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Abstract

In order to reproduce, enveloped viruses must deposit their genomes into host cells. The
first step of this process is the fusion of viral and cellular membranes, which allows the
release of the viral contents into the cell. An envelope glycoprotein on the surface of the
virus is responsible for fusion. It is usually composed of twe subunits, a surface subunit
that attaches the virus to the host cell, and a transmembrane subunit that mediates the
fusion process. Recent biochemical and structural studies on the transmembrane subunit
of the HIV-1 virus, gp41, have revealed a transient intermediate of the fusion process that
is a potential target for anti-viral therapy. After virion attachment to the cell, gp41
undergoes a conformational change and inserts into the target cell membrane.
Concomitantly, a conserved region of gp41 that is hidden both before and after this stage
is accessible. The exposed core contains a trimeric coiled coil. A hydrophobic pocket on
the surface of this coiled coil has been previously identified as a promising drug target.
However, synthetic peptides corresponding to this region aggregate, and are therefore not
useful for drug screens. This thesis describes the development of a hybrid molecule that
accurately presents the gp41 transient pocket and the use of this hybrid in a screen for
potential anti-HIV molecules (Chapter 2 and Chapter 3). Extensive biochemical and
structural studies on other viral envelope glycoproteins imply that many diverse viruses
utilize similar mechanisms of viral entry (reviewed in Chapter 4). Thus, the methods
described for targeting the transient intermediate of gp41-mediated fusion should be
useful for combating many diverse viruses.
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CHAPTER 1

INTRODUCTION: INHIBITING HIV-1 INFECTION



In the early 1980’s, modern science was confronted by a serious health threat, the
human immunodeficiency virus (HIV). In 1983 HIV was determined to cause acquired
immune deficiency syndrome (AIDS), a newly identified condition in which patients with
compromised immune systems developed rare illnesses such as Pneumocystis carinii
pneumonia and Kaposi’s sarcoma. Quickly, the HIV virus began to endanger world
health, even in the face of rapid drug discovery fueled by powerful scientific tools. Now,
less than twenty years after the discovery of the virus, there are approximately 33.6
million people infected with HIV, corresponding to one HIV-positive person for every
200 people in the world. In 1999, a new person was infected with the HIV virus every
six seconds. Safe, effective HIV prevention and treatment is drastically needed.

HIV-1 Virion

HIV belongs to the retrovirus family of enveloped viruses. The virus particle
contains two copies of a single-stranded RNA genome enclosed in a nucleocapsid that is
surrounded by a lipid bilayer (Figure 1). The genome contains five essential genes (gag,
pol, env, tat and rev) and four accessory genes not required for viral replication (vif, vpr,
vpu and nef). The gag gene encodes the core structural proteins that comprise the
nucleocapsid. The pol gene encodes the essential viral enzymes, reverse transcriptase,
(RT), protease (PR) and integrase (IN). The env gene encodes the envelope protein that
is required for viral entry into the host cell. The other two essential genes (rev and tat)
encode for small proteins that do not associate with the virus particie but are required for

viral replication.

Life Cycle

Like all viruses, the HIV virus is analogous to an obligate parasite, requiring the
host cell to replicate. A cycle of viral replication is initiated when HIV attaches to the
host cell via its envelope protein and cell-surface receptors (Figure 2). The lipid bilayers
of the virus and the host cell fuse, releasing the viral nucleocapsid into the cell.
Following partial uncoating of the particle, the viral RNA genome is reverse transcribed
to DNA. Then the DNA, along with attached proteins, is shuttled to the nucleus of the
cell to integrate into the host’s DNA. The host cell machinery transcribes the viral
genome along with its own genome. The resultant viral mMRNAs (both full-length and
processed) are moved to the cytoplasm. The processed transcripts serve as templates for



the translation of viral proteins. The viral proteins and the full-length RNA assemble into
intact virions and bud from the cell.

Drug Discovery

Luckily, at the time of the discovery of the HIV virus, there was already extensive
knowledge in the retrovirology field, allowing a rational drug development approach.
The most obvious way to combat the virus was to attack its life cycle. Almost
immediately, essential HIV enzymes were utilized as targets for anti-viral therapy.

The first line of attack was inhibiting the HIV reverse transcriptase (RT). RT had
been identified as an essential component of the retrovirus particle in 1970. It uses the
RNA genome as a template for DNA synthesis, hydrolyzes the RNA portion of the
resultant RNA/DNA hybrid moiecule, and synthesizes the remaining DNA strand. Since
reverse transcriptase is not found in humans, it is & promising target unique to the
invading virus. Nucleoside analogs wer= immediately pinpointed as potential reverse
transcriptase inhibitors. These analogs are competitive inhibitors for the nucleoside
triphosphate binding site and terminate chain elongation. Prior to the discovery of HIV,
nucleoside analogs had been studied for cancer and anti-viral therapy. Therefore, several
companies already possessed reasonably extensive libraries of nucleoside analogs, and
these libraries were then screened for the ability to inhibit HIV replication. The first anti-
HIV drug to be discovered was the nucleoside analog 3’-azidothymidine (AZT), and it
was approved by the Food and Drug Administration (FDA) for anti-HIV therapy just four
short years after the discovery of the virus (Figure 3). Currently there are six nucleoside
analog RT inhibitors approved by the FDA for HIV treatment.

Unfortunately, because of their ability to serve as DNA synthesis inhibitors in
general, nucleoside analogs are often riddled with toxic side effects. Therefore, efforts
have increasingly focused on targeting RT with non-nucleoside analogs. By screening
chemical libraries in viral replication assays or in in vitro reverse transcriptase assays,
structuraily distinct molecules were identified which are noncompetitive inhibitors of RT.
Although over thirty different structural classes of non-nucleoside reverse transcriptase
inhibitors (NNRTIs) have been identified, they each appear to bind the sarne region on
RT, a pocket distinct from, but near to, the nucleoside-binding active site. They also each
conform to a similar geometry when bound to the pocket (Figure 4). The availability of
many high-resolution structures of NNRTIs bound to RT opens the door to the design of



more potent inhibitors. There are currently three NNRTIs approved by the FDA for HIV
therapy.

The second line of attack in anti-HIV drug development was HIV-1 protease
(PR). PR is an aspartic protease which autocatalyzes the cleavage of the Gag/Pol
polyprotein and then clips the Gag protein, creating the mature viral enzymes and
structural proteins. In 1988 PR was identified as a potential therapeutic target: PR with
mutations at the active-site aspartate residues caused the production of non-infectious
immature viral particles. The discovery that HIV-1 PR, in contrast to other proteases,
cleaves the amide bond of proline when preceded and followed by a hydrophobic residue
such as tyrosine, led to the design of peptide-derived transition state mimetics that would
preferentially bind to HIV-1 protease over other cellular proteases. At this point, the
story of the design of effective inhibitors took a more modern turn. As the design of
transition-state mimetic inhibitors progressed, many high-resolution x-ray crystal
structures of HIV-1 PR both complexed with inhibitors and unbound were solved. The
atomic resolution structures facilitated the use of structure-assisted design, such as
molecular modeling. These techniques improved the potency of peptido-mimetic
compounds, and also allowed structural design of non-peptide-derived compounds.
Ultimately the process of PR inhibitor discovery involved multiple steps: initial design,
structural determination, design modification and appropriate clinical assays. Often there
were numerous intermediate potential inhibitors before the final molecule was identified.
For example, at least 150 compounds preceded the final design of Indinavir, an FDA-
approved PR inhibitor. Ultimately, this multistep, rational process led to the discovery of
many high potency inhibitors, and there are now six FDA-approved PR inhibitors.

Despite the rapid discovery of drugs that target the essential HIV enzymes, these
drugs are unable to control or eradicate HIV infection. Viral turnover is very fast, and the
reverse transcriptase lacks proofreading ability. These two circumstances allow the virus
to rapidly mutate and easily avoid the drugs. Indeed, the HIV virus has a 65-fold faster
mutation rate than the influenza virus, and emergent viruses often dominate several
weeks after exposure to a single anti-RT or anti-PR molecule. To combat the viral
evasion, the available drugs have been administered in combination. This type of
treatment, called “combination drug therapy”, has been much more effective than
treatment with a single agent. Unfortunately, some patients are intolerant of such
therapies, and some of those that are tolerant are starting to develop long-term adverse
effects. Therefore, there is still a strong need for new avenues of combating H1V.



Additional drugs, especially those that are less susceptible to viral emergence and are less
toxic, are highly desirable. In order to identify more compounds, scientists will have to
be increasingly inventive in their drug targeting strategies.

gp41

The therapies described above target the virus after it has gained admittance to the
cell. It would be useful if an inhibitor could be designed that stops the virus from getting
into the host cell in the first place. Recently, evidence has been mounting that this will be
possible.

The envelope protein on the surface of the virus mediates viral entry into the cell.
It is composed of two subunits, a surface subunit called gp120, and a transmembrane
subunit called gp41. The two subunits are produced from a single precursor that is
proteolytically cleaved by a cellular convertase. After cleavage, the two subunits remain
noncovalently associated. gp120 facilitates attachment to the host cell by binding to
specific receptors, and gp41 mediates the fusion of the viral and cellular membranes.
Recently, structural and biochemical studies on gp41 have identified it as a viable
therapeutic target. If gp41 could be successfully targeted, the fusion of the viral and
cellular membranes, and therefore the viral life cycle, could be halted.

HIV-1 gp41 is anchored in the viral membrane via a hydrophobic transmembrane
domain. The ectodomain contains an N-terminal hydrophobic region termed the fusion
peptide, which is required for membrane fusion, and two predicted helical regions. As in
the thoroughly studied influenza virus fusion protein, hemagglutinin (HA), HIV gp41
appears to proceed through conformational transitions leading to membrane fusion.
These conformational changes are triggered by the bincing of gp120 to the host cell
receptor (CD4) and co-receptor (one of a family of seven transmembrane domain

chemokine receptors).

After gp120 binds to the host cell, but before membrane fusion occurs, there
appears to be an intermediate structure of gp41, in which the transmembrane domain is
anchored in the viral membrane and the fusion peptide domain is anchored in the host
cell membrane. Particular regions of gp41 that are hidden both before and after this stage
are accessible. gp41-derived peptides with inhibitory activity seem to target this
intermediate, verifying its potential as a possible drug target.
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Vaccine Development

This chapter has described efforts of combating HIV with drug therapy.
However, the majority of HIV-infected individuals are located in developing countries,
where the expense of drug therapy makes it an impossible option for the control of the
virus. The only way to truly sequester the growing numbers of HIV infections would be
with an inexpensive preventive therapy, such as a vaccine. The traditional method of
vaccination, using killed or attenuated viruses, has been unsuccessful with HIV. These
vaccines either are incapable of offering protection against a viral challenge or, in
extreme cases, eventually lead to disease. The HIV virus, a master of disguise, can avoid
the host’s immune system like it avoids anti-viral drugs.

Just as for drug development, inventive strategies are required to design an
effective HIV vaccine. Many of these strategies have focused on gp120, since this is the
first viral protein the host immune system encounters. gpl20, similar to RT and PR, is a
difficult target. It is highly glycosylated, and the exposed epitopes are extremely variable
between viral strains. It is feasible that the gp41 intermediate could be a useful
component of a unique vaccine strategy, if it could be properly displayed to the host’s

immune system.

Purpcse

The HIV-1 virus has eluded eradication by drug therapy approaches and vaccine
development. Recent evidence suggests that a conformation of gp41 that predominates
only transiently during the viral infection process is a viable target for drug development
and possible vaccine efforts. This thesis describes the design of a hybrid peptide
molecule that accurately represents a portion of the transient gp41 structure and efforts to
target this molecule for anti-HIV therapy (Chapter 3). Chapter 2, while seemingly
divergent, discusses an essential component of the designed hybrid molecule. The
concluding chapter of the thesis reviews the current knowledge of enveloped virus
membrane fusion and inhibition, and therefore places the significance of the work from
the previous chapters in proper context.
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Figure 1. HIV-1 virion.

Schematic representation of the HIV-1 virion. The locations of the labeled molecules are
approximate. The labeled proteins are the preducts of the gag, pol, and env genes.
Products of the gag gene are capsid, matrix, and nucleocapsid. The products of the pol
gene are reverse transcriptase, protease and integrase. The env products are gp41 and

gpl120.
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Figure 2. The HIV-1 viral life cycle.

Representation of one round of HIV-1 infection. To begin a round of infection, the HIV
env protein interacts with host cell receptors, CD4 and a seven transmembrane domain
chemokine receptor. Subsequently the viral and cellular membranes fuse, releasing the
capsid containing the HIV genome into the cell. Then, the capsid particle dissociates and
reverse transcriptase uses the single-stranded RNA genome as a template to produce
double stranded DNA. The DNA is then shuttled to the nucleus and integrated into the
host’s genome. The HIV genome is transcribed along with the host’s DNA. The full-
length and spliced transcripts are transported back to the cytoplasm. Viral proteins are
synthesized by the host’s translation‘machinery. Viral particles assemble and bud from
the host cell membrane. Following budding, the viral protease activity leads to a mature
virus particle.
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Figure 3. AZT, the first HIV-1 reverse transcriptase inhibitor.

A representation of the structure of AZT, an FDA-approved anti-HIV drug. AZT is a
nucleoside analog, and competes with thymidine (shown on the right) as a substrate for
HIV-1 reverse transcriptase. AZT lacks a 3’ hydroxyl, and therefore serves as a chain
terminator during DNA synthesis.
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Figure 4. Non-nucleoside reverse transcriptase inhibitors.

A. Representation of the structures of two-FDA approved non-nucleoside analog reverse
transcriptase inhibitors (NNRTIs): nevirapine and delavirdine.

B. The x-ray crystal structures of nevirapine and delavirdine bound to HIV-1 reverse
transcriptase (RT). The two structures were overlaid by the alpha carbons of the reverse
transcriptase. The secondary structure of RT is depicted in green. Nevirapine is depicted
in blue and delavirdine is in yellow. Both inhibitors, although structurally distinct,
occupy the same binding site and have the same general “butterfly” conformation.
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Figure 5. An FDA-approved protease inhibitor.

A. Representation of the structure of nelfinavir, an FDA-approved, non-peptidic protease
inhibitor.

B. The high-resolution x-ray crystal structure of nelfinavir (yellow) bound to the active

site of HIV-1 protease. One subunit of the protease dimer is colored purple, the other
turquoise. The side chains of the active-site apartic acids are shown.
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CHAPTER 2

CRYSTAL STRUCTURE OF GCN4-pl,I, A TRIMERIC COILED COIL WITH
BURIED POLAR RESIDUES

24



Several people contributed to the work described in Chapter 2. Peptide synthesis
was performed by Mike Burgess and James Pang. The circular dichroism and
sedimentation studies were performed by me. Both Vladimir Malashkevich and I

contributed equally to the x-ray crystallographic analysis.
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SUMMARY

Coiled coils consist of two or more o-helices wrapped around each other with a
superhelical twist. Hydrophobic amino-acid residues packed in a “knobs-into-holes”
arrangement form the interfaces between helices of a coiled coil. Most naturally
occurring coiled coils, however, also contain buried polar residues, as do the cores of the
majority of naturally occurring globular proteins. Two common buried polar residues in
both dimeric and trimeric coiled coils are asparagine and glutamine. In dimeric coiled
coils, buried asparagines, but not glutamines, have been shown to confer specificity of
oligomerization. We have placed a glutamine in the otherwise hydrophobic interior of a
stable trimeric coiled coil, GCN4-plI, to study the effect of this buried polar residue in a
trimeric coiled-coil environment. The resulting peptide, GCN4-plgl, is a discrete,
trimeric coiled coil with a lower stability than GCN4-pli. The crystal structure
determined to 1.8 A shows that GCN4-pIql is a trimeric coiled coil with a chloride ion

coordinated by one buried glutamine from each monomer.

Keywords : coiled coil; GCN4; buried polar residues; crystallography; ion binding
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The coiled coil is a protein structural motif consisting of two to five a-helices
wrapped around each other with a superhelical twist (Cohen & Parry, 1990;
Malashkevich et al., 1996). The fold of a coiled coil is determined by a simple pattern of
amino acids, in which there is a characteristic heptad repeat designated by the letters a
through g (McLachlan & Stewart, 1975). The first and fourth positions of the repeat, the
a and d positions respectively, form the interior of the interacting strands of the coiled
coil and are generally hydrophobic (Berger et al., 1995; Hodges et al., 1972; Lupas et al.,
1991; McLachlan & Stewart, 1975; Parry, 1982). Nevertheless, most coiled coils also
contain polar residues at some of the a and d positions (Parry, 1982; Woolfson & Alber,
1995). Interestingly, buried polar residues are also a common feature of naturally
occurring globular proteins (Barlow & Thornton, 1983; Rashin & Honig, 1984), even
though it is energetically unfavorable to sequester a polar residue in a hydrophobic
protein core (Harbury et al., 1993; Hendsch et al., 1996; Lumb & Kim, 1995; Sauer &
Lim, 1992).

Buried polar residues have been shown to contribute to the specificity of the
protein fold at the expense of stability in the GCN4 coiled-coil model system (Harbury et
al., 1993). GCN4-pl, a dimeric peptide model of the coiled-coil domain of the yeast
transcription activator, GCN4 (O'Shea et al., 1989), contains an asparagine in an a
position that forms hydrogen bonds with the corresponding asparagine in the other
subunit of the homodimer (O'Shea et al., 1991). When this asparagine is replaced with
valine, the coiled coil becomes more stable, but oligomerization specificity is lost, as both
dimers and trimers are formed (Harbury et al., 1993).

In a designed heterodimeric coiled coil, "Peptide Velcro," a buried asparagine
promotes specificity of both helix orientation and oligomerization state. "Peptide Velcro"
has a buried asparagine in an a position and forms a parallel heterodimer (O'Shea et al.,
1993). When the asparagine is mutated to leucine, heterotetrame.s with both parallel and
anti-parallel helix orientation are formed (Lumb & Kim, 1995). Presumably, an anti-
parallel orientation is disfavored in "Peptide Velcro" because the polar asparagine
sidechains would be buried in an apolar environment, and their hydrogen bonding
potential would be unfulfilled. Indeed, it has been found recently that an anti-parallel
orientation can be promoted by repositioning the asparagine residues in "Peptide Velcro"
(Oakley & Kim, 1998).
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Another common polar residue found in the interior of coiled coils is glutamine.
Nonetheless, when the asparagine of the dimeric GCN4-p1 is changed to glutamine,
oligomeric specificity is lost, and a mixture of dimers and trimers is formed (Gonzalez Jr.
et al., 1996). Although glutamine, in the GCN4-pl backbone, does not specify a discrete
oligomeric state, there is a strong preference for glutamine in coiled-coil trimers;
glutamine is found approximately three times more frequently than asparagine in the a
position (Wolf et al., 1997, Woolfson & Alber, 1995). Because of its predominance in
naturally occurring coiled-coil trimers, we investigated the effect of burying a glutamine
in the hydrophobic core of a well-characterized, trimeric version of the GCN4 coiled coil.

The oligomeric state of a coiled coil is determined by both the hydrophobic and
polar residues in the a and d positions. In GCN4-p1, the oligomeric state can be altered
by substituting other hydrophobic residues at the a and d positions (Harbury et al., 1993).
For example, when all the a and d positions are changed to isoleucine, the peptide folds
into an extremely stable, discretely trimeric state (Harbury et al., 1994; Harbury et al.,
1993). This peptide, GCN4-plI, provides the backbone for the current studies. We

inserted a glutamine into the interior of GCN4-plI at position 16, an a position. The
resulting peptide, GCN4-plg], has seven isoleucines and one glutamine in the core. A

helical wheel projection of GCN4-plql is shown in Figure 1.

As determined by circular dichroism, GCN4-plgl has greater than 90 percent
helix content in PBS pH 7.0, 4°C. At a concentration of 10 uM, GCN4-pIgl undergoes a
reversible, cooperative thermal unfolding transition with a midpoint of 68°C, as
compared to a midpoint exceeding 100°C for GCN4-plI at the same concentration (Figure
2). Sedimentation equilibrium experiments indicate that GCN4-pIgl exists in a discretely
trimeric state across a concentration range from 10 uM to 100 uM (Figure 3). Therefore,
the introduction of buried glutamine residues into the core of the trimeric coiled coil does
not alter the oligomeric state of the coiled coil but does cause a decrease in stability. In
order to determine if there were any structural perturbations not detectable by the above
experiments, GCN4-plql was crystallized, and its structure was determined to 1.8 A

resolution.

The crystals of GCN4-plgl belong to the space group P321, and contain a
monomer in the asymmetric unit, with the trimer formed around the crystallographic
three- fold axis. An initial model was determined by molecular replacement methods
(Navaza, 1994) using GCN4-plI (Ile16Ala) as the search model. The identical solution
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was revealed when a poly-alanine version of GCN4-pll was used as the search model.

The glutamine side chain was added after the first round of refinement, as its electron
density was apparent in a 2Fo-F¢c map. The structure was refined to a crys.allographic R-

factor of 21.1% with an Rfree of 23.6% (Briinger, 1996) over a resolution range of 20.0
to 1.8 A. The final model consists of 31 amino acid residues and incorporates 47 waters
molecules and a chloride ion, which is located on the crystallographic three-fold axis.
The model exhibits excellent geometry as determined by PROCHECK (Laskowski et al.,
1993). Since molecular replacement methods can cause the final model to be biased by
the search model, the final model was verified by simulated-annealing omit maps. The
details of crystal growth, data collection, molecular replacement, and refinement are in
the legend to Table 1.

GCN4-plgl, like GCN4-plI, forms a trimeric, parallel coiled coil with a left-

handed superhelical twist (Figure 4). The width of the trimer is ~24 A and the length is
~47 A. The isoleucine residues at the core positions show the characteristic "knobs-into-
holes" packing (Crick, 1953), in the "acute” mode (Harbury et al., 1993), as seen in the
crystal structure of GCN4-plI (Harbury et al., 1994). Interhelical electrostatic
interactions are formed between the residues in the g position of one heptad (gn) and the

residues in the e position of the following heptad in the neighboring strard of the coiled
coil (e'n+1), a trait common to coiled-coil structures. All three of the possible interhelical
ionic interactions per monomer (between residues Argl and Glu6', Lys15 and Glu20', and
Glu22 and Lys27') are visible in the final model. The high B-factors, however, of the
Lys15 N¢ atom and Glu20 Og atoms (~37 A2 55 compared to an average B factor for the
model of 29 A2) imply that these residues are flexible. Structural superposition of the
final model of GCN4-pIgI and the crystal structure of GCN4-plI results in a root mean
square deviation (r.m.s.d.) of 0.82 A for Cy atoms, with the largest deviations occurring
at the ends of the helices. The r.m.s.d. using only the Cq atoms of the two models

without three residues on each end of each helix is 0.35 A, indicating that the 116Q
mutation has a very minor effect on the overall structure of the trimeric coiled coil.

During refinement, a strong spherical peak of electron density appeared on the
coiled-coil trimer axis near GIn16 (Figure 4b). This peak is modeled as a chloride ion,
present in the crystallization buffer, for two reasons. First, modeling this peak as a water
molecule resulted in an anomalously low individual B factor value of 8 A2 as compared
with a value of 31 A2 for the interacting Og] atom of GIn 16, when the Og] atom of the
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glutamine was facing into the center of the coiled coil, and an individual B factor value of
2 A2 as compared to 19 A2 for the Ng2 atom, when the Ng2 atom is facing in. In
contrast, the B-factor of the modeled chloride ion, 24.4 A2 is quite close to the 24.9 A2
B-factor of the interacting Ng2 atom of GIn16. Second, the distance between the initially
modeled water molecule and the interacting atom of Gln 16 (Og] or Ng2) was too long

(> 3.2 A) for optimal hydrogen bonding. The refined distance between the chloride ion
and the Ng2 atom of the glutamine is 3.35 A, compared to the sum of the van der Waals

radii for NH4+ and CI- of 3.24 A (Weast, 1980). This distance is also consistent with
NHj3 to CI- distances previously observed crystallographically in coiled coils (Fass et al.,
1996; Malashkevich et al., 1996). In the trimeric coiled coil from the ectodomain of
Moloney murine leukemia virus, a chloride ion is coordinated by three asparagines (Fass
et al., 1996). The structure of the designed ABC heterotrimer (Nautiyal et al., 1995),
which has a core similar to that in GCN4-plgl, has recently been solved to 1.8 A and also
shows a chloride ion coordinated by the buried glutamines (S. Nautiyal and T. Alber, in
press). Based on these results, it seems likely that anion binding is a common feature of
trimeric coiled coils with buried polar residues. Nonetheless, several other crystal
structures of trimeric coiled coil domains containing buried glutamine residues, including
the HIV gp41 core (Chan et al., 1997; Tan et al., 1997; Weissenhorn et al., 1997b) , the
SIV gp41 core (Malashkevich et al., 1998), and a GCN4 variant (Gonzalez Jr. et al.,
1996), do not indicate chloride binding.

GCN4-plgl should serve as a valuable addition to the repertoire of coiled coils
being used to assemble soluble domains of membrane proteins for structural and
functional studies. There are many examples where dimeric coiled coils have been used
for this purpose (Chang et al., 1994; Cochran & Kim, 1996; Kalandadze et al., 1996;
Muir et al., 1994). For example, "Peptide Velcro" was used to replace the
transmembrane domain of the T-cell receptor (TCR) in order to express soluble 0. TCR
extracellular domains (Chang et al., 1994). Because many of the membrane-fusion
proteins of viruses are trimeric (Allison et al., 1995; Blacklow et al., 1995; Fass & Kim,
1995; Lu et al., 1995; Weicsenhorn et al., 1998; Wilson et al., 1981), GCN4-plgl will be
a useful tool for constructing soluble domains aimed at understanding viral membrane
fusion. A potential concern in fusing stable coiled coils to other protein domains is that
the native structure of the soluble domain could be distorted by the attached coiled coil.
Indeed, the conformation of the cytoplasmic signaling domain of the Eschericia coli
aspartate receptor, and therefore the extent of activation of the soluble model of the
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receptor, can be altered by the length of the linker between that domain and the attached
dimeric coiled coil (Cochran & Kim, 1996). GCN4-plI has already been utilized for

constructing peptide models of trimeric membrane proteins (Weissenhorn et al., 1997a;
Weissenhorn et al., 1998), but the lower stability of GCN4-pIgl makes it less likely to

impose structure on the attached domain.

The coordinates for the GCN4-plql structure have becn deposited in the

Brookhaven Protein Data Bank (accession code #1piq).
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FIGURE 1: Helical wheel representation of the GCN4-plql trimer. Residues in the first

heptad, corresponding to the first two helical turns, are circled. The positions in the
heptad repeat are labeled in lower case letters. The boxed residue indicates the Iie16Gln
mutation from GCN4-plI to GCN4-plgl. Dashed lines from one subunit to another
represent the potential salt bridges that characteristically form between the g residue of
one heptad (gn) and the e residue of the next heptad in the neighboring strand (e'n+1).
The sequence of GCN4-plql is Ac-RMKQJEDKIEEILSKQYH]ENEIARIKKLIGER ,
with a positions singly underlined and d positions doubly underlined. GCN4-plql was
synthesized by solid phase FMOC peptide synthesis as described previously (Lockhart &
Kim, 1992). After cleavage from the resin, the peptide was desalted over a Sephadex G-
25 column (Pharmacia) in 5% acetic acid. Following lyophilization, the peptide was
resuspended in 5% acetic acid and purified by reverse-phase high performance liquid
chromatography (Waters, Inc.) using a Vydac C18 preparative column and a
water/acetonitrile gradient with 0.1% trifluoroacetic acid. The peptide elutes at
approximately 36% acetonitrile. The identity of the peptide was confirmed by MALDI-
TOF mass spectrometry on a Voyager Elite mass spectrometer (PerSeptive Biosystems).
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FIGURE 2: Thermal denaturation experiments of GCN4-plqI at 10 uM, monitored by
circular dichroism, show that it undergoes a reversible cooperative unfolding transition
upon heating, with a midpoint of 68°C. The midpoint for GCN4-plI at the same
concentration exceeds 100°C. Experiments were performed on an Aviv 62A DS circular
dichroism spectrometer. Measurements at 222 nm were performed on 10 UM solutions
of peptides in PBS, pH 7.0, in a 10 mm path length cuvette. Samples were heated from
4°C to 84°C, with equilibration times of 1.5 minutes and averaging times of sixty
seconds. To obtain a 10 uM sample of the peptide, lyophilized peptide was resuspended
first to approximately 500 uM in water. The concentration of the peptide stock was
determined by tyrosine absorbance at 280 nm in 6 M GuHCl (Edelhoch, 1967), and the
stock was diluted to 10 uM in PBS.
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FIGURE 3: Sedimentation equilibrium studies of GCN4-plgl indicate that it is trimeric
across a concentration range from 10 uM to 100 uM. Representative data for 10 uM
GCN4-plgl are plotted as In(absorbance) at 231 nm against the square of the radius from
the axis of rotation divided by 2. The slope is proportional to molecular weight. Solid
lines indicate the calculated lines for the indicated oligomeric states. The deviation in the
data 1rom the line calculated for the trimeric species is plotted in the upper panel.
Sedimentation equilibrium studies were performed at 4°C on a Beckman XL-A analytical
ultracentrifuge using an An-60 Ti rotor at speeds of 28 and 32 krpm and protein
concentrations of 10 uM, 20 uM, 50 uM, and 100 uM. The protein solutions were
dialyzed overnight against PBS pH 7.0 before spinning in Beckman 6-sector ceils.
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FIGURE 4: Crystal structure of GCN4-pIgl. a. A portion of the 20.0 to 1.8 A 2F,-F,
electron density map contoured at 1.50 is superposed on the final model. The side view
of the helix covers residues 16 to 23. b. Another region of the same map, superposed on
the final model, showing the cross section of the trimer at residue 16. A chloride ion

(green sphere) is located in the center of the trimer, on the crystallographic three-fold
axis, 3.35 A from the Ng2 atom of GIn16. The Og3 atom of GIn16 forms a hydrogen

bond with a water molecule (red sphere) c. A view of the GCN4-plgl structure, looking

down the helices from the N to the C-terminus. All side chains are displayed and the
chloride is depicted as a yellow ball in the center of the trimer. GCN4-plql is a trimeric
coiled coil with three right-handed o-helices wrapped around each other in a left-handed
superhelical twist. d. A side, stereo view of GCN4-plgl. Side chains of the residues in
the a and d positions are displayed. The chloride ion is represented as a yellow ball.
Figures a and b were generated with O (Jones et al., 1991), and figures c and d were
generated with InsightII (Biosym).
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TABLE 1: GCN4-plql was crystallized at 20°C using vapor diffusion. 10 mg/ml protein

solution was mixed 1:1 with a reservoir solution containing 75 mM NaAc pH 4.5, 20 mM
MgCl2, and 23% methyl pentanediol (MPD) and equilibrated against the reservoir
solution for several days. Most of the crystals appeared as long, thin needles and
diffracted to only 3.0 A. However, crystals grown using a macroseeding protocol
(Thaller et al., 1985) diffracted to 1.8 A. Crystals belong to the space group P321 with
one monomer per asymmetric unit and solvent content of 54%. A crystal with dimensions
0.3 x 0.2 x 0.2 mm3 was flash-frozen using an X-stream cryogenic crystal cooler
(Molecular Structure Corporation, MSC, The Woodlands, Texas). Diffraction data were
collected using an Raxis I'V detector mounted on a Rigaku RU300 rotating anode
generator (MSC). The diffraction data were indexed using DENZO and scaled using
SCALEPACK (Otwinowski, 1993). Initial phases were determined by molecular
replacement using GCN4-plI (Ile16Ala) as the search model in the program AMORE
(Navaza, 1994). Interestingly, using a trimer as a search model produced an
unambiguous rotation/translation solution, whereas a search with a monomer did not.
This observation is probably due to the non-globular shape of each protomer of the coiled
coil. Given an integration radius limited to 15 A by a small unit cell volume, the trimer
provides more specific intramolecular vectors than the monomer. One monomer of the
trimeric solution was chosen as a model with which to begin refinement, since the
GCN4-plgl crystal contains one monomer per asymmetric unit. Refinement was first
performed using XPLOR (Briinger, 1996) and subsequently with CNS (Briinger ef al.,
1998). This involved an initial round of rigid body refinement and group B factor
refinement. The glutamine side chain was then built into electron density using O (Jones
etal., 1991). Additional refinement steps included rounds of simulated annealing,
positional refinement, and individual B factor refinement, as well as model rebuilding
using O. When the Rfree reached approximately 35%, water molecules were added
manually. Bulk solvent and anisotropic B-factor corrections were applied, followed by
additional positional and individual B factor refinement. The final structure was verified
using simulated annealing omit maps, omitting one residue at a time and heating the
structure to 1000 K before cooling. The R-factor for the final model is 21.1% with an
Rfree of 23.6%. According to PROCHECK (Laskowski et al., 1993), all bond lengths
and angles are good, and all residues lie within the most preferred region of the
Ramachandran plot for o-helices.
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Table 1. Data Processing and refinement statistics

Space group P321
Cell constants (A) a=b=39.66
c=47.47
o=f=90
=120
Rmerge? (%) 3.6
Multiplicity 6.7
Completeness (%) 94.9
No. of reflections (working/free) 3652/376
Reryst? (20.0-1.8 A) (%) 21.1
RereeP (20.0-1.8 A) (%) 23.6
Average B-factor (A2) 29.0
r.m.s. standard deviations from target values
Bond length (A) 0.011
Bond angles (°) 1.2
Dihedrals (°) 144

aRmergc = L3jlIj - <I>V/ZI<I>I, where Ij is the intensity measurement for reflection j and
<I> is the mean intensity for multiply recorded reflections.

bReryst, free = ZFobs! - IFcalcll/EiFqpsl, where the crystallographic and free R factors are
calculated using the working and test reflection sets, respectively. The test reflections
included 10% of the total reflections, which were chosen before refinement of the initial

model and were not used during refinement.
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CHAPTER 3

INHIBITING HIV-1 ENTRY: DISCOVERY OF D-PEPTIDE INHIBITORS
THAT TARGET THE GP41 COILED-COIL POCKET
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The work described in Chapter 3 was a collaborative effort. Michael Burgess,
James Pang and Ben Sanford provided peptide synthesis services. I designed and
characterized IQN17 biophysically as well as performed the mirror-image phage display
experiments. The syncytia assays were performed by me, and the infectivity assays were
performed by Heng Chhay under my supervision. IQN17 and D10-pl were crystallized
by Lily Hong under my supervision. Lily and I soaked the crystals to obtain a heavy
metal derivative. Vladimir Malashkevich and I contributed equally to early molecular
replacement efforts to solve the x-ray crystal structure. I collected the MAD diffraction
data that Vladimir used to obtain the final electron density map. Peter Carr and I
collaboratively obtained the 1D NMR data, and Peter performed all of the 2D NMR data
himself.
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ABSTRACT

The HIV-1 gp41 protein promotes viral entry by mediating the fusion of viral and cellular
membranes. A prominent hydrophobic pocket on the surface of a central trimeric coiled
coil within gp41 was previously identified as an attractive potential target for drugs that
inhibit HIV-1 entry into cells. However, identification of pocket-binding molecules has
been problematic because this region is only transiently exposed during the viral infection
process, and the corresponding peptide fragments of gp41 aggregate. We have designed
and constructed a non-aggregating peptide, IQN17, which properly presents this pocket.
Utilizing IQN17 and the mirror-image phage-display method, we have identified cyclic,
D-peptide inhibitors of HIV-1 infection which share a sequence motif. A 1.5A co-crystal
structure of IQN17 in complex with a D-peptide, and subsequent NMR studies, show that
conserved residues of these inhibitors make intimate contact with the gp41 pocket. Our
studies provide validation of the pocket per se as a target for drug development. IQN17
and these D-peptide inhibitors are likely to be useful for the development and
identification of a new class of orally bioavailable anti-HIV drugs.
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INTRODUCTION

Currently, anti-HIV-1 combination drug therapy only targets HIV-1 protease and
reverse transcriptase. Recently, there has been an influx of structural and functional
information on the HIV-1 membrane-fusion process (Berger et al., 1999; Chan and Kim,
1998; Kwong et al., 1998; and references therein). These studies have raised hopes that
viral entry is another part of the HIV-1 life cycle that can be successfully inhibited.

Infection of cells by HIV-1 requires fusion of the cellular and viral membranes, a
process mediated by the viral envelope glycoprotein complex (gp120/gp41) and cell-
surface receptors on the target cell. A working model for this entry process (Figure 1)
involves multiple steps that have been delineated through numerous studies (review,
Chan and Kim, 1998). Binding of gp120/gp41 to cellular receptors (CD4 and a
chemokine co-receptor such as CCR-5 or CXCR-4) induces a conformational change in
the envelope glycoprotein. A transient species results, termed the pre-hairpin
intermediate, in which gp41 exists as a membrane protein simultaneously in both the viral
and cellular membranes (Chan and Kim, 1998; Furuta et al., 1998; Jones et al., 1998;
Munoz-Barroso et al., 1998). The pre-hairpin intermediate resolves to a trimer-of-
hairpins structure that likely represents the fusion-active state of gp41 (Lu et al., 1995;
Blacklow et al., 1995) as seen in the X-ray crystal structuré of aprotease-resistant core of
gp41 (Chan et al., 1997; Weissenhorn et al., 1997; Tan et al., 1997). It is unclear whether
hairpin formation occurs before, or simultaneously with, the actual fusion of the two
bilayers.

The trimer-cf-hairpins structure is a common feature of diverse viral membrane
fusion proteins (Singh et al., 1999, and references therein). In gp41, a central three-
stranded coiled coil (formed by the N-terminal regions of gp41) is surrounded by helices
derived from the C-terminal end of the gp41 ectodomains, packed in an antiparallel
manner around the outside of the coiled coil (Figure 1, inset). Peptides corresponding to
these regions of gp41 are referred to as N-peptides and C-peptides, respectively.

Synthetic C-peptides are potent inhibitors of HIV-1 infection. These inhibitors,
such as C34 or DP178 (see Figure 1 legend), inhibit HIV-1 infection and syncytia
formation at nanomolar concentrations in cell culture experiments (Jiang et al., 1993;
Wild et al., 1994; Lu et al., 1995; Chan et al., 1998; Rimsky et al., 1998). There is
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substantial evidence to indicate (see Discussion) that C-peptides act in a dominant-
negative manner (Herskowitz, 1987) by binding to the transiently exposed coiled-coil N-
peptide region in the pre-hairpin intermediate (Figure 1).

A phase I clinical trial showed that DP178 (recently renamed T-20) has an anti-
viral effect when injected into infected individuals (Kilby et al., 1998). This result
provides compelling evidence that the pre-hairpin intermediate is a useful target for anti-
HIV therapy in humans. However, very large amounts of T-20 (~200mg/day) are
required to observe an anti-viral effect, whereas nanomolar concentrations are efficacious
in cell culture. Thus, bioavailability issues, presumably including rapid proteolytic
degradation, need to be addressed before C-peptides can be widely used as therapeutic
agents.

It would be highly desirable if an orally bioavailable drug could be identified that
prevents HIV-1 entry by binding to the pre-hairpin intermediate of gp41. There are many
hurdles to the development of orally bioavailable drugs. A major issue is that oral
bioavailability generally requires a molecular weight of less than 1000 daltons. (In
comparison, T-20 and C34 have molecular weights greater than 4000 daltons). Based on
the crystal structure of the gp41 core, the pre-hairpin intermediate is expected to contain
three prominent, symmetry-related pockets on the surface of the central trimeric coiled
coil (Figure 1). Each pocket has an internal volume of roughly 400A” and could be filled
by a molecule with a molecular weight of approximately 500 daltons, raising the
possibility that it could be targeted by small-molecule drugs.

For several additional reasons, these gp41 pockets are expected to be attractive
drug targets (Chan et al., 1997; Chan et al., 1998). (i) Mutagenesis studies indicate that
the N-peptide residues forming the pocket are critical for membrane fusion (Cao et al.,
1993; Chen et al., 1993; Dubay et al., 1992; Weng and Weiss, 1998; Wild et al., 1994;
D.C. Chan and P.S.K., unpublished results). (ii) Studies of C34 variants show that C34
inhibitory activity depends on its ability to bind te the pocket (Chan et al., 1998). (iii)
Therapeutic agents that target this pocket would likely be relatively elusive to the
emergence of resisiant viral strains because: (a) residues compri;sing.this region are
highly conserved among HIV-1 isolates (see Figure 1 legend) and (b) the segment of
mRNA encoding these residues is part of the structured RNA region of the Rev-
responsive element (RRE) that is important for Rev response (Malim et al., 1989; Zapp
and Green, 1989). Indeed, C-peptides that do not contain pocket-binding residues, such
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as T-20, are more vulnerable to the emergence of resistant virus than are C-peptides that
contain pocket-binding residues, such as T649 (Rimsky et al., 1998).

Despite the expectation that the pocket is a promising drug target, there is no
direct evidence that molecules binding solely to the pocket (i.e., and not simultaneously
to other regions of the gp41 coiled coil) can inhibit HIV-1 infection. It would therefore
be desirable to screen a library of compounds for their pocket-binding ability. The
obvious target for such screens is the N-peptide region that comprises the central trimeric
coiled coil of the gp41 crystal structure. Unfortunately, in the absence of C-peptides, N-
peptides aggregate (Lu and Kim, 1997; Lu et al., 1995, and references therein),
presumably due to the hydrophobic nature of the grooves into which the C-helices pack.
A more soluble, but accurate representation of the pocket is required for drug screening.
We have overcome the aggregation problem by fusing the corresponding gp41 residues to
a soluble trimeric coiled coil. The resulting peptide, IQN17, is expected to properly
display the pocket of gp41, and thus should be useful for the discovery of compounds that
inhibit HIV-1 entry.

Indeed, we have used IQN17 and a previously developed mirror-image phage
display method (Schumacher et al., 1996) to identify peptides composed of D-amino
acids (which are therefore insensitive to proteolytic degradation) that bind to the
hydrophobic pocket of gp41, as shown in NMR studies and a 1.5A X-ray co-crystal
structure. These D-peptides inhibit gp41-mediated cell-cell fusion and HIV-1 infection,
providing validation of the pocket as a target for drug development. The D-peptides may
also serve as therapeutic or prophylactic agents, or as leads for the development of such
agents, for combating HIV infection. Finally, as pocket-binding molecules, the D-
peptides can be used in competitive screens to identify small-molecule drug candidates
with similar inhibitory capabilities.
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RESULTS

ION17

Our focus is on the hydrophobic pocket of the N-peptide coiled-coil region of
gp41 (Figure 1, inset). A small molecule that binds to this pocket might be expected to
act in a dominant-negative manner, analogous to the synthetic C-peptides, inhibiting
formation of the fusion-active structure. In the absence of C-peptides, N-peptides
aggregate (Lu and Kim, 1997; Lu et al., 1995, and references therein) and therefore are
not effective for screening smail molecules.

We have designed a molecule, denoted IQN17, in which a soluble trimeric coiled
coil (GCN4-pIQL; Eckert et al., 1998) is fused to the portion of the N-peptide that

comprises the gp41 hydrophobic pocket (Figure 2A). Analyses of the X-ray crystal
structures of GCN4-pIQI (Eckert et al., 1998) and the N36/C34 core of gp41 (Chan et al.,
1997) indicate that the superhelical parameters (Crick, 1953; Harbury et al., 1995) of the
two coiled coils are similar. Thus, structural perturbations resulting from creation of the
chimera are expected to be minimal.

We initially constructed a peptide in which the first 29 residues of GCN4-pIQI

were fused to the last 17 residues of N36 (there is a one residue overlap between the two
regions, making the peptide 45 residues long). This peptide did not form a specific
trimeric species as determined by sedimentation equilibrium experiments, but instead
formed higher-order aggregates (D.M.E. and P.S.K., unpublished results). We therefore
made three surface-residue mutations, which were expected to increase solubility, in the
GCN4-plQI region of the molecule (Figure 2A). The resulting peptide, IQN17, is fully
helical as demonstrated by circular dichroism spectroscopy (Figure 2B), and is a soluble
trimeric species as determined by sedimentation equilibrium experiments (Figure 2C).

Micror-I Phage Displ

D-peptides that bind to a target protein of interest can be identified through
mirror-image phage display (Figure 3A; Schumacher et al., 1996). The desired target is
synthesized chemically with D-amino acids, resulting in a product that is the mirror
image of the naturally occurring (L-amino acid) form. This D-target is then used to
screen phage expressing a peptide library on one of the phage coat proteins, yiclding
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specific phage clones with L-peptide sequerces that bind to the D-target. The mirror
images of the phage-expressed L-peptide sequences are chemically synthesized with D-
amino acids. By symmetry, these D-peptides should bind to the natural (L-amino acid)
form of the target. This technique has been used to identify D-peptides that bind to the
SH3 domain of c-Src (Schumacher et al., 1996). By using IQN17 in mirror-image phage
display, D-peptides that bind to the pocket of gp41, and are therefore potential inhibitors
of HIV-1 infection, can be identified.

The mirror image of IQN17 (denoted D-IQN17) was chemically synthesized
using D-amino acids (see Experimental Procedures). As expected, D-IQN17 has a
circular dichroism spectrum that is of opposite sign to that observed for the L-amino acid
version (D.M.E. and P.S.K., unpublished results). The N-terminus of IQN17 was
biotinylated to allow immobilization on streptavidin-coated plates for phage panning. A
three amino acid linker (Gly-Lys-Gly) containing an L-lysine was placed between the
biotin and IQN17. The L-lysine residue provided a trypsin recognition site, so that bound
phage could be eluted by addition of trypsin, rather than by a non-specific elution
procedure such as acid addition (cf. Wrighton et al., 1996).

Phage that bind to D-IQN17 might bind to any region of this target. Our interest
was to identify those phage that bind only to the gp41 pocket region. Phage that bound
specifically to D-IQN17 (i.e., not to wells that lacked the target) were therefore further
tested against a panel of molecules lacking the target pocket structure (Figure 3B). Phage
were considered to be pocket-specific if they bound to D-IQN17 but not to D-GCN4-
pIQI' or D-IQN17(G572W). D-GCN4-pIQI'is a D-amino acid version of GCN4-pIQI
that contains the same surface mutations as IQN17, and lacks the pocket residues
entirely, while D-IQN17(G572W) contains a tryptophan in the position corresponding to
Gly-572 of gp41, thereby introducing a large protrusion into the pocket.

Bacteriophage fd expressing a library of L-amino acid peptides fused to the N-
terminus of the gene-III protein were utilized. The phage-expressed peptides
(Schumacher et al., 1996) contain ten randomly encoded amino acid residues flanked by
either a cysteine or a serine on both sides (Figure 3C). After several rounds of panning,
twelve IQN17-specific phage were identified and labeled ¢10-p1 through ¢10-p12 (see
Experimental Procedures). Nine of the twelve phage clones are pocket-specific binders,
with some showing over a thousand-fold more binding to D-IQN17 than to the controls
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(Figure 3B). In addition, eight of these nine contain the consensus sequence:
CXXXXXEWXWLC (Figure 3C).

Inhibition of Membrane Fusion

D-peptides corresponding to the mirror images of the pocket-specific phage-
displayed peptides were synthesized using D-amino acids. The D-peptides are denoted
D10-p1 through D10-p12, corresponding to the mirror images of the ¢10-p1 through ¢10-
p12 sequences (for a total of nine D-peptides; three of the phage peptides were not
pocket-specific, and were therefore not studied further). The peptides (Figure 3C) were
synthesized with blocked termini (acetylated on the N-terminus and ending in a C-
terminal amide) and were oxidized to permit disulfide bond formation. In addition, two
flanking residues from the gene-III protein were included on each end of each peptide so
as to resemble more closely the peptide on the surface of the phage. To increase water
solubility of the D-peptides, many were synthesized with additional N-terminal lysines
(see Experimental Procedures). Most experiments described here were performed using
D-peptides with two N-terminal lysines (denoted with the suffix "-2K"). However, in
several of the experiments other variants were employed including those with no lysines
(for example D10-p! in the X-ray crystallography studies) and those with four lysines
(denoted with the suffix "-4K", for example, D10-p5-4K in the NMR experiments).

Cell/cell fusion assays, in which cells expressing HIV-1 envelope glycoprotein
are mixed with cells expressing CD4 and co-receptor, were performed in the presence of
these nine peptides. The eight peptides sharing the consensus sequence inhibit cell/cell
fusion with IC,, values (50% inhibitory concentration) in the micromolar concentration
range, ranging from 3.6 pM for D10-p5-2K to 130 uM for D10-p12-2K (Figure 4). The
ninth sequence was toxic to cells at comparable concentrations, and did not show
inhibitory activity at lower concentrations — it was not studied further (D.M.E. and
P.S.K., unpublished results). The D-peptides were also tested for their ability to inhibit
HIV-1 infection of cells, using a recombinant luciferase-based HIV-1 infection assay
(Chen et al., 1994). All of the peptides tested show inhibition of HIV-1 entry into cells,
again in the micromolar concentration range (Figure 4C).

In order to assess the effect of the added lysines, D-peptides with different
numbers of lysines were compared in the cell/cell fusion assay (Figure 4C). D10-p1-2K,

D10-p4-2K, and D10-p6-2K were found to have ICj, values for inhibition of cell/cell
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fusion (i.e., syncytia formation) approximately 1.5- to 2-fold higher than the respective
variants without added lysines. The ICq, values for inhibition of syncytia formation of
D10-p5-4K was approximately 1.5-fold higher than D10-p5-2K. We conclude that the
addition of N-terminal lysine residues to the D-peptides results in only a modest decrease
in inhibitory activity.

The pocket-binding phage sequences always contain cysteines in the flanking
regions (Figure 3C), even though the library contains either cysteines or serines at these
positions, strongly suggesting that an intramolecular disulfide bond is required for pocket
binding and viral inhibition by these D-peptides. To more directly address this issue, a
derivative of D10-p5-2K in which each cysteine was replaced with alanine was evaluated
in the cell/cell fusion assay. Although toxic to cells at concentrations above S0uM, this
control peptide did not noticeably inhibit syncytia formation up to this concentration
(D.M.E. and P.S.K., unpublished results). Since D10-p5-2K has an IC,, of 3.6uM
(Figure 4C) we conclude that the disulfide bond is crucial for the inhibitory activity of
these D-peptides.

Crystal Structure of the IQN17—D10-p1 Complex

We obtained diffraction-quality crystals of D10-p1 bound to IQN17 using the
hanging-drop vapor-diffusion method. The structure of the complex was solved by
multiwavelength anomalous dispersion (MAD) analysis (review, Hendrickson, 1991) of
an osmium derivative. The final structure was refined against data to 1.5A from a native
crystal to a crystallographic R-factor of 21.4% with an Ry, of 24.5% (Table 1). The
electron density map at this resclution reveals structural details of IQN17 and D10-pl
with clarity (Figure 5C). IQN17 is a continuous, regular three-stranded coiled coil
(Figure 5A). Structural superposition indicates that the overall architecture of the HIV
gp41 hydrophobic pocket in the IQN17/D10-p1 complex is almost identical to that in the
wild type HIV gp41 structure (Chan et al., 1997), with a C, RMSD of 0.65A. The
conformation of the GCN4-pIQI fraction of the molecule is also well preserved, with a C,
RMSD from the original GCN4-pIQI (Eckert et al., 1998) of 0.40A.

As anticipated from our binding studies (Figure 3B), D10-p1 is bound only to the
gp41 region of IQN17 (Figures 5A and 5B). A disulfide bond in D10-p1 between Cys-3
and Cys-14 results in a somewhal circular overall structure. Two segments of this D-
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peptide, Ala-2 to Ala-5, and Ala-11 to Ala-16, form short left-handed a-helices, and the
residues between these two segments form a loop. Two of the loop residues (Arg-8 and
Glu-9) are also in a left-handed helical conformation. The longer (C-terminal) helical
segment of D10-p1 binds the gp41 pocket of IQN17 in an oblique manner, at a similar
angle to the packing of the HIV C34 helix against the N36 peptide coiled coil (Chan et
al., 1997). In a superposition of the two crystal structures, the overall positions of the
D10-p1 and C34 helices closely overlap, but the orientations of most sidechains are
significantly different, owing to the opposite handedness of the inhibitors (Figure 6).

Of the sixteen residues in D10-p1, only six interact directly with the gp41 pocket
of IQN17 (Figure 5B). These residues are either part of the conserved EWXWL
sequence (Trp-10, Trp-12, and Leu-13) or invariant from the original flanking phage
sequence (Gly-1, Ala-2, and Ala-16). The side chains of Trp-10, Trp-12, Leu-13, and
Ala-16 are deeply buried in the hydrophobic pocket of IQN17. Gly-1 and Ala-2 are not
deeply buried but also contact the indole group of Trp-571 in the pocket. (For the gp41-
derived residues of IQN17, we use the residue numbers corresponding to those in the
HXB2 strain of HIV-1 gp160.) Although the interface between D10-pl and IQN17 is
largely nonpolar, a hydrogen bond is formed between a pocket residue and D10-pl: Gln-
577 Og; — Trp-12 N, (2.8A). The potential exists for a second intermolecular hydrogen
bond (GIn-577 Ng, — Glu-9 O; 3. 1A) with less ideal geometry. It is not apparent why
Glu-9 is absolutely conserved (Figure 3C), although its sidechain carboxylate does bend
back to accept a hydrogen bond from its own backbone amide (2.7A), and both of its
methylene groups contact the §,-methyl of Leu-581.

The identities of the conserved D-peptide pocket-binding residues (Trp-10, Trp-
12 and Leu-13) are very similar to those of C34 (Trp-628, Trp-631 and Ile-635).
However, only the indole rings of Trp-10 (D10-p1) and Trp-628 (C34) occupy the same
position when bound to the gp41 pocket (Figure 6). The packing differences of the Trp-
12 and Leu-13 sidechains (relative to Trp-631 and Ile-635 in C34) are accompanied by
slight changes in the shape of the pocket: (i) Lys-574, lining the left side of the pocket
(in the orientation shown in Figure 6), 1s pushed out, widening the pocket as compared to
the N36/C34 structure; (ii) GIn-577 lining the bottom, pushes further into the pocket,
raising the bottom wall (mainly due to a rotation about ,); and (iii) a rotamer change of
Leu-565 slightly lowers the top wall of the pocket. Overall, however, the hydrophobic
pocket maintains its integrity between the N36/C34 and IQN17/D10-p1 structures (Figure
6).
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NMR Studies of the ION17/D-peptide Compl

The finding that Trp-10, Trp-12, and Leu-13 of D10-p1 are buried in the IQN17
pocket, and the conservation of these residues among the selected phage sequences,
strongly suggest that the D-peptides all bind in a similar manner. To more directly
address this issue, NMR experiments were used to assess the binding of each D-peptide
to IQN17. In the co-crystal structure, Trp-10 of D10-pl and Trp-571 of IQN17 are
oriented in a manner that should alter the chemical shifts of several protons due to
aromatic ring current effects (Bovey, 1988). Specifically, use of the structure-based
chemical shift prediction program SHIFTS (Osapay and Case, 1991) predicted that four
protons of the Trp-571 indole (Hy,, Hyy, Hy3, and Hy) would experience a significant
upfield shift, especially the H; proton (P.A.C. and P.S.K., unpublished results). Figure
7A demonstrates these effects: the aromatic region of the IQN17/D10-p1-2K NMR
spectrum displays chemical shifts dramatically different from either of the two separate
components, including a set of upfield peaks. A two-dimensional TOCSY experiment
was used to confirm that the upfield peaks all correspond to a single Trp indole (Figure
7B).

If each D-peptide binds the IQN17 pocket in the same fashion as D10-pl, a
similar juxtaposition of Trp-571 and Trp-10 should occur, also resulting in upfield-shifted
peaks. All of the IQN17/D-peptide complexes studied displayed such peaks (Figure 7C).
Although there is substantial variation in the magnitudes of these changes, ranging from
roughly 0.5 to 2 ppm for the most upfield-shifted proton (H,, in all cases where it could
be assigned), ring-current effects can be highly sensitive to distance and orientation.
Moreover, the magnitudes of these changes are very large. By comparison, chemical
shift differences used to detect binding in studies of SAR (structure-activity relationships)
by NMR (Shuker et al., 1996) are frequently much smaller, in the range of 0.05 to 0.2
ppm. Two-dimensional (2D) TOCSY experiments confirm that the upfield-shifted
aromatic peaks of each complex belong to a single indole sidechain, almost certainly Trp-
571. For several of the complexes studied, 2D NOESY experiments also indicate contact
between this sidechain and another aromatic group, presumably Trp-10 (P.A.C., D.M.E.
and P.S.K., unpublished results).

We conclude that in the majority of these IQN 17 complexes (i.e., D10-p1-2K,
D10-p3-2K, D10-p4, D10-p6, D10-p10-2K, and D10-p12-2K) the D-peptides contact the
hydrophobic pocket with very similar binding interfaces, bringing Trp-571 in close
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contact with the aromatic ring of Trp-10 in roughly the same orientation. For the
complexes with D10-p5-4K and D10-p7-2K this conclusion also seems very likely,
although the more limited chemical shift dispersion and broader peaks raise the
possibility of some other mode of binding.
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DISCUSSION

Validation of the ep41 Pocket as a Target for Drug Devel I

Inhibition of HIV-1 infection by synthetic C-peptides, and structural studies of
gp41, have shed light on the vulnerable but transient pre-hairpin intermediate of the
envelope glycoprotein during the viral entry process. Several lines of evidence suggest
that the C-peptides act in a dominant negative manner by binding to this pre-hairpin
intermediate (Figure 1). First, the C-peptides must be present during the infection
process to act as inhibitors. Preincubation of virus with a C-peptide, followed by its
removal, does not inactivate the virus (Furuta et al., 1998). Second, the inhibitory
potency of C-peptides is greatly reduced in the presence of an equimolar amount of
complementary N-peptides (Lu et al., 1995; see also Chen et al., 1995). Third, C-peptide
derivatives that have weakened interactions with N-peptides show decreased potency as
inhibitors (Chan et al., 1998; Wild et al., 1995). Fourth, interaction between gp41 and a
C-peptide has been demonstrated in immunoprecipitation experiments. Importantly, this
interaction is detected only after exposure of the envelope complex to cellular receptors
(Furuta et al., 1998).

Despite the anti-viral effect of synthetic C-peptides, orally bioavailable small
molecules are more desirable. Small molecules that bind to the hydrophobic pocket of
the gp41 core might be expected to function as inhibitors in the same dominant negative
manner as the C-peptides (Chan et al., 1997). Recent mutagenesis studies on C34
demonstrate that the hydrophobic residues that insert into this pocket are important for
inhibitory potency, reinforcing the suggestion that the gp4! pocket is an attractive drug
target (Chan et al., 1998). Nonetheless, this hypothesis had not been tested directly, and
another potent C-peptide, DP178 (or T-20) lacks these pocket binding residues entirely
(Kilby et al, 1998).

Our finding that D10-p1 inhibits HIV-1 infection and binds exclusively to the
gp41 pocket (as shown by X-ray crystallography) demonstrates directly that molecules
that bind solely to the pocket can inhibit infection. The size of this pocket
(approximately 400A%) makes it ideal for binding by a small molecule. Thus, validation
of the gp41 hydrophobic pocket as a target for drug discovery sets the stage for the
development of a new class of orally bioavailable anti-HIV drugs that inhibit viral entry
into cells. Such drugs would also demonstrate the feasibility of therapeutics which
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interfere with protein-protein interactions (as opposed to enzyme activity) and would be a
useful addition to the current regimen used to treat HIV-1 infection.

D-peptid 1 Derivai Inhibi f HIV Ent

The D-peptides identified here can serve as starting points for the development of
therapeutic or prophylactic agents that inhibit HIV entry. However, the potency of these
D-peptides is only in the micromolar range (Figure 4C). For comparison, C34 and T-20
each have nanomolar potency (in cell culture), but they are subject to proteolysis, and are
large in size (~35 residues). The D-peptides are also larger than desired for oral
administration (216 residues). In contrast, cyclosporin, an effective oral pharmaceutical,
is a cyclic 11-residue peptide composed of D-amino acids and N-methylated amino acids.
Thus, chemical optimization of these D-peptide HIV inhibitors may lead to derivatives
that are directly useful as therapeutic agents.

Several considerations suggest that it may be possible to improve the potency and
reduce the size of these D-peptides. First, mirror-image phage display experiments
utilize only the 20 naturally occurring amino acid residues, leaving a tremendous range of
chemical diversity unsampled for both the sidechains and the backbone. Second, several
of the remaining residues are involved in a loop remote from the pocket (Figure 5B).
Third, IQN17, alone or in combination with a specific pocket-binding molecule (e.g.,
D10-pl), greatly facilitates the ease with which more sophisticated drug discovery
methods (e.g., utilizing combinatorial libraries based on these D-peptides) can be
employed to discover better inhibitors. Fourth, the NMR assay employed here can be
used as a fast screen to verify that variants bind the gp41 hydrophobic pocket in a similar
manner as the lead D-peptides (cf. Shuker et al., 1996). Finally, the availability of a
high-resolution co-crystal structure enables rational drug development approaches.

T is Small-molecule Inhibit

Our results also make possible the rapid discovery of other drug candidates with
the same mechanism of action as the D-peptides identified here, but with completely
unrelated chemical structures. In particular, a molecule that accurately presents the gp41
hydrophobic pocket (e.g., IQN17) either alone, or in combination with a pocket-binding
molecule (e.g., D10-p1) constitutes the basis for high-throughput drug-discovery screens.
Chemical libraries can be screened with IQN17 to identify pocket-binding molecules.
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Alternatively, drug candidates can be identified by their ability to disrupt the interaction
between IQN17 and a D-peptide.

Implications for Vaccine Candidat

Finally, the strategy used to create a soluble, trimeric version of a part of the gp41
N-terminal coiled-coil region may also help efforts to develop HIV vaccine candidates.
Recent studies have raised the possibility that transiently exposed conformations of
proteins required for HIV-1 entry can be useful for eliciting a neutralizing antibody
immune response (LaCasse et al., 1999). It is possible that the transiently exposed pre-
hairpin intermediate is a vulnerable target for neutralizing antibodies. The most obvious
approach towards eliciting an antibody response against the N-helix region of gp41
would be to use an N-peptide as an immunogen. However, since the isolated N-peptides
aggregate, they do not properly present the gp41 N-helix coiled-coil trimer. Accordingly,
the same strategy used here to solve the aggregation problem for the gp41 hydrophobic
pocket can be employed to develop soluble, trimeric versions of the gp41 N-helix coiled-
coil region that might have utility as immunogens.
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EXPERIMENTAL PROCEDURES
Phage Display

Bacteriophage fd expressing a library of ten randomly encoded amino acids
flanked by Ser or Cys residues on the N-terminus of the pIII protein (Schumacher et al.,
1996) were utilized here (Figure 3C). The expressed fusion protein contains an N-
terminal Ala-Asp-Gly-Ala sequence preceding the peptide library sequence. The
amplified phage stock had a titer of approximately 10'? transducing units/ml, consisting
of 3.6 x 10® primary clones.

Neutravidin (Pierce, 10 pg in 100 puL of 100 mM NaHCO3) was added to

individual wells of a 96-well high-binding styrene plate (Costar) and incubated overnight
on a rocking platform at 4 °C. The neutravidin was removed and the wells were washed
four times with a TBS/Tween solution (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Tween-
20). Biotinylated D-IQN17 (100 pL of a 10 uM peptide solution in 100 mM NaHCO3)

was added to the wells and incubated for one hour at 25 °C. The biotinylated target was
removed and a blocking solution (30 mg/ml nonfat dried milk in 100 mM NaHCO3,
freshly made) was added to the wells and incubated for two hours, with rocking, at 4 °C.
The blocking solution was removed and the wells were coated again with the biotinylated
target as above. The target was removed and the unliganded neutravidin was blocked by
the addition of the blocking solution with 5 mM biotin. After removing the biotin, the
wells were washed six times with the TBS/Tween solution. The phage stock
(Schumacher et al., 1996) was then added to the wells (50 pL of phage stock plus 50 pL
of phage-binding buffer: TBS (50 mM Tris pH 7.5, 150 mM NaCl), 0.1% Tween-20, 1
mg/ml nonfat dried milk, 0.05% sodium azide). The incubation time of the phage stock
in the wells decreased with increasing rounds of selection. For the first round, the phage
were incubated in the wells for 24 hours, and in the seventh round, they were incubated
for twelve hours. After incubation, the phage solution was removed and the wells were
washed with TBS/Tween to remove the unbound phage. In the first round, the wells
were washed six times with no incubation. In following rounds the wells were washed
twelve times; the odd numbered washes were performed quickly, with no incubation
time; even numbered washes were incubated for increasing amounts of time each round
of phage selection (Round 2: no incubation, Round 3: three minutes, Round 4: five
minutes, Round 5: seven minutes, Round 6: 10 minutes, Round 7: 12 minutes). In the
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first round, phage were eluted by acid elution (0.1 N HCI, pH 2.2, and 1 mg/ml BSA
were added to the wells and incubated for fifteen minutes at 4°C). In all subsequent
rounds, the phage were eluted by the addition of two micrograms of trypsin (Sigma, T-
8658) in 100 pL of phage-binding buffer and 2.5 mM CaCl2 with one hour incubation at
37 °C. To determine recovery, a dilution of the eluted phage was used to infect K91-kan
cells. After a one hour incubation, 100 pL of cells was removed and 1:10, 1:100, and
1:1000 dilutions in LB were plated on LB/tetracycline plates. Phage recovery was
determined as a ratio of transducing units recovered (the titer of the eluted phage) tc the
input number of transducing units (the titer of the phage stock used that round). Non-
specific phage recovery generally has a ratio in the order of magnitude of 10-8 10 10°9,
whereas specifically amplified phage have a ratio of 10-7 or greater. Individual clones
were amplified and sequenced.

$10-p7 was identified after five rounds, and ¢10-p1, ¢$10-p3, ¢$10-p4, $10-p5, and
$10-p6 after seven rounds of phage selection. The phage selection was performed a
second time, with shorter incubation times, using the phage eluted from Round 2. The
incubation times were shortened to six hours for Round 3, two hours for Round 4 and one
hour for Round 5. ¢$10-p10 and ¢10-p12 were identified after these three additional

rounds of selection.

To test the specificity of binding of identified phage clones to the pocket of D-
IQN17, the phage clones were added to wells of 96-well plates coated as above with
either D-IQN17, D-GCN4-pIQI', D-IQN17(G572W), or wells with no target (Figure 3B).
The phage were incubated on the plates and washed for the same lengths of time as in the
round from which they were identified. Eluted phage were used to infect K91-kan cells
and the recovered transducing units were determined as above. Seven of the ten phage
clones were shown to bind specifically to D-IQN17. Two additional phage clones, ¢10-
p10 and ¢10-p12, were not tested in this binding assay but were expected to bind
specifically to D-IQN17 because they shared the same consensus sequence as six of the
D-IQN17 specific phage clones.

Peptide Purificati

IQN17 (and all variants) and the D-peptides were synthesized on a Perkin Elmer
Model 431A peptide synthesizer upgraded with conductivity feedback monitoring. All of
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the peptides have an acetylated N-terminus and a C-terminal amide and were synthesized
using Fmoc/HBTU chemistry (Fields et al., 1991) modified with DMSO/NMP resin
swelling and acetic anhydride capping. In all syntheses involving D-Ile or D-Thr, which
have second chiral centers, the exact mirror images of the naturally occurring L-Ile or L-
Thr were used (D-allo-Ile and D-allo-Leu). The peptides were cleaved from the resin
using Reagent K (King et al., 1990).

IQN17 contains 29 residues derived from GCN4-pIQI on the N-terminus and 17
residues from the C-terminus of N36 on the C-terminus. There is a one residue overlap
between GCN4-pIQI and the N36 region, making the peptide 45 residues long. To
improve solubility, three amino-acid substitutions were made in the GCN4-pIQI region of
IQN17, as compared to the original GCN4-pIQI sequence (Eckert et al., 1998). These

substitutions are L13E, Y17K and H18K. Thus, the sequence of IQN17 is:
Ac-RMKQIEDKIEEIESKQKKIENEIARIKKLLOLTVWGIKQLOQARIIL-NH,

(Ac- represents an N-terminal acetyl group and —-NH, represents a C-terminal amide: the
HIV portion is underlined.)

For mirror-image phage display, D-IQN17 was synthesized using D-amino acids.
Protected D-amino acids were obtained from Peptides International and Bachem
Bioscience. The N-terminus of the peptide was biotinylated prior to cleavage from the
resin, using NHS-LC-biotin II (Pierce, catalog #21336). Between the biotin and the
IQN17 sequence was a three amino acid linker (Gly-Lys-Gly), with the lysine in the
naturally occurring L-form for use as a trypsin recognition site. Similarly, D-GCN4-
pIQI' and D-IQN17(G572W) were synthesized with biotinylated N-termini, and Gly-Lys-

Gly linkers.

D-peptides corresponding to the mirror images of the phage-displayed sequences
that bound D-IQN17 were synthesized with two flanking residues on each end. These
residues (GA at the N-terminus and AA at the C-terminus) correspond to the mirror
images of phage-encoded sequences that flank the expressed peptide sequences. In
addition, in order to improve water solubility for the membrane fusion inhibition studies
and NMR studies, multiple D-Lys residues were added at the N-termini of the D-
peptides. Peptide variants with two N-terminal lysines are denoted with the suffix "-2K,"
and peptides with four N-terminal lysines are denoted with "-4K."
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After cleavage from the resin, peptides were desalted on a Sephadex G-25 column
(Pharmacia) in 5% acetic acid, purified by reverse-phase high performance liquid
chromatography (Watzrs, Inc.) on a Vydac C18 preparative column, using a water-
acetonitrile gradient in the presence of 0.1% trifluoroacetic acid, and lyophilized. D-
peptides were also air-oxidized by dissolving the lyophilized powder in 20 mM Tris, pH
8.2, and stirring at room temperature for several days. Oxidized peptides were then
HPLC purified again. The expected molecular weig''ts of all peptides were verified using
MALDI-TOF mass spectrometry (PerSeptive Biosystems).

Circular Dichroi

CD experiments were performed on an Aviv 62A DS circular dichroism
spectrometer. Measurements from 200 to 260 nm were performed on a 10 pM solution
of IQN17 in PBS (50 mM Na phosphate, 150 mM NaCl, pH 7.4) in a 10 mm path length

cuvette.

Sedimentation Equilibri

Sedimentation equilibrium experiments were performed on a Beckman XL-A
analytical ultracentrifuge using an An-60 Ti rotor. A stock of IQN17 at approximately
200 uM was dialyzed overnight against PBS (pH 7.0), and the concentration was re-
determined following dialysis (Edelhoch, 1967). The sample was diluted to 20 pM using
the dialysis buffer. The sample was spun at 22,000 and 24,000 rpm; approximately
eighteen hours after starting, or changing centrifugation speed, the absorbance was
recorded at 229 and 230 nm.

Cell/Cell Fusion Assay

Inhibition of cell/cell fusion (i.e., syncytia formation) was assayed by co-culturing
Chinese hamster ovary (CHO) cells expressing HXB2 envelope, tat and rev (Kozarsky et
al., 1989) and HeLa-CD4-LTR-Beta-gal cells (M. Emerman, National Institutes of Health
AIDS Reagent Program) in the presence of varying concentrations of D-peptide. When
these cells are mixed in the absence of an inhibitor, they form syncytia, or multinucleated
cells, which express -galactosidase (Kimpton & Emerman, 1992). Peptide stocks for
these assays were prepared at approximately 20 mM in DMSO, and the precise
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concentrations were determined using tyrosine, tryptophan and cysteine absorbance at
280 nm in 6 M GuHCI (Edelhoch, 1967). These stocks were diluted in media to the
concentrations reéluired for the experiment (ranging from 2.5 pM to 200 pM); the final
concentration of DMSO was kept constant at 1%. The peptide sample was added to wells
of an 8-well permanox chamber slide (Lab-Tek), and an estimated 2 x 10* CHO cells and
4 x 10* HeLa cells were then added. Approximately twenty hours after co-culturing the
cells, the monolayers were stained with 5-bromo-4-chloro-3-indolyl-f-D-galactoside to
detect the syncytia, which were visualized by microscope and counted manually (the
entire well was counted; a syncytium was scored as a fused cell containing three or more
nuclei). The IC;, was calculated from fitting the data to a Langmuir equation [y = k/(1 +
[peptide)/ ICs,)], where y = number of syncytia, and k is a scaling constant.

HIV Infectivity A

The ability of the D-peptides to inhibit HIV-1 infection was assayed using a
recombinant luciferase-encoding HIV-1 (Chen et al., 1994). As in the cell/cell fusion
assays, peptide stocks were prepared in DMSO. The final concentration of DMSO was
kept constant at 1%. The virus was produced by co-transfecting an envelope-deficient
HIV-1 genome NL43LucRE" (Chen et al., 1994) and the HXB2 gp160 expression vector
pCMVHXB?2 gp160 (D.C. Chan and P.S.K., unpublished data; see Chan et al., 1998) into
293T cells. Low-speed centrifugation was used to clear the viral supernatants of cellular
debris. The supernatant was used to infect HOS-CD4/Fusin cells (N. Landau, National
Institutes of Health AIDS Reagent Program) in the presence of the D-peptides with
concentrations ranging from.0 to 500 pM. Forty-eight hours postinfection, the cells were
harvested, and luciferase activity was monitored using a Wallac AutoLumat LB953
luminometer (Gaithersburg, MD). The IC,, was calculated from fitting the data to a
Langmuir equation [y = k/(1 + [peptide}/ICy,)], where y = luciferase activity, and k is a
scaling constant.

Crystallizati

A 10 mg/ml stock (total peptide concentration) of a mixture of IQN17 and D10-
pl was prepared in water. The final concentration of IQN17 was about 1.4 mM, and the
final concentration of D10-p1 was about 1.5 mM. Initial crystallization conditions were
found using Crystal Kits I and II (Hampton Research), and then optimized. The best
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diffracting crystals grew from one microliter of the stock added to one microliter of the
reservoir buffer (10% PEG 4000. 0.1 M sodium citrate p*Z 5.6, 20% 2-propanol) and
allowed to equilibrate against the reservoir buffer. Crystals belong to the space group
P321 (a=b=41.83 A; c= 84.82 A, a=B=90", ¥=120°) and contain one IQN17/D10-p1
monomer in the asymmetric unit. A useful heavy-atom derivative was produced by
increasing the concentration of PEG 4000 in the reservoir solution by 4%, adding
(NH4)20sClg to the reservoir solution to a final concentration of 5 mM and adding five
microliters of the resulting solution to the drop containing the protein crystal. Prior to
data collection, native and heavy-atom derivative crystals were transferred into
cryosolution containing 20% PEG 4000, 0.1 M sodium citrate pH 5.6, 20% 2-propanol
and flash-frozen using an X-stream cryogenic crystal cooler (Molecular Structure
Corporation).

X-ray Data Collecti 1p .

Initial data were collected on a Rigaku RU300 rotating-anode X-ray generator
mounted to an R-axis IV area detector (Molecular Structure Corporation). Final native
and multiwavelength anomalous dispersion (MAD) data sets for the IQN17/D10-p1
complex were collected at the Howard Hughes Medical Institute Beamline X4A at
Brookhaven National Laboratory using an R-axis IV detector. For MAD data, four
wavelengths near the osmium KIII absorption edge were selected based on the
fluorescence spectrum of the Os derivative crystal (Table 1). The four wavelengths were:
1.1398 A, 1.1403 A, 1.1393 A, 1.1197 A. Data sets were collected in 20° batches,
allowing each batch to be coilected at each wavelength before moving to the next, in
order to minimize crystal decay between data sets. Reflections were integrated and
scaled with the programs DENZO and SCALEPACK (Otwinowski, 1993).

Further diffraction data processing, phase determination and map calculations
were performed using the CCP4 suite of programs (CCP4, 1994). Intensities were
reduced to amplitudes with the program TRUNCATE, and the data sets for the
wavelengths closest to the Os KIII absorption edge (A1, A2, A3) were scaled with
SCALEIT to the remote wavelength (A4) data set (Table 1).
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Phase Determination and Crystallographic Refinement

Phase determination for IQN17/D10-p1 was initially attempted with the
molecular replacement technique, using a replacement model built from the published
GCN4-pIQI and HIV gp41 N36/C34 structures (Chan et al., 1997; Eckert et al., 1998),
with sidechains truncated to gcncra'tc a polyserine chain. The resultant molecular
replacement solutions were ambiguous and the electron density rnap did not reveal the
conformation of the D10-p1 peptide. However, the molecular replacement phases were
sufficient to locate a single Os atom in the corresponding derivative using difference and
anomalous Fourier maps. The heavy atom binds on the crystallographic three-fold axis
(0.333, 0.667, 0.047). MAD phases were then genierated with the program MLPHARE
(Table 1) and extended to higher resolution with the program DM (CCP4, 1994).
Electron density map interpretation and model building were done with the program O
(Jones et al., 1991). The structure of the IQN17/D10-p! complex was refined at 1.5 A
resolution using the program CNS (Briinger et al., 1998). The correctness of the structure
was checked with simulated annealing omit maps and with the program WHAT-CHECK
(Hooft et al., 1996).

All residues of IQN17 and of D10-p1 (when converted into its mirror image)
occupy most preferred areas of the Ramachandran plot. The conformations of the
majority of the residues are well defined except for the two most N-terminal residues of
IQN17 and the side chains of Arg-6 and Arg-8 of D10-pl. As in the original GCN4-pIQI
structure (Eckert et al., 1998), a chloride ion is bound in the coiled-coil core near the side
chains of GIn-16. Its temperature factor (B=45.3 A’) is higher than those of the
interacting nitrogen atoms of Gln-16 (B=32.7 A? and indicates only partial occupancy.

NMR

'H NMR experiments were performed at 25 °C on a Bruker AMX 500
spectrometer. Data was processed in Felix 98.0 (Molecular Simulations, Inc.) on Silicon
Graphics computers, and all spe. .ra were referenced to DSS. All samples were dissolved
in 100 mM NaCl, 50 mM sodium phosphate (pH 7.5); the buffers used were >99.7%
D,0, to remove overlapping resonances from solvent-exchangeable backbone and side
chain protons. Solute concentrations ranged from 0.3-1.0 mM for individual peptides,
and 0.8-1.0 mM for 1:1 complexes of IQN17 with each D-peptide. Several samples of
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IQN17/D-peptide complexes showed slight precipitation over time. 2D NOESY and
TOCSY experiments were performed as described (Cavanagh et al., 1996) on samples of
IQN17 and of each complex, with mixing times of 55ms (NOESY) and 42 ms (TOCSY).
Spectral widths of 11,111 Hz and 5555 Hz were used in the acquisition (t,) and indirect
(t,) dimensions, respectively. TOCSY experiments employed the DIPSI-2rc mixing
sequence (Cavanagh and Rance, 1993). Chemical shift predictions were made using the
ptogram SHIFTS (version 3.02b, D. Sitkoff, K. Osapay, and D.A. Case; The Scripps
Research Institute).
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Figure 1. Model of HIV Membrane Fusion and Structure of the gp41 Core

Schematic representation of a working model for HIV membrane fusion (review, Chan &
Kim, 1998). In the native state of the trimeric gp120/gp41 complex ("Native"), the
fusion-peptide and N-peptide regions of gp41 are not exposed. Following interaction
with cellular receptors (CD4 and co-receptor), a conformational change results in
forrnation of the transient pre-hairpin intermediate ("Pre-Hairpin"), in which the fusion-
peptide regions (red lines) are inserted into the cell membrane and the coiled coil of the
N-peptide region of gp41 (indicated as "N") is exposed. However, the C-peptide region
of gp41 (indicated as "C") is constrained and unavailable for interaction with the coiled
coil. Thus, exogenous C-peptides can bind to the pre-hairpin intermediate and inhibit
fusion in a dominaht-negative manner (“Inhibited"). In the absence of inhibitors, the pre-
hairpin intermediate resolves to the hairpin structure and membrane fusion results
("Hairpin/Fusion"), although it is not known if hairpin formation precedes membrane
fusion per se. The C-peptides discussed in this paper [and corresponding residues in
gp41, numbered according to their position in gp160 of the HXB2 HIV-1 strain] are: C34
[628-661]; DP178, also called T-20 [638-673]; and T649 [628-663]. Adapted from Chan
& Kim (1998).

The inset depic:; the 2.0A X-ray crystal structure of N36/C34, a peptide version of the
HIV-1 gp41 core (Chan et al., 1997). Three central N-peptides form a coiled coil, shown
here as a surface representation, and three helical C-peptides pack along conserved
grooves on the surface of the coiled-coil trimer. There are three symmetry-related
hydrophobic pockets on the surface of the N-peptide coiled coil (shaded). The pocket
region is highly conserved among HIV-1 isolates. There are eleven residues that
comprise the lining of the hydrophobic pocket (see Figure 7 of Chan et al., 1997): Leu-
565, Leu-566, Leu-568, Thr-569, Val-570, Trp-571, Gly-572, Ile-573, Lys-574, Leu-576,
and GIn-577 of HXB2. These eleven residues are completely conserved in 158 of 202
fully sequenced M group HIV-1 strains (HIV Sequence Database (1998/1999
alignments), Los Alamos National Laboratory, http://hiv-web.lani. gov). Of the
remaining 44 isolates, 33 possess only a single conservative methionine substitution for
Leu-565.
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Figure 2. IQON17: Soluble, Trimeric Presentation of the gp41 Pocket

(A) Helical wheel diagram of IQN17. The seventeen residues indicated in blue are from
gp41 (residues 565-581 of HXB2 gp160). The residues in black are from GCN4-pIQ],

and the residues in red correspond to three surface substitutions in the GCN4-pIQI
region, made to increase solubility. The boxed residue represents the junction, at a
leucine (in a "g" position of the coiled coil) that is shared between GCN4-pIQI and gp41.
(B) Circular dichroism spectrum of a 10 uM solution of IQN17 in PBS, pH 7.4, 4 °C.
IQN17 is fully helical, with an approximate ellipticity of -36,000 deg cm” dmol™ at 222
nm.

(C) Sedimentation equilibrium data of IQN17 at 20 uM in PBS, pH 7.0. Data is plotted
as In (absorbance) versus half the square of the radius from the axis of rotation. The
slope of the data is proportional to the molecular mass of the peptide oligomer.
Continuous lines indicate the expected slopes for the different oligomeric states. IQN17
is a discrete trimer under these conditions.
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Figure 3. Mirror-Image Phage Display Using D-IQN17 as a Targe

(A) Schematic of the mirror-image phage display method (Schumacher et al., 1996)
applied to the gp41 pocket. IQN17 is synthesized with D-amino acids to generate a
mirror image of the gp41 pocket. A phage-displayed peptide library is subjected to
several rounds of selection, and phage that bind to D-IQN17 are sequenced. After testing
for specific binding, the mirror images of the phage-expressed peptides are chemically
synthesized with D-amino acids, and tested for anti-HIV activity.

(B) Test for pocket-specific binding phage. Individual phage clones are screened for
binding to wells containing: (i) D-IQN17, (ii) D-IQN17 [G572W], (iii) D-GCN4-pIQI’,
and (iv) no target. In this schematic, the GCN4-pIQI' region of the molecule is depicted
in black and the HIV-1 gp41 region is depicted in white; the G572W mutation is
indicated with an "X". D-GCN4-pIQI' is a D-amino acid version of GCN4-pIQI (Eckert
et al., 1998) that contains the same surface mutations as IQN17. The G572W substitution
in IQN17[G572W] introduces a large protrusion into the gp41 pocket. Phage are
considered pocket-specific binders if they bind appreciably to wells containing IQN17,
but not to the other wells. Representative data are shown for pocket-specific binding
phage (¢10-p1 and ¢10-pS) and non-specific phage (¢10-p8 and ¢10-p9).

(C) D-peptide sequences. Peptides corresponding to the mirror images of the peptides
expressed on pocket-specific phage were synthesized with D-amino acids. Four
conserved residues among the ten positions that were randomly ~ncoded in the phage
library, as well as two Cys residues that form an intramolecular disulfide bond to
generate a cyclic peptide, define a consensus sequence. Flanking residues from the gene-
III phage protein were added at the N-termini (GA) and C-termini (AA) to more closely
represent the phage-displayed peptides. In addition, lysine residues were added at the N-
termini of some peptides to increase solubility (peptides with two or four additional
lysines are denoted with the suffixes -2K or -4K, respectively; see text). The termini of
all peptides were blocked (Ac = acetyl; NH, = amide).
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Figure 4. Inhibition of HIV-1 Membrane Fusion by D-peptides

(A) Photographs of cell culture assays of fusion between CHO cells expressing HIV-1
envelope (Kozarsky et al., 1989) and CD4-HeLa cells with a B-galactosidase reporter
gene (Kimpton & Emerman, 1992). Cells were co-cultured in the absence or presence of
D10-p5-2K, and then incubated with B-galactosidase substrate. Multinucleated cells
(syncytia) are stained in blue.

(B) Results from individual cell-cell fusion assays. The number of syncytia is plotted as
a function of D-peptide concentration.

(C) IC,, values for inhibition of celi/cell fusion as determined by the syncytia assay
described in (A) and of HIV-1 infection as determined by a recombinant luciferase assay
(Chen et al., 1994). For the inhibition of syncytia, average values from four to six
determinations are given (standard errors of approximately +10%). For inhibition of
virus infection, average values from two to five determinations are given (standard error
of approximately +20%).
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Figure 5. Crystal Structure of a D-peptide Bound to the gp41 Pocket

(A) Ribbon representation of the overall structure of the IQN17/D10-p1 complex. The
GCN4-pIQI' part of the chimera (dark blue) and the HIV gp41 hydrophobic segment
(grey) form a continuous three-stranded coiled coil. Three D10-p1 inhibitors (purple and
green) bind solely to the hydrophobic pocket. The six residues of the D-peptide that
make direct contact with IQN17 are shown in green (Gly-1, Ala-2, Trp-10, Trp-12, Leu-
13, and Ala-16). Figure drawn with Insight II 98.0 (Molecular Simulations Inc.).

(B) Stereoview of the IQN17/D10-pl complex in which IQN17 is represented as a
molecular surface and D10-p1 is represented with sticks. The color scheme is as in (A).
The four conserved residues of the EWXWL motif (Glu-9, Trp-10, Trp-12, and Leu-13)
are labeled. Figure drawn with Insight II 98.0 (Molecular Simulations Inc.).

(C) Stereoview of a region of the final 1.5 A 2Fo-Fc map, contoured at 2.10,
superimposed on the final model. The view is approximately the same orientation as in
(B). Figure drawn with O (Jones et al., 1991).
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Figure 6. mﬂm&nﬂl&&wﬂm@m@mﬁ

Stereoview of the structural superposition between IQN17/D10-p1 (green) and HIV
N36/C34 (red) structures in the region of the hydrophobic pocket. Two of the pocket-
binding residues of D10-pl (Trp-12 and Leu-13) differ in position from two of the
pocket-binding residues of C34 (Trp-631 and Ile-635), whereas Trp-10 of D10-p!1 and
Trp-628 of C34 are closely overlaid. In addition, several residues comprising the
hydrophobic pocket occupy slightly different positions in the two structures (Leu-565,
GIn-577, and Lys-574, as labeled). Figure drawn with Insight II 98.0 (Molecular
Simulations Inc.).
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Figure 7. Indicates a Similar Mode of Binding for Man

(A) One-dimensional 'H NMR spectra of D10-p1-2K (top), IQN17 (middle) and a 1:1
complex of D10-p1-2K and IQN17 (bottom). The x-axis is the same as for (B) below.
The upfield peaks assigned to four aromatic ring protons of Trp-571 are indicated. The
unmarked upfield peak of the bottom trace corresponds to an unassigned H, resonance.
(B) Two-dimensional TOCSY NMR spectrum of the IQN 17/D10-p1-2K complex.
Cross-peaks linking the same Trp-5'71 protons are indicated, along with specific
assignments. No other type of sidechain is expected to display this cross-peak pattern in
this chemical shift range.

(C) One-dimensional 'H NMR spectra of 1:i complexes between IQN17 and each
D-peptide (as labeled). The same four protons from Trp-571 (assigned in separate
TOCSY and NOESY experiments) are indicated in each spectrum. Some upfield-
shifted peaks are selectively broadened compared to others in the same spectra,
especially for the complex with D10-p5-4K, suggestive of a chemical exchange

process.
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Table 1. Crystallographic and Refinement Statistics

Data collection

Crystal A (A) Completeness (%) Rsym' (%) Resolution (A)
IQN17/D10-p1 1.1197 93.8 4.8 1.5

Os At 1.1403 98.6 6.3 20

Os A2 1.1399 96.8 9.7 2.0

Os A3 1.1393 96.9 7.9 2,0

Os A\ 1.1197 97.0 8.4 2.0

MAD phasing statistics (22.0-2.0 A)

Reullis® Reullis® Rcullis®  Ph.Power*  Ph. Power? Anom.
Derivative Riso? (%)  Acentric  Centric Anom. Acentric Centric Occ5 Occ.5
Os Alvs. A4 73 0.75 061 047 .41 121 -0.039 0.337
Os A2vs. A 5.2 0.83 0.71 0.44 1.04 1.15 -0.027 0.533
Os A3vs.Ad a3 097 097 0.49 035 0.28 .0.005 0.295

Overall figure of merit (before solvent flattening): 0.68

Refinement statistics

Crystal Non-hydrogen Waters lons Resolution (A)  Reflections Reryst®  Rfree R.m.s. deviations
protein atoms total bonds (A) angles (°

IQN17/D10-p1 516 150 1 10.0-1.5 13549 0.214 0.245 0.012 1.498

‘Hsym = ZIjllj-<I>I / ZZjl<I>|, where |j is the recorded intensity of the reflection j and <I> is the mean

recorded intensity over multiple recordings.
2Riso = HIF (i) £ Fua)l - IFili / ZIF4)l, where Fy) is the structure factor at wavelength Ai and F4) is

the structure factor at the reference wavelength A4.

3Reuliis = ZIF(i) £ Foual - IFh(M)'CII / ZIF( )t F(aa)l, where Fh(}.i).c is the calculated heavy atom structure
factor.

4Phase power = <Fh(xi)> / E, where <Fh(xi)> is the root-mean-square heavy atom structure factor and E is

the residual lack of closure error.
5Qccupancies are values output from MLPHARE.
GRcrysg, free = ZllFobs! - IFcalcll / IFopsl, where the crystallographic and free R factors are calculated using

the working and test sets, respectively. Test set contained 10% of reflections.
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CHAPTER 4

CONCLUSION: VIRAL MEMBRANE FUSION AND ITS INHIBITION
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The fusion of lipid bilayers is involved in diverse biological processes such as
fertilization, vesicle trafficking, muscle development, and viral infection. The most
extensively studied of these events is the membrane fusion of viral infection. When an
enveloped virus infects a host cell, it fuses its membrane with the host cell membrane,
allowing the virus to empty its contents into the cell. The fusion event is mediated by
virally encoded surface glycoproteins.

After binding to the appropriate cellular receptor(s) on the host cell surface,
enveloped viruses enter cells in one of two ways: a) they fuse with the host cell
membrane at the cellular surface, and therefore at neutral pH, or b) after endocytosis into
clathrin-coated pits, they fuse with the endosomal membrane when the pH is lowered.
Viruses such as HIV and human respiratory syncytial virus use the former mode of viral
entry, whereas viruses like influenza and rabies utilize the latter method.

Despite the point of entry, be it cellular surface or endosome, enveloped virus
glycoproteins share a variety of features (1). Most envelope glycoproteins are integral
membrane proteins that are synthesized as a precursor and then cleaved into two subunits
« .at remain closely associated with each other. These proteins form higher order
oligomers and are glycosylated. Because of their surface exposure, much of the host’s
immune response targets these glycoproteins. Lastly, these envelope glycoproteins
coniain a short pepiide within their sequence called the “fusion peptide,” which is

required for mediating membrane fusion (see review in 2, 3).

Potential fusion peptide domains are identified through sequence analysis. They
are usually hydrophobic and rich in glycine and alanine residues and extend 20 to 25
amino acids in length. Their importance in membrane fusion is analyzed by point
mutations or multiple base mutations. Changes in the fusion peptide sequence either
ablate or alter fusion activity (4-9). The fusion peptide region is thought to insert into
the target cell membrane, somehow encouraging fusion (10). Indeed, when the influenza,
rabies and vesicular stomatitis virus fusion proteins were exposed to target bilayers with
photoactivatable lipid probes, only the predicted fusion peptide domains were labeled
(11, 12). In addition, synthetic peptides corresponding to this region can bind and
destabilize lipid bilayers (13-18). The fusion peptide is almost always found at the N
tertninus of the membrane anchored glycoprotein subunit following the cleavage event,
although in several viruses, such as in Rous sarcoma virus, it is predicted to be located
internally in the membrane fusion protein (19). The fusion proteins of two viral families,
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togavirus and flavivirus, do not undergo cleavage for fusion activation, and their fusion
peptides are also predicted to be located in the interior of the uncleaved fusion protein.
The internal localization has been verified by mutagenesis and photolabeling experiments
(12, 20, 21).

Generally, viral envelope fusion proteins proceed through a series of
conformational changes in order to fuse with the host cell. The initial cleavage of the
glycoprotein precursor leaves the complex in a metastable state, primed for fusion,
although the fusion peptide is not exposed. Then, either due to binding to host cell
receptors or exposure to low pH, conformational changes occur which expose the fusion
peptide and allow close juxtaposition of the viral and host cell membranes, leading to
membrane fusion.

This chapter will review the mechanisms of enveloped viral membrane fusion and
inhibition. First, influenza hemagglutinin will be discussed. It is the only viral envelope
glycoprotein for which high-resolution structural information is known for both the
rieutral-pH (pre-fusogenic) and low-pH conformations (22-25). Because of this and the
abundance of biochemical and biophysical data available on hemagglutinin, it has been
the paradigm for studying viral membrane fusion for many years (for recent reviews see
1, 26, 27). Next, retroviral membrane fusion will be covered, using HIV-1 as an
example. Structural data and inhibition efforts have demonstrated the similarities
between HIV viral entry and influenza viral entry. Finally, several other families of
enveloped animal viruses will be discussed, such as paramyxoviruses and filoviruses like
ebola. These viruses seem to use a similar method of viral membrane fusion. With all of
the data from different viruses pooled together, a clear view of membrane fusion
emerges, as well as possible strategies for combating the infections of widely different

viruses.
Influenza Hemagglutinin

The vast amount of experimental knowledge on influenza hemagglutinin has
made it the prototypic enveloped viral membrane fusion glycoprotein (for reviews see 1,
13, 28). Hemagglutinin (HA) is the sole protein on the influenza viral surface required
for membrane fusion with the host cell. It is synthesized as a fusion-incompetent
precursor, termed HAO. HAO is then proteolytically cleaved into two subunits, HA1 and
HAZ2, which remain associated via a disulphide linkage (Figure 1A). This cleavage event
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activates the fusion potential of hemagglutinin. HAL1 is responsible for binding the viral
receptor, sialic acid, on the host cell, thereby initiating contact between the virus and the
cell. HAZ2 stays anchored in the viral membrane and contains the characteristic “fusion
peptide” at its N terminus and is therefore indispensable for fusion.

Early Evidence for pH-induced Conformational Changes

Several decades of research have illuminated a complex and elegant process by
which influenza hemagglutinin mediates viral membrane fusion. Early studies of the
influenza virus demonstrated that it enters cells via the endosomes, and that exposure to
low pH activates the membrane fusion potential of hemagglutinin (29-31). This
observation led to intense scrutiny of the effect of low pH on hemagglutinin structure.
Several experiments suggested that hemagglutinin undergoes conformational changes
after exposure to low pH. First, the proteolytic vulnerability of HA changes (32).
Second, HA becomes more hydrophobic, forming aggregates and acquiring the ability to
bind detergents and liposomes (33). Third, electron microscopy analysis identified a
change in the shape of hemagglutinin, including a partial dissociation of globular head
domains on the top of the molecule (33, 34). Finally, antibody recognition differs (32,
35-39).

Specifically, under an electron microscope, the neutral-pH HA molecule looks
like a rod, protruding from the virus (33, 34). Upon exposure to low pH, the protein
becomes much thinner and extended, implying significant conformational changes.
There are prominent antibody epitopes found on the tip and other regions of the protein.
The changes in the antigenicity of HA with a change in pH implied that structural
rearrangements occurred from the base of the molecule to the tip, as the recognition of
most epitopes was altered upon the induction of iow pH (36-38). For example,
monoclonal antibodies reactive with the tip of neutral-pH HA are unable to
immunoprecipitate HA after low-pH-induced conformational changes (35). Likewise,
antibodies specific for epitopes exposed in the low-pH-activated HA, such as antibodies
raised against the N-terminal fusion peptide, are unable to immunoprecipitate neutral-pH
HA (35, 39).
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High-Resolution Models of Influenza HA in Multiple Conformations

Fortunately, after much work, atomic structural information of both the neutral-
pH (pre-fusogenic) and low-pH conformations of hemagglutinin became available and
shed light on the surmised conformational changes in HA (23-25). In addition, there is
also a crystallographic structure of HAO, uncleaved hemagglutinin, which shows the non-
fusogenic form of HA, before it is primed for fusion (22).

The neutral-pH structure was solved by crystallization of a large portion of the
HA ectodomain (BHA) that was cleaved from the viral surface by bromelain (25, 40)
(Figure 1B and 2B). BHA lacks the hydrophobic region that anchors hemagglutinin to
the vira} membrane. It is a long trimer and extends 135 A from the C terminus (where it
would be attached to the viral membrane). At the top of the structure (opposite end from
the viral membrane) are three globular head domains ¢ nsisting entirely of HA1, and
responsible for binding to sialic acid. The head domaZs sit atop a stalk, composed of the
remainder of HA1 and of HA2. This stalk contains a central trimeric coiled coil at its
core, composed entirely of HA2. Importantly, the N terminus of HA2, which contains
the fusion peptide, is buried in the neutral-pH structure, verifying the early biochemical
studies. The fusion peptide is located approximately 35 A from the C terminus of the
structure and 100 A from the distal tip, stabilized by hydrogen bonds.

More recently, the crystal structure of the uncleaved hemagglutinin, HAO, was
solved (22) (Figure 1C). For crystallization, hemagglutinin with a mutated cleavage site
was expressed recombinantly in vaccinia virus and clipped off the surface of the infected
cells with trypsin. The resultant molecule is called R329Q HAOs. The structure is almost
identical to the BHA structure, except for eighteen residues surrounding the cleavage site.
In the BHA structure, the C terminus of HA1 and the N terminus of HA2 (formed by
proteolytic cleavage of HAO) are approximately 22 A from each other, whereas in the
uncleaved molecule, they form an extended, uncleaved, loop. This exposes the fusion
peptide region to solvent. Importantly, there is a pocket lined by ionizable residues (two
aspartic :cids and a histidine) next to the extended loop. In the cleaved, neutral-pH
structure, the first ten residues of the fusion peptide are buried in this pocket.
Interestingly. the ionizable residues have been shown to be important in the fusion
activation caused by exposure to low pH (41).
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The biochemical studies predicted that membrane fusion requires the exposure of
the fusion peptide that is buried in the neutral-pH structure. Without a high-resolution
structure of the low-pH conformation, however, the necessary structural rearrangements
required to accomplish this goal were unknown. Twelve years after the neutral-pH HA
structure was solved, synthetic peptide experiments led to a valuable structural model for
fusion peptide exposure (42). Computational methods identified a region of the HA
ectodomain that had high propensity for forming a coiled coil. However, in the neutral-
pH structure, this region maintained an extended loop conformation _white residues in
Figure 2B). It was proposed that in the fusogenic. low-pH structure, these residues
formed a coiled coil. This would extend the central trimeric coiled coil and displace the
fusion peptide to the opposite end of the molecule. This proposal was called the “spring-
loaded" mechanism (42). One year later, the x-ray crystal structure of the low-pH-
activated HA was solved and confirmed the spring-loaded mechanism (Figure 2A) (24).

There are two x-ray crystal structures of the low-pH-converted HA (23, 24). The
first was solved using a fragment called TBHA2. TBHA2 was made by exposing BHA
to low pH, and then removing the HA1 head domain with trypsin and the fusion peptide
with thermolysin. This structure revealed three very significant conformational changes
from the neutral-pH structure (Figure 2C). First, the conformational change of a loop to
helix at the N terminus of the coiled coil, as described above, propels the short helix to
the top of the structure. Although the fusion peptide is not present in the structure, this
conformational change would theoretically move the fusion peptide 100 A from its
position in the neutral-pH conformation. Second, at the base of the trimeric coiled coil, a
helical region of BHA becomes a loop in TBHAZ2, reversing the direction of what was the
C-terminal end of the coiled coil. Third, the C-terminal residues that were densely
packed at the base of the neutral-pH conformation become mostly extended and continue
along the side of the central coiled coil in an anti-parallel direction. The final twenty or
so residues are disordered and therefore not seen in the structure.

Recently, a new low-pH HA structure provided a more concrete picture of the N
and C-terminal regions of the HA ectodomain (23). For this structure, a stable domain
was identified through proteolysis of a recombinantly expressed HA2 ectodomain. The
identified domain, termed EHA2, was then expressed in Escherichia coli . In the EHA2
crystal structure, it is clear that both the N terminus and the C terminus of the ectodomain
are located at the same end of the structure. The residues on the C-terminal end of the
HA ectodomain are in an extended conformation and continue up the side of the trimeric
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coiled coil in an anti-parallel fashion, with each monomer fitting into the groove caused
by two of the coiled coil helices. Only seven residues remain between these residues and
the transmembrane domain. The N-terminal end of the coiled coil is capped by the final
three residues of EHA2, and these residues also form extensive contacts with the C-
terminal residues. EHA2 is an extremely stable structure due to this N-terminal cap, and
is proposed to be the final low-energy conformation of the cleaved fusion protein. This
same orientation, in which both termini of the ectodomain are located at the same end of
the folded molecule, is seen for many other enveloped virus fusion proteins and will be
discussed later in this chapter.

There are several reasons why the low-pii -converted structures are thought to
represent the fusion-active conformation of HA. First, the molecules used for the
structural investigations were prepared by exposure to low pH (23,24), and low pH is
required to activate the fusion potential of HA (29-31). Second, the resulting
conformational changes in the soluble ectodomain fragments of HA are consistent with
bio hemical and morphological observations of the conformational changes that are
required for HA-mediated fusion (32-39). As mentioned above, these observations
predicted an exposure of the fusion peptide domain. The low-pH structures display a
large displacement of the fusion peptide region from a protected pocket to an exposed tip.
The biochemical studies also predicted a partial dissociation of HA1 from HA2.
Consistent with this observation, the two structures represent HA2 molecules that are
stable in the absence of HA1 (23, 44, 45). Also, the high-resolution structures are
consistent with the shape of HA observed previously in electron micrographs of low-pH
HA on the viral surface. Third, specific mutations that alter fusion activity map to
regions that change conformation between the neutral-pH and low-pH structures (24, 36).
Specifically, proline mutations in the region that undergoes the loop to helix transition
impaired fusion activity (43). Finally, the low-pH structure is consistent with the
biochemical data of inactivated virus. When virus is exposed to low pH in the absence of
a target membrane, it becomes inactivated, presuinably by inserting its fusion peptide into
its own membrane (18, 47, 48). The low-pH structures have the N and C termini at the
same end of the molecule as they would be in the inactivated form. Indeed, a monoclonal
antibody against residues 105-113 of HA?2 (the red loop region in Figure 2C) binds to the
tip of HA distal to the viral membrane of inactivated virus (49). Therefore, because of
the above observations, the low-pH-converted structures are thought to define a fusion-
active conformation of HA, which either occurs concomitantly and/or just after
membrane fusion. Hereafter, these structures will be referred to as “fusogenic.”
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HA-Mediated Fusion of Lipid Bilayers

The structural studies discussed up to this point have not addressed one very
important aspect of membrane fusion. How does the merger of two lipid bilayers
proceed in HA-mediated fusion? This question has been addressed in a variety of model
systems, and seemingly contradictory results have emerged. Commonly, a
hemagglutinin-expressing cell is exposed to red blood cells (RBCs) which contain sialic
acid. Upon the acidification of the exterior medium, membrane fusion between the two
cell types ensues. The fusion can be monitored in one of two ways. First, fusion pore
formation can be recorded electrophysiologically with patch-clamp methodologies.
Second, the RBCs can be labeled with fluorescent lipid probes and/or water-soluble dyes
to monitor the mixing of lipid bilayers and cellular contents respectively.

In early studies, HA-expressing fibroblasts were mixed with RBCs containing a
fluorescent dye in their cytoplasm. The pH of the exterior medium was lowered, and
subsequently the dye transferred to the fibroblast, revealing content mixing between the
cells (50). Patch-clamp studies allowed the same event to be monitored
electrophysiologically. Suction is created between a microscopic glass pipette tip and the
celiular membrane such that the current of the pipette tip and the lipid bilayer are the
same. When a pore opens in the bilayer, the current changes and is detected by a probe
attached to the pipette. The patch-clamp studies detected a capacitance increase shortly
(less than a minute) after the decrease in pH (50). The increase in capacitance comes and
goes in the first few milliseconds. The small capacitance probably corresponds to a
modest fusion pore of 1-2 nm that flickers open and close (51). Subsequently, the
capacitance increases over tens of seconds as the pore dilates, ultimately to a size that
would permit passage of the viral contents into the host cell. In support of the pore
dilation, the transfer of small soluble dyes from the RBC to the fibroblast during the
fusion process occurs prior to the transfer of larger molecules (52). The same fusion pore
dynamics are seen in the experimental system of HA-expressing cells fusing to voltage-
clamped planar lipid bilayers (53). Planar lipid bilayers can be formed across holes in
thin dividers (about 1mm in width) between two aqueous compartments. A voltage can
be applied across the membrane and the current can be detected with electrodes in the
separate compartments.

Further fluorescent studies have attempted to delineate the course of events in
fusion pore formation. Which occurs first, lipid mixing or content mixing? In two
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experiments using fibroblasts and RBCs, fusion pore formation, monitored
electrophysiologically, was shown to precede the transfer of lipid dye from one
membrane to another (54, 55). In a more recent experiment, however, in which HA-
expressing fibroblasts were fused to voltage-clamped planar lipid bilayers, lipid dye
transfer was shown to precede fusion pore formation (56).

The resulis of the earlier experiments, where pore formation occurred before lipid
mixing, led to the proposal that the fusion pore is proteinaceous, similar to a gap junction
(57), and composed of a pool of HA molecules. Indeed, there is a lag time between
acidification and pore formation, and this lag time was shown to depend cooperatively on
the density of HA on the cell (58). In addition, quick freeze electron microscopy
revealed an ordered array of HA trimers at the fusion site (59).

Alternatively, the results of the latter experiment, where lipid dye transfer
preceded pore formation, support the proposal that fusion pore formation occurs through
a lipid-dependent intermediate. One such model for membrane fusion, the stalk/pore
model (Figure 3), has gained experimental support in the HA-mediated fusion system. In
this model, the outer membranes fuse first, forming a stalk between the two enveloped
entities, each of which still maintain intact inner membranes. Pore formation occurs
when the two inner membranes fuse. Membrane curvature drives stalk/pore fusion, with
the outer and inner membranes bending in opposite directions. The outer membrane
requires a negative curvature (the curvature opposite to that found in micelles), and the
inner membrane requires a positive curvature. Particular lipids can favor either positive
or negative curvature. For example, lysophosphatidylcholine (LPC) has an ‘inverted
cone’ shape, and favors positive membrane curvature. Oleic acid (OA), on the other
hand, has a cone shape and favors negative membrane curvature. When present in the
outer membrane in HA-mediated fusion, LPC inhibits fusion and OA promotes it; when
present at the same amounts, no effect on fusion is seen (60). Also, LPC in the inner
membrane encourages fusion, supporting the notion that fusion occurs through a lipid
stalk intermediate (61). Interestingly, inflated HA-expressing cells that are unable to
undergo local bending of the membrane do not undergo fusion with RBCs (62).

A fusion intermediate was identified in which lipid mixing occurred in the
absence of content mixing. This intermediate, termed hemifusion, was identified when
hemagglutinin with a lipid anchor (in place of the transmembrane domain and
cytoplasmic tail) was expressed on fibroblasts and mixed with RBCs (63). The lipid-
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anchored HA was able to bind RBCs and change conformation in response to
acidification just as wild type HA. However, the fusion reaction stopped at the
hemifusion state when lipid dye could be transferred between the bilayers of the two
cells, but aqueous dye could not be transferred between cells. The lipid transfer is limited
to the outer leafiet of the membrane and also occurs in the experimental system that
utilizes planar bilayers instead of RBCs (64).

Chernomordik et al. has argued that hemifusion, as described above, is a dead-end
route off the physiologically relevant fusion pathway (61). These workers distinguish
between two types of hemifusion, “unrestricted” and “restricted.” Unrestricted
hemifusion is the state described above, in which lipids freely transfer between
membranes, but no fusion pore forms. Under certain conditions (non-optimal pH,
temperature or HA density) wild type HA can also cause unrestricted hemifusion (61,
65), but even after extended periods of time, according to Chernomordik et al., those
hemifusion diaphragms do not to resolve to fusion pores (61). In restricted hemifusion, a
lipidic intermediate is formed in the absence of pore formation. However, the membrane
lipids are not free to move through the hemifusion diaphragm, and therefore no lipid
mixing is observed. This type of hemifusion is proposed to be physiologically relevant.
The results of the early membrane fusion experiments, where pore formation preceded
lipid dye transfer is consistent with this type of hemifusion diaphragm (54,55). At this
point, it is not entirely clear if unrestricted hemifusion is a dead-end pathway. Indeed,
under certain conditions, unrestricted hemifusion, caused by lipid-anchored HA or wild
type HA under suboptimal conditions, can resolve to pore formation and complete fusion.
For example, if the HA-expressing cells are osmotically swollen or if lipids that promote
positive membrane curvature (the same curvature found in micelles) are added to the
inner membrane, fusion pore formation can proceed from unrestricted hemifusion (64,
65). These latter results imply that unrestricted hemifusion is not a dead-end reaction.
Perhaps, though, in extreme cases such as lipid-anchored HA or fusion under sub-optimal
conditions, the hemifusion diaphragm extends further than in wild type HA mediated
fusion at optimal conditions.

Vast experimernital evidence suggests at least several HA molecules conglomerate
at the fusion site. There is also a lot of evidence that HA-mediated fusion proceeds
through a hemifusion intermediate (be it restricted or unrestricted). One idea does not
necessarily preclude the other. Likely, HA molecules as a group encourage the lipid
bending required to form the stalk structure. Ideas for how this occurs will be discussed
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below. One mystery is left, however. Why does the chronology of pore formation and
lipid dve transfer differ when the target membranes differ (RBC vs. planar lipid bilayer)?
This is a difficult question, although there are at least a couple of possibilities. First,
perhaps in the experiments with the RBCs, the fusion pore detection was much more
sensitive than the lipid dye mixing detection. It is likely that even if a few lipid
molecules diffused, they would be difficult to see over background. This would imply
that a small amount of lipid mixing did occur first, but could not be visualized. Second,
the lipid diffusion through a fusion pore in RBCs is known to be inherently slower than
the fusion of lipids through a fusion pore with planar lipid bilayers (66-68). Therefore,
perhaps a particular component in RBCs, such as RBC-specific transmembrane proteins,
impedes lipid fusion in a manner that is unrelated to fusion, and even though there is
contact between lipid bilayers in the RBC system, diffusion between them is slow.
Despite the difference in the results, in HA-mediated membrane fusion it is possible that
the HA transmembrane domains, which are present at high concentrations at the fusion
site, impede lipid movement even when there are continuous lipid contacts. As the pore
expands, the HA molecules expand and allow more room for lipids to pass. Consistent
with that proposal, in the experiment with planar lipid bilayers, one dye (Dil) mixed prior
to the detection of a fusion pore, while another dye did not (Rho-PE) (56). Dil has the
ability to flip-flop in a lipid bilayer, freely moving from the outer to inner membrane.
This would give it the ability to transfer sides of the hemifusion stalk, and therefore
transfer quickly from the planar bilayer to the cell.

Mechanism of HA-mediated Membrane Fusion

The high-resolution structures and the membrane fusion experiments, in
combination with other data, have yielded significant insight into the membrane fusion
mechanism of influenza hemagglutinin. The model described below is derived from
several current hypotheses (1, 26, 69, 70) (see Figure 6 for related model for HIV-1) and
considers all current experimental data.

In the virus, HA is first expressed as an uncleaved precursor, unable to fuse.
Upon cleavage, the N terminus of HA2 containing the fusion peptide is created. The
fusion peptide is then tucked into a pocket at the base of HA, primed for lov'-pH
structural rearrangement. Perhaps the protonation of the ionizable residues in the pocket
at low pH encourages the movement of the fusion peptide domain. As briefly mentioned
above, several pieces of data suggest the neutral-pH, cleaved form of HA is folded in a
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metastable state, blocked from its native fold by a kinetic barrier. First, the uncleaved
HAO cannot undergo fusion-activating structural rearrangements at low pH (28). Second,
the same conformational changes that are caused by exposure to low pH can also be
activated by high temperature or urea denaturation (46). Third, when HA2 is expressed
in the absence of HA, it adopts the fusogenic structure (42, 45)). Most likely when HA
folds as a single chain precursor, it folds to its energetically most stable state. Upon
cleavage, that state becomes the metastable state for the cleaved molecule, essentially

priming the virus for fusion.

Upon exposure to low pH, the fusion peptide is liberated and propelled in a
‘spring-loaded’ fashion (42) to the N terminus of the central trimeric coiled coil so it can
interact with the host cell membrane. Although the HA1 domains are not present in the
high-resolution crystal structure, biochemical and electron microscopy studies show that
these globular head domains lose their trimeric contacts and slightly dissociate from the
compact glycoprotein structure (34, 36-38, 49). It seems likely that this conformational
event occurs before the final fusogenic structure, and therefore before the two termini of
the HA2 ectodomain are located near the same end of the folded molecule (1). Recently,
the proposal of a fusion intermediate has garnered much more extensive experimental
support in other enveloped viruses, which will be discussed later in the chapter. The
existence of this intermediate may depend on the presence of the host-cell membrane.
When radioactive target membranes are present upon exposure to low pH, the HA fusion
peptide becomes labeled (18). However, in the absence of a target membrane, HA
quickly becomes inactivated after acidification (47, 48). In the inactive state, the fusion
peptide interacts with the viral membrane (18), probably forming the fusogenic structure
anchored solely in the viral membrane.

In the fusogenic structure, both termini of the HA2 ectodomain are located at the
same end of the folded molecule, and the trimeric coiled coil is capped (23). This
structure is extremely stable and presumably represents the most thermodynamically
stable form of the molecule. After the fusion peptide inserts into the target membrane,
HA?2 is now spanning two membranes, the viral and host membranes. The subsequent
formation of the energetically favorable fusogenic conformation will bring the two
membrane-proximal regions close together. Most likely, the energy that is gained by
forming this highly stable structure overcomes the unfavorable process of pulling two
phosopholipid membranes into close proximity. In order to accomplish bringing the two
membranes together, and keeping membrane contact on both ends, the HA molecule
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would likely lie on its side in relation to the membranes. In the first fusogenic structure,
the C-terminal residues in the HA ectodomain were disordered (24). Flexibility in this
region would assist in the tilting of the molecule.

It is not clear why several HA trimers are required at each fusion site.
Presumably, the concerted action of HA trimers facilitates stalk formation through local
bending of one or both of the membranes involved. It is possible that several fusion
peptides inserted in the target membrane can appropriately destabilize that site and
contribute to membrane bending. Alternatively, perhaps the concerted effort of these
trimers to form their fusogenic structure as described above is needed in order to cause
close juxtaposition and fusion of the two lipid bilayers. Finally, in a divergent
hypothesis, it has been suggested that the “inactivated” HA2 at the fusion site (those that
have inserted the fusion peptide into their own viral membrane) form local dimples in the
viral membrane, allowing stalk formation with the closely juxtaposed cellular membrane
(71). Regardless of the mechanism of membrane bending, it is clear that the fusogenic
structure of HA allows both transmembrane regions of HA2 to occupy the same post-
fusogenic membrane, as the viral and cellular membranes become one.

HIV-1

Recently, there has been an increasing emphasis on biochemical and structural
studies of the envelope glycoprotein of HIV-1. HIV belongs to the retrovirus family of
viruses and as a cause of the fatal disease, AIDS, is a major world health threat. There
are currently over 35 million people worldwide infected with the HIV virus. In the past
two decades there have been over 50 million deaths attributed to AIDS (Joint United
Nations Program on EIV/AIDS, http://www.unaids.org). By gaining knowledge on the
different structural conformations of the HIV envelope glycoprotein during fusion, it
should be easier to intelligently devise strategies to combat this deadly virus.

Like influenza virus, HIV contains one viral envelope protein responsible for
binding to host cells and mediating membrane fusion (for recent reviews see 69, 72, 73).
This protein is synthesized as a precursor, termed gp160, and post-translationally cleaved
by a cellular convertase into two subunits, gp120 and gp41 (74-77). In the retrovirus
family, these subunits are more generally termed the surface subunit (SU) and the
transmembrane subunit (TM), respectively. Unlike in influenza HA, these subunits are
not covalently linked by a disulphide bond, but rather remain attached noncovalently
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(78). gp120 is analogous to HA1 of influenza. It is responsible for attaching the virus to
the host cell by binding a receptor, CD4, and then subsequently a coreceptor, one of a
family of seven transmembrane domain chemokine receptors (79-87). gp41 is analogous
to HA2 of influenza, and remains anchored to the viral membrane by a hydrophobic
membrane-spanning domain. The HIV virus initiates membrane fusion at the cellular
surface at neutral pH, rather than in the endosomes.

The N-terminal Fusion Peptide

gp41, like HA2, contains a fusion peptide domain at its N terminus (3, 4, 78).
This peptide domain is conserved within the retrovirus family (1), and mutagenesis
studies have indicated that the hydrophobic nature of particular amino acid positions is
required for its membrane fusion potential (4, 5, 9, 88, 89). Also, synthetic peptides
corresponding to the fusion peptide have been shown to bind lipids and cause fusion of
membranes (90-94). Although the behavior of synthetic peptides may not accurately
represent the role of the fusion peptide in the context of the entire envelope glycoprotein,
there is at least one correlation between the full protein and the synthetic peptide studies
that lend credibility to the peptide studies. Specifically, a valine to glutamate mutation in
the fusion peptid+. region was shown to abolish the fusion activity of gp41 (5). Likewise,
the corresponding synthetic fusion peptide was unable to cause vesicle membrane fusion,
while the wild type peptide could (95). Therefore, from the studies described above and
by analogy to influenza HA, it is assumed the HIV fusion peptide inserts into the target
membrane and that this insertion is necessary for the membrane fusion activity of gp41.
No direct studies, such as photolabeling experiments in the context of whole envelope
protein, have yet been reported to verify this assumption.

Receptor-Induced Conformational Changes

Although there is no pH change to activate membrane fusion, there was early
evidence that at least two conformational forms of HIV env exist, and that the
conformational change is activated by interaction with CD4 (reviewed in 72). Several
conformational probes detected differences in HIV env after exposure to receptor. First,
there are differences in epitope accessibility. For example, the V3 loop on gp120 can be
recognized after receptor binding (96), and epitopes on gp41 become more accessible
(97). Second, gp120 was shown to “shed” from gp41 in laboratory-adapted strains,
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perhaps activating gp41 for fusion such as in “spring-loaded” HA (98-101). Third, even
in the absence of gp120 shedding in primary isolates, the proteolytic susceptibility of the
envelope proteins is altered (102). Fourth, there is increased binding nf a fluorescent
probe, bis-ANS, that is proposed to contact hydrophobic groups (103). Interestingly, this
was also seen in influenza HA after exposure to low pH (104). Also, mutagenesis studies
implied the existence of different conformations. Specific point mutations in the coiled-
coil domain of gp41 do not alter the proteolytic processing or surface expression of tite
envelope, yet they jeopardize infectivity and gp41-mediated membrane fusion. Most
likely, these mutations disrupt the fusion-active state of the protein, but not the early,
non-fusogenic form (105-111).

Biochemical studies have revealed some of the details of the early gp120
conformational changes. Following binding of CD4, novel epitopes are revealed on the
surface of gp120 which allow recognition by neutralizing antibodies (112). These
neutralizing antibodies, such as 17b, can block binding of gp120/CD4 complexes to
coreceptor (113, 114), implying that CD4 binding reveals the previously hidden
coreceptor binding site (115). Consistent with this chain of events, after the HIV
envelope is exposed to soluble CD4 (116), it can fuse with CD4- negative cells
expressing coreceptor (117).

High-Resolution View of gp120

The first high-resolution structural glance of gp120 bound to CD4 and a molecule
mimicking the coreceptor was recently provided (118 and reviewed in 120, 121) (Figure
4). The primary sequence of gp120 is composed of five regions of high sequence
variability among known HIV isolates (termed V1-V5) interspersed with five conserved
regions. The x-ray crystal structure reports a mostly de-glycosylated gp120 conserved
core (missing V1, V2, V3 and the N and C termini) bound to two domains of CD4 and
the Fab fragment of the monoclonal antibody 17b which represents the coreceptor
binding sight. gp120 contains two structural domains, an ‘inner’ domain that is presumed
to contain the gp41 contacts and an ‘outer’ domain. These regions are joined by a small
bridging domain. The CD4 binding site is large and is located at an interface of all three
domains. The binding surface contains both conserved residues required for CD4
binding as well as variable residues to which CD4 binds the main chains. Also, there are
cavities within the binding surface which are not contacted by CD4. Immune recognition
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of this CD4 binding site is probably difficult because: a) there is a mix of conserved and
variable regions in the binding site, b) the V1 and V2 regions likely mask the CD4
binding siie prior to binding (121) and c) the CD4-bound state probably represents an
otherwise energetically unfavorable conformation of gp120 (118, 120). The Fab binds to
the opposite side of the bridging domain composed of part of the fourth conserved
domain and the base of the V1 and V2 stem. This region is presumably the coreceptor
binding site. Although the V3 loop is absent in the x-ray crystal structure, there is a large
gap between the core gp120 and the 17b antibody light chains that would most likely be
filled by the V3 loop (121). For several reasons it seems likely that this domain is
shielded by the V3 loop before CD4 binding. First, the base of the V3 loop is in the
proper location in the x-ray crystal structure of core gp120. Second, antibodies that
recognize the V3 loop can inhibit coreceptor binding (113). Third, V3-recoginizing
antibodies compete for gp120 binding with the neutralizing antibodies such as 17b that
recognize the coreceptor binding site (122).

The Transmembrane Subunit, gp41

gp41, the transmembrane subunit of the HIV envelope protein, is predicted to
contain a helical region just downstream of the fusion peptide (123-125). A similar
heptad repeat region is seen in influenza hemagglutinin and Moloney murine leukemia
virus, both of which form coiled-coil structures as determined by x-ray crystallography
(24, 126). Protein dissection was performed on a recombinantly expressed gp41
ectodomain that lacked the N-terminal fusion peptide in order to obtain structural
information on this subunit (127). After exposure to proteolysis, a stable, trimeric,
helical sub-domain of gp41 remains. It is composed of two discontinuous peptides, N51
and C43. More generally, peptides from these two regions of gp41 are called N peptides
and C peptides because they originate from the N-terminal and the C-terminal region of
the gp41 ectodomain, respectively. Biophysical analysis led to the proposal that the N
peptides form a central, trimeric coiled coil, with helical C peptides bound to the outside
of the coiled coil. The same protein dissection and biophysical analyses were performed
on the ectodomain from simian immunodeficiency virus (SIV), a very closely related
retrovirus, and yielded the same results (128). Shortly after, the x-ray crystal structure of
N and C peptides was determined, and verified the proposed model in both HIV (Figure
5) and SIV (129-132). The structure can be described as a trimer of helical hairpins.
Three helical C peptides bind to the outside of the coiled coil core of N peptides in an
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antiparallel fashion. Therefore, the intervening sequence of gp41 (not present in the
structure) would be required to loop around from the base of the coiled coil to return the
C peptide back to the same end of the molecule. In fact, a solution structure of the SIV
gp41 shows the loop between the two helical regions (133).

As discussed above, the influenza HA2 low-pH-converted structure presumably
represents the fusogenic conformation of HA. The HA2 ectodomain was prepared for
crystallization by exposure to low pH, mimicking the fusion-activating conformational
~ changes of HA seen on the surface of the virus upon reduction of pH (24). HIV,
however, is not activated by a change in pH, so it is not as easy to verify the
conformational state of observed envelope fragments. However, for several reasons the
trimer of helical hairpins is believed to represent the fusogenic form of gp41 (129). First,
in the absence of gp120, gp41 would be expected to fold to the fusogenic state. Indeed,
conformational changes induced by receptor binding and required for fusion activation
include the shedding of gp120 (101). In comparison, HA2 of influenza was shown to
acquire its low-pH form when expressed i the absence of HA1 (42, 45). Second, the N
and C peptide complex is extremely stable and is unlikely to dissociate after it is formed
(127). In an analogy to influenza, the final fusogenic state of hemagglutinin is an
extremely stable species (23), whereas the native, metastable state is easily altered by low
pH, heat or chemical denaturants (46). Third, also as seen in the influenza fusogenic
structure, the N and C termini of the envelope ectodomain are located at the same end of
the folded molecule. This type of organization is present in the structure of the
ectodomain of Moloney murine leukemia virus, another retrovirus, as well, which was
proposed to be in its fusion-active state (126) and was earlier shown to posses similar
structural features to influenza HA (134). Fourth, several of the mutations mentioned
above, those that do not affect envelope protein processing or cell-surface expression yet
ablate infectivity and membrane fusion are mapped to the core trimeric coiled coil (105-
111). Finally, if the x-ray crystal structure represents the fusogenic conformation, it helps
to explain the inhibitory activity of gp41-derived peptides that will be discussed below.

gp41-Derived Inhibitory Peptides

Several years before the structural studies on gp41, synthetic N and C peptides
were shown to inhibit HIV infection (127, 135-137). The C peptides, which are effective
at nanomolar concentrations, are much more potent than N peptides, which require
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micromolar concentrations for effectiveness. It was proposed that the C peptides act by
binding to or near to the predicted helical region downstream from the fusion peptide,
which corresponds to the N peptide region (137, 138) and therefore inhibit infection in a
dominant negative manner (127). Several experimental observations support this
hypothesis. First, if you mix equimolar amounts of N and C peptides, the inhibitory
activity of the C peptide is abolished (127). Second, mutant C peptides which are shown
to destabilize the formation of the trimer of helical hairpins structure also demonstrate
weakened anti-viral potency (139, 140). Third, the hydrophobic binding surface on the N
peptide coiled coil core to which the C peptides bind is highly conserved between HIV-1
and SIV. Indeed, the comparable SIV C peptide can inhibit HIV-1 mediated membrane
fusion (130). Anci, fourth, viruses with prolonged exposure to C peptides develop
resistance by mutation of several residues in the N peptide region (141). Therefore, it
seems likely that the C peptides do irhibit formation of the trimer of helical hairpins in a
dominant negative manner (142) by binding to the N peptide region of gp41. This leaves
a conundrum, however (69). How can the C peptides, in an intermolecular interaction
which occurs at nanomolar concentrations, successfully compete against an
intramolecular interaction (the C peptide region of gp41 folding up to interact with the N
peptide region of gp41 to form the fusogenic structure) with a high effective
concentration?

A Transient Fusion Intermediate

This quandary is partially solved by the proposal of a transient intermediate in the
fusion process, an intermediate formed after receptor binding but before the formation of
the helical hairpin (and therefore termed *“pre-hairpin”) (69, 132, 143). In the pre-hairpin
intermediate the N peptide region is exposed, vulnerable to binding by synthetic C
peptide. To finish solving the quandary, when the C peptide binds, it is proposed to
irreversibly inactivate the protein for fusion. There are several observations that support
the existence of this intermediate. First, C peptides must be present during or after
exposure to the host cell in order to be effective. If the virus is preincubated with C
peptide, followed by C peptide removal before addition of target membrane, infection is
not inhibited (143). The kinetics of this inhibition are quite startling. Conformational
changes due to receptor binding begin in under a minute (103), whereas the C peptides
maintain potency even if added up to fifteen minutes after receptor exposure (144),
implying that the transient intermediate experiences a lengthy lifetime. Second, epitope-
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tagged C peptide can immunoprecipitate gp41, but only after exposure to CD4 and
coreceptor, demonstrating that a receptor-mediated conformational change is required to
expose the N peptide region (143). In addition, such an intermediate has been proposed
for influenza HA (1, 70), although it has yet to be verified experimentally. In influenza it
is likely that the conformational changes between the neutral-pH structure and the
fusogenic structure occur sequentially. First, the “spring-loaded” mechanism occurs,
flinging the fusion peptide up to the target membrane; this would be the pre-hairpin
intermediate with a vulnerable “N peptide” region. Next, the bottom of the trimeric
coiled coil flips up to fold the molecule in half, bringing the two membranes into close
contact, just as the trimer of helical hairpins would do for HIV.

It was mentioned above that N peptides also exhibit anti-HIV characteristics.
Since the most obvious interpretation of N peptide inhibition is through binding the C
peptide region of gp41, it is conceivabie that the C peptide region of gp41 is exposed in
the pre-hairpin intermediate. Howcver, it is possible that N peptides, which have a
potential to oligomerize, interact with the N peptide region of gp41, and that the C
peptide region is not exposed in the intermediate.

Little is known about HIV envelope-mediated fusion at the lipid level. It is
generally assumed to be a comparable process to HA-mediated fusion. There is,
however, experimental evidence that HIV fusion may proceed through the hemifusion
state, like influenza. In some cases inhibition by C peptides allows lipid mixing, but not
content mixing (144). Further experiments are needed to address this issue.

A Mechanism for HIV-1 Viral Entry

With all of the above experimental observations, the following mechanism is
suggested for HIV-mediated viral membrane fusion (Figure 6), a mechanism very similar
to that of influenza hemagglutinin-mediated membrane fusion. On the surface of the
virus, the envelope protein complex exists in a pre-fusogenic, metastable state. Most of
the surface area exposed consists of gp120, with much of gp41, including the fusion
peptide domain, sequestered below. Binding of the gp120 to CD4 enacts conformational
changes in gp120, allowing the attachment to the coreceptor followed by conformational
changes both in gp120 and gp41. These conformational changes greatly weaken the
interactions between gp120 and gp41. The transient, pre-hairpin intermediate of gp41 is
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formed, freeing the previously hidden fusion peptide to interact with the host cell
membrane and exposing the N peptide region (and possibly the C peptide region). It is
unknown if there is a “spring-loaded” mechanism involved in forming the pre-hairpin
intermediate as in infiuenza (42) or if the fusion peptide maintains the same position as in
the pre-fusogenic state and is simply uncovered by the movement of gp120. The pre-
hairpin maintains a durable half-life at which time it is susceptible to inhibitory peptides.
However, in the absence of such peptides, the structure resolves to the highly stable
trimer of helical hairpins seen in the x-ray crystal structures. This structure brings the N
terminus and C terminus of the ectodomain into close proximity and most likely tilts to
adapt a parallel orientation to the membrane (as first suggested in 128, also 69, 132),
ciosely juxtaposing the two membranes. Membrane fusion ensues, probably in a manner
similar to that of influenza virus.

Inhibiting HIV-1 Entry

Currently, only two HIV proteins are targeted by FDA approved drugs. These are
reverse transcriptase, which is responsible for transcribing the HIV RNA genome to
DNA, and protease, which autocatalyzes the digestion of the HIV Gag/Pol polyprotein
and clips the subsequent Gag protein (145). Because of the high rate of viral turnover
(146) and error-prone reverse transcriptase, resistant viruses often emerge. Combination
drug therapy in which three or more drugs are administered combats the viral resistance.
However, there are still significant problems associated with combination chemotherapy.
Some patients develop immediate adverse effects and are therefore intolerant of availabie
drugs. For those patients who are tolerant, they face an expensive, arduous treatment.
Among these patients, some still experience viral emergence, and long-term adverse
effects are developing (145, 147, 148). Also, because of increasing viral resistance, the
threat of an outbreak of virus immune to all available drugs is rising. Therefore, any
addition to the repertoire of anti-HIV drugs would be welcome, especially if the drug is
less toxic and less susceptible to viral emergence.

Now that the process of HIV entry has been dissected extensively, it is feasible
that soon drugs will be discovered to target this additional step of the viral life cycle. The
recent identification of the coreceptor (review by 149), as well as a high-resolution
structure of gp120 bound to CD4 and an antibody mimicking the coreceptor (118), open
the door to discovering molecules that will inhibit the HIV virus from binding to the cell.
Also, the inhibitory activity of the C peptides demonstrates the feasibility of targeting a
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transient gp41 structure displayed during viral infection. Anti-HIV molecules which
inhibit entry will stop the virus before it gets into the cell in the first place, unlike the
currently used drugs which act after the virus has already infected the cell. Quite
possibly identified drugs which could stop the virus from invading cells would be useful
as prophylactic agents, creating a barrier to the initial infection event. Hopefully, the
knowledge utilized for drug design for inhibiting HIV entry will provide useful leads for
effective HIV preventive vaccines.

Soluble CD4

Early efforts to inhibit entry of HIV ~irus focused on inhibiting binding of the
envelope protein to CD4 on the surface of cells. Soluble CD4 (sCD4) was shown to
inhibit laboratory-adapted strains (116). However, when used on primary isolates, sCD4
was much less successful and actually increased the infectivity of some isolates
(reviewed in 150). Several more recent experimental observations have explained why
sCD4 is effective with laboratory-adapted strains and not primary isolates. First, sCD4
induces shedding of gp120 in laboratory adapted strains (101). Therefore in lab-adapted
strains, sCD4 ablates the virus’s potential to bind to and fuse with host cells by the
complc ' : removal of gp120 from the viral surface. Second, the same extent of shedding
is not observed in primary isolates (153), and third, CD4 binding induces changes in
gp120 that allow it to bind the coreceptor with higher affinity (117,151,152 and reviewed
in 149). These last two observations explain why sDC4 is not effective against primary
isolates. In the lack of shedding of gp120, sCD4 likely induces changes on the surface of
the virus that encourage the virus to bind and fuse to cells expressing the proper
coreceptor. So, in primary isolates, when gp120 shedding does not occur, sCD4 facilitates
fusion.

Chemokine Receptors

The chemokine receptors provide an additional therapeutic target. Most HIV-1
variants use one or both of two specific chemokine receptors, CXCR4 and CCR5
(reviewed in 149 and 154). CXCR4 is expressed on T-cells and is therefore utilized by
T-cell tropic HIV virus. CCRS5 is expressed on macrophages and is consequently the
coreceptor of choice for macrophage-tropic HIV. Both receptors are expressed on
primary T-cells. These cells are vulnerable to infection by T-cell, macrophage and dual-
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tropic viruses. Although those are the two most common coreceptors, at least eleven
additional have been reported.

Each of the coreceptors have specific chemokine ligands, and these ligands are
effective in blocking entry of HIV isolates which utilize that specific coreceptor. For
example, the chemokine ligands of CCRS5 (RANTES, MIP-10., and MIP-1f) are effective
inhibitors of macrophage-tropic HIV strains (155). Treatment with chemokines may
cause unfavorable side effects, however, such as unwanted activation or interference with
normal signaling pathways. Therefore, chemokine derivatives have been investigated,
including synthetic peptide analogs. Some of these variants have uncoupled viral
inhibition from the natural chemokine receptor function, and therefore serve as promising
therapeutic leads (156-159). In addition, in a step toward potent, small molecule drugs,
several low molecular weight compounds have been identified which bind to either
CXCR4 or CCRS5 and inhibit HIV infection (160-164)

As host proteins, the chemokine receptors are relatively static targets not prone to
mutation, compared to the HIV virus “moving target” which rapidly mutates. However,
despite the advantage to targeting the chemokine receptor directly, there are
disadvantages to this approach. First, it is possible that blocking chemokine receptors
will have negative side effects. Genetic data imply that this will not be the case when
blocking CCRS function (165). However, the absence of CXCR4 appears to be more
detrimental, with CXCR4 knockout mice dying during embryogenesis (166, 167).
Second, there is a concern that if specific coreceptors are blocked, there will be a strong
selection for viruses with altering tropism. In a SCID mouse model sensitive ‘o HIV
infection, a rapid switch in coreceptor usage was seen after short treatment with an anti-
CCRS agent (168). CCRS, usually the coreceptor of choice early in an HIV infection,
appears to be the safest target for avoiding toxicity. However, in an HIV infection, a
switch to a T-tropic viral population usually coincides with onset of AIDS. Therefore, a
CCR5-blocking agent that causes a selective pressure encouraging the emergence of T-
tropic viruses could be extremely detrimental. The most useful therapy may be targeting
all chemokine coreceptors. Only experimental trials will determine if this can be
performed safely.
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Targeting the Transient Fusion Intermediate

The transient intermediate of gp41 during the viral entry process is also a
promising target for inhibiting entry. C peptides, which bind to this intermediate, have
shown reasonable success in human clinical trials (169). The participants who received
the largest dose of the C peptide, T20, experienced viral reduction levels similar to that in
patients treated with one reverse transcriptase or protease inhibitor. The C peptides may
be very useful in combination therapies or as viable short-term treatments, such as
preventing the vertical transmission of the virus from mother to baby during the birth
process. Also, there is the potential for utilizing C peptide derivatives that may be even
more potent than wild type C peptides. For example, a C peptide containing a chemical
linker which physically constrains the helical conformation lowers the entropy cost of
binding gp41 and increases the potency of the C peptide (170). However, there are
disadvantages to the therapeutic use of C peptides. They are large and are not amenable
to oral routes of entry. They must be administered intravenously and at high quantity.
This process is not only tedious, but also expensive. It would be much more preferable to
identify a small molecule that could accomplish the function of the C peptide and be
orally bioavailable.

Recent progress has been made towards identifying such molecules. In the gp4!
x-ray crystal structure there is a small pocket in the conserved hydrophobic groove of the
N peptide trimeric coiled coil (Figure 5). Three hydrophobic residues from the C peptide,
two tryptophans and an isoleucine, bind into this pocket. The pocket was proposed to be
a good target for drug discovery for many reasons (129, 140). First, the pocket is small
(400 A3) and well defined, ideal for binding by a small molecule of 500-600 Daltons.
Second, the residues comprising the pocket are highly conserved among all known HIV-1
isolates as well as among SIV. Third, mutations of several of the pocket-lining residues
impair HIV infectivity (105, 106, 108-111). Fourch, the RNA encodine this region is an
integral part of the structured Rev-response element (171, 172), implying that there is
selective pressure at both a protein and an RNA level. Fifth, the hydrophobic residues of
the C peptide that bind to the pocket are important for C peptide inhibitory activity (140).
Finally, although there are effective C peptides that do not contain the pocket-binding
residues (e.g. T20), they are more vulnerable to the emergence of resistant viruses than
those containing the pocket-binding residues (e.g. T649) (141).
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Several methods have been successful for identifying compounds that bind to this
promising potential drug target. First, mirror-image phage display (173) was employed
to identify small peptides composed of D-amino acids that bind to the hydrophobic
pocket of gp41 (174). Since gp41 N peptides aggregate in the absence of C peptides, a
hybrid coiled-coil molecule, IQN17, was used to properly present the gp41 pocket. In
IQN17, a soluble, trimeric coiled coil, GCN4-pIQI (175) was fused to the pocket forming
residues of gp41. Peptides were identified which bound to IQN17, but not to a control
molecule with a point mutation that occludes the pocket. A 1.5 A cocrystal structure
showed that the D-peptides bind to the gp41 pocket-region of IQN17. These D-peptides
are less than half the size of C peptides, but still slightly too large for oral administration.
Their potency is in the micromolar range. Although the D-peptides themselves may not
prove useful for therapy, their identification has verified the concept that targeting the
gp41 coiled coil pocket, and only the pocket, is a viable therapeutic option. Also, the D-
peptides in combination with the IQN17 target provide the tools needed for a competitive
screen for identifying other potentially useful compounds. Second, combinatorial
chemical libraries were used in place of the pocket-binding residues of the C peptide to
identify tighter binders to the N peptide (176). The chemical libraries were attached to
the pocket-binding site of a shortened, eighteen residue C peptide. This shortened C
peptide, called a “biasing element” was meant to target the library to the correct binding
site. The library was screened for compounds that bound to the N peptide better than the
biasing element alone. One member of the library passed the screen, although it was
ineffective at inhibiting HIV infection. However, placed on a 30 residue biasing element,
~ the identified chemical ligand increased the peptide’s potency an order of magnitude. |
Again, the potency is in the micromolar range. Although this particular ligand will not be
useful for anti-HIV therapy, the experiment further emphasized the importance of
targeting the conserved pocket. Finally, utilizing the x-ray crystal structure of the gp41
core and molecular docking techniques, a database of organic molecules was screened for
potential fitting into the hydrophobic pocket (177). Of the sixteen compounds that were
determined to have the best fit, two were shown to inhibit HIV infection at micromolar
concentrations. The above experiments demonstrate that there are many different
methods that can be utilized to attempt to target the gp41 pocket. Specifically, the D-
peptide work verifies that molecules that bind to the pocket, and only the pocket, of gp41
are capable of inhibiting HIV-mediated membrane fusion. It’s a good beginning, but
much more work is necessary before there will be a small, potent, orally -bioavailable
drug.
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The Viral Fusion Proteins of Other Enveloped Viruses

During the past several years, there has been an onslaught of x-ray crystal
structures of segments of enveloped viral fusion proteins (23, 126, 129-132, 178-182).
The four viral families with the most extensive structural information are
orthomyxovirus, retrovirus, paramyxovirus and filovirus. Most of the new structures
depict a very similar theme described above for influenza and HIV and will be discussed
later in this section. One other virus envelope structure has been solved at high
resolution, TBE of the flavivirus family (181). Its structure is exceedingly different than
the common structure previously described.

Tick-borne Encephalitis E Protein, A Structurally Distinct Viral Fusion Protein

Tick-borne encephalitis virus (TBE) belongs to the flavivirus family of enveloped

. viruses. It contains two membrane-anchored proteins, M and E. Low-pH-induced

- cleavage of the M protein is required for infectivity (183). The E protein has been
proposed to be the fusion protein of TBE, although antibodies directed against either
membrane protein are capable of inhibiting viral infectivity (184, 185). E is proposed to
contain a fusion peptide domain. The domain is highly conserved within the flavivirus
family and is hydrophobic, and monoclonal antibodies that recognize the potential fusion
peptide inhibit membrane fusion (181, 184). TBE viral entry is initiated by low pH,
which seems to switch the oligomeric state of E from dimer to trimer (186). The
oligomeric change leads to an increased hydrophobicity of the E protein and exposure of
the potential fusion domain (187-189).

The crystal structure of the neutral-pH, dimeric form of E was solved at 2.0 A
resolution, and it has a very different architecture than the HIV and influenza fusion
proteins (181) (Figure 7). In order to produce a crystallizable fragment of the
ectodomain, TBE virions were treated with trypsin to create a soluble ectodomain of E
(sE). Overall it is a long, flat molecule (about 150 A by 55 A by 30 A) composed of
three structural domains and is proposed to lie parallel to the viral surface. Several
structural details support this proposal. First, the molecule is curved and could therefore
conform to the shape of the virus. Second, the outer face contains the glycosylation sites
and third, the outer face also contains the epitopes for most neutralizing antibodies. The
proposed fusion peptide domain (residues 98-120) forms a loop that is located in the
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interface between the two monomers. The low-pH-activated conformational change
would presumably alter the intermolecular interactions, exposing the fusion peptide
sequence. So, even though the quaternary structure seems very different from the fusion
proteins of other viruses, it seems likely that the low-pH-induced conformational changes
in TBE serve the same purpose as the trimer of helical hairpin structure, to bring the two
membranes together to initiate fusion.

Fusion Proteins of Retroviruses, Paramyxoviruses and Filoviruses

As mentioned above, there are many new high-resolution structures available for
the fusion proteins of viruses in the retrovirus, paramyxovirus and filovirus families, and
they all closely resemble the fusogenic structures of influenza HA and HIV gp41. In
these structures there is a characteristic central trimeric coiled coil, presumably posed to
present the fusion peptide at its tip. At the base of the coiled coil, the chain folds back,
and supporting structures bind to the outside of the coiled coil, in most cases at least part
of the outer structure contains a helix (Figure 8).

Heptad repeat regions were identified in many viral envelope proteins over a
decade ago (123-125, 190). However, improved computational methods (191) based on
known crystal structures (126, 129-132, 180, 182) have provided a broader, more
accurate prediction for many viruses within the retrovirus, paramyxovirus and filovirus
families . These computational methods have been verified by crystallographic analysis
not included in the algorithm (178, 179). First, within the lentivirus genus of
retroviruses, the envelope protein is predicted to contain two helical regions. This
corresponds to the trimer of hairpin dimer structures seen in HIV (129, 131, 132), SIV
(130, 133), and Visna virus (Malashkevich and Kim, unpublished observations). Second,
the other genera of retroviruses, mammalian C-type, avian C-type, D-type and BLV-
HTLYV, are predicted to contain one coiled coil region and to be very similar to the
filovirus family (126, 191, 192). Indeed, the x-ray crystal structures of the glycoproteins
of Moloney murine leukemia virus (a mammalian C-type retrovirus), human T cell
leukemia virus (a BLV-HTLYV) and the filovirus, ebola, show marked similarity to each
other (126, 179, 180, 182) (Figure 8). In comparison to the retroviruses, the fusion
peptide of ebola is not predicted to be located at the very N terminus of the
transmembrane domain, but rather 22 residues removed from the N terminus (192-194).
The similarity in structure, however, implies that this internal fusion peptide can be
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exposed to the target membrane in the same manner as an N-terminal fusion peptide.
Finally, the paramyxovirus family of retroviruses is strongly predicted to contain both
helical N peptides and C peptides across all genera (191). Although these proteins
contain many more residues between the predicted helical regions, X-ray crystallographic
studies of simian parainfluenza virus 5 (SV5) (178) and human respiratory synctyial virus
(Zhao, Malashkevich and Kim, unpublished observations) verify formation of the trimer
of helical hairpins (Figure 8). Interestingly, the C peptide regions of many of the
paramyxoviruses, such as Sendai virus, measles virus, Newcastle disease virus (NDV),
human parainfluenza virus (HPIV), respiratory syncytia virus (RSV) and simian
parainfluenzavirus 5 (SVS5), inhibit virus infectivity (195-201), implying that they all
mediate fusion with a trimer of hairpin dimer conformation. Hopefully the C peptides of
these viruses, as well as of others with similar structures, will prove to be of therapeutic
use.

Because of the strong structural similarity between viruses of different families, it
seems likely that they all share a common mechanism for viral membrane fusion as
proposed above for influenza and HIV. In addition, viral inhibition strategies employed
for one virus are likely to be relevant for many other viruses. This has already been
demonstrated with the envelope-derived inhibitory peptides of paramyxoviruses.
Hopefully the elucidation of more structures of the envelope proteins of health-
threatening enveloped viruses will lead to small molecule identification as in the case of
HIV.

Conclusion

In conclusion, extensive biochemical and structural studies on viruses from
different families have provided a general mechanism for viral envelope glycoprotein-
mediated membrane fusion. Viruses synthesize their fusion proteins in an inactive form,
and subsequent cleavage of the glycoprotein activates the fusion potential of the virus.
The protein waits in a metastable state for the appropriate activation signal, be it
induction of low pH or receptor binding. After the signal arrives, the glycoprotein
unleashes its fusion potential. Through a spring-loaded mechanism, at least in the case of
influenza HA, the fusion peptide domain is propelled out of the interior of the protein and
inserted into the target membrane. Then, the protein adopts its most stable fold. Most
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likely the energy harnessed through acquisition of the stabie state encourages the
energetically unfavorable fusion of two membranes.

Recent evidence suggests that the helical hairpin may be a global motif for
promoting membrane fusion events. Specifically, SNARES, the proteins required for
vesicle fusion, adopt a similar conformation. In synaptic vesicle fusion, the vesicle
contributes one SNARE (synaptobrevin), and the plasma membrane two (syntaxin and
SNAP-25). Between the three of them, they form a highly stable bundie of four helices,
and it has been proposed that this bundle closely juxtaposes the two membranes, leading
to membrane fusion (202, 203). Therefore, the mechanisms of fusing two distinct
biological membranes in these two largely different biological processes (viral membrane
fusion and vesicle trafficking) seem extremely similar. Perhaps future scientific efforts
will uncover similarities in other membrane fusion events, such as sperm and egg fusion
in fertilization.
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Figure 1. A comparison of cleaved and uncleaved hemagglutinin at neutral pH.

A. The primary structure of cleaved hemagglutinin, including a disulphide bond between
residue 14 of HA1 and residue 137 of HA2. The sequences present in the x-ray crystal
structures are colored in green, red and yellow. The remaining region of HA2 not present
in the structures include approximately ten residues of the C-terminal portion of the
ectodomain, the membrane anchoring sequence (TM) and the short intraviral domain.

B. The x-ray crystal structure of the bromelain-released form of cleaved HA (BHA),
including all of HA1 and the first 175 residues of HA2 (25). Two HA1 subunits of the
trimer are colored light blue, while two of the HA2 subunits are dark blue. One monomer
is displayed with green HA1 and yellow HA2, as indicated in A. The eighteen residues
that differ between this structure and the uncleaved HAO structure are colcred red. These
include the six C-terminal residues of HA1 and the twelve N-terminal residues of HA2.
The globular head domains composed of HAL sit atop a stalk structure that is supported
by an HA1 trimeric coiled coil. The fusion peptide domain (the N-terminus of HA2) is
buried in the interior of the trimeric structure. The two termini that are produced from
the cleavage event are labeled; they are approximately 22 A from each other.

C. One monomer of the x-ray crystal structure of uncleaved HA (R329Q HAOs) (22).

The molecule is colored as in B. The residues forming the cleavage site form a loop that
is exposed to solvent.
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Figure 2. A comparison of the structures of HA at neutral (non-fusogenic) pH and
at low (fusogenic) pH.

A. A representation of the primary structure of cleaved hemagglutinin, depicting the
color scheme for the remainder of the figure. The HA1 region contained in the neutral
pH structure is indicated in light blue, and the HA2 region of that structure includes the
dark blue, orange, grey, yellow, red and green colored areas. The low pH structure
contains the HA1 residues indicated by the small light-blue box, and most of the HA2
residues colored orange, grey, yellow, red and green (residues 40-162).

B. The neutral pH structure of the bromelain-released form of HA (BHA), including all

~ of HA1 and the first 175 residues of HA2 (25). All of the HA1 subunits are colored in
light blue, and two of the three HA1 subunits are colored in dark blue. The remaining
HA1 monomer is colored according to the color scheme in A with residues 38-54
(orange), 55-75 (grey), 76-104 (yellow), 1105-128 (red), and 129-175 (green). The N
and C termini of the HA2 subunit are indicated. The HA2 subunit contains a central
trimeric coiled coil composed of residues from the yellow and red regions. The green
residues form a supportive hydrophobic base at the bottom of the coiled coil. At the top
of the coiled coil, the grey residues loop around, such that another helical region (orange)
lies anti-parallel to the coiled coil. The remaining N-terminal residues form a B-sheet and
then tuck the fusion peptide into a hydrophilic pocket.

C. Two x-ray crystal structures of low-pH converted HA. On the left is TBHA2,
containing residues 10-17 of HA1 and 40-162 of HA2 (24). These two fragments are
disulphide bonded to each other. On the right is EHA2, containing residues 33-185 of
HA2 (23). Asin B, all of the HA2 subunits are colored in light blue (when present), and
two of the HA1 subunits in each structure are in dark blue. The remaining HA2
monomers are colored as indicated in A. Significant differences between this structure
and the neutral, non-fusogenic structure are very apparent. First, the grey region has
formed a continuation of the central trimeric coiled coil, bringing the orange helical
region to the N-terminus of the coiled coil. Although the fusion peptide region is not
present in the structure, this significant structural change would relocate the fusion
peptide up to 100 A away from its position in the neutral pH structure and give it access
to the target cell membrane. Second, part of the red region forms a loop at the bottom of
the coiled coil, locating the remainder of the red helix anti-parallel to the coiled coil.
Third, the green region continues in the same anti-parallel direction, forming a mostly
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extended structure along the outside of the coiled coil. The EHA?2 structure contains
more ordered residues, and it is clear that the anti-parallel extension of the C-terminal
residues continues. The top of this structure is capped. Several of the capping residues,
located on the N-tr.rminus of the HA2 subunit, are indicated in pink.
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Figure 3. The stalk/pore model of membrane fusion.

A schematic of the stalk/pore model of membrane fusion. The lipids of the outer
membranes are colorcd blue, and the lipids in the inner membranes are colored black.
The image on the left represents two distinct lipid bilayers, such as those surrounding a
virus and host cell, respectively. The first step of membrane fusion involves formation of
a stalk structure (represented in the middle) in which the two outer membranes have
fused, but the two inner membranes remain intact. Stalk formation requires negative
curvature and can be encouraged by cone-shaped lipids, as signified. The final stage of
membrane fusion is pore formation, when the inner membranes fuse, allowing mixing of
the contents of the virus and the cell. Pore formation requires positive curvature in the
inner membrane and is facilitated by inverted cone-shaped lipids, as indicated.
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Figure 4. gp120 complexed with CD4 and a Fab representing the chemokine
receptor binding site.

A representation of the 2.5 A x-ray crystal structure of the gp120 core bound to CD4 and
Fab 17b (118). CD4 and 17b are depicted with surface representations. CD4 is in light
grey, and located behind the gp120 molecule. 17b is in darker grey and located beneath
gp120. The secondary structure of gp120 is depicted, with B-sheets in maroon, a-helices
in yellow, and loops and random coils in dark grey. The three domains of gp120 are
indicated. The outer domain is located on the left in this representation. It is composed
of two B-barrels. The barrel on top contains six B-sheets and enfolds an a-helix. The one
on bottom contains seven B-sheets. The inner domain is located on the upper right, and
contains a five-stranded B-sandwich on top, with a helix, two B-strand, helix bundle
beneath. It contains both the N and C termini of the gp120 core, which are indicated.
The bridging sheet is composed of four B-sheets on the lower right. Although the V1,
V2, and V3 loops are absent in the structure, their bases are indicated. CD4 interacts
with all three domains, while 17b mainly interacts with the bridging sheet.
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Figure 5. The core structure of gp41.

A. A representation of the primary structure of HIV-1 gp41. The two hydrophobic
regions, the fusion peptide (FP) and membrane-spanning domain (TM) are indicated in
black. The two discontinuous peptides that were isolated through protein dissection
techniques are indicated: the N peptide is grey, and the C peptide is red.

B. The x-ray crystal structure of a stable subdomain of HIV-1 gp41 (129), looking down
the axis of symmetry from the N to the C terminus of the N peptides. The N peptides
form a central trimeric coiled coil, shown in grey, and the C peptides, shown in red, wrap
around the outside of the coiled coil in an anti-parallel fashion. Three residues of each C
peptide are depicted in yellow, Trp 628, Trp 631, and Ile 635.

C. Another representation of the same structure. The central N peptides are depicted as a
surface representation, and the C peptides as sticks. The yellow residues are the same as
in B. They are shown to interact with a hydrophobic pocket on the surface of the N
peptide coiled coil, which is highlighted in dark grey.
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Figure 6. Model of HIV-1 membrane fusion.

A working model for HIV envelope protein-mediated membrane fusion. First gpl20
binds CD4 and coreceptor, initiating conformational changes in gp41. gp41 inserts its
fusion peptide domain into the host cell membrane. Transiently, a pre-hairpin
intermediate exists, and is vulnerable to inhibition by C peptides or by D peptides (see
‘Inhibiting HIV-1 Entry’ section). When inhibitory peptides are not present, gp41 slowly
resolves to the fusogenic trimer of hairpins structure.
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Figure 7. The tick-borne encephalitis fusion protein.

Representation of the 2.0 A x-ray crystal structure of dimeric E protein from tick-borne
encephalitis virus (TBE) (181). The structure contains residues 1-395 of the E
ectodomain. The view is looking down at the external face of the dimer. This would
place the viral surface underneath the structure. One of the monomers depicts the
secondary structure, with 3-sheets in pink, o-helices in blue, and turns and random coils
in white. The second monomer is depicted with ribbons and distinguishes the three
structural domains: domains I, IT and III, colored in light blue, blue and dark blue,
respectively. Domain I, the central domain, is composed of an eight-stranded [3-barrel.
Domain II is the dimerization domain. The region of Domain II nearest to Domain I
contains a five-stranded -barrel and two a-helices. The domain extends toward Domain
II1 of the other subunit with a three-stranded B-sandwich. The proposed fusion peptide
(yellow) is located on a loop that interacts with Domain III of the other monomer. The
third domain is folded into an IgC-like fold.
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Firpzr.: 5. Structures of fusion proteins from diverse enveloped viruses.

Five structures of the fusion proteins from five different viruses and four different viral
families are depicted: influenza HA2 (23), HIV-1 gp41 (129), MoMLV TM (126), Ebola
GP2 (180), and SVS F (178). The primary representation of each fusion protein is
depicted at the top of the diagramn. They are approximately to scale to provide a context
for each structural representation. The fusion peptide domains are indicated in red, and
the transmembrane domains are indicated in black. The central region of each structure
is indicated in blue, with the anti-parallel, outer regions in yellow. The bottom of the
diagram has a ribbon depiction of each of the five structures with the name of the virus
and the viral family underneath each structure.
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