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Abstract

Synthetic peptides used as HIV-1 fusion inhibitors are quickly emerging as one of the most promising
innovations to combat HIV. Detailed mechanistic insight into the HIV cell-entry process, provided by many
research groups, has been pivotal in identifying possible protein-protein interactions that can be targeted by
engineered fusion inhibitors. Armed with extensive knowledge of HIV’s method of entry, investigators are
developing peptides that bind specific sites on viral envelope proteins, thereby interfering with the infection
process. The field of synthetic fusion inhibitors has progressed considerably, quickly evolving from designing
one-step inhibitors to engineering two-step inhibitors. A persistent problem encountered by researchers is
HIV’s rapid mutability, allowing the virus to become resistant to the effects of fusion inhibitors. Currently,
next-generation fusion peptides are being developed that are less susceptible to induced drug-resistance, thus
resulting in greater effectiveness and antiviral potency. The field of fusion inhibitors is transitioning to chi-
meric molecules that are constructed from multiple peptides that covalently bind their target, in addition to in-
terfering with various other facets of cell entry.

Introduction

There are currently 34 million people worldwide that are infected with HIV, and the most effective
treatment approved for clinical use is the highly-active antiretroviral therapy (HAART), which primarily tar-
gets the components of HIV that work at the intracellular level using inhibitors such as: nucleoside reverse
transcriptase inhibitors, protease inhibitors, integrase inhibitors, chemokine receptor antagonists, and a very
limited selection of entry inhibitors.[;j;; Although the HAART therapy attempts to interfere with HIV infection
at multiple stages, the virus quickly develops a resistance toward the cocktail of drugs [}, thus requiring a
change in the combination of drugs about every three months. Most components of antiviral treatment target
the intracellular aspects of HIV infection, but strides have been made in the field of HIV fusion inhibitors, in
which synthetic proteins are engineered to effectively interfere with HIV entry. These newly-designed inhibi-
tors have shown to be less susceptible to HIV-resistance, so these drugs remain effective in vivo for longer du-
rations. This review discusses the current understanding of fusion inhibition and the progression of R5-tropic
HIV-1 fusion inhibitors, including the recent development of chimeric peptides and those inhibitors that utilize

covalent binding to inactivate their target.

HIV Mechanism of Entry
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The innovation of HIV fusion inhibitors has been facilitated by the in-depth elucidation of the HIV cell
-entry mechanism. The key steps in this process are a series of crucial protein-protein interactions that take
place between surface proteins on the virus and CD4 " Helper T-cells. Evidence heavily supports the hypothe-
sis that the relevant proteins involved in the cell entry process are gp120 and gp41, on the surface of HIV-1,
and CD4 and CCRS5 on the surface of the T-cell.;3; As HIV contacts its target, the gp120 homotrimer binds to
CD4, causing a conformational change in the structure of gp120 exposing the CCRS binding domain on an ad-
jacent subunit of gp120.;3; Upon binding to CCRS, gp120 undergoes further conformational change to expose
the gp41 glycoprotein, which extends outward toward the T-cell membrane.;3; The N-terminal heptad repeat
region of gp41 inserts into the T-cell membrane, triggering the N-terminal and C-terminal regions of gp41 to
fold on top of one another forming what is known as a six-helix bundle.[3;4; Formation of the gp41 six-helix
bundle pulls the viral membrane and T-cell membrane together, allowing the fusion of the two membranes and
entry of HIV-1.[3; Although many studies have been devoted to revealing the mechanism of HIV membrane

fusion, spectroscopic analyses and protein-binding assays continue to refine the details of the viral cell-entry.

The mechanism of HIV-1 cell entry is considered to be a generally well-understood process that has
been studied and reviewed by many researchers. The goal, now, is to identify specific aspects of this mecha-
nism that can be targeted by various types of fusion inhibitors. Research suspects that inhibiting one step of

HIV cell entry should be sufficient to prevent HIV-1 from infecting the T-cell.
Inhibition of One Step of HIV Cell Entry

There are several interactions during the HIV-1 cell-entry mechanism that are susceptible to attack.
These potential points of inhibition include: gp120, gp41, CCRS, and CD4. Inhibition of the CCRS5 coreceptor
has been easily accessed due to the presence of endogenous chemokines that already bind this coreceptor. Ex-
perimental evidence has confirmed that the interaction of gp120 with CCRS can be prevented by the CCR5-
antagonist, RANTES.5; Using multiple optimization assays, the Hartley group agreed that the RANTES de-
rivative, 5p12-RANTES, demonstrated the most promising results: strong binding, but neither induction of G-

protein signal transduction, nor CCRS5 sequestration by the T-cell.;s; This compound was shown to prevent
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HIV-1 infection by interfering with a key protein-protein interaction in the cell-entry mechanism.s; The utility
of Sp12-RANTES is obvious in that its interaction with the CCRS5 coreceptor is benign, but its presence pre-

vents a protein-protein interaction that is crucial for HIV cell entry.

Although RANTES derivatives were demonstrated to decrease HIV-1 cell entry, it has its flaws. Ku-
ritzkes et al. (2012) experimentally determined that, in some patients, the two domains of the CCRS5 corecep-
tor, the N-terminal domain and the extracellular loop, show variability in their molecular composition.s; The
effect of these deviations from the predicted homogeneity of CCRS receptors presents a problem for CCR5
antagonists, but the preliminary nature of this study requires that more data be gathered using spectroscopic
analyses and binding-affinity assays to provide greater insight into the specific deviations within the CCRS5

coreceptor.

In addition to CCRS, glycoproteins gp120 and gp41 on the surface of HIV-1 are obvious sites for po-
tential inhibition. The LiWang and Klasse groups have completed extensive research testing the effects of a
recombinant lectin, Griffithsin, on binding gp120. Results of site-directed mutagenesis experiments and spec-
troscopic analyses indicate that upon binding to the CD4 binding-site on gp120, Griffithsin (GRFT) prevents
the conformational change that allows progression through the cell entry mechanism and subsequent infection
of the CD4" T-cell.;7yrs; Valuable structural insight was provided for GRFT, leading researchers to identify
key residues that could possibly play key roles in gp120-binding.;s; LiWang showed that the mutation of any
of multiple carbohydrate-binding sites on gp120 appeared to significantly reduced GRFT’s binding affinity to
gp120, indicating that this lectin is easily nullified by HIV-1 mutation.;s; The ease with which drug-resistance
is induced implies that Griffithsin may not be as promising a fusion inhibitor candidate as once thought, but
this peptide has shown to have other features that contribute to its significance as an antiviral peptide. Investi-
gation by Klasse et al. (2012) suggests that GRFT has a high affinity for binding to gp120. Upon binding, the
complex of GFRT-gp120 elicited a more robust immune response than just gp120 alone.[7; Provoking an im-

mune response could increase the effectiveness of GRFT and similar fusion inhibitors, but this hypothesis
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must be supported by more data from assays testing the effect of increased antibody concentration on HIV-1

cell entry.

Multiple studies have also shown that gp41 is an excellent site to target with engineered inhibitors.
The N-terminal heptad repeat region of this glycoprotein is the most commonly targeted site due to its crucial
activity ;;; T20, also known as enfuvirtide, was the earliest of the engineered C-peptides, and its mechanism of
action is to bind gp41, thereby preventing the formation of the 6-helix bundle that is necessary for membrane
fusion.poy10) Next generation derivatives of T20 have been designed, with T1249 and T2635 being most re-
cently developed and tested.joy11) The Eggnick group provided convincing data suggesting that both T1249
and T2635 show greater resistance to amino acid substitutions than T20(9y;1;, thus indicating that HIV-1 cannot
as easily mutate around these next-generation C-peptides. Using multiple virological and biophysical anal-
yses, specific amino acid substitutions were identified that were necessary for gp41 to escape inhibition by
T1249 and T2635 (o111}, and the electrostatic interactions between these C-peptides and gp41 were rigorously
characterized. o)1) Furthermore, support has been provided suggesting that T2635 is even more resistant to

gp41 mutation than T1249;,;, making this C-peptide the best candidate for future studies.

Other research has developed another fusion inhibitor, CP32M, that binds gp41 via a series of salt
bridges and hydrogen bonds.[;5; The potency of this peptide was determined to be greater than that of T20, and
through cell assays using pseudovirus entities, it was shown to be comparable to T2635 in its susceptibility to
gp41 amino acid substitutions.[;;; The formation of salt bridges and weak intermolecular forces, rather than
covalent bonds, used by the aforementioned C-peptides, may lead to questions about their validity — especially
because the incidence of induced drug resistance involving these inhibitors is so high. Future research will
work to develop C-peptides that demonstrate a higher affinity for gp41, and these studies will undoubtedly fo-

cus on identifying amino acids that are necessary for gp41 functioning.

The field of fusion inhibitors is rapidly progressing by engineering peptides that are mosaics of the

drugs that have been mentioned thus far. It has been hypothesized that the cumulative effect of combining

40



UC Merced Undergraduate Research Journal

multiple inhibitors will significantly increase inhibition of HIV-1 cell entry and lead to decreased rates of in-

duced drug resistance.

Inhibition of Two Steps of HIV Cell Entry

While inhibiting only one surface protein on HIV-1 proved to be effective at interfering with mem-
brane fusion, investigators generally agree that these peptides quickly induce drug resistance. Researchers
have suggested multiple methods of engineering recombinant inhibitors to be more resistant to HIV-1 muta-
tion, and it was hypothesized that HIV-1 would be less able to evade a peptide impeding two steps of mem-

brane fusion.

Two well-known peptides, GRFT and C37, have been extensively studied in their effectiveness as fu-
sion inhibitors, and the potential for a substantial increase in potency led to the suggestion of combining the
two peptides.j13; Experiments by Dr. LiWang’s lab led to the development of GRFT-linker-C37, GRFT physi-
cally linked to C37, forming what she theorized would be a more effective inhibitor due to simultaneous bind-
ing of gp120 and gp41.;;3; Evidence from viral assays indicated that the combination of these two peptides led
to a nine-fold decrease in HIV-1 activity compared to unlinked GRFT and C37, signifying greater inhibition.
13 The elevated antiviral activity can be attributed to the proximity and localization of the two inhibitors near

the surface of viral membrane, in addition to the fact that there are two fusion inhibitors present.

The success of GRFT-linker-C37 led to the construction of another chimeric peptide that consisted of
Sp12-RANTES and C37. Through a series of biochemical assays testing for HIV-1 infection and receptor
binding, studies have shown that Sp12-RANTES-linker-C37 demonstrated a nearly 100-fold reduction of HIV-
1 activity compared to the individual peptides.;;4; The Sp12-RANTES portion of this inhibitor is believed to
localize this chimeric peptide to the surface of the T-cell membrane by binding to CCRS5, ensuring that C37
will be very near its target, gp41. The significant decrease in HIV-1 activity was attributed to the close prox-
imity of C37 to the site of protein-protein interactions.[j4; Experiments involving both GRFT-linker-C37 and
5p12-RANTES-linker-C37 have provided strong support for the notion that targeting two steps of membrane
fusion with one molecule is more effective than using multiple peptides by themselves. Due to interfering
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with two steps of HIV-1 cell entry, the virus must mutate at least twice as much in order to avoid these pro-
teins, which suggests that chimeric inhibitors are much more efficient in terms of avoiding drug resistance.
Furthermore, overwhelming evidence supporting the increased antiviral potency of linked fusion inhibitors has
led to the general consensus that chimeric inhibitors are more effective than their individual constituents.
Nonetheless, more research involving mutagenesis of specific amino acids on gp120 and gp41 is required to
further elucidate the molecular interactions that occur and to identify more powerful combinations of synthetic

peptides.

The research being performed by the LiWang group is at the forefront of designing more powerful HIV
-1 fusion inhibitors. In future experiments, Dr. LiWang is interested in exchanging C37 with T2635 in both

chimeric inhibitors, and as described, T2635 has been shown to be more difficult for HIV-1 to evade by mutat-

Ing. [13714]

What Is In Store For Fusion Inhibitors?

Synthetic peptides that are engineered to sequester specific sites on HIV surface proteins have been
shown to be effective in preventing HIV cell entry. Recent publications suggest alternative designs of fusion
inhibitors which incorporate naturally-occurring elements in the human body such as antibodies. Antibodies
are known to have high affinity for the epitopes that they recognize, and this tropism is being exploited to de-
liver anti-HIV drugs to precise locations. Chang et al. (2012) demonstrated, by cell-cell fusion assays, that an-
tibodies linked to multiple copies of T20 potently decreased HIV-1 activity and prevented cell entry.[;o; Re-
sults of biochemical assays from other studies appeared to show decreased HIV-1 activity when exposed to
monoclonal antibodies that were specific for domains on gp120, suggesting that using antibodies acting as fu-
sion inhibitors could be feasible.[;s; In stark contrast, the results of other research has indicated that anti-gp120
and anti-gp41 monoclonal antibodies exhibit such modest antiviral activity that their use as fusion inhibitors is
unreasonable.;;s; There seems to be disagreement in this area of fusion inhibitors, but by far the most widely

accepted consensus is that antibodies are not feasible as HIV fusion inhibitors. The results of recent studies
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indicate two completely contrasting results, which emphasizes the need for more research that will provide

more in-depth insight into the neutralizing ability of antibodies.

Researchers continue to confront the question, “How can we design a fusion inhibitor that HIV cannot
avoid by mutation of its surface proteins?” In addition to chimeric fusion inhibitors;314), this question has
begun to be answered by the initial development of fusion inhibitors that covalently, rather than electrostatical-
ly, bind to viral surface proteins. The Liu and Li groups have provided preliminary evidence suggesting the
significant increase in binding affinity and antiviral activity of fusion inhibitors that use covalent interactions
to bind gp41..4517; By attaching reactive chemical groups to a synthetic inhibitor, these peptides have shown
to irreversibly bind specific amino acid residues of gp414y;;7; , which should lead to significant reductions in
instances of induced drug resistance. Once HIV interacts with these inhibitors, the residues are irreversibly
bound, thereby not giving HIV the opportunity to mutate to avoid inhibition. The use of covalent binding has
provided promising, albeit early, results, but more data from cell-cell fusion and pseudoviral assays are neces-

sary to add credibility to these preliminary results.

Conclusion

HIV affects millions of people worldwide, and efforts to subdue the morbidity of this virus have led to
significant research geared toward the development of more effective fusion inhibitors. Progress in the devel-
opment of more effective HIV-1 cell-entry inhibitors will undoubtedly focus on identifying conserved regions
of gp120 and gp41 that are necessary for function; such domains cannot accommodate mutations without ex-
periencing a loss of function, and any such elimination of activity would result in a non-functional viral parti-
cle. Maiden results provide very convincing evidence supporting the efficacy of covalent fusion inhibition4
117}, and future experiments will certainly focus on the design of covalent inhibitors that bind to indispensable

residues in order to achieve the highly sought after “escape-proof antiviral.”

Fusion inhibitors have rapidly advanced from interfering with one step of membrane fusion to now,

interfering with two steps; innovations such as the implementation of covalent binding and the improvement of
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C-peptides, have also resulted in the development of synthetic peptides that display increased antiviral activity.
Presently, recombinant, chimeric peptides that target multiple steps of HIV cell-entry have demonstrated the
greatest antiviral potency, and researchers have tended to agree that inhibition of multiple steps of viral cell-

entry with a single drug will be the future of fusion inhibitor design.
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