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In this chapter, we discuss the principle and utility of development of PIs and the
present challenges in the fight with emergence of Pl-resistant HIV-1 variants.

Il. Introduction

One can say that the development of antiretroviral therapy for AIDS
has traced one of the most dramatic progressions in the history of medicine,
showing combinations of rapid drug development, short-lived trends, and
continuous evolution. In the latter half of 1980s, in the United States, efforts
had been made to bring synergism to the basic research programs of the
US government, private sectors, and academics on Human immunodeficiency
virus 1 (HIV-1), and to translate the basic findings into rapid development of
novel therapeutics for AIDS. A focus of research on HIV-1 protease, the virally
encoded enzyme has been targeted following the therapeutic success achieved
by targeting at HIV-1 reverse transcriptase (Mitsuya and Erickson, 1999).
Initially such an entirely new area of research was not financially well sup-
ported by industries. Moreover, the clinical utility of PIs, which had been
designed using the knowledge of the molecular structure of protease, was not
known. However, it had become apparent that combination chemotherapy
with two NRTIs, zidovudine (azidothymidine, AZT) (Mitsuya et al., 1983)
and didanosine (dideoxyinosine, ddI) (Mitsuya and Broder, 1986; Yarchoan
et al., 1989a,b) was more effective than monotherapy as opposed to using the
drugs sequentially (Yarchoan et al., 1994). Between December 1995 and
March 1996, three Pls, saquinavir (SQV), followed by ritonavir (RTV), and
indinavir (IDV), were approved as prescription drugs for therapy of AIDS
through the fast track approval mechanism by the US Food and Drug Admin-
istration (FDA) (Mitsuya and Erickson, 1999). Combination chemotherapy,
with one of the Pls added to the combined NRTIs, produced sensational results
in comparison to the clinical data that had been previously reported.

1. Targeting Viral Protease

A. Mechanism of Action of Pls

HIV-1 encodes a protease, also known as a proteolytic enzyme, which is
responsible for the posttranslational processing of the viral products and is
required for viral infectivity. Indeed, a mutation of the protease active site
aspartic acids or chemical inhibition of the enzyme leads to the production
of immature, noninfectious viral particles (Ghosh et al., 2006a,b; Mitsuya
and Erickson, 1999; Turk, 2006). The HIV-1 protease is an aspartyl protease
that cleaves the HIV Gag and Gag-Pol polyproteins to generate structural
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proteins and enzymes of the virus. This processing occurs late in the HIV life
cycle during assembly and release from the infected cell and is an essential
step for the formation of mature virus particles.

The dimeric HIV-1 protease consists of two identical monomer subunits
of 99 amino acids and has an active site that lies at the dimer interface with
each monomer contributing a single catalytic aspartic acid residue (Asp-25
and Asp-25') (Fig. 1). The active site of the enzyme is unusual in that it is
formed at the dimer interface and contains two conserved catalytic aspartic
acid residues, one from each monomer. The substrate-binding cleft that
surrounds the active site contains both hydrophobic and hydrophilic ele-
ments. Each monomer of the protease has a ff-hairpin region (residues 45-56;
Fig. 1) that overlaps to form a “flap” that extends over the binding cleft for
the substrate. The flap is flexible enough to allow entry and exit of the
polypeptide substrates and undergoes large localized conformational
changes during the binding and release of inhibitors and substrates, Indeed,
Hornak and their colleagues have shown using molecular dynamics simula-
tion techniques that the unliganded HIV-1 protease flaps spontaneously
open and reclose and that the flaps of the unliganded protease open to a
much greater degree than observed in crystal structures and subsequently

FIGURE | Structure of HIV-1 protease. The HIV protease consists of two identical 99 amino
acid subunits and has an active site that lies at the dimer interface with each monomer contribut-
ing a single catalytic aspartic acid residue (Asp-25 and Asp-25’). Each monomer contributes
amino acids (positions 45-56) to form a flap that extends over the substrate-binding cleft. The
active site is covered by two f-hairpin structures or “flaps” that are highly flexible and undergo
large localized conformational changes during the binding and release of inhibitors
and substrates.
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return to the semi-open state (Hornak et al., 2006). For each substrate, three
to four amino acids located on either side of the peptide bond cleavage site
are utilized for binding to the substrate cavity of protease. Protease must
cleave the immature HIV-1 polyprotein precursors, Gag and Gag-Pol, in at
least nine different cleavage sites for maturation to occur (Jacobsen et al.,
1992). There is very little homology in the primary amino acid sequences of
each of these cleavage sites. Instead, substrate specificity appears to be
dictated by the secondary structure that remains conserved in each of the
different cleavage sites.

Knowledge of the structure and functions of viral protease has led to the
successful development of a wide variety of potent and chemically diverse
inhibitors that have been designed using substrate- and structure-based
approaches. The first PIs were designed in the early 1990s; those inhibitors
were designed in such a way that the inhibitors fit exactly into the active site
of the enzyme (Kempf et al., 1990; Sommadossi, 1999). There are currently
nine PIs approved for the treatment of HIV-1 infection (Fig. 2). All are
competitive inhibitors that bind to the protease active site.

B. Protease Structures and Substrate-Based Inhibitors

In theory, antiviral drugs exert their effects by interacting with viral
structural components, virally encoded enzymes, viral genomes, or specific
host proteins such as cellular receptors, enzymes, or other factors required
for viral replication (Mitsuya and Broder, 1987; Mitsuya and Erickson,
1999; Mitsuya et al., 1990; Turk, 2006). In principle, any virus-specific
steps in the replicative cycle of HIV-1, which differs from that in normal
host cell function, can serve as a potential target for the development of
antiretroviral therapy.

The close structural and functional relationships between retroviral and
cellular aspartic proteases, together with knowledge of the HIV-1 protease
cleavage site sequences on polyproteins, immediately opened an avenue of
peptidomimetic substrate-based approaches that had been developed for
designing inhibitors of human renin, an aspartic protease that has long
been an important target for the design of antihypertensive agents. Sub-
strate-based inhibitors are essentially peptide substrate analogues in which
the scissile peptide bond has been replaced by a non-cleavable, transition-
state analogue or isostere. Examples of this class of inhibitors include the
first FDA-approved PI, SQV (Fig. 2), which essentially mimics the Phe-Pro
cleavage site sequence (Roberts et al., 1990).

C. Design of Symmetry-Based Inhibitors

With the understanding that HIV-1 protease is a twofold (C2) symmetric
homodimer in which the active site is formed at the dimer interface and is
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composed of equivalent contributions of residues from each subunit came
the realization that symmetry could be incorporated into the design of
inhibitors for the HIV enzyme. Such designs represented a departure from
traditional medicinal chemistry approaches to enzyme inhibitor designs
(Erickson et al., 1990; Kempf et al., 1990). Examples for this type of
PIs include RTV (Fig. 2).

D. Structure-Based Pis

As of today, well over 200 crystal structures have been solved and
deposited in the Protein Data Bank (PDB) for various HIV-1 protease/inhibi-
tor complexes—a testimony to the importance placed on structural informa-
tion in the process of inhibitor design (Fitzgerald and Springer, 1991; Mitsuya
and Erickson, 1999). Combined with medicinal chemistry and, in some cases,
target-based screening efforts, these structural investigations have led to a
structurally diverse compendium of inhibitors that include inhibitors like
nelfinavir (NFV), that were derived solely using structure-based design meth-
ods, indinavir (IDV), and amprenavir (APV), the design of which was a blend
of medicinal chemistry and structural insights (Fig. 2).

IV. The Role of Pls and Challenges in HAART

HAART, which typically exploits two reverse transcriptase inhibitors
(RTIs) and one PI combined (or “boosted,” vide infra) with RTV, has had a
major impact on the AIDS epidemic in industrially advanced nations. How-
ever, no eradication of HIV-1 appears to be currently possible, in part, due to
the viral reservoirs remaining in blood and infected tissues. Moreover, we
have encountered a number of challenges in bringing about the optimal
benefits of the currently available therapeutics of AIDS and HIV-1 infection
to individuals receiving HAART (De Clercq, 2002; Siliciano et al., 2004;
Simon and Ho, 2003). They include (1) drug-related toxicities, (2) partial
restoration of immunologic functions once individuals developed AIDS,
(3) development of various cancers as a consequence of survival prolonga-
tion, (4) flame-up of inflammation in individuals receiving HAART or
immune reconstruction syndrome (IRS), and (S) increased cost of antiviral
therapy (Carr, 2003; Fumero and Podzamczer, 2003; Grabar et al., 2006;
Hirsch et al., 2004; Little et al., 2002).

Unlike the case for the majority of RTIs, most HIV-1 PIs had pharmacoki-
netic limitations. Poor oral absorption, serum—protein binding, and liver en-
zyme metabolism can eliminate the antiviral benefits of many otherwise highly
potent Pls. PIs need to be ingested often and in large quantities to maintain
effective antiviral concentrations in the blood. Furthermore, of the currently
available antiviral drugs for HIV-1 infection, Pls are among the most effective,
but they are costly and require complicated treatment regimens. Problematic
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features of Pls are mostly inherent to their chemical natures: (1) high pill
burden, (2) frequent dosing regimens, and (3) various side effects including
lipodystrophy and dyslipidemia, although Pls remain an essential component
of combination chemotherapy for both drug-naive and treatment-experienced
patients with AIDS. It is worth noting that NRTIs are associated with critical
adverse effects including mitochondrial toxicity. The role of PIs in HAART
has been important and even Pl-only regimens have been considered.

As soon as the first PIs were administered in humans, it was found that
all PIs are inhibitors of the CYP3A4 system that is the major enzyme
catabolizing most PIs and numerous other drugs. It catabolizes more than
50% of marketed drugs and is also frequently involved in drug-drug inter-
actions (Overington et al., 2006). RTV is by far the strongest inhibitor of
CYP3A4, and SQV the weakest. Indeed, coadministration of low-dose RTV
boosts the exposure of most Pls, which facilitates flexible dosing, including
once daily dosing (vide infra).

V. “Boosting”: A Critical Modification
of Clinical Efficacy of Pls

Soon after the development of the first PIs, a problem inherent to this class
of inhibitors was recognized, that is, poor pharmacokinetics, low maximum
concentration (Cpay), low plasma trough levels (Ciougn), and short plasma
half-life. The isoenzyme CYP3A4, a subunit of the cytochrome P450 hepatic
enzyme system, is mostly responsible for such poor pharmacokinetic para-
meters. RTV is by far the most potent inhibitor of the isoenzyme CYP3A4,
and it was soon learned that concomitant administration of small doses of
RTV with a PI allows “boosting” of the most important phamacokinetic
parameters of almost all PIs (Kempf ez al., 1997). The unexpected but highly
beneficial interactions between RTV and the other Pls have simplified other-
wise complex regimens by reducing the frequency and number of pills to be
administered, and in many cases by making dosing independent of food
intake. Indeed, when boosted, PIs such as fosamprenavir and atazanavir can
be taken only once a day. Moreover, boosting of certain Pls such as IDV or
APV appears to make such PIs more effective against Pl-resistant HIV-1
variants probably by elevating their plasma levels (Condra et al., 2000).
However, cautions should be used since plasma levels of PIs may decrease
after long durations of treatment. For example, Gisolf et al. (2000) have
reported that plasma levels of SQV even with RTV boosting dropped by 40%
after a 10-month period of therapy. Thus, if there is any suspicion of reduced
efficacy of boosted PI treatment after months of therapy, it is recommended
that plasma levels of PI be examined and dose adjustments be made.

Until recently, only a limited set of data was available regarding the compari-
son of the clinical efficacy of each “boosted” Pl-containing regimen. However,



176 Mitsuya et al.

there has recently been a wide range of settings where “boosted” Pls are being
examined to compare clinical features of each member of Pls with or without
other classes of antiretroviral agents. Indeed, the Department of Health and
Human Services (DHHS) Guidelines (issued in October, 2006) (DHHS, 2006)
recommends that first-line antiretroviral therapy be initiated with either an
efavirenz-based regimen or the one containing twice-daily lopinavit/RTV,
twice-daily fosamprenavir/RTV, or once-daily atazanavir/RTV. For example,
the results of the KLEAN study involving antiretroviral-naive patients with
HIV-1 infection have shown that lopinavit/RTV soft-gel capsules (SGC) bid
and fosamprenavit/RTV bid with abacavir/lamivudine fixed dose combination
(FDC) performed similarly with regard to virological and immunologic effects
as well as adverse effects such as lipid elevations. Moreover, none of the
patients with virological failure on either regimen had major PI resistance
amino acid substitutions in their HIV-1 (Eron et al., 2006). There are also
new data showing that lopinavir/RTV SGC, when used as a once-a-day regi-
men combined with tenofovir and emtricitabine gd, maintains high levels of
antiviral activity comparable to the twice-daily regimen in drug-naive patients
{Johnson et al., 2006). The results of the RESIST study have shown that
tipranavit/RTV delivers better outcomes over comparator “boosted” Pls in
highly treatment-experienced patients, although the role of the TPV/RTV
combination in salvage therapy is likely to be modest due to its safety, phar-
macokinetic issues (twice-daily regimen, etc.), and the near-future increasing
availability of other more attractive antiretroviral drugs (Hicks ez al., 2006).
Taken together, continuing evaluations of “boosted”  Pl-including regimens
should certainly merit to improve the efficacy of HAART.

V1. Viral Resistance to Pls

As described above, HAART has had a major impact on the AIDS
epidemic in industrially advanced nations; however, we have also encountered
a number of challenges in bringing about the optimal benefits of the currently
available therapeutics of AIDS to individuals receiving HAART (De Clercq,
2002; Siliciano et al., 2004; Simon and Ho, 2003). Such limitations and flaws
of HAART are worsened by the development of drug-resistant HIV-1 variants
{Carr, 2003; Fumero and Podzamczer, 2003; Grabar et al., 2006; Hirsch et al.,
2004; Little et al., 2002). Table I illustrates mutations conferring high and
intermediate resistance to currently approved Pls.

A. Emergence of Drug Resistance to Pls

A variety of drug resistance mechanisms are at play with Pls. The most
important ones from a purely drug-binding standpoint are mutations in the
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TABLE | Mutations Associated with Resistance to Currently Approved Protease
Inhibitors

Muttations conferring bighlintermediate resistance

Nelfinavir D30N M46l/L V82A/ 184V NB88S LIOM
T/F

Saquinavir G48V V82A 184V L9OM

Indinavir M46l/L V82A/ 184V L9OM
TIF/S

Ritonavir L33F M46l/L V82A/ 184V L9OM
T/F/S

Fosamprenavir? M4el/L 147V IS0V 184V L90M

Lopinavir L33F M4del/L 147V I50V  V82A/ 184V LIOM
T/FIS

Atazanavir L33F M46l G48V IS0V V82A 184V N88S LIOM

Tipranavir L33F M4e6l V82A/ 184V L90M
T/F/L

Darunavir® L33F 150V 184V

“Fosamprenavir is the prodrug of amprenavir; the latter is no longer manufactured.

"The mutations that are found in those with a diminished virological response to DRV/r in the
POWER studies include V111, V321, L33F, 147V, IS0V, IS4L/M, G738, L76V, 184V, and L89V
(De Meyer, 2006). However, it is not known yet as to which amino acid murations are the
major ones responsible for the apparent resistance to DRV/RTV.

active site of the protease enzyme that lead to loss of binding and hence
diminished anti-HIV-1 activity of the inhibitor. Such mutations are neces-
sary but not sufficient for the emergence of high-level resistance in the
clinical setting. The reason for this appears to be that active site mutations
alone result in only suboptimal resistance, which is consistent with biochem-
ical studies on drug-resistant mutant proteases (Condra et al., 1995; Mitsuya
and Erickson, 1999; Yin et al., 2006). The structures of protease, complexed
with an inhibitor, allow us to attempt to rationalize the structural effects
of drug resistance-conferring mutations on the interactions between the
enzyme and inhibitor (Ghosh et al., 2006a,b; Mitsuya and Erickson,
1999). In some instances, these hydrogen bonds are mediated by bridging
water molecules. The enzyme also contains a number of well-defined pock-
ets (or subsites) in its active site region into which inhibitor’s side chains
protrude, resulting in tight binding interactions between the enzyme and the
inhibitor. Since a similar pattern of hydrogen bonds are believed to be
made for both substrates and peptidomimetic inhibitors, the specificity
should reside in the pattern of largely nonpolar subsite interactions between
the inhibitor and the enzyme side-chain atoms. Thus, mutations of
specificity-determining residues that would directly interfere with inhibitor
binding, but not with substrate processing, constitute an obvious mechanism
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for resistance to Pls. Other resistance pathways might include nonactive site
mutations that indirectly interfere with inhibitor binding through long-range
structural perturbations of the active site, mutations that result in an enzyme
with enhanced catalysis of stability, and cleavage site mutations that lead to
enhanced processing by mutant enzymes (vide infra). Combinations of
different mutations may also lead to additive, synergistic, and compensatory
effects.

Mutations have been observed in nearly half of all possible positions in a
monomer’s 99 amino acids in response to drug-selection pressure (Ghosh
et al., 2006a,b; Mitsuya and Erickson, 1999; Molla et al., 1996). Many of
these mutations may presage the emergence of mutants in the clinical setting
(Condra et al., 1995). They can be classified as either active site or nonactive
site mutations according to whether they occur inside or outside the
inhibitor-binding subsites and directly contact the inhibitor (vide infra).
Certain amino acid substitutions, common or not, exist in virus in a normal
environment apparently having no substantial impact on fitness, are seen
without regard to antiviral therapy in certain viral isolates, and termed
polymorphism (e.g., lysine or glutamate at RT codon 122) (Kavlick and
Mitsuya, 2001). Such polymorphisms might also coincidentally convey fitness
on the virus in an altered environment, for example, improving virus
fitness under selective drug pressure by conferring some degree of resistance,
It can be stated that such a virus possesses natural resistance and can therefore
negatively impact anti-HIV-1 therapy. When HIV-1 variants resistant to an
NRTI, 2/-B-fluoro-2’,3'-dideoxyadenosine (FddA or lodenosine), in vitro
(HIV-1gq4aY), all clones derived from HIV-1pqqs" contained Pro119Ser and
Leu214Phe substitutions, and an infectious clone containing Pro119Ser and
Leu214Phe generated by site-directed mutagenesis confirmed phenotypic re-
sistance to FddA (Tanaka et al., 1997). However, clonal subpopulations of the
wild-type HIV-1 (HIV-1y 51) used in the selection also possessed the Pro119Ser
(23%) and Leu214Phe (69%) substitutions (Tanaka et al., 1997). These data
suggest that certain natural viral polymorphisms may confer resistance and
that such virus can expand under selective drug pressure.

For the latest information on genotypic and phenotypic HIV-1 drug
resistance, visit http://hivdb.stanford.edu/pages/genotype-phenotype.html or
http://www.hiv.lanl.gov/content/hiv-db/mainpage.html

B. Primary and Secondary Mutations

Drug resistance mutations that surround the active site usually interfere
with the binding of a PI to the protease and are referred to primary muta-
tions {Table I; Fig. 4). Because of their locations near the substrate-binding
cleft, these mutations affect processing of the natural substrates as well and,
therefore, often confer a fitness cost to HIV-1. Primary mutations that
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interfere with PI binding, located distant to the active site, have also been
documented (i.e., Leu90Met). However, most mutations that are not
within the substrate-binding cavity do not affect inhibitor binding per se
and do not confer resistance by itself (without other primary mutations),
but compensate for the deleterious effects on enzymatic activity caused by
primary mutations. These compensatory mutations are referred to as sec-
ondary mutations. Thus, high-level drug resistance to Pls requires the step-
wise accumulation of multiple primary and secondary mutations to generate
a protease capable of discriminating inhibitors from natural substrate and
yet maintaining adequate catalytic efficiency needed for virus replication.

C. Active Site Mutants

The first described resistance mutation for HIV-1 protease was a
Val82Ala mutation that was selected using a symmetric diol inhibitor
(Otto et al., 1993). Since then, resistance mutations have been observed in
each of the unique specificity pockets, $3, S2, S1 and, by symmetry, S1, S2/,
and S3'. However, only a subset of all residues that constitute a particular
subsite mutates in response to a particular drug. The structural effects of
mutations on drug binding have been modeled using the crystal structures of
the appropriate wild-type enzyme-inhibitor complexes, and used to ratio-
nalize the effects of specific mutations on drug-binding affinities (Markowitz
et al., 1995; Otto et al., 1993).

Most of the subsite mutations, such as [le84Val and Val82Ala (or Ile or
Phe), affect hydrophobic and van der Waals interactions and can be consid-
ered to be “packing” mutants somewhat analogous to hydrophobic muta-
tions in a protein core {Markowitz et al., 1995). Crystallographic analyses of
HIV-1 protease/inhibitor complexes show that most of the surface of an
inhibitor and its immediate protein environment are solvent inaccessible
(see more about Val82Ala substitution in Section VI). Some mutations,
such as Val82lle, are more effective when combined with second active site
mutations such as Val32Ile (Kaplan et al., 1994). Other mutations can affect
electrostatic interactions. While numerous crystal structures of wild-type
HIV protease-inhibitor complexes have been published, crystal structures
of mutant HIV protease-inhibitor complexes have also recently emerged in
the literature.

D. Nonactive Site Mutants

While the precise structural mechanism of drug resistance can often be
pinpointed for active site mutations that directly affect inhibitor binding,
the evaluation of nonactive site mutants is more challenging and there may
be several different mechanisms at work. Some mutations might act in
concert with active site mutations by compensating for a functional deficit
caused by the latter. For example, the defective Arg8Glu mutation is found
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almost exclusively in combination with one or more mutations outside the
active site region, such as Met46lle (Ho et al., 1994; see Fig. 4 for the site of
Met-46). Mutations of Met-46 to lle, Leu, or Phe are often found in the
presence or absence of other active site mutations, such as Val82Ile, Ala
or Phe, and Ile84Val. Met-46 is in the flap of HIV protease and recent
molecular dynamic simulations on flap movement have shown that the
Met46lle mutant exhibits a markedly different dynamical behavior than
the wild-type enzyme (Collins et al., 1995), and presumably alters enzyme
kinetics. However, a role for Met-46 in polyprotein-substrate recognition is
also possible.

Other nonactive site mutants may indirectly alter the structure of the
active site region. Many of these nonactive site mutations are found in
multiple combinations with one or more active site mutations. In some
cases, the introduction of nonactive site mutations alone does not lead to a
marked or even measurable reduction in inhibitor binding, in contrast to the
case for all known active site mutations, However, the fact that certain
mutations are only observed in the presence of drug means that they must
by definition provide the virus with some selective replication advantage.
At least one engineered HIV-1 protease mutant, Gly48Tyr, exhibited greater
catalytic efficiency than the wild-type enzyme toward artificial peptide
substrates (Lin et al., 1995).

E. Cleavage Site Mutants

Additional mutations in the HIV-1 genome have been found that do not
lie within the protease enzyme, but are instead located near the cleavage sites
of Gag-Pol and Gag substrates. These mutations are also secondary muta-
tions that compensate for the reduced catalytic efficiency caused by primary
protease mutations (Cote et al., 2001; Doyon et al., 1996; Tamiya et al.,
2004; Zhang et al., 1997). Since active site mutations are thought to alter the
rate of one or more cleavages that must occur during viral maturation, one
can think that compensating mutations in the cleavage sites on the Gag or
Gag-Pol polyproteins might render them better substrates for particular
mutant enzymes. Studies by Doyon et al. (1996} have identified a mutation
in the p1/p6 Gag polyprotein cleavage site (Leu449Phe) substitution that can
synergize with the Ile84Val mutant to produce a virus with 350- and
500-fold decreased sensitivity to substrate-based PIs BILA 1906 BS and
BILA 2185 BS, respectively. The mutation altered the p1/p6 cleavage site
from Phe-Leu to Phe-Phe. Indeed, a synthetic peptide containing the Phe-Phe
cleavage site was cleaved at higher catalytic efficiency by the lle84Val HIV
mutant protease than the corresponding peptide with the wild-type
sequence. Cleavage site mutations at the p7/p1 cleavage site have also been
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observed in breakthrough virus isolated from patients on IDV therapy
(Zhang et al., 1997).

F. Noncleavage Site Mutants

In addition to the cleavage site mutations described above, mutations
can also be seen in noncleavage sites in Gag-Pol polyproteins. For instance,
multiple amino acid substitutions (e.g., Leu7SArg, His219Gln/Pro, and
Val390Asp/Val390Ala) have been identified at noncleavage sites of Gag
proteins, which emerge on long-term exposure to a PI(s) and are indispens-
able for HIV-1 replication in the presence of such a PI(s). These mutations
affect Gag functions without affecting Gag’s cleavage sensitivity to protease
(Gatanaga ef al., 2002). For instance, His219GIn and His219Pro represent
polymorphic amino acid residues; however, these substitutions confer on
HIV-1 replication advantage in a unique way (Gatanaga et al., 2006). Both
human CD4"MT-2 and H9 cell lines contain high levels of cyclophilin-A,
and the cyclophilin-A content of virions generated in these cells is far greater
than that in human peripheral blood mononuclear cells. Such high
cyclophilin-A-containing virions limit the replication of HIV-1 containing
wild-type His-219. The His219Gln and His219Pro substitutions reduce
cyclophilin-A incorporation into virions and potentiate viral replication.

G. Insertions in Gag-Pol Polyproteins

The addition of certain amino acids can also contribute to the develop-
ment of viral resistance. Winters et al. (1998) identified a 6-base pair insert
between codons 69 and 70 of the RT gene in HIV-1 isolated from multiple
NRTI-treated patients and conducted elegant site-directed mutagenesis stud-
ies, showing that the insert alone confers on HIV-1 reduced susceptibility to
multiple NRTIs. Peters et al.( 2001) have also identified duplication of a
proline-rich motif, Ala-Pro-Pro (APP) in the PTAP motif of the Gag protein in
HIV-1 variants isolated from patients with AIDS receiving NRTI(s) including
ddl, d4T, AZT, 3TC, and have shown that this addition could improve the
viral assembly and packaging at membrane locations, resulting in increased
infectivity and viral resistance to NRTlIs.

Tamiya et al. (2004) have also identified unique insertions (TGNS,
SQVN, AQQA, SRPE, APP, and/or PTAPPA) near the p17/p24 and pl/p6
Gag cleavage sites in addition to the known multiple amino acid substitu-
tions within the protease in full-length molecular infectious multidrug-
resistant (MDR) HIV-1 clones generated from HIV-1 variants isolated
from patients with AIDS who had received long-term antiviral therapy.
Such inserts mostly compromise the enzymatic functions of the wild-type
protease; however, they restore the Gag processing by the mutant protease
and enable Pl-resistant HIV-1 variants to remain replication competent.
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VIl. Pls with Activity Against Drug-Resistant HIV-I

A. Mutations That Allow Discrimination of Pls from
Natural Substrates

Each PI tends to select for particular primary mutation(s) (“signature”
mutations) and subsequent secondary mutations both in vitro and in vivo
(Markowitz et al., 1995; Otto et al., 1993; Yusa and Harada, 2004).
Nonetheless, many primary mutations are capable of causing cross-
resistance to multiple Pls, even though they tend only to emerge during
therapy with specific inhibitors (Hertogs et al., 2000; Kemper et al., 2001;
Tisdale et al., 1995; Watkins et al., 2003). All PIs are shorter than the natural
substrates and contain hydrophobic moieties that interact with $2-52' sub-
sites (Fig. 3 for darunavir). Thus, although PIs may be chemically unique
from each other, they occupy a similar space within the protease-binding
cavity, which explains at least in part how individual mutations may cause
PI cross-resistance.

Structural analysis of primary mutations has formed the basis for our
current understanding of PI resistance at the molecular level. One such
mutation is Val82Ala, originally described after selection with RTV or IDV
(Condra et al., 1995; Deeks et al., 1998; Molla et al., 1996). This mutation
is capable of conferring HIV resistance to a number of PIs, particularly
early generation compounds. Crystal structures of protease containing
Val82Ala complexed with either natural substrates or a PI were compared

FIGURE 3 Darunavir bound in the hydrophobic cavity within protease. Hydrophobic cavity
within protease with darunavir (DRV/TMC114; PDB ID 1S6G) is shown. Brown and green
regions are lipophilic while the blue regions are hydrophilic (determined using MOLCAD).
The $2 and S2' subsites are indicated. The figure was generated using Sybyl 7.0 (Tripos, Inc.).
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FIGURE 4 Locations of amino acid substitutions associated with drug resistance to Pls.
Structure of protease homodimer with positions of amino acid residues associated with clinical
resistance to current Pls is indicated. Primary and secondary mutations are indicated with red
and white spheres, respectively. The protease monomers are shown in green and orange ribbons,
Mutations are shown on only one monomer for clarity. The figure was generated using Maestro
version 7.5.

{these enzymes also contained Asp2S5Asn, a mutation that inactivated the
enzyme to prevent cleavage of the substrate but did not appear to affect
hydrogen bonding between protease and ligand) (Prabu-Jeyabalan et al.,
2003). Val82Ala results in significant changes in the crystal structures of
protease complexed to a PI, including changes in the flap position and
subsequent disruption of hydrogen bonding, as well as the loss of van der
Waals interactions between mutant protease and a PI. On the other hand,
crystal structures between natural substrate peptides complexed to either
wild-type protease or Val82Ala mutant protease have not demonstrated
significant changes. Molecular interactions between protease and the longer
natural substrates consist mainly of extensive backbone-backbone hydrogen
bonds as well as more extensive van der Waals interactions (Prabu-Jeyabalan
et al., 2000, 2002, 2003). This suggests that the Val82Ala mutation, which
decreases the size of the side chain, has little effect on substrate binding, but
has a much greater detrimental effect on PI binding,.

Others have shown that MDR protease with mutations at multiple posi-
tions (amino acids Leu-10, Met-36, Met-46, Ile-54, Leu-63, Ala-71, Val-82,
lle-84, and Leu-90) has an expanded active site cavity (Logsdon et al., 2004).
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Again, the binding of PIs to this MDR protease was noticeably different than
binding to wild-type protease. Although the crystal structure of this MDR
protease with natural substrates was not assessed, this work provides further
insight into the structural effects of multiple protease resistance mutations.

To further understand the difference between substrate binding and PI
binding to protease, an analysis of the structures of eight different inhibitors
complexed to protease has been conducted. King et al. {2004a) demon-
strated that despite the chemical differences of the PIs, all compounds
occupied a similar volume within the active site cavity that is termed the
“inhibitor envelope.” If the inhibitor envelope was compared with the
“substrate envelope,” the space within the protease that is occupied by a
natural substrate, the inhibitors protrude from the substrate envelope in very
distinct locations. At these positions, PIs may have van der Waals interac-
tions with amino acid positions such as Gly-48, 1le-50, Val-82, and Ile-84.
It is known that mutations at these residues result in PI primary resistance
(Table I, Fig. 4}, and therefore, these mutations likely disrupt PI and protease
molecular associations. In contrast, these same mutations have little effects
on natural substrates that do not make molecular interactions at these amino
acid positions (King ef al., 2004a).

B. Development of Pls with Activity Against
Drug-Resistant HIV

Of the currently approved PIs, APV fits predominantly within the sub-
strate envelope (King et al., 2004b). The mutation profile for APV is also
different compared with that for other Pls, providing more evidence that PIs
that have greater resemblance to natural substrates will be less affected by
primary mutations selected by first generation Pls. A conceptually intriguing
structure-based design of Pls targeting active site protein backbone or “back-
bone binding” has resulted in inhibitors with impressive drug resistance profiles
(Ghosh et al., 2006¢). Structural analysis revealed that while mutations occur
throughout the protease, the backbone conformation is surprisingly conserved,
especially in the active site (Ghosh et al., 2006a). Because mutations of back-
bone atoms of the protease cannot occur, disruption of these bonds is more
difficult compared with hydrogen bonds that many PIs form between amino
acid sidechains, which can be affected by substitution mutations. Further
development of inhibitors successfully exploiting these elements has resulted
in PIs with significant activity against MDR HIV.

C. Design Rationale of Darunavir

APV contains an interesting tetrahydrofuranyl (3S-THF) urethane
moiety as the P2 ligand (Fig. 2) (Kim et al., 1995). The importance and
potency enhancing effect of the 3(S)-THF ring was shown in inhibitors
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containing both hydroxyethylene as well as hydroxyethylamine isostere
(Ghosh et al., 1993). The THF ring oxygen forms a weak hydrogen
bond with the residue in the S2-region of the protease active site upon
drug binding. Incorporation of a stereochemically defined 3(R), 3a(S),
6a(R)-bis-tetrahydrofuranyl (bis-THF) urethane in the hydroxyethylamine
isostere led to two Pls, TMC-126 and darunavir (DRV, TMC-114) (Fig. 2)
(Ghosh et al., 1998, 2001, 2002). TMC-126 differs from darunavir due to a
replacement of 4-aminobenzenesulfonamide with 4-methoxybenezenesulfo-
namide.

The critical bis-THF ligand was designed and developed to make exten-
sive interactions with the residues at the S2-region and specifically target and
maximize “backbone-binding” interactions (Ghosh et al., 1994, 1996, 1998,
2006b). Structural analysis indeed revealed that the bis-THF derivative
effectively hydrogen bonds to the NH of the Asp-29 and Asp-30 as shown
(Fig. 5) (Koh et al., 2003; Tie et al., 2004). Both drugs have increased activity
against both wild-type as well as clinical isolates containing multi-Pl-resis-
tant mutations (De Meyer et al., 2005; Koh et al., 2003; Yoshimura et al.,
2002). Furthermore, based on the analysis of DRV, the larger bis-THF rings
of TMC-126 and DRV protrude slightly more from the substrate envelope

Darunavir

FIGURE 5 Hydrogen bond interactions of darunavir with protease catalytic sites. Hydrogen
bond interactions of darunavir with Asp-29 and Asp-30 in the S2 subsite, and Asp-30' in the $2’
subsite. The hydrogen bonds are shown in green broken lines. The figure was generated using
Maestro version 7.5.
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compared with the THF ring of APV (King et al., 2004b). Although the THF
ring of APV is able to form hydrogen bonds with the backbone carboxylate
oxygen of Asp-30, the interaction is relatively weak. In contrast, bis-THF
makes strong hydrogen bonds with the main chain atoms of Asp-29 and
Asp-30 in the S2 subsite of the protease. Furthermore, the bis-THF moiety
fills the hydrophobic pocket in the S2-region more effectively than the THF
ring of APV. This may account for a tenfold increase in activity of TMC-126
and DRV against a panel of clinical isolates with various combinations of
protease resistance mutations (Koh et al., 2003; Surleraux et al., 2005b).

Attempts to design compounds capable of further exploiting these criti-
cal interactions with the main chains of Asp-29 and Asp-30 in the S2 subsite
are currently underway (Ghosh et al., 2005). On the opposite side of these
same inhibitor molecules, it has been reported that the P2/ substituents such
as the 4-aminobenzenesulfonamide of APV and DRYV, or the 4-methoxybe-
nezenesulfonamide of TMC-126, also introduce hydrogen bonding with the
backbone carboxyl of Asp-30’ in the S2/ subsite (Fig. 3) (Surleraux et al.,
2005b). Compounds designed to optimize this interaction have also demon-
strated potent i# vitro activity against Pl-resistant HIV-1 variants (Surleraux
et al., 2005a). Maximization of hydrogen bond interactions between
the protease backbone and TMC-126 or DRV results in highly favorable
enthalpic contributions that drive inhibitor binding. This differs from first
generation PIs (i.e., NFV, SQV, and IDV) that have unfavorable enthalpic
interactions with protease. Binding of these Pls to protease was entropically
driven as a result of the burial of hydrophobic residues of these compounds.
Thus, mimicking the backbone hydrogen bonding of natural substrates in at
least two separate subsites of protease has yielded more thermodynamically
adaptable PIs capable of overcoming protease resistance conferred by amino
acid substitutions (King et al., 2004b; Ohtaka and Freire, 20085).

Katlama and her colleagues compared the efficacy and safety of multiple
doses of DRV plus low-dose RTV (DRV/r) with investigator-selected control
PI(s) (CPI[s]) in a phase IIb randomized POWER 1 clinical trial (Katlama
et al., 2007). This involved 318 patients with one or more primary PI
mutation and HIV-1 RNA>1000 copies/ml, receiving optimized back-
ground therapy, plus DRV/r 400/100 mg gd, 800/100 mg gd, 400/100 mg
bid or 600/100 mg bid, or CPI(s). DRV/r 600/100 mg bid demonstrated the
highest virological and immunological responses (Katlama et al., 2007).
Adverse event incidence was similar between treatments: headache and
diarrhea were more common with CPI(s). All patients receiving DRV/r
were switched for the ongoing open-label phase of the trial.

D. HIV-1 Resistance to Darunavir

As mentioned above, APV selects for a unique pattern of protease
resistance mutations compared with first generation Pls and this holds true
for the structurally similar TMC-126 and DRV. TMC-126 resistance
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appears to be mediated by a novel mutation, Asp28Ser, along with
subsequent acquisition of Ile50Val (Yoshimura et al., 2002). Although
Ile50Val has been demonstrated to confer primary resistance on APV in
clinical isolates, Ala28Ser has not been described yet as a common protease
resistance mutation, likely because of the effect this mutation has on the
catalytic efficiency of protease (Hong et al., 1998; Yoshimura et al., 2002),

Computational modeling analysis does not indicate that TMC-126 has
hydrogen bond interactions with either the backbone or side chain of Ala-
28, which suggests that the reduction in potency of TMC-126 is due to either
steric hindrance caused by the larger serine of A28S, or possibly due to
unfavorable solvation energy effects during binding (Yoshimura efr al.,
2002). Although the pharmacokinetic properties of TMC-126 were not
suitable for further clinical development, the related compound DRV exerts
significant activity against multi-Pl-resistant clinical HIV-1 isolates and has
favorable pharmacokinetics (Arasteh et al., 2005; De Meyer et al., 2005;
Koh et al., 2003); DRV has been approved as a prescription drug for
treatment of those who do not respond to any other existing antiviral regi-
mens in June 2006. Despite the chemical similarities of TMC-126 and DRV,
Ala28Ser has not been described yet after DRV selection (Koh and Mitsuya,
unpublished data). The reasons for this are unclear at this point. Instead,
in vivo resistance with strains harboring Arg41Thr and Lys70Glu has been
identified (De Meyer et al., 2005). Isolates harboring these two mutations
were found to have 8-to 10-fold resistance to DRV, 20-fold resistance to
SQV, and 6-fold resistance to lopinavir. Otherwise, resistance remained less
than 4-fold for all other first generation Pls, The molecular mechanisms that
allow Arg41Thr and Lys70Glu to confer DRV resistance is also currently
unknown, as site-directed mutants carrying one or both of these mutations
show no reduction in sensitivity to other Pls tested (De Meyer et al., 2005).
Nonetheless, there appears to be a higher genetic barrier to the emergence of
resistance to both TMC-126 and DRV, and both drugs have been shown to
maintain potent activity against multi-Pl-resistant strains, suggesting that
their unique interactions with HIV protease can provide the framework for
developing subsequent generations of Pls. It is of note that another bis-THF
containing PI, brecanavir (GW640385), has shown activity against both
wild-type and drug-resistant HIV (Ward et al., 2005). In vitro selection of
HIV-1 with brecanavir resulted in the emergence of the novel A28S mutation
seen initially with TMC-126 (Yates et al., 2004). Unfortunately, in late 2006
clinical trials of brecanavir were terminated due to the difficulty of formulation.

Profiles of HIV-1 resistance to DRV have now been gradually accumu-
lated. De Meyer et al. (2005) selected the wild-type HIV-1; 51 with DRV in
test tubes. Selection of resistant HIV-1 with other PIs was readily possible
and resulted in the emergence of strains carrying known PI resistance-
associated mutations. The concentrations of the current Pls could be readily
increased to 1 uM, still allowing for virus replication. In contrast, DRV
concentration could not be increased beyond 200 nM even after prolonged
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exposure. In the presence of 100 nM TMC-114, virus strains had acquired
Argd41Thr and Lys70Glu mutations, which were not concluded to be
responsible for an apparent modest viral resistance to DRV.

However, when a mixture of multiple HIV-1 isolates resistant to multiple
PIs was employed, highly DRV-resistant HIV-1 variants have been selected
(Koh et al., 2007). By 39 passages (in the presence of 1.0 (M DRV), the virus
had acquired ~170-fold ICs increases than that against HIV-Ini4-3. The
virus relatively well propagated and was found to contain 12 mutations
including LeulOIle, lle1SVal, Lys20Arg, Leu24lle, Val32lle, Met36lle,
Met46Leu, Leu63Pro, Lys70Gln, Val82Ala, 1le84Val, and Leu89Met in the
protease-encoding region. The virus at passage 30 with 0.3 uM DRV
(HIV-1pry-p30) was titrated and examined for its susceptibility to DRV and
other PIs using p24 assay. HIV-1pgry.p30 was found highly resistant to DRV
(110-fold greater ICsqo than that against HIV-1n14-3) (Koh et al., 2007).
Altogether, these data suggest that DRV generally would not easily permit
HIV-1 to develop significant resistance; however, HIV-1 could develop high
levels of DRV-resistance, probably when superinfection with multi-PI-resistant
HIV-1 variants and ensuing homologous recombinations occur.

Indeed, De Meyer et al. have found mutations including Vall1llle,
Val32lIle, Leu33Phe, Ile47Val, lleSOVal, lle54Leu/Met, Gly73Ser, Leu76Val,
[le84Val, and Leu89Val in HIV-1 strains isolated from those with a dimin-
ished virological response to DRV/r in the POWER studies (De Meyer,
2006). However, it is not known yet as to which amino acid mutations are
major ones responsible for the apparent resistance to DRV.

E. Tipranavir and Darunavir

The approval of TPV as well as DRV (Fig. 2) for clinical use in drug-
experienced patients demonstrated the success of structure-based drug
design in the development of novel compounds. All previously clinically
approved Pls were classified as peptidomimetics, due to the fact that they
share structural similarity to the tetrahedral intermediate formed during
hydrolytic cleavage of a peptide bond of the natural substrate (Randolph
and DeGoey, 2004). In contrast, TPV was developed from a class of com-
pounds known as dihydropyrones that are structurally similar to coumadin
and were found to inhibit protease (Chrusciel and Strohbach, 2004). Tradi-
tional peptidomimetics all utilize a ubiquitous water molecule within the
protease activity site in order to form hydrogen bonds with the flap domain
of the enzyme. A key characteristic of TPV and other nonpeptidic Pls
(NPPIs) in development is the absence of this water molecule as seen in
crystal structures of NPPIs with protease. Instead, NPPIs contain a suitable
chemical moiety that directly forms hydrogen bonds to the flap region
without the need for water molecules. It is hypothesized that this allows
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more entropically favorable interactions for the binding of these inhibitors
to protease (Chrusciel and Strohbach, 2004).

The unique binding motif and structure of TPV has been thought to
provide increased flexibility that would allow it to adjust to amino acid
changes within the active site (Larder e al., 2000; Turner et al., 1998).
Indeed, TPV exerts antiviral activity against a wide range of HIV variants
resistant to multiple PIs (Back et al., 20005 Larder et al., 2000; Poppe et al.,
1997; Rusconi et al., 2000). Nonetheless, resistance to TPV can occur
although the acquisition of up to 10 mutations is required to achieve high
levels of resistance (Doyon et al., 2005). The mutations Leu33Phe and
1le84Val appear to be key substitutions responsible for the development of
TPV resistance. Leu33Phe is a secondary mutation not present in the active
site of protease and does not appear to affect TPV binding to protease. It has
been suggested that this mutation protects the protease from autocatalysis
(Schake, 2005). lle84Val appears to directly diminish TPV binding by alter-
ing hydrophobic interactions that the drug has with this amino acid residue
(Schake, 2004). Despite this, the potent activity of TPV against multi-PI-
resistant HIV appears to stem from the hydrogen bond network it forms
with the most invariant region of the protease active site that includes
the catalytic Asp-25, as well as the backbone residues of Asp-29, Asp-30,
Gly-48, and Tle-50 (Fig. 6) (Muzammil er al., 2005; Schake, 2004).

At present, no randomized comparison data of TPV versus DRV are
available, although there are a few reports on the benefits of TPV and DRV in
those who have failed combination therapy with other Pls (Farthing et al.,
2006; Hill and Moyle, 2006). Such data show that both TPV and DRV are
of useful option in patients who have failed other Pls; it is still to be
determined how well they work against HIV-1 variants previously exposed to
specific PT options. However, considering that TPV had been labeled a “last
hope” PI option for people who have tried and failed other Pls, it appears that
DRV—uwith its activity in patients no longer responding to TPV—certainly
offers a significant advantage.

More profiles and the mechanisms of HIV-1 resistance to NPPIs such as
TPV and DRV should be fully disclosed when more in vitro and clinical data
involving more HIV-1 isolates and more individuals will continue to refine our
knowledge of the molecular mechanisms of resistance, and provide us with
novel insights for the prevention and treatment of drug-resistant HIV-1,
A number of ongoing studies should further define the efficacy and safety of
TPVand DRV in other patient populations and it is possible, in the near future,
that these drugs could serve as a first-line therapeutic in HAART as well.

VIIl. Conclusions

Successful antiviral drugs, in theory, exert their virus-specific effects
without disturbing cellular metabolism or function. However, at present,



