is a component of viral particles (Welker et al., 1996). Nef has been reported to have
diverse effects on cellular signal transduction pathways. It interacts with various cellular pro-
tein kinases and acts both as a kinase substrate and as a modulator of kinase activity
(Greenway et al., 1996; Baur et al., 1997; Harris, 1999). In addition, Nef has been demon-
strated to downregulate cell-surface receptors, cluster determinant 4 (CD4) and MHC I
(Garcia and Miller, 1991; Anderson et al., 1993; Benson et al., 1993; Harris and Coates, 1993;
Mariani and Skowronski, 1993; Marsh, 1999; Renkema and Saksela, 2000). Nef-mediated
downmodulation of CD4 is well-understood now and appears to involve a whole set of fac-
tors. At least two distinct motifs in a long loop region of the protein were found to bind
adaptins (AP 1/2/3) (Greenberg et al., 1997; Bresnahan et al., 1998; Craig et al., 1998, 2000;
Lock et al., 1999). One of these motifs was additionally reported to interact with the regula-
tory unit of a vacuolar proton pump also involved in CD4 downregulation (Lu et al., 1998).
The �-subunit of COPI coatomers (�-COP) was shown to bind Nef subsequently to adaptins
and seems to direct CD4 to a degradation pathway (Benichou et al., 1994; Piguet et al., 1999).

Also, at the plasma membrane, Nef interacts with signaling proteins from the T cell
receptor environment, including not only CD4, but also Zeta, Lck, Vav, Pkc, Pak, and PI-3
kinase (Arold and Baur, 2001). These findings have implicated that Nef is part of and acts
through a TCR-associated signaling complex (Fackler and Baur, 2002). A confirmation of this
view came, particularly through two studies. Development of an AIDS-like disease in a HIV
transgenic mouse model correlated with Nef-mediated activation of mouse T cells (Hanna
et al., 1998). A comparison of gene expression profiles of inducible T cell lines revealed 
that Nef- and anti-CD3 mediated T cell activation largely overlap (Simmons et al., 2001). 
The molecular mechanism of how Nef activates T cells, however, is obscure.

The present chapter tries to summarize structural data of what is known about the 
interaction between HIV-1 Nef and two of its cellular target proteins, CD4 and Lck.

2. Interaction of Nef with Human CD4

2.1. The CD4 Receptor

The CD4 is a type I transmembrane glycoprotein with a molecular weight of 58 kDa
and consists of an extracellular region of 370 amino acids, a short transmembrane region, and
a cytoplasmic domain of 40 amino acids at the C-terminal end. The CD4 T lymphocyte 
coreceptor belongs to the IgG-superfamily and participates in T cell activation and signal
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Figure 18.1. Scheme of the HIV-1 genome. Each rectangle represents a gene within one of the three possible
reading frames. Regulatory genes are highlighted in gray.



transduction. Surface CD4 is expressed on T lymphocytes that recognize antigens presented
on class II major histocompatibility complex (MHC II) molecules (Maddon et al., 1987)
(Figure 18.2). This specificity of CD4� T cells for MHC II-expressing targets is probably
based on direct interaction between CD4 and MHC II (Biddison et al., 1984). CD4 associates
with the T cell receptor (TCR) during T cell activation (Gallaher et al., 1995). The mecha-
nism by which CD4 participates in T cell activation is thought to involve transduction of intra-
cellular signals. The interaction of the lymphocyte specific kinase (Lck), an Src-homologous
tyrosine kinase, with the cytoplasmic part of CD4 is a crucial step of the T cell signaling 
pathway (Veillette et al., 1988).

2.2. CD4 and HIV

In addition to these functions, CD4 serves as the major receptor for HIV infection
(Dalgeish et al., 1984; Klatzmann et al., 1984a,b). The virus is internalized after binding of
the viral gp120 to the extracellular domain of CD4. This leads to infection of the respective
T helper cell, and the production and release of new virions.

Once HIV has successfully entered and, thereby, infected the cell, it is extremely advan-
tageous for its replication to clean the cell surface of all remaining CD4 receptor molecules.
CD4 molecules remaining on the cell surface would increase the risk of the cell to be repeat-
edly infected by HIV particles. Such superinfection and the risk of syncytia formation by
fusion of several CD4� cells to a single virus particle usually leads to death of all cells
involved. This, of course, results in the termination of all virus particles contained in 
these cells, too. Further, budding of newly synthesized HIV particles from an infected cell is
facilitated if no CD4 receptor molecules are present on the cell surface.

In the case of HIV-1, at least two regulatory proteins have the function to downregulate
CD4 molecules of infected cells. Nef protein is contained in the virus particles (Welker et al.,
1996) to induce internalization of surface CD4 receptors right after the infection event. Vpu
is expressed at later stages of the infection cycle and one of its functions is to block supply of
newly synthesized CD4 receptors from the endoplasmatic reticulum. A T helper cell that does
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Figure 18.2. Sketch of MHC II antigen recognition by a TCR complex of a T helper cell. Sites of viral
interference by Nef and Vpu are marked by arrows. Nef is known to directly bind Lck SH3 domain and CD4
cytoplasmic part. Zeta binding was reported for SIV and HIV-2 Nef. Vpu is known to directly bind CD4 cytoplasmic
domain.



not carry CD4 receptors on its surface is not able to fulfill its function. It is actually, by 
definition, no T helper cell (CD4�) anymore.

CD4 interacts via its cytoplasmic domain with viral proteins, Nef and Vpu. Vpu induces
degradation of CD4 molecules in the endoplasmatic reticulum. This process requires both
proteins to be inserted into the same membrane compartment. The CD4 sequence relevant for
this activity is located between amino acids 402–420 (Chen et al., 1993).

In contrast, Nef acts at the cell surface to mediate the internalization and lysosomal
degradation of CD4 (Aiken et al., 1994; Anderson et al., 1994; Sanfridson et al., 1994). Nef
dependent downregulation of CD4 is well-understood on a cellular level. It appears to involve
a whole set of factors (Benichou et al., 1994; Greenberg et al., 1997; Bresnahan et al., 1998;
Craig et al., 1998, 2000; Lu et al., 1998; Lock et al., 1999; Piguet et al., 1999). From muta-
tional analysis, it is known that residues 407–418 in the cytoplasmic tail of CD4 are neces-
sary and sufficient for downregulation of CD4 by Nef (Garcia et al., 1993; Aiken et al., 1994;
Anderson et al., 1994; Salghetti et al., 1995). Especially, the dileucine motif at sequence 
positions 413 and 414 is required for binding and downmodulation of CD4 by Nef.

2.3. Three-Dimensional Structures of CD4 Cytoplasmic 
Domain and HIV-1 Nef

Three-dimensional structures are known from CD4 cytoplasmic domain in trifluo-
roethanol-free aqueous solution (Willbold and Rösch, 1996) and in trifluoroethanol-containing
solution (Wray et al., 1998). Also, structures are known for Nef proteins with N-terminal and
partially additional deletions (Grzesiek et al., 1996, 1997; Lee et al., 1996; Arold et al., 1997)
(Figure 18.3). This so-called Nef “core domain” consists of a type II poly-proline helix, three
alpha-helices, a 3(10) helix, and a five-stranded antiparallel beta-sheet.

In trifluoroethanol-free aqueous solution, CD4(403–419) exhibits an �-helical second-
ary structure for residues 403–412, followed by a more extended conformation (Willbold and
Rösch, 1996). This helix ends at position 412. Leucines 413 and 414 are known to be impor-
tant as a “dileucine” motif necessary for internalization of transmembrane proteins, such 
as CD4, IgG Fc receptor, and CD3 � and � chains. The most remarkable point about the 
structure of CD4(403–419) is the fact that there is a defined secondary structure in this small
peptide at all.

2.4. Nef Residues that are Important for CD4 Binding 
Map to the “Core Domain”

NMR investigations on the interaction between CD4 and Nef using a 13-residue 
peptide of CD4 (residues 407–419) and several Nef mutants (Nef�2–39, Nef�2–39,�159–173)
elucidated residues W57, L58, E59, G95, G96, L97, R106, and L110 to be affected by
CD4(407–419) binding (Grzesiek et al., 1996). The dissociation constant (KD) of this 
complex, however, was found to be only in the range of 0.5–1 mM.

Although N-terminal amino acid sequences among Nef proteins are not conserved,
some residues therein are known to be essential for downregulation of CD4 expression 
(Aiken et al., 1996; Hua et al., 1997; Iafrate et al., 1997). Moreover, a study employing the
yeast-two-hybrid-system suggests that residues important for CD4 binding are scattered all
over the Nef sequence (Rossi et al., 1996).
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2.5. Amino-Terminal Residues of Nef are also 
Important for CD4 Binding

Because Nef variants employed in previous CD4 in vitro binding studies were lacking
substantial amino-terminal parts, and the hereby deduced dissociation constant was unex-
pectedly high, additional investigations were carried out on direct in vitro binding between
essentially complete binding partners. A chemically synthesized peptide comprising the 
31 C-terminal residues (403–433) of human CD4 and a recombinantly expressed full-length Nef
protein from HIV-1 strain SF2 yielded a significantly higher affinity of Nef to CD4 (Preusser
et al., 2001). Fluorescence titrations were used to determine the KD to be 0.87 �M (Figure 18.4).

The observed KD value for binding of full-length Nef to CD4(403–433) is about 1,000-
fold lower than that observed for Nef mutants, Nef�2–39 and Nef�2–39,�159–173, and
CD4(407–419) (Grzesiek et al., 1996). Differences in those studies are the length of the CD4
peptide and the completeness of Nef protein. The possibility that the C-terminal tail of the
CD4 cytoplasmic domain is involved in Nef binding can be neglected from mutation experi-
ments (Garcia et al., 1993; Aiken et al., 1994; Anderson et al., 1994; Salghetti et al., 1995;
Rossi et al., 1996) and from control binding measurements with shorter peptides. Indeed, the
dissociation constant of 1.4 �M obtained for full-length Nef and CD4(403–419) suggests
only a minor role of residues 420–433 in CD4 for Nef binding (Figure 18.4).

The remaining difference between the CD4 peptides used in both in vitro binding
studies were residues 403–406 that were either missing or not. The three-dimensional struc-
ture of CD4(403–419) exhibits an �-helix for residues 403–412 (Willbold and Rösch, 1996)
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Figure 18.3. (A) Three-dimensional structures of Nef core domain and (B) CD4(403–419) contains in tri-
fluoroethanol-free aqueous solution an �-helical secondary structure for residues 403–412, followed by a more
extended conformation (Willbold and Rösch, 1996). The helix in CD4(403–419) ends at position 412. Leucines 413
and 414 are known to be important as a “dileucine” motif necessary for internalization of transmembrane proteins
such as CD4, IgG Fc receptor, and CD3 � and � chains. Nef “core domain” consists of a type II poly-proline helix,
three alpha-helices, a 3(10) helix, and a five-stranded antiparallel beta-sheet (Grzesiek et al., 1997). The figures were
prepared from the PDB entries 1WBR and 2NEF using MOLMOL (Koradi et al., 1996). Residues 407–419 of CD4
were shown to be important for Nef binding by mutation experiments. Further, the presence of helical secondary
structure in the amino-terminal part of CD4(407–419) seems to increase affinity to Nef. On the other side of the
complex, residues W57, L58, E59, G95, G96, L97, R106, and L110 of Nef and some not yet identified parts of the
amino-terminal part of Nef are important for binding to CD4 (Grzesiek et al., 1996).



(Figure 18.3B). Thus, residues 403–406 form the N-terminal cap of an �-helix. This helix 
N-cap could not form in the CD4 peptide (407–419) used by Grzesiek and coworkers. Gratton
and coworkers (Gratton et al., 1996) concluded from their mutational studies, a correlation
between the presence of this �-helix in CD4 and the susceptibility of CD4 to downregulation
by Nef. All these data suggest that the existence of a preformed �-helix in CD4 supports 
binding to Nef. To determine the contribution of the four residues that form the helix N-cap
to Nef binding, the dissociation constant of CD4 peptide (407–419) and full-length Nef 
was measured, again by fluorescence titrations (Preusser et al., 2001). The obtained value of
3.3 �M (Figure 18.4) indeed indicates that the presence of residues 403–406 forming the
helix N-cap increases CD4 affinity to Nef by a factor of, roughly, two.

The CD4(407–419) peptide yielding a KD of 3.3 �M for Nef binding has exactly the
same sequence as that used in earlier studies reporting a KD of 1 mM (Grzesiek et al., 1996).
However, the amino acid sequence of the Nef protein used in the present study was com-
pletely in contrast to that used in earlier studies lacking 38 N-terminal residues (Grzesiek
et al., 1996). This strongly suggests that an intact N-terminal region of Nef is important for
high affinity binding to CD4.

2.6. Leucines 413 and 414 of CD4 are Essential for Nef Binding

The role of leucines 413 and 414 in CD4 for Nef binding were assayed in a binding
study with Nef and a CD4 peptide (403–419) having leucines 413 and 414 exchanged with
alanines (Figure 18.4). This mutation is reported to render CD4 refractory to Nef-induced
downregulation (Aiken et al., 1994). No dissociation constant could be determined from the
data points measured within the Nef concentration range between zero and more than 13 �M,
suggesting that mutation of leucines 413 and 414 to alanines drastically reduces affinity of
CD4 to Nef (Preusser et al., 2001). This observation is in perfect accordance with published
mutational data (Garcia et al., 1993; Aiken et al., 1994; Anderson et al., 1994; Salghetti 
et al., 1995).

2.7. High Affinity Between CD4(403–433) and Full-Length 
Nef can be Confirmed by NMR Spectroscopy

In order to confirm the observed high affinity binding of Nef and CD4 by an additional
method, NMR spectroscopy was employed. Observation of chemical shift changes in a pro-
tein upon ligand binding is a sensitive method for measuring the strength of an interaction and
for defining the protein’s interaction surface (Otting et al., 1990; Görlach et al., 1992).
Especially useful and sensitive are, for example, heteronuclear single quantum correlation
(HSQC) spectra. To carry out such experiments, uniformly 15N-isotope labeled protein is
required. This can easily be obtained by expression of the protein in bacteria that grow in
medium containing 15N-ammonium chloride as sole nitrogen source.

A 1H-15N-HSQC experiment correlates the chemical shift of a 15N-nitrogen nucleus of
an NHx group with the chemical shift of a directly attached proton. Each resonance signal in
the HSQC spectrum, thus, represents a proton that is directly bound to a 15N-nitrogen atom.
The spectrum contains, therefore, the signals of the HN protons and 15N-nitrogens in the 
protein backbone (Figure 18.5A for HIV-1 Nef as an example). Since there is exactly one
backbone HN per amino acid (except for prolines), each HSQC signal represents one single
amino acid. To be more exact, the HSQC can also contain signals from several side chains,
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for example, the amide groups of Asn and Gln, the amino group of Lys, the guanidinium
group of Arg, and the aromatic HN protons of Trp and His.

Because in a 1H-15N-HSQC two-dimensional spectrum, roughly each amino acid
residue of the protein under investigation appears with one resonance, it is particularly useful
to map ligand interaction sites on protein surfaces (Görlach et al., 1992). Because the chem-
ical shifts of the nuclei whose resonances appear in the HSQC are sensitive to their chemical
environment, any binding of a ligand molecule in their vicinity induces changes in chemical
shifts (“chemical shift perturbation”) of the HSQC cross-resonances of the respective amide
protons and nitrogens. Therefore, one can conclude that those amino acid residues that show
changes in the chemical shifts of their resonances upon addition of a ligand are somehow
affected by the ligand binding. One may further conclude that these residues build up the lig-
and binding site, although this is not exactly the same statement. Other experiments to map
ligand binding sites are, for example, cross-saturation experiments (Takahashi et al., 2000;
Lane et al., 2001).

Chemical shift perturbation experiments are based on the existence of two different
conformations of the protein under investigation, namely the ligand-bound and the ligand-free
conformations. A resonance of an amide affected by ligand binding, therefore, is composed
of resonances coming from both conformations. The appearance of the resulting signal
depends on the time scale of the interconversion between both conformations. The time scale
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Figure 18.4. (A) Binding of full-length HIV-1 Nef to CD4 peptides of different lengths. Shown is the dissociation
constant (KD) of each peptide with HIV-1 Nef (Preusser et al., 2001). Note that a higher KD value means lower
binding affinity. Fluorescence titrations were used to determine KD of full-length Nef and several fluoresceine labeled
CD4 peptides. Fluorescence was measured using excitation and emission wavelengths of 495 and 520 nm,
respectively, with increasing amounts of Nef. As a control, the same titrations were performed with buffer devoid of
Nef. Assuming a simple bimolecular reaction between Nef and CD4, analysis by nonlinear curve fitting yielded a KD
value of 0.87 � 0.19 �M. Fluorescein isothiocyanate (FITC-I, SIGMA) as a control did not bind to Nef. An
independent evaluation employing a Scatchard-plot analysis with linear regression analysis confirmed the KD value
to be 0.84 �M. (B) Overview of N-terminal fluoresceinylated CD4 peptides used for Nef binding studies. Amino acid
sequences for the CD4 peptides named on the left are given using the one-letter-code. In addition, the residue
numbers corresponding to the respective sequence positions in CD4 are shown in the top line.
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Figure 18.5. (A) Overview of a 1H-15N-HSQC spectrum of 15N-isotope labeled HIV-1 full-length Nef protein. 
(B and C) Two selected regions of superimposed 1H-15N-HSQC spectra of HIV-1 Nef in absence (gray contour lines)
and presence (black contour lines) of equimolar concentration of CD4(403–433) peptide. Note that for reasons of
clarity contour levels are not identical in A, B, and C. During titration the gray colored peaks indicated by arrows did
not shift, but their intensities decreased with ongoing titration (data not shown) and new peaks (black contour lines,
indicated by arrows) appeared. The resonance highlighted by the rectangle (in C) shifted during titration. NMR-
samples contained 180 �M uniformly 15N-labeled full-length Nef protein in PBS buffer with 10% D2O. All NMR
spectra were recorded at 298 K on a Varian Unity INOVA spectrometer working at 750 MHz proton frequency.



is set up by the chemical shift (resonance frequency) difference of the resonances in the lig-
and bound and free state. This difference is given in hertz. If the rate of the interconversion
between both conformations is slow compared to the chemical shift difference time scale, the
resonance signal intensity of the ligand-free state will decrease during ongoing titration and
the new resonance signal of the ligand-bound state will appear and increase. In case of such
a “slow” exchange, the resonance will not shift during titration from the ligand-free resonance
to the ligand-bound resonance. If the rate of the interconversion between both conformations
is fast compared to the chemical shift difference time scale, then the respective resonance will
shift during ongoing titration. If both time scales are similar, then an intermediate effect is
observed leading to an increase of line width of the respective resonance that can ultimately
lead to the disappearance of the resonance signal.

In order to confirm the observed high affinity binding of Nef and CD4 by an additional
method, 1H-15N-HSQC spectra of 15N-labeled full-length Nef protein with increasing
amounts of CD4(403–433) peptide were recorded (Preusser et al., 2001). For KD of about
1 �M or even below, dissociation rates of less than 100 Hz can be expected even in the case
of diffusion controlled association rate (107–108 HzM�1). Thus, exchange between free and
CD4-bound Nef should be slow on the NMR chemical shift time scale for at least some of the
1H-15N amide resonances. Indeed, intensities of some of the amide resonances in the 1H-15N-
HSQC spectra decreased without shifting, while new resonances appeared with increasing
intensities during ongoing titration with CD4 peptide (Figure 18.5). Assuming that the 
resonance pairs shown in Figure 18. 5 belong to the same amide cross-resonances of Nef in
presence and absence of CD4 peptide, their proton chemical shift distances of 510 and
330 Hz, respectively, indicate that exchange between bound and unbound Nef is significantly
slower than 300 Hz. A number of other resonances (one can be seen in Figure 18.5C) shifted
during titration with CD4 peptide up to 30 Hz suggesting the dissociation of the complex to
be fast compared to this time scale. Both observations confirm that the dissociation rate of 
the complex is about 100 Hz and, given the association rate to be diffusion controlled
(�108 HzM�1), the resulting dissociation constant is 1 �M or less, which is in perfect agree-
ment with the results from the fluorescence titration. Most of the amide resonances in the 
1H-15N-HSQC spectra did not show significant changes indicating that the overall three-
dimensional structure of Nef does not dramatically change upon CD4 binding. Because 
resonances of the Nef variant (SF2) used in this study were not sequence specifically
assigned, it was not possible at the present stage to directly identify Nef residues involved in
CD4 binding.

2.8. The Presence of a Helix in Human CD4 Cytoplasmic Domain
Promotes Binding to HIV-1 Nef Protein

The presence of residues 403–406 forming a helix N-cap in CD4(403–419) increases
its affinity to Nef by a factor of, roughly, two (Figure 18.4). Helix N-cap structures are impor-
tant for helix formation and stability. To investigate whether presence or absence of any 
helix N-cap forming residues N-terminal to the CD4(407–419) peptide is responsible for 
the observed difference in binding studies between Nef and CD4, binding experiments were
carried out with peptides that do or do not have helix N-caps. Those experiments were able
to show that binding between HIV Nef and CD4 correlates with the helix content of CD4
(Preusser et al., 2002).
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2.9. Summary of the CD4–Nef Interaction

Residues 407–419 of CD4 were shown to be important for Nef binding by mutation
experiments. This was confirmed by direct in vitro binding experiments. Furthermore, the
presence of helical secondary structure in the amino-terminal part of CD4(407–419) seems to
increase affinity to Nef. On the other side of the complex, residues W57, L58, E59, G95, G96,
L97, R106, and L110 of Nef and some not yet identified parts of the amino-terminal part of
Nef are important for binding to CD4.

It is important (especially for the scope of this book) to mention that, so far, all studies
were carried out with CD4 peptide and Nef protein not anchored on the same side of a mem-
brane as it would be the case in vivo. Thus, in a living cell, binding affinity between Nef and
CD4 can be expected to be even higher than observed in the above described in vitro studies
due to a much more favorable entropic term of the binding energy.

3. Interaction of Nef with Human Lck

Nef has been reported to have diverse effects on cellular signal transduction pathways 
(Wolf et al., 2001). It interacts with various cellular protein kinases and acts both as a kinase
substrate and as a modulator of kinase activity (Greenway et al., 1996; Baur et al., 1997;
Harris, 1999). A highly conserved proline repeat motif PxxP was found in all Nef variants
(Saksela, 1997), which is known as the minimal consensus sequence defining the ligands of
SH3 domains (Cicchetti et al., 1992; Ren et al., 1993). Binding of Nef to various members of
the Src family of protein kinases, namely Hck and Lyn (Lee et al., 1995; Saksela et al., 1995),
Lck (Collette et al., 1996; Greenway et al., 1996), Fyn (Greenway et al., 1996), and Src
(Arold et al., 1998) has been demonstrated.

3.1. Lymphocyte Specific Kinase Lck

Protein tyrosine kinases are involved in signal transduction pathways that regulate cell
growth, differentiation, activation, and transformation. Human lymphocyte specific kinase
(Lck) is a 56-kDa protein involved in T cell- and IL2-receptor signaling. Lck is a typical
member of the Src-type tyrosine kinase family and consists of four functional domains,
namely unique, SH3, SH2, and kinase. Whereas amino acid sequences of the other domains
are highly conserved among different kinases, those of the unique domains are not. Lck
unique domain is thought to serve as a membrane anchor, but also plays a role in function and
specificity of the other domains, for example, SH2 and SH3 (Carrera et al., 1995). Because
of its key role in T cell signaling and activation (Isakov and Biesinger, 2000), it is not 
surprising that pathogenic factors like HIV and Herpesvirus saimiri have evolved effector
molecules that target Lck to ensure their own replication and persistence. In particular,
HIV-1 Nef and H. saimiri Tip proteins directly bind to Lck SH3 domain. Tip binding to Lck
SH3 domain was shown to be based on additional contacts to those typically observed for
poly-proline peptides bound to SH3 domains (Schweimer et al., 2002).

While Nef binding to most other SH3 domains assayed so far was shown to be based
on KD in the micromolar range (Arold et al., 1998), Nef affinity to Hck SH3 was remarkably
higher (Lee et al., 1995; Arold et al., 1998).
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3.2. X-ray Structures of Nef–SH3 Complexes

Several X-ray crystallographic studies have revealed the complex structures of 
so-called core-Nef (Nef�2–39,�159–173) with Fyn and Hck SH3 domains (Lee et al., 1995; Arold
et al., 1997, 1998). Residues 71–77 (the poly-proline helix), Lys82, Ala83, Asp86, Leu87,
Phe90, Trp113, Thr117, Qln118, and Tyr120 of Nef core domain were identified to be impor-
tant for binding to Fyn SH3 domain. Because at least for HIV replication in T helper cells,
Nef interaction with Lck certainly is more relevant than with Hck, and because Lck is 
associated with CD4, which in turn binds Nef, too, investigations to map the Lck–Nef-
interaction site were of particular interest.

3.3. NMR Spectroscopy is a Suitable Tool to Map 
Nef–Lck Interaction Sites

A study to map the full-length Nef interaction site on Lck was recently carried out by
NMR spectroscopy (Briese et al., 2004). Because significant differences between core-Nef
and full-length Nef proteins were already demonstrated for binding to CD4 cytoplasmic
domain (Preusser et al., 2001), full-length Nef was used for this study, too. Further, to inves-
tigate any contribution of the Lck unique domain to Lck–Nef interaction, a recombinant 
protein consisting of the 120 amino-terminal residues of Lck comprising the unique and SH3
domains of Lck (LckU3) was used. Although the unique part of LckU3 was shown to be
absent of any stable structural elements (Briese and Willbold, 2003), it seemed possible to be
involved in Nef binding, because Lck uniquely is responsible for Lck binding to human CD4
receptor cytoplasmic domain (Veillette et al., 1988; Shaw et al., 1990; Turner et al., 1990;
Huse et al., 1998; Lin et al., 1998), which in turn binds directly to Nef (Grzesiek et al., 1996;
Preusser et al., 2001, 2002).

To elucidate the details of Nef binding to Lck(1–120), chemical shift perturbation map-
ping by NMR spectroscopy was employed, as already described in the section “High affinity
between CD4(403–433) and full-length Nef can be confirmed by NMR spectroscopy.” Thus,
1H-15N-HSQC spectra of 15N-labeled Lck(1–120) with increasing amounts of full-length Nef
protein were recorded (Figure 18.6). In contrast to the above-described NMR titration study
with Nef and CD4 cytoplasmic domain, all resonances of LckU3 are known (Briese et al.,
2001). Therefore, it was possible to identify those LckU3 residues involved in Nef binding
(Briese et al., 2004).

From a reported dissociation constant, KD, of about 10 �M (Arold et al., 1998), disso-
ciation rates of several hundred up to 1,000 Hz can be expected in the case of a diffusion 
controlled association rate. Thus, exchange between free and Nef-bound Lck were expected
to be fast or intermediate on the NMR chemical shift time scale for 1H-15N amide cross-
resonances of the affected residues. Indeed, a small number of resonances shifted during titra-
tion with Nef while some other resonances disappeared with increasing Nef concentration.
Both observations confirm that the dissociation rate of the complex is within the expected
region of several hundred hertz and, given the association rate to be diffusion controlled
(�108 HzM�1), the resulting dissociation constant is 10 �M or less, which is in perfect 
agreement with previously reported results (Arold et al., 1998).
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3.4. The Unique Domain of Lck is Not Involved in Nef Binding

Most of the amide resonances in the HSQC spectra did not show significant changes 
indicating that the overall three-dimensional structure of Lck(1–120) does not dramatically
change upon Nef binding. More importantly, no residue of the unique domain is affected by
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Figure 18.6. Mapping of LckU3 residues involved in HIV-1 Nef binding. Selected region (A) of superimposed
1H-15N-HSQC spectra of 15N-isotope labeled LckU3 in absence (gray contour lines) and presence (black contour
lines) of full-length HIV-1 Nef protein (Briese et al., 2003). During titration, some peaks did neither shift nor
disappear (e.g., side-chain ε-imino groups of Trp13 and Trp98, backbone amide groups of Ala68, Ile90, and Leu103),
some peaks disappeared completely or to a large extent (e.g. side chain ε-imino group of Trp97, backbone amide
groups of Leu69, Asp77, Leu80, Leu91, Trp98, Lys99, and Ala100), and some peaks shifted (e.g., backbone amide
groups of Leu69). NMR-samples contained 192 �M uniformly 15N-labeled LckU3 in PBS buffer with 10% D2O. At
the titration end point, the samples contained a 1.5-fold molar excess of Nef protein. All NMR spectra were recorded
at 298 K on a Varian Unity INOVA spectrometer working at 750 MHz proton frequency. Amino acid sequence and
domain representation of LckU3 (B) with the unique and SH3 domains indicated as horizontal bars. Sequence
position is given by numbers at the bottom. Locations of �-sheet secondary structure elements are indicated by
horizontal arrows. Residues of LckU3 that disappeared or shifted upon addition of full-length Nef proteins are
indicated with vertical bars at the appropriate sequence position and the respective letters in the amino acid sequence
are highlighted in bold italic letters.
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Nef binding (Briese et al., 2003). This is interesting, because the unique domain is essential
for Lck–CD4 interaction, and the question whether dissociation of Lck and CD4 is induced
upon Nef binding is controversially discussed (Salghetti et al., 1995; Gratton et al., 1996).
The NMR shift perturbation study clearly shows that residues of the unique domain are not
required for or involved in Nef binding. Therefore, disregarding potential downstream events,
binding of Lck to CD4 and Nef does not seem to be competitive. Previously, based on muta-
tional analysis, non-overlapping binding sites were identified for Lck and Nef on CD4
(Gratton et al., 1996).

3.5. Mapping of the Nef Interaction Site on Lck SH3

LckU3 residues that are affected upon Nef binding (Figure 18.7) are essentially those
reported in similar investigations of SH3 domain interactions with poly-proline peptides
(Larson and Davidson, 2000), and are in general accordance (Tyr72, Ser75 to Asp79, Glu96,
Trp97, Asn114, and Phe115) with the analysis of the crystallographic complex structure of
Fyn SH3 domain with Nef deletion variant Nef�2–39,�159–173 (Arold et al., 1997, 1998). Fyn
and Lck SH3 domains show a sequence identity of 50% (Arold et al., 1997). Differences
between Fyn-SH3–Nef�2–39,�159–173 (Arold et al., 1997) and Lck-SH3–Nef (Briese et al.,
2003) are observed in that residues Ile67, Leu69, Glu73, Leu91, Gln93 to Gly95, Trp98 to
Ala100, Phe110, Ile111, Phe113, and Ala117 seem to be affected upon Lck SH3 domain
complex formation with full-length Nef but the respective homolog residues in Fyn SH3 were
not identified to be important for interaction with Nef�2–39,�159–173. Only His70 (homolog to
Tyr91 of Fyn SH3), which was identified to play a role for Fyn-SH3–Nef�2–39,�159–173 inter-
action, was not found to be involved in binding of full-length Nef to Lck-SH3 in the present
study. Pro112 (homolog to Pro134 of Fyn SH3), which also was described to be involved in
Fyn-SH3–Nef�2–39,�159–173 interaction, was not detectable in the HSQC titration experiment 
we used to map the interaction surface, due to the lack of an observable amide proton in 
proline residues. These differences between both studies may be due to the use of full-length
Nef in the present study compared to a Nef deletion variant (Nef�2–39,�159–173) used in the 
X-ray analysis (Arold et al., 1997). It may also reflect a higher sensitivity of the NMR 

Figure 18.7. (A) Visualization of the Nef binding site on Lck SH3 domain as ribbon diagram and (B) surface view.
Dark regions represent those residues that were affected by binding of full-length Nef to LckU3 (Figure 18.6B). 
The figures were prepared using MOLMOL (Koradi et al., 1996).



titration approach because it also detects indirectly induced changes in Lck SH3 domain 
conformation upon Nef binding. In any case, however, both studies agree that the inter-
action between Nef and Src-type tyrosine kinase SH3 domains is basically of a canonical
SH3–poly-proline type.

3.6. Summary of the Lck–Nef Interaction

Residues 71–77 (the poly-proline helix), Lys82, Ala83, Asp86, Leu87, Phe90, Trp113,
Thr117, Qln118, and Tyr120 of Nef core domain were identified to be important for binding
to Fyn SH3 domain (Arold et al., 1997). Lck residues that are involved in Nef binding could
be mapped to those typically found in poly-proline peptide binding. The unique domain of
Lck was not affected upon Nef binding (Briese et al., 2004). Whether this is different for
myristylated Nef and myristylated and palmitylated Lck proteins anchored on the same side
of a membrane, remains to be investigated. Thus, in a living cell binding affinity between Nef
and Lck can be expected to be even larger than observed in our in vitro system due to a much
more favorable entropic term of the binding energy. Also, Lck may exert a different binding
behavior to Nef when CD4 is attached to its unique domain via a zinc ion.

Additional efforts will certainly yield better insight into interference of host signal
transduction proteins by viral proteins. Exploring new drug target proteins in HIV infection
aside from reverse transcriptase and protease is becoming increasingly important. Nef could
be a very interesting target.
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