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Review

Anti-AIDS Drug Development: Challenges and Strategies

Prem Mohan!

A myriad of chemical derivatives has been shown to inhibit in vitro replication of the AIDS virus at
concentrations that are nontoxic to the host cells. The majority of these agents acts by either (i)
inhibiting enzymes such as reverse transcriptase (RT), protease, or glucosidase, (ii) arresting expres-
sion of genes or gene products, or (iii) inhibiting viral processes such as giant ceil (syncytia) formation
or viral binding to the target cell. The nucleoside RT inhibitors are the most widely studied agents at
both the preclinical and the clinical levels. Their inability to cure AIDS has stimulated the discovery
of several novel nonnucleoside RT inhibitors, possessing varied structures and demonstrating activity
at nanomolar concentrations. These agents demonstrate a unique mode of binding to RT and show a
high specificity for HIV-1. Protease inhibitors, soluble CD4 derivatives, oligonucleotides, and many
anionic derivatives also demonstrate potent anti-HIV-1 activities. These derivatives possess mecha-
nisms of action different to the nucleosides and exhibit selectivity as exemplified by their high in vitro
therapeutic indices. This article discusses the structural parameters that govern activity in these
agents, the pros and cons regarding the development of these compounds as putative anti-AIDS
agents, and the future promise of searching for newer agents directed at novel targets to inhibit the
AIDS virus.
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INTRODUCTION

Since the discovery of a retroviral cause for acquired
immunedeficiency syndrome (AIDS) (1-3), many laborato-
ries have actively pursued the search, design, and develop-
ment of new anti-human immunodeficiency virus (HIV-1)
agents. These studies have produced a wide array of agents
possessing diverse structures that are capable of inhibiting
different sites of the virus life cycle. The discovery of these
agents has been the result of one or many approaches. These
have included the random anti-HIV-1 screening of a wide
inventory of chemical substances, the evaluation of sub-
stances with known antiviral activity against other viruses or
inhibitory activity against specific targets, such as reverse
transcriptase (RT), present in other species (e.g., animal,
avian), and rational drug design. In general, the presently
known inhibitors of HIV-1 inhibit either specific viral en-
zymes or viral processes and thereby inhibit viral multipli-
cation.

The fact that the AIDS virus is endowed with unique
viral enzymes and genes that are required for replication
provides the medicinal chemist with attractive targets for
drug design. In this respect, among the enzymes, RT, pro-
tease, and the glucosidases have been popular targets, for
which there are known inhibitors. In considering viral pro-
cesses, agents exist that have the ability to prevent viral

! Department of Medicinal Chemistry and Pharmacognosy (M/C
781), College of Pharmacy, University of Illinois at Chicago, Chi-
cago, Illinois 60680.

binding to the target cell, arrest giant cell (syncytia) forma-
tion, or prevent gene expression. Broadly, these ongoing
approaches continue both to produce new specific inhibitors
and to contribute to the development of known inhibitors.
The design of new specific enzyme inhibitors can be ratio-
nally strengthened if the relevant enzyme has been function-
ally characterized and its structural coordinates confirmed
by X-ray analysis. However, it must be emphasized that
until these data become available, it is still possible to design
inhibitors. This is possible only after the discovery of a lead
compound and has a greater chance for success if the mech-
anism of action of the lead compound has been determined.
A pertinent example is the discovery of many potent nucle-
oside inhibitors of HIV-1 RT which were designed without
X-ray crystallographic data on the enzyme. Indeed, the ret-
roviral RT still remains a popular target for drug design and
synthesis.

REVERSE TRANSCRIPTASE INHIBITORS

Nucleosides and Derivatives

Once it was established that an RNA virus was respon-
sible for AIDS, research groups rushed to test randomly
many nucleoside derivatives, among other compounds, for
activity against HIV-1. The selection of compounds for an-
tiviral evaluation was narrowed down in certain cases by
considering nucleoside derivatives that have been known to
possess antiviral activity against several animal and human
viruses. In the United States, the first drug to be licensed by
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the FDA and used on a wide scale in AIDS patients was
3'-azido-2',3’-dideoxythymidine (AZT) (1) (Scheme I). It is
worthy to note that AZT was first synthesized as an antitu-
mor agent in 1964 (4) and was later shown to have inhibitory
activity against the Friend leukemia virus (5). In 1985, it was
reported that AZT demonstrated in vitro inhibition of the
cytopathogenic effect of the AIDS virus (6) and was subse-
quently administered to AIDS patients (7). The anti-HIV-1
activity of AZT stimulated the evaluation of a wide variety of
nucleoside derivatives. For many research groups this was
not a formidable task because they possessed a large inven-
tory of already synthesized nucleoside derivatives. These
and other investigations led to the discovery of activity in
other nucleoside derivatives such as 2',3'-dideoxycytidine
(DDC) (2), 2',3'-dideoxyadenosine (DDA) (3), 2',3'-
dideoxyinosine (DDI) (4), and 2’,3’-dideoxy-2',3'-
didehydrothymidine (D4T) (5) and their consequent intro-
duction into clinical trials. Recently, DDI has also gained
FDA approval.

The mechanism of action of these anti-HIV-1 nucleoside
agents involves the sequential in vivo phosphorylation of the
5'-hydroxyl group to the active triphosphate species. The
triphosphate inhibits the retroviral RT and also acts as a
chain terminator (8). Therefore, for the nucleosides, the 5'-
hydroxy group is a requirement for activity. One study has
analyzed the preferred sugar conformations of certain anti-
HIV-1 nucleosides and demonstrated that the location of the
5’-hydroxy group is important in relationship to the base (9).
Structurally, AZT is unique in that it has a functionality rare
in therapeutic drugs, an azido group in the 3’-position of the
sugar ring. It has been postulated that the azido group func-
tions to bind to both the polynucleotide binding site and the
mononucleotide 5'-phosphate binding site of RT to contrib-
ute to DNA chain termination (10).

Structure-activity studies have revealed that modifica-
tions at the 3'-position of the sugar do allow the presence of
a hydrogen (as in DDC, DDA, or DDI), or a fluorine in the
a-orientation (erythro compound), or the presence of a 2',3'-
double bond (as in D4T). However, these sugar modifica-
tions must be matched with the appropriate nucleic acid base
to ensure optimum activity. One problem with purine nucle-
osides (such as DDA and DDI) was their short half-life due
to acid lability. This undesirable property was circumvented
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by preparing 2’-fluoro analogues, which were as active as the
parent analogues but these derivatives also exhibited in-
creased toxicity (11). The introduction of a 6-halo substitu-
ent into certain 2',3'-dideoxypurine nucleoside derivatives
has been shown to confer lipophilicity without decreasing
the anti-HIV-1 activity of these compounds (12).

The administration of these nucleoside agents in the
clinic has revealed various forms of toxicity. These include
bone marrow suppression and anemia (AZT), peripheral
neuropathy (DDC, DDI, and D4T), and pancreatitis (DDI)
(13). Although these side effects have been shown to be
dose-limiting, they may preclude the long-term use of these
nucleosides as singular agents against AIDS. Resistance has
become a matter of concern after the discovery of AZT-
resistant HIV-1 mutants (14). Three amino acid mutations
where Asp 67 — Asn, Lys 70 — Arg, Thr 215 — Phe or Tyr,
have been shown to be common to several AZT-resistant
isolates (15). Recently, it has been shown that it is possible
to induce resistance to DDI and sensitivity to AZT by a
mutation in HIV-1 reverse transcriptase (16). Nucleoside
anti-RT analogues may still prove promising in anti-AIDS
therapy if they are prescribed early in asymptomatic patients
and/or are used in combination with other nucleosides or
with derivatives possessing a different mechanism(s) of ac-
tion. This type of regimen would have the advantage of re-
ducing or eliminating the toxic effects seen with singular
nucleoside agents, as well as delay or abrogate the emer-
gence of nucleoside resistant mutants.

The shortcomings of toxicity and resistance associated
with the clinically used nucleosides have provided the impe-
tus for detailed structure-activity relationship studies in the
anti-HIV nucleoside area (17). A pertinent structural modi-
fication in the development of nucleoside analogues has been
the opening of the furanose sugar ring to prepare acyclic
derivatives. This strategy is strongly substantiated by the
success of the acyclic nucleoside derivative, Acyclovir, for
the management of genital herpes. Phosphomethoxyalkyl
derivatives of adenine, namely, 9-(2-phosphonylmethoxy-
ethyl)adenine (PMEA) (6) and 9-(2-phosphonylmethoxy-
ethyl)-2,6-diaminopurine (PMEDAP) (7), demonstrate anti-
HIV-1 activity and are more potent than AZT in certain
animal models (18,19) (Scheme II). The side chain of Acy-
clovir has a terminal hydroxy group, a required necessity to
form the active triphosphate species. In PMEA and
PMEDAP the terminal side-chain moiety is a phosphonyl
group. Since the active species is also the triphosphate de-
rivative, PMEA and PMEDAP need only two more phos-
phorylations to form the active compound. Other favorable
properties of PMEA and PMEDAP are their known inhibi-

NH

2 NH,

’d

T “gff‘

S 5 N7
SN

N N HN N N

i~

Ho—p” o 0

| I~

OH HO—P [¢]

Scheme I1



Anti-AIDS Drug Development

tory effects against other viruses that infect AIDS patients,
the ability to sustain in vivo antiviral activity for several days
after a single dose (20), and the demonstration of immuno-
modulating activity (21).

Nonnucleoside Derivatives

In the rational search for inhibitors of RT as singular
agents for the treatment of AIDS, a crucial argument may be
offered on the validity of this approach based on the known
inability of the RT inhibition mechanism, as exemplified by
the nucleosides, to cure AIDS in the clinic. A strong coun-
terargument to this discussion would be the possibility of
discovering RT inhibitors that interact with RT in a mode
that is totally different to the anti-RT nucleosides. Indeed,
many research groups actively searched their chemical in-
ventories for nonnucleoside inhibitors of RT. These studies
have revealed promising activity in many derivatives having
diverse chemical structures and exhibiting potencies in na-
nomolar concentrations.

The tetrahydroimidazo[4,5,1-jk][1,4]-benzodiazepin-
2(1H)-one and -thione (TIBO) derivatives were discovered
after the evaluation of 600 classes of compounds. One com-
pound in this series, R82150 (8) (Scheme III), is almost as
potent as AZT (1) and has a therapeutic index that is five
times higher than that of AZT (1). A unique property of the
TIBO class of compounds is that they inhibit the replication
of HIV-1 but are not active against HIV-2 or any other DNA
or RNA viruses (22). It has been suggested that R82150 may
bind to an allosteric site on RT (23).

Similarly, among the 1-[(2-hydroxyethoxy)methy]-6-
(phenylthio)thymine (HEPT) derivatives (24,25), selective
activity was shown against HIV-1 but no activity against
HIV-2 or any other retroviruses. It is remarkable that among
the RT inhibitors of this class (26), one derivative, 9 (Scheme
III), has an in vitro therapeutic index of over 100,000 (27).
Two pyridinone derivatives (10 and 11) (28) and a dipyridodi-
azepinone analogue, Nevirapine (12) (29), have also been
shown to target RT (Scheme IV). It is intriguing that Nevi-
rapine, TIBO, and the pyridinone derivatives share a com-
mon site of action on RT (28). Studies have revealed that
Tyr-181 and Tyr-188 are located at the Nevirapine binding
site (30) and that Nevirapine is active against an AZT-
resistant strain of HIV-1 (31).

In a separate study, it has been demonstrated that de-
rivatives from the TIBO and HEPT series bind to the same
site on HIV-1 RT (32). It should be noted that in vitro HIV-1
resistance to pyridinone, TIBO, and Nevirapine have been
reported. It remains to be determined whether this resis-
tance will also manifest itself in vivo (33). The screening of
1500 compounds belonging to different classes has culmi-
nated in the discovery of derivative 13 (Scheme V), belong-
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ing to a class of bis(heteroaryl)piperazines (BHAPs). These
agents show anti-HIV-1 potencies equal to AZT’s in several
laboratory and clinical isolates, possess activity in the HIV-
l-infected SCID-hu mouse, and have no activity against
HIV-2 (34). While all the above nonnucleoside derivatives
are synthetic in nature, a recent report describes selective
inhibition of HIV-1 RT by the natural product derivatives
psychotrine (14) and its methyl ether (15) (35) (Scheme V).

PROTEASE INHIBITORS

The retroviral aspartyl protease was the first HIV-1 en-
zyme target for which the X-ray crystal structure was deter-
mined. The publication of these reports (36-38) generated
wide interest in the design and synthesis of a broad variety of
protease inhibitors. Three approaches have been docu-
mented. First, a large number of inhibitors were designed
around one of the at least seven scissile bonds in the gag and
gag-pol gene products that are the targets of the viral pro-
tease. In the inhibitors, this scissile bond is replaced by a
nonhydrolyzable isostere having tetrahedral geometry in the
transition state. These derivatives encompass the statine,
hydroxyethylene, dihydroxyethylene, hydroxyethylamine,
phosphinate, and reduced amide classes of compounds (39)
and have produced several potent inhibitors (40—42).

The second approach to protease inhibitors has utilized
the homodimeric structure of the enzyme and takes into ac-
count the symmetry of the protease active site. Based on this
fact, C, symmetrical inhibitors such as 16 (Scheme VI) were
rationally designed, synthesized, and shown to have potent
anti-HIV-1 activity (43). In addition, the 2.8 A crystal struc-
ture of the inhibitor—-enzyme complex demonstrated that the
inhibitor was bound to the enzyme in a highly symmetric
mode (44). A third and more recent approach has been based
on utilizing a structure-based computer-assisted search strat-
egy using a computer program to create a negative image of
the active-site cavity using the crystal structure of the HIV-1
protease. This image was matched with 10,000 molecules
from a crystallographic data base and led to the discovery
and testing of haloperidol, which can be considered a non-
peptide lead (45).

The early strategies of designing potent protease inhib-
itors around the scissile bond were borrowed from previ-
ously documented work on successful inhibitors of another
aspartyl protease, renin. An important concern that faced
the early design of protease inhibitors was the requirement
for selective activity against the viral protease over the hu-
man asparty proteases, renin, pepsin, gastricsin, cathepsin
D, and cathepsin E. Indeed, this has been achieved with
inhibitor 17 (46) (Scheme VI). It has been reported that actin,
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troponin C, Alzheimer amyloid protein, and pro-interleukin
1B can be substrates for the HIV-1 protease. This under-
scores the possibility of more serious damage to host cellular
proteins if indeed it is possible for the protease to express
activity outside the viral particle (47).

The most potent protease inhibitors have substantial
peptide composition and will therefore be challenged with
the problems of metabolism, distribution, bioavailability,
and oral activity in the course of their clinical evaluation.
However, the fact that the protease enzyme functions at a
postintegration stage and a recent report on the possible
need for the protease for the synthesis of proviral DNA (48)
make further development of protease inhibitors attractive.
Undoubtedly, the discovery of a potent nonpeptide inhibitor
of the protease enzyme is highly desirable.

GLUCOSIDASE INHIBITORS

A critical step for maturation and infectivity of the vi-
rion involves the N-glycosylation of the envelope glycopro-
tein gp 120, followed by processing by a variety of enzymes.
The processing also involves the trimming enzymes, a-glu-
cosidases I and II, which sequentially remove one and two
glucose units from the oligosaccharide chain. Castanosper-
mine (18) and N-butyldeoxynojirimycin (N-butyl-DNIJ) (19)
are inhibitors of these enzymes (49) and the latter derivative
is undergoing clinical evaluation (Scheme VII). Structurally,
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18 and 19 are nitrogen analogues of glucose with the stereo-
chemistry at C-6, C-7, C-8, and C-8a on the piperidine ring of
castanospermine (18) resembling the C-2, C-3, C-4, and C-5
positions on the pyranose ring of glucose (50). This stereo-
chemical disposition is also maintained at carbons 2, 3, 4,
and S in N-butyl-DNJ (19), which can be considered a more
flexible derivative of the rigid derivative, castanospermine
(18,50). Many other similar analogues have also been syn-
thesized and evaluated for anti-HIV-1 activity (51,52). A
critical point in the development of these agents is that, apart
from needing relatively higher doses to attain antiviral activ-
ity, they target an enzyme process that does not distinguish
between viral and cellular glycosylation.

INHIBITORS OF GENE EXPRESSION

Antisense Oligonucleotides

A pivotal argument in the design of drugs to fight AIDS
has been the question of whether any agent will have the
capability to cure the disease. The question is a highly per-
tinent one because it can be debated that once the proviral
DNA is integrated into the host cell DNA (as in all AIDS
patients), lifelong infection is guaranteed. Theoretically, a
cure would be possible only if an agent excised the viral
genome from all the infected host cells. Until this becomes a
reality, it may be possible to design agents that would target
and inhibit expression of certain viral genes. While this treat-
ment may have to be indefinite, it is plausible to assume that
this approach may delay or totally prevent the onset of
AIDS. It is in this context that the antisense oligonucleotides
are most provocative because theoretically they can be de-
signed to have the potential to block gene expression.

In 1978, the first in vitro experiment that demonstrated
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the utility of the antisense approach was revealed (53). Since
then, many analogues have been synthesized where the an-
tisense oligonucleotide is designed to be complimentary to a
specific segment of the genome or a definite sequence of
mRNA. After hybridization with the target sequence, ex-
pression of the relevant segment is blocked. During the de-
velopment of these agents, many issues need to be seriously
considered. At the onset, it seemed that many of these
agents would suffer from rapid in vivo metabolism by cellular
exonucleases. This problem has been circumvented by pre-
paring analogues that replaced the negatively charged oxy-
gen on the phosphodiester linkages with methyl, sulfur, or
amine groups, to produce methylphosphonates (20), phos-
phorothioates (21), or phosphoamidate (22) derivatives pos-
sessing anti-HIV-1 activity (54-56) (Scheme VIII). Another
concern was the questionable cellular uptake of these
agents. It has been suggested that oligonucleotides linked to
poly-L-lysine (57) or cholesteryl (58) have better cellular pen-
etration properties. Oligonucleotides have also been targeted
to the rev gene (59). Antisense oligonucleotides also inhibit
syncytia formation and RT and HIV-1 replication in chron-
ically infected cells (60). Other matters for consideration in-
clude the control of chirality generation during the synthesis
of some of these derivatives, the susceptibility of these
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agents to endonuclease activity, and the guarantee of hybrid-
ization in vivo (61).

INHIBITORS OF VIRAL BINDING

Soluble CD4 Derivatives

The high-affinity interaction between the T cell CD4
receptor and the virus envelope protein gp 120 is considered
to be important for initiation of viral infectivity. Several in
vitro studies have exhibited the antiviral activity of soluble
CD4 derivatives (62-66). These agents have also shown to be
able to prevent infection of macrophages (67). Soluble CD4
derivatives inhibit viral binding by competing with the T cell
CD4 receptor for gp 120 attachment.

Some issues need to be resolved in connection with the
development of soluble CD4 analogues. The short in vivo
half-life of approximately 45 min (68) was elegantly resolved
by producing hybrid molecules called immunoadhesins
which contained the important gp 120 binding section of CD4
linked to the Fc portion of IgG. This modification increased
the half-life of the hybrid 100-fold (69). In addition, an im-
munoadhesin has been shown to be able to cross the pla-
centa of a primate, thereby implicating the potential to in-
hibit perinatally transmitted HIV infection (70). Studies have
shown that HIV-2 is less sensitive to soluble CD4 than
HIV-1 (71,72) and clinical isolates of HIV-1 require much
higher doses of soluble CD4 than needed for inhibiting lab-
oratory strains of HIV-1 (73). Further, the performance of
soluble CD4 in the clinic has not been encouraging (74).
Finally, the wide-scale therapeutic applicability of this mode
of therapy requires further debate since the AIDS virus can
also infect CD4-negative cells (75).

Anionic Compounds

The use of anionic compounds to arrest animal retrovi-
ral replication has been known for a long time. Therefore, it
was not surprising that many anionic derivatives were tested
for their ability to inhibit replication of the AIDS virus. In
this context, it is worthy to note that the hexasulfonic acid
derivative suramin (23) (Scheme IX) a known potent inhib-
itor of the RT of tumor viruses (76), was the first drug that
was administered to AIDS patients (77), but it was no longer
pursued because of its lack of clinical or immunological ef-
ficacy (78). Subsequently, several anionic derivatives were

@331&

SO,Na

Scheme IX



708

SOaNa

SO, Na

NH, OH ) OH NH,
OO NN O Q NZ=N
CH, CH, O‘

Mohan

SO Na

50,Na

24

Scheme X

screened and demonstrated potent anti-HIV-1 activity.
These derivatives may be broadly divided into the polymer
and small molecule classes and generally contained the sul-
fate, sulfonic, carboxylic, and/or phenolic functionalities.
The discovery of the in vitro anti-HIV-1 activity of suramin
(79) was followed by the demonstration of anti-HIV-1 activ-
ity in sulfonic acid derivatives belonging to various dyes
(80-82), stilbene (83), and natural product (84,85) classes. In
addition, it has been shown that structural modification of
suramin can lead to analogues that are more potent and less
toxic than suramin (86).

The utility of anti-HIV-1 sulfonic acid azo dyes (87) as
potential therapeutic agents is hampered by their known in
vivo reduction to generate carcinogenic amine metabolites
(88). One approach to remedy this problem could be to re-
place the spacer unit containing the carcinogenic fragment
(as is present in the anti-HIV-1 dye Evans Blue, 24) (Scheme
X) with a relatively inert entity and to keep the naphthale-
nesulfonic acid unit intact. On the other hand, other naph-
thalenesulfonic acid units may also be employed with a suit-
able spacer. The use of naphthalenesulfonic acid as the an-
ionic moiety is supported by their known nonmutagenicity
(89).

Using the latter strategy, we have synthesized and eval-
uated a series of naphthalenesulfonic acid spacer derivatives
utilizing a variety of HIV-1 and HIV-2 assays (90-92). Com-
pound 25 (Scheme XI) emerged as the most potent com-
pound in these studies (92). While activity was most pro-
nounced in the bis derivatives, we were also able to demon-
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strate activity in a small naphthalenedisulfonic acid
derivative, 26 (Scheme XI), against a clinical isolate of
HIV-1 (93). In order to explain the activity of these agents
against HIV-1 reverse transcriptase we employed molecular
modeling analyses for a flexible bis-naphthalenesulfonic acid
derivative, 27 (Scheme XI), and have shown that this agent
can mimic the helical turn of B-DNA as demonstrated in Fig.
1 (94).

Antiretroviral activity has also been exhibited in sul-
fated derivatives, most notably in the sulfated polysaccha-
rides. Among these, dextran sulfate (28) (Scheme XII) is a
potent inhibitor of HIV-1 (95). Dextran sulfate, like the other
anionic derivatives, pentosan polysulfate, heparin, aurintri-
carboxylic acid, suramin, and Evans Blue, specifically inter-
acts with viral gp 120 (96). The optimum activity of dextran
sulfate is clearly a function of its molecular weight and de-
gree of sulfation (97). The activity of polymeric aurintricar-
boxylic acid has also been correlated with its molecular
weight (98). It is interesting that dextran sulfate can mediate
release of gp 120 from HIV-1. At first thought, it seems that
this finding may be exploited as a novel strategy to inactivate
the virus. However, in order to observe this effect in vivo, it
will be necessary to administer higher doses of dextran sul-
fate than those that are presently being administered in the
clinic (99). This may not be prudent due to the known effect
of dextran sulfate on blood coagulation. Further, if this free-
floating gp 120 is not eliminated by antibodies, the envelope
protein would bind to T cells and initiate cell killing via an
antibody-dependent complement-mediated pathway (100).
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Fig. 1. (a) Global minimum energy helical conformation of 27. (b)
Molecular superposition of 27 (dashed lines) on B-form DNA (solid
lines).

An early and legitimate concern with the clinical use of
sulfated polysaccharides, such as dextran sulfate, was its
known anticoagulant activity. However, studies have shown
that it is possible to dissociate anti-HIV-1 activity and anti-
coagulant activity in sulfated polysaccharides (101). An oral
clinical study of dextran sulfate revealed no anti-HIV-1 ac-
tivity (102). This should have been predicted due to the
known polar nature of this derivative and its expected in-
ability to cross cellular membranes. Although it was strongly
advocated that parenteral administration may produce better
results, another set of problems remained to be addressed.
First, the 1.v. administration of high molecular weight dex-
tran sulfate is suggested to lead to allergic reactions and
renal toxicity (103). Second, the glycosidic bonds in dextran
sulfate should be predicted to suffer the same in vivo fate as
other polysaccharides. Indeed, this has been experimentally
confirmed, where it was shown that dextran sulfate is de-
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graded into smaller molecular weight fragments that are
known to be inactive (104).

On medicinal chemistry grounds, this problem of deg-
radation is easily circumvented by eliminating the glycosidic
bond and using an inert hydrocarbon backbone to carry the
sulfate groups. This approach has been fruitful to produce
the sulfated copolymer of acrylic acid and vinyl alcohol
(PAVAS) (29) and the sulfated polymer of vinyl alcohol
(PVAS) (30) (Scheme XII). Both PAVAS and PVAS dem-
onstrate antiviral activity and are potent inhibitors of syncy-
tia formation (105). While the in vivo stability of these agents
can be expected to be better than dextran sulfate, they may
still be prone to another catabolic step: the desulfation re-
actions catalyzed by sulfatase enzymes. Once again, struc-
tural modifications can be performed to avert this reaction.

Since dextran without the sulfate groups is inactive
(106), any attempted structural manipulation should still con-
tain a polyanionic functionality. In coansidering a suitable
substitute anionic moiety it would be preferable if the group
contained a similar presentation of the anionic charge as the
sulfate group. This is pertinent because polymeric deriva-
tives that separately employ carboxylic (107) or phenolic
groups (108) to carry the anionic charge are inactive. It
would also be desirable that the anionic group is not easily
degraded during metabolism.

Being cognizant of these requirements, we tested sev-
eral novel polymers containing the sulfonic acid group and
discovered highly potent anti-HIV-1 activity in these deriv-
atives. An important virtue of the sulfonic acid group as a
moiety carrying the needed anionic charge is that it is rela-
tively unreactive to metabolizing enzymes and is excreted
largely unchanged with negligible desulfonation (109-111).
All the sulfonic acid polymers exhibited activity at concen-
trations that were nontoxic to the host cells. However, in the
HIV-1 RT assay, the aromatic polymers were the most po-
tent, with poly(4-styrenesulfonic acid) (PSS) (31) (Scheme
XIII) exhibiting a potency that was 161 times greater than
suramin, a known potent inhibitor of RT. Among the active
aliphatic polymers in the cytopathogenesis assay, poly(vi-
nylsulfonic acid) (PVS) (32) (Scheme XIII) is an attractive
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candidate since it has a molecular weight of 2000. In this
assay, poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS) (33) (Scheme XIII) is equally potent to dextran
sulfate. All the sulfonic acid polymers inhibit binding of
HIV-1 to the target cell (112).

Mechanistically, while all the sulfonic acid polymers in-
hibited binding of anti-gp 120 mAb (directed to the V3 fusion
region) to HIV-1 gp 120, PSS (31) was one of two polymers
that interfered with the binding of OKT4A/Leu3a mAb to the
CD4 receptor (112). Based on all of the above observations,
the sulfonic acid polymers are a promising class of new viral
binding inhibitors. Prior to the clinical administration of
these agents, it needs to be determined whether the anti-RT
or the viral binding inhibitory property is the targeted activ-
ity. For the former case, prodrug design will be necessary.
For the latter case, this modification may not be needed
since the polar functionality may be required for interaction
at the viral-target cell interface. It is worthy to note that
inhibitors of viral adsorption have the potential to be used as
chemoprophylactic agents against AIDS. For the future de-
velopment of anionic viral binding inhibitors, it would be
desirable to have a small molecule possessing a high po-
tency, a low toxicity, and the ability to seek and bind selec-
tively to a target site on the HIV-1 envelope which is crucial
for the gp 120-CD4 interaction.

FUTURE PROSPECTS

Over the last decade, the human immunodeficiency vi-
rus has been the focal point of intense and sophisticated
antiviral research. While the AIDS virus is the most compli-
cated human pathogenic virus ever studied, it is also the
most researched virus in medical history. In spite of the
myriad of known inhibitors of HIV-1, the AIDS virus still
successfully eludes all forms of curative therapy. Yet as fur-
ther molecular biology and biochemistry of the virus con-

tinue to evolve, the medicinal chemist will be presented with
a newer set of putative intervention targets. While these new
targets will stimulate synthetic programs directed at inhibit-
ing these sites, the search for novel anti-HIV-1 molecules
should be an ongoing process. For example, the semirandom
screening of synthetic derivatives should still be pursued.
Already, this strategy of wide-scale screening has lead to the
discovery of many highly potent anti-HIV-1 agents. In addi-
tion, the systemic evaluation of the vast reservoir of natural
products needs to be undertaken, since it is well documented
that the plant world has supplied diverse structures possess-
ing palliative or curative properties (113).

Nonetheless, on the basis of mechanism-based discov-
ery of new agents for AIDS, questions need to be raised
constantly about the viability of certain targets for curing the
disease. This is even more pertinent when agents with a
known mechanism of action fail to cure the disease in the
clinic. It is at this pivotal point that newer antiviral avenues
must be sought and agents that attack novel targets need to
be encouraged for extensive preclinical evaluation so that
they may be quickly assessed for clinical efficacy. In this
context, the regulatory genes, tar and rev, still remain as
potential sites of drug intervention. The determination of the
X-ray crystal structure (114) and solution secondary struc-
ture (115) of the ribonuclease H domain of RT will provide
the impetus to design and synthesize inhibitors of these new
targets.

Another plausible site of attack is the retroviral inte-
grase enzyme. However, this approach remains question-
able since in certain cell types viral replication continues
despite the presence of a functioning integrase enzyme (116).
A new putative target is the nuclear factor kB (NF-«kB), the
stimulation of which is related to the lowering of intracellular
glutathione levels and the expression of genes controlled by
the long terminal repeat of HIV-1. N-Acetyl-L-cysteine re-
plenishes glutathione levels, thus inhibiting the activation of
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NF-kB, which in turn is suggested to curb the replication and
expression of HIV-1 (117,118). Finally, rigorous experimen-
tation is required to ascertain whether inhibition of these
novel targets will provide the necessary antiviral coup that
will ultimately cure AIDS.
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