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The intense study of the life cycle of HIV
has created new and promising targets for
drug discovery efforts. The first agents
discovered to have therapeutic efficacy in
the treatment of AIDS were targeted to
viral enzymes (HIV protease1–3 and
reverse transcriptase4). The rapid develop-
ment of drug resistant HIV strains has
fueled continued efforts to find new thera-
peutic anti-HIV agents. In particular, pro-
tein components of HIV’s fusion
machinery have been intensely studied by
X-ray crystallography. Such proteins are
atypical drug targets because they are not
enzymatically active, thus making catalyt-
ic activity based screens impossible.
Furthermore, such proteins are involved
in forming protein–protein complexes,
which can be difficult to disrupt using
typical small drug-like (<750 Da) mole-
cules. On page 953 of this issue of Nature
Structural Biology, Ferrer et al.5 describe
their efforts to develop non-natural lig-
ands capable of targeting the fusogenic
machinery of HIV. 

Enveloped viruses enter target cells in a
two-step process that involves recognition
of the host cell and binding to cell surface
receptors followed by fusion of cellular
and viral membranes. Glycoproteins
incorporated in the viral membrane have
been shown to play a central role in both
of these processes. In HIV-1, these func-

tions are performed by glycoproteins gp41
and gp120 generated by proteolytic cleav-
age of the polyprotein precursor gp160 by
host cell proteases (Fig. 1). This leads to
the formation of a surface subunit
(gp120) responsible for recognition and
binding to cell surface CD4 receptors6 as
well as CCR5 and CXCR4 chemokine
receptors7. The gp41 transmembrane
component contains a highly helical
ectodomain (the extraviral portion of
gp41) that provides an efficient mecha-
nism for membrane fusion initiation. The
importance of gp41 in the process of viral
entry suggests that it could be a promising
therapeutic target8.

The structure of the ectodomain of
gp41 has been studied by X-ray diffrac-
tion9,10. The core structure is a six-helix
bundle, in which the C-terminal helices
(C34, green in Fig. 1) pack around the
N-terminal helices (N36, yellow in Fig.
1). During the binding to target cell sur-
face receptors, the gp41 ectodomain
undergoes a conformational change11,12

that ‘activates’ it by exposing the
hydrophobic N-terminal core of the
trimeric structure13, which initiates
membrane fusion. It has been found that
the hydrophobic gp41 core has a highly
conserved amino acid sequence, which is
thought to be responsible for trimeriza-
tion of gp4114.  The sequence conserva-

tion in this region strongly suggests that
viruses are unlikely to develop resistance
to agents that target HIV’s fusogenic
machinery.

The first agents shown to disrupt
HIV’s fusogenic machinery were peptide
fragments of gp41 itself. These peptide
inhibitors mimic the sequence of the
outer core (C-terminal) of the gp41
ectodomain and bind to the hydropho-
bic inner core (N-terminal), thus pre-
venting it from contacting the target cell
membrane15–19. One such peptide, DP-
178, has been shown to significantly
reduce plasma concentrations of HIV-
RNA in clinical trials20. This is a surpris-
ing result given that the target of the
DP-178 peptide is a transient intermedi-
ate along the pathway (the so called ‘pre-
hairpin intermediate). The fact that
DP-178 can act in a dominant negative
fashion by binding to a required inter-
mediate along the pathway to viral
fusion demonstrates that the gp41
ectodomain is a viable drug target). The
fact that this target is a transient inter-
mediate during the HIV life cycle makes
it an exciting challenge for drug design
efforts. The difficulties are compounded
by the fact that peptides are often not
useful as drugs because of their sensitivi-
ty to protease degradation and poor oral
bioavailability.
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Fig. 1 Membrane fusion events
associated with HIV entry into a tar-
get cell. Upon receptor binding a
conformational change in gp41
induces exposure of the highly
hydrophobic N-terminal domain of
gp41 (yellow), which penetrates
the membrane of the target cell.
This intermediate appears to be the
target of anti-HIV peptides such as
DP-178 (purple). In the absence of
such inhibitors, the intermediate
resolves into another structure,
which is depicted in the upper
pathway leading to completion of
membrane fusion. This figure is
based on Fig. 2 in ref. 24.B
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The challenge addressed by Ferrer et al.5

is the conversion of the anti-HIV agent, 
DP-178, into a small molecular weight
(<750 Da) species capable of binding to the
gp41 ectodomain. They began by asking
two important questions — which region
of DP-178 is required for inhibition and
which region of the binding site for DP-178
is most amenable to small-molecule target-
ing? Several previous reports have suggested
that DP-178 is difficult to reduce in size
without abolishing its activity1. Kim and
coworkers highlighted the presence of a
deep cavity in the inner core of the gp41
ectodomain that is occupied by Trp 117,
Trp 120 and Ile 124 of the outer core α-
helices and suggested that this hydrophobic
pocket might be amenable to drug target-
ing9. Such a deep hydrophobic cavity is an
attractive site for binding of small
hydrophobic organic molecules.

What is the best way to identify non-
natural molecules that bind to a protein
surface when no active site is available
for more standard drug discovery
approaches? It is worth noting that the
disruption of a protein–protein interface
requires a significantly higher affinity for
the target than is necessary to bind to an
enzyme active site and prevent substrate
binding. Thus, if one screens large
libraries of compounds that are not
biased toward binding the target site,
chances are that few, if any, hits will be

found. Is there a way to use the structure
of a known peptide inhibitor to bias a
combinatorial library of non-natural
binding elements? Such a model of the
drug discovery process can be schemati-
cally presented as a stepwise transition
from the original peptide inhibitor to a
small-molecule inhibitor (Fig. 2). The
final inhibitor could also be a two-com-
ponent system including a positioning
element, should a single unit be insuffi-
cient for specific binding to a target. This
general approach has been pioneered by
Schreiber and coworkers to discover SH3
ligands21, and is applied here to the prob-
lem of identifying small molecules that
target the gp41 ectodomain.

Ferrer et al.5 constructed a combinatori-
al peptide library of 61,275 members each
of which contain a fragment of the gp41
α-helix (residues 125–142, Fig. 2, red
helix). Residues 117–124 (WMEWDREI,
Fig. 2, yellow helix) of the original gp41
sequence were substituted with non-nat-
ural amino acids linked by amide bonds.
These residues were chosen for substitu-
tion based on the suggestion by Kim and
coworkers9 that they contact the binding
site primarily through hydrophobic inter-
actions.

After on-bead screening of the library
for binding to the gp41 target using a col-
orimetric assay, one particularly potent
ligand was chosen for further study.

Interestingly, the selected ligand con-
tained two carboxyl groups and a
cyclopentyl ring. This is somewhat sur-
prising since the randomized library was
significantly biased toward hydrophobic
moieties designed to be good binders to
the hydrophobic inner core. The selected
ligand showed potent inhibition of cell
fusion and is only ∼ 50-fold less potent in
this assay than the natural peptide, 
DP-178.

The results of the present study indicate
that a constrained combinatorial library
of binding elements can be successfully
used to address the problem of finding
novel peptide inhibitors. The procedure
could be further improved by collecting
more information about structural ele-
ments of the inner core of gp41 involved
in the complex. As noted by the authors, a
crystallographic study of the complex of
the gp41 core and the inhibitor would be
extremely valuable. The colorimetric assay
used for selection of candidate peptides
also appears to be a valuable technique for
rapid library screening, as it can be cou-
pled with automated imaging systems to
allow for faster detection of positive
hits22,23.

Finally, the gp41 ectodomain could also
be used as a target for the treatment of
AIDS by eliciting neutralizing antibodies.
HIV vaccines that have been developed in
the past have not had the benefit of having
a distinct molecular target as attractive as
the gp41 ectodomain. Its transient nature
during viral entry may preclude it from
being an effective immunogen in HIV
infected individuals. However, the GCN4-
linked version of gp41 may serve as a good
mimic of the natural gp41 ectodomain
and, thus, a good immunogen.

To date, vaccine candidates have been
shown to elicit neutralizing antibodies to
laboratory-adapted isolates of HIV but
not primary isolates (reviewed in ref. 24).
In contrast, antibodies from actively
infected persons can partially neutralize
the infectivity of primary isolate viruses.
Thus, there is a real need to develop enve-
lope protein preparations from primary
isolates that are in active conformations.
The idea that fusion-competent immuno-
gens can elicit a strong antibody response
was recently tested and validated in a
mouse model using a formaldehyde-fixed
whole cell vaccine25. Together, these
advances suggest that drugs targeted
against intermediates (or mimics) along
the fusion pathway and antibodies raised
against the same intermediates hold some
promise for the future development of
both drugs and vaccines against HIV.

Fig. 2 Stepwise approach to conversion of anti-HIV peptide DP-178 into a small molecule anti-
HIV drug. The first step involves biasing of a combinatorial library of small molecules (cubes and
spheres represent variable elements) attached to components of the DP-178. In the second step,
the biasing element (red cylinder) is removed or replaced with a non-natural positioning ele-
ment (if complete removal of the biasing element greatly reduces affinity). An alternative
approach is to screen a small-molecule library for anti-HIV agents without peptide components
as biasing elements.
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history

Holliday model of recombination
The structure of an all-DNA four-way
junction is presented on page 913 of this
issue of Nature Structural Biology and is
discussed in the News and Views report
on page 897. The historical interest of
such structures stems directly from the
challenge of uncovering the mechanisms
of genetic recombination and, in particu-
lar, of explaining a complex genetic phe-
nomenon — the aberrant segregation of
alleles.

Aberrant segregation was first clearly
noted in the 1950s in genetic studies of
certain fungi that allow direct examina-
tion of their four haploid products of
meiosis. Normally in these fungi, a het-
erozygous locus yields a 2:2 ratio of prod-
ucts (for example, 2 wild type and two
mutant alleles). However in some cases,
an aberrant segregation ratio, such as 3:1
or 4:0, can occur — a phenomenon
known as gene conversion.

There are two types of meiotic recom-
bination: reciprocal (crossing over) and
non-reciprocal (gene conversion).
Crossing over results in the exchange of
genetic markers that flank the cross over
site, whereas gene conversion results in
the unidirectional substitution of a small
region of one chromosome for the corre-
sponding sequence of the homologous
chromosome. Gene conversion is often
associated with a nearby cross over,
which suggests that these two events are
the products of the same recombination
pathway.

In the early 1960s, the most common
explanation for gene conversion was the
copy choice model — that is, replication

of the genetic material occurs during or
after chromosome pairing and the repli-
cation machinery can switch from using
one chromosome as a template to using
its sister chromosome as a template.
However, this model made predictions
that were not fully supported by genetic
findings in many organisms. Moreover, it
could not explain the frequent associa-
tion of non-reciprocal recombination
with reciprocal recombination.

In 1964, Robin Holliday proposed a
different model to explain gene conver-

sion, one that portrays a more accurate
representation of the molecular mecha-
nisms of cell division and recombination
(as we now understand them) and one
that illuminates the relationship between
gene conversion and crossing over:

“It is suggested that along with the gen-
eral genetic pairing of homologous
genomes at meiosis, effective pairing over
short regions of the genetic material occurs
at the molecular level by the separation of
the strands of the DNA double helices, fol-
lowed by the annealing of strands from two
homologous chromatids. If the annealed
region happens to span a heterozygous site,

Fig. 1 Holliday’s proposal for the intermediate in genetic recombination. Solid lines represent the
DNA strands of one chromatid and dashed lines represent those of the other chromatid. The 3'
end of a strand is indicated by an arrow. The short horizontal lines mark the positions of the nicks
that initiate strand exchange. The numbers below each chromatid pair indicate the order of
events, with 4a and 4b representing the possible outcomes of resolution of the four-way junction
by breakage and rejoining of different strands. Adapted from ref. 1.
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