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1 Introduction

HIV-1 protease inhibitors (PIs) are competitive active-site
inhibitors that mimic the transition state of the enzyme’s
substrate and are the most potent antiretroviral drugs against
HIV infection. HIV-1 protease processes the viral polyprot-
eins at specific cleavage sites and allows infectious mature
virions and hence spread of the virus. Unfortunately rapid
viral evolution combined with selective pressure of therapy
causes selection of many drug-resistant variants that are no
longer efficiently inhibited by the PIs. HIV-1 protease can
tolerate extensive mutations, with close to half of the
99-residues making up each of the chains in the homodi-
meric protease and residues at substrate cleavage sites
mutating to escape PI pressure. Structural and biophysical
studies of many drug-resistant HIV-1 protease variants
revealed insights into how mutations at and outside of the
protease active site are able to confer PI resistance while
still allowing recognition and processing of substrates, and
why substrate mutations coevolve with primary protease
mutations. We summarize the main molecular mechanisms
underlying PI resistance due to primary, secondary, and sub-
strate coevolved mutations and how this knowledge may
guide the design of robust inhibitors to avoid resistance.
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2 HIV-1 Protease as a Drug Target

In the fourth decade after the first reporting of what became
the worldwide AIDS epidemic, a cure for HIV-1 still eludes
the medical community. According to the recent reports pub-
lished by UNAIDS, there are ~35 million people living with
HIV/AIDS around the globe [1]. Although no permanent
cure or vaccine for AIDS exists, there are over 30 direct-
acting antiviral (DAA) drugs that belong to seven classes
targeting various stages in the life cycle of HIV [2], includ-
ing protease inhibitors (PIs). With the introduction of DAA
combinations as highly active antiretroviral therapy
(HAART), overall, the quality and life expectancy of HIV-
infected patients have greatly improved [3-5]. However, low
drug adherence, toxicity, and high pill burden with some
second-line therapies, coupled with the error-prone mecha-
nism of HIV reverse transcriptase, have led to the emergence
of drug resistance in HIV-infected patients under therapy.

In the last 25 years, drug discovery efforts aided by
structure-based design have led to the development of nine
FDA-approved PIs (Fig. 35.1): saquinavir (SQV) [6], indi-
navir (IDV) [7], ritonavir (RTV) [8], nelfinavir (NFV) [9],
amprenavir (APV) [10], lopinavir (LPV) [11], atazanavir
(ATV) [12], tipranavir (TPV) [13], and darunavir (DRV)
[14-16]. All PIs are competitive inhibitors that bind at the
protease active site (Fig. 35.2). The active site of this
homodimeric aspartyl protease is formed at the interface of
two identical 99-residue monomers and contains the cata-
lytic aspartic acid at residue 25 in both subunits [17, 18]. In
unliganded state, the protease is symmetric with highly
flexible flaps that open up to allow access to the active site,
but close to cover and interact with the bound ligand (sub-
strate or inhibitor). When bound, PIs interact mainly with
the hydrophobic S2-S2’ pockets at the active site. The pep-
tidomimetic (except tipranavir) inhibitors were designed to
mimic the transition state intermediate of peptide substrate
by forming critical interactions with the catalytic Asp25,
and contain non-cleavable peptide isosteres as core scaf-
folds. PIs are the most potent anti-HIV drugs with IC50
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Fig.35.1 Chemical structures of FDA-approved HIV-1 protease inhibitors. The non-cleavable dipeptide isostere cores mimicking the transition
state are hydroxyethylamine (blue), hydroxyaminopentane (red), and hydroxyethylene (magenta)

Fig.35.2 Structure of HIV-1 protease bound to inhibitor DRV (PDB
1T3R). (a) The enzyme is a homodimer of two non-covalently assem-
bled 99-residue chains (in dark and light gray). Each monomer contrib-
utes a catalytic Asp (teal side chain) to the active site where the inhibitor
(magenta) binds. The flaps close over the bound ligand. (b) Residues
that mutate to confer resistance to protease inhibitors are depicted by

values in the low picomolar range. The cooperative dose—
response curves with high slopes allow for extraordinarily
high level of inhibition at clinical concentrations, which are
well above the IC50 [19, 20].

3 HIV-1 Protease in the Viral Life Cycle

HIV infects and replicates in CD4+ immune cells by reverse-
transcribing its single-stranded RNA genome. The viral
genome includes gag and pol genes encoding polyprotein

colored side chains. Location of primary resistance mutations at the
active site (D30, V32, 147, G48, 150, V82, 184; red), primary resistance
mutations outside the active site (M46, F53, 154 in flaps and L.24, L33,
L76, N88, L90; orange), and secondary resistance mutations (L10,
V11, K20, E35, K43, Q58, V71, G73, T74, N83, L89; blue)

precursors Gag and Gag/Pol that need to be processed by HIV
protease into individual viral proteins (Fig. 35.3a). Proteolytic
cleavage of Gag yields the structural proteins matrix (MA),
capsid (CA), nucleocapsid (NC), and p6. Gag/Pol is tran-
scribed as a result of ribosomal frameshifting occurring
~10% of the time near the end of the gag gene [21], and in
addition to the Gag structural proteins includes viral enzymes
protease (PR), reverse transcriptase (RT), RNase H (RH), and
integrase (IN). The newly assembled budding HIV particles
are released from the host cell as noninfectious immature
virions that contain unprocessed Gag. Processing of Gag by



35 Drug Resistance to HIV-1 Protease Inhibitors: Molecular Mechanisms and Substrate Coevolution

537

Cleavage order
A Gag 9

i
f

( MA (p17)

CA (p24)

4
7
]

A__NC (p?7)

H

B Cleavage sites within the Gag polyprotei

P5 P4 P3 P2 P1_* P1'P2 P3 P4'PS'
MA/CA VSQNY/PIVQN
CAlp2 KARVL/AEAMS
p2/NC PATIM/ MQRGN
NC/p1 ERQAN/FLGKI
p1/p6 RPGNF/LQSRP
Cleavage sites within the Pol polyprotein

P5 P4 P3 P2 P1_* P1'P2 P3 P4' PS5
NC*/TF ERLAF/LQGKA
TFIPR VSFNF/PQITL
autoPR PQITL/WKRPL
PR/RT CTLNF/ PISP]
RT/RH GAETF/YVDGA
RH/IN IRKIL/PLDGTI

Fig. 35.3 HIV-1 protease substrates and the substrate envelope. (a)
Processing of Gag to individual viral proteins at five specific sites
allows viral maturation. (b) The amino acid sequences of cleavage sites
within Gag and Pol polyproteins. Notice the lack of any conserved sub-
strate recognition motif at the sequence level. (¢) The overlay of cleav-

the viral protease induces a major structural rearrangement
and triggers the maturation of infectious virus. In total, HIV-1
protease recognizes and cleaves five sites in Gag including
those between the viral proteins and spacer peptides p1 and
p2 (Fig. 35.3b). The specific, sequential, and ordered process-
ing of Gag by protease is essential for viral maturation and
infectivity [22-25]. In addition to viral polyprotein precur-
sors, HIV-1 protease cleaves host cell proteins, including
translation initiation factors elF4 and elF3d, to inhibit host
translation [26, 27].

4 Pl Resistance Mutations In and Outside
the Protease

The high replication rate of HIV coupled with the error-
prone viral reverse transcriptase enables a highly heteroge-
neous viral population with different mutations. This
preexisting diverse pool includes mutations that are expanded
to confer resistance under the selective pressure of inhibitor
therapy. Combinations of three or more DAAs have high
enough selective pressure to minimize the emergence of
resistance; however resistance has been observed for each of
the HIV DAAs, including the PIs. Highly mutated viral vari-
ants can be selected under low plasma concentrations such as
due to low patient adherence, or transmitted to newly infected
individuals to cause therapy failure.

In viral sequences from patient isolates, up to 60—63 % of
the HIV-1 protease sequences can vary, indicating very high
tolerance to amino acid substitutions [28, 29] (Fig. 35.2b).
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age site sequences in protease-bound crystal structures reveals the
substrate envelope (blue volume). The inhibitors (below, red volume)
protrude out the substrate envelope to contact protease residues
(labeled) that mutate to confer resistance. Panel (¢) reprinted from King
et al. [35], Copyright (2004), with permission from Elsevier

Of the 99 positions in each monomer, only 37 are invariant
(with mutation frequencies <0.5%) and 17 are sites of
nontreatment-related polymorphisms [28, 29]. The remain-
ing 45 positions have been implicated in drug resistance.
Mutations at 26 of these 45 positions can significantly
decrease susceptibility to one or more PIs [29, 30], 16 of
which are located outside the active site region and the flaps.
In most cases, multiple mutations within and outside the pro-
tease active site coevolve to confer resistance to a particular
inhibitor. Mutations that directly confer resistance—mostly
located at the protease active site—are classified as primary
mutations, while other mutations selected in the presence of
primary mutations but that do not confer resistance by them-
selves are called secondary mutations. The most common
primary resistance mutations include D30N, G48V, ISOV/L,
V82A/V/T, 184V (within the active site), and L90M (no
direct contact with the inhibitor). The resistance pathway
and accumulation of mutations depend on the HIV clade
(and/or preexisting variants), and inhibitor(s) administered
and therefore selected against. The first-generation PIs RTV,
SQV, IDV, and NFV lose significant potency against drug-
resistant variants and are susceptible to single “signature”
active-site mutations. The latest and most potent PI, DRYV, is
active against most of the multidrug-resistant variants and
typically up to 20 mutations need to coexist to confer high
levels of DRV resistance.

HIV-1 PI resistance is also associated with coevolution of
mutations in the viral genome outside the protease, particu-
larly within the Gag cleavage sites NC/pl and pl/p6
(reviewed in [31]). While avoiding inhibitor binding, the
mutated protease needs to maintain its biological function of
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substrate recognition and cleavage. The coevolution of cleav-
age sites may compensate for lost efficiency due to primary
protease resistance mutations. Several Gag substrate muta-
tions have also been classified as primary resistance muta-
tions as they confer PI resistance in the absence of any
protease mutations [32-34].

5 Molecular Mechanisms of Resistance

Drug resistance in HI'V-1 protease has been extensively stud-
ied at the molecular level, particularly by biophysical and
structural analysis of various protease mutants, yielding a
plethora of information on structural, enzymatic, and
dynamic changes associated with inhibitor resistance [34,
36-49]. These data enabled formulating hypotheses on
molecular mechanisms of resistance, which led to strategies
for designing inhibitors that avoid resistance, and may be
applicable to other disease targets where resistance quickly
emerges.

Active-Site Mutations and the Substrate
Envelope

5.1

The active site of HIV-1 protease is mainly formed by resi-
dues 25-32 (including the catalytic Asp25), 47-53, and
80-84 from both monomers. Active-site mutations at resi-
dues that directly contact the inhibitor are quickly selected
under PI monotherapy (red in Fig. 35.2b). Although chemi-
cally different, the three-dimensional shape and electrostatic
character of the HIV-1 PIs are fairly similar; therefore a
small set of mutations can result in a protease variant with
multidrug resistance. Nevertheless, in most cases, specific
signature active-site mutations confer resistance to a given
inhibitor. Why a specific mutation is selected against an
inhibitor, and how the protease is able to maintain its biologi-
cal function despite an active-site mutation, is effectively
explained by the protease substrate envelope.

The cleavage site sequences are highly heterogeneous,
and amino acid sequence alone cannot explain how protease
is able to recognize its substrates with high specificity. High-
resolution crystal structures of HIV-1 protease bound to pep-
tides corresponding to these cleavage sites revealed that the
substrates adopt a specific, conserved three-dimensional
shape when bound at the active site (Fig. 35.3¢c) [50, 51].
This overlapping volume occupied by bound protease sub-
strates and spanning P4'—P4 sites defines the substrate enve-
lope. The P1-P3 region of the substrates forms a toroid,
likely critical in specific recognition of asymmetrical ligands
by the homodimeric protease. In addition to describing the
structural substrate recognition motif of the protease, the
substrate envelope serves as a template for contrasting the

binding of inhibitors to that of the natural substrates in resis-
tance development, and comparing substrates among them-
selves in relation to substrate coevolution.

Similar to the substrates, the chemically diverse HIV-1
PIs share a conserved inhibitor envelope in protease-bound
structures [35, 51, 52] spanning P2'—P2 sites. Superposition
of the two envelopes reveals locations where inhibitors pro-
trude out the substrate envelope and contact protease active-
site residues. Such protrusions render an inhibitor vulnerable
to mutations, as protease contacts at these locations are more
important for inhibitor binding compared to substrates. An
amino acid substitution could differentially weaken inhibitor
contacts without substantially affecting substrate binding.
Accordingly, protease residues that contact inhibitors beyond
the substrate envelope correspond to locations of major
active-site resistance mutations.

Several primary mutations are signature for resistance to
a particular inhibitor, such as D30N to NFV, ISOV/L to APV/
DRV/ATV, G48V to SQV/ATV, and V82A to SQV/
RTV. These signature mutations also primarily correspond to
locations where individual inhibitors protrude out the sub-
strate envelope. As the protease active site is mostly hydro-
phobic, side-chain substitutions due to primary mutations
mainly affect van der Waals contacts with the ligand.
However, analysis of protease—inhibitor complex structures
with both wild-type and resistant variants has revealed that
structural changes are often more complex than a simple loss
of van der Waals contact at the site of mutation [39, 41, 50].
Rather, drug resistance mutations often cause an overall rear-
rangement of contacts around the inhibitor at the active site.

The substrate envelope broadly defines the evolutionary
constraints on the selection of active-site mutations to confer
drug resistance from a structural viewpoint. Mutations that
abrogate essential contacts with the substrates would be det-
rimental to biological function, and thus are selected against.
Instead, mutations are selected to weaken inhibitor contacts
while still maintaining functionally essential substrate inter-
actions. Such mutations tip the competition between inhibi-
tor binding versus substrate recognition/processing in favor
of the substrates, thus conferring drug resistance.

In addition to physical contacts with the inhibitor, drug
resistance mutations can also alter the conformational dynam-
ics of HIV-1 protease. The protease is a highly flexible enzyme
that undergoes major conformational changes involving the
flaps and the hydrophobic core during ligand binding and
release [53-56]. This concerted change requires extensive
side-chain repacking at the hydrophobic core, or hydrophobic
sliding, as revealed in molecular dynamics (MD) simulations
[56]. Reversible cross-linking of core hydrophobic residues
carefully chosen based on the MD results elegantly demon-
strated that the core dynamics directly modulates the enzyme’s
activity [57]. Considering drug resistance in the context of the
balance between inhibitor binding and substrate processing,
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any dynamic change that disfavors the inhibitor over the sub-
strates would contribute to conferring resistance. As the inhib-
itor needs to stay bound at the active site for efficient inhibition
with the flaps closed, while the substrates need to get pro-
cessed and released for efficient turnover, flap dynamics would
differentially affect the two processes. Such changes in flap
dynamics have been revealed in MD simulations as well as
experimental NMR and EPR dynamics of HIV-1 protease
drug-resistant variants [36, 58—60]. This resistance mecha-
nism through changes in the protease conformational dynam-
ics may be common to mutations both at and outside the active
site.

Resistance Mutations
Outside the Protease Active Site

5.2

In addition to the major mutations at the protease active site,
many mutations elsewhere in the protease are selected in
resistance to protease inhibitors. Some of these mutations are
major resistance mutations, even though they are located
outside the active site and do not physically contact the
ligand (orange in Fig. 35.2b). Yet others have been classified
as secondary or minor as they do not confer significant levels
of resistance when present alone (blue in Fig. 35.2b), but
may assist in recovering the enzyme fitness or stability lost
due to primary mutations.

While the substrate envelope provides an efficient frame-
work to rationalize the selection of active-site mutations,
understanding the molecular mechanisms underlying resis-
tance due to changes in a side chain not in physical contact
with the inhibitor is more challenging. Recent studies sug-

gest that protease conformational dynamics and changes
therein may play a major role in propagating the effect of
such mutations to the active site. HIV-1 protease variants
with single- or double-secondary resistance mutations bound
to DRV were characterized by crystal structures and MD
simulations, and displayed changes both in dynamics and
subtle but significant rearrangements in the structure around
the active site [45]. Interestingly, secondary mutations
located at different positions in the protease structure had a
common mechanism of propagating their effects to the active
site and altering mainly the interactions of residue 47 with
DRV. The network hypothesis was proposed to explain how
distal mutations are able to affect the interactions at the
active site through common mechanisms (Fig. 35.4):
Residues that undergo secondary resistance mutations and
active-site residues affected by secondary mutations are all
part of a hydrogen-bonded interaction network in the prote-
ase structure. Although much less is known on how the
mutations outside the active site contribute to resistance,
hydrophobic sliding in relation to conformational dynamics
and the more recent network hypothesis have provided
inroads that may lead to more detailed and perhaps unified
hypothesis to explain the underlying molecular mechanisms
by which mutations at these sites directly contribute to resis-
tance —rather than being compensatory.

5.3 Substrate Mutations and Coevolution

In addition to extensive mutations selected in HIV-1 protease
under drug pressure to evade inhibition, the viral genome
mutates elsewhere as well, especially at polyprotein Gag

Fig. 35.4 The network hypothesis postulates that the network of
hydrogen bonds in the protease structure connects the distal drug resis-
tance mutation sites to the active site. Mutation at residues outside the
active site (colored magenta, green, red, and orange) are able to affect

the interactions with the bound inhibitor and active-site dynamics
through common mechanisms, as they are all part of this connected
network. Adapted with permission from Ragland et al. [45]. Copyright
(2014) American Chemical Society
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cleavage sites [31, 33, 61]. Evaluation of coevolution in
terms of substrate envelope provided two mechanistic
insights [62, 63]: (1) the two most divergent substrates with
respect to fit within the envelope are the ones that are the
most susceptible to mutations. Nc/pl and pl/p2 protrude
beyond the substrate envelope more than expected based on
their size, and mutations therein are more frequent compared
to the other substrates. (2) When protease resistance muta-
tions abrogate the fit of a particular substrate within the con-
sensus envelope, substrate mutations may help restore the fit
within the substrate envelope. Thus, the substrate envelope is
preserved by coevolution of protease and substrate.

Gag mutations have been thought to be compensatory
mutations that rescue viral fitness lost due to protease muta-
tions. However, some substrate mutations are able to directly
confer Pl resistance even in the absence of protease mutations
and accumulating evidence suggests substrate mutations as
an alternative pathway to resistance in patients failing ther-
apy. Some of the most common substrate mutations at the
NC/pl and pl/p6 cleavage sites are classified as primary
resistance mutations. A431V mutation at the NC/pl cleavage
site is the most frequent substrate mutation selected under PI
pressure, and confers resistance to all PIs except DRV [33,
34]. Both A431V and 1437V mutations at the NC/p1 cleavage
site have been shown to have little effect on replicative capac-
ity but instead directly confer antiviral resistance [32].

Statistical analysis of viral sequences specifically corre-
lates primary drug resistance mutations in HIV-1 protease to
substrate mutations, indicating coevolution [33]. A431V is
often observed in combination with major protease mutations
I50L, V82A, and 184V, while 1437V correlates with 154V and
184V. Under drug pressure, the resistance mutations selected
may differentially impair the protease activity on Gag cleav-
age sites, which would interfere with the ordered processing
of Gag. Coevolution of substrates possibly restores proper
Gag processing by more efficient cleavage by the protease.

LeuP2’ valp2 . 71
£l %

Valg2’

Fig. 35.5 Coevolution of NC-pl cleavage site with V82A protease
mutation. (a) Drug resistance mutation V82A causes loss of vdW con-
tacts with Gag F433 (PheP1’), but not with A431 (AlaP2). Coevolution
of the substrate to A431V does not enhance intermolecular vdW con-
tacts at the mutation site. Rather, (b) the whole substrate peptide reori-

Coevolved mutations of the substrate do not necessarily
restore the specific protease—substrate interactions lost due
to primary mutations. Structural analysis of coevolution for
the Gag A431V and V82A protease mutations revealed the
mechanism to be much more complex than a simple switch
of A and V side-chain contacts (Fig. 35.5) [64]: V82A prote-
ase mutation causes loss of vdW contacts with F433 (not
A431), while the A431V substrate mutation optimally fills
the P2 pocket and reorients the substrate peptide to a more
favorable conformation to stabilize overall interactions with
the protease. Similarly, the coevolution mutations at the p1/
p6 cleavage site (L449F or S451N) with NFV resistance
mutations D30N/N88D do not restore the lost interactions of
residue 30 but establish alternate contacts between the prote-
ase and substrate [65]. The individual coevolution mutations
L449F and S451N enhance protease contacts and fit within
the envelope. However, two large side chains together do not
further improve contacts with the protease or fit within the
substrate envelope, causing protrusions. This structural find-
ing explains why, although frequently selected in correlation
with protease NFV resistance mutations, L449F and S451N
do not occur simultaneously at the pl/p6 cleavage site in
viral sequences [33, 65].

Mutations at the pl/p6 cleavage site also coevolve with
protease I50V major resistance mutation. IS0V is commonly
observed in patients failing therapy with APV and DRV, and
also impairs protease catalytic efficiency. ISOV often occurs
together with the secondary mutation A71V, which compen-
sates for protease efficiency [66, 67]. The substrate Gag L449F
mutation rescues the protease activity by 10-fold, whereas
P453L, although located distal from the catalytic site, causes a
23-fold enhancement [68]. The WT protease processes the
mutated substrates more efficiently compared to the native
substrate. This suboptimal cleavage efficiency at the p1/p6 site
may be key for temporal regulation of Gag processing pre-
venting premature viral maturation [23, 69]. A recent study

ents (magenta versus cyan) and new water-mediated hydrogen bonds
are formed between the peptide and protease (yellow dotted lines).
Adapted from Prabu-Jeyabalan et al. [64] with permission. Copyright ©
2004, American Society for Microbiology
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with a series of crystal structures of ISOV/A71V protease
bound to p1/p6 substrate variants and MD simulations revealed
molecular mechanisms underlying this coevolution [70]. The
substrate residue Gag 453 is located away from the protease
active site and does not make substantial contacts with the pro-
tease. Why P453L coevolution mutation is selected and how it
may affect protease binding were not clear. P453L substrate
mutation was demonstrated to induce a distal conformational
change in one of the protease loops to enhance vdW contacts
at residue 449 (Fig. 35.6). Reciprocally, L449F mutation prop-
agates to a conformational change at residue 453, indicating
interdependency between the two sites. In general, the coevo-
lution mutations at the substrate do not directly restore interac-
tions lost due to IS0V, but instead establish other interactions
that are not restricted to the site of mutation. The Gag muta-
tions L449F and P453L enhance vdW interactions between
the substrate and mutant protease by distal effects, whereas
R452S results in an additional hydrogen bond.

In addition to enhancing substrate—protease interactions,
coevolution may restore conformational dynamics at the
active site, which is crucial for substrate binding and pro-
cessing. In the case of I50V protease with pl/p6 substrate
coevolution, mutation of the protease or the native substrate
alone disturbed the dynamics, which was restored to a wild-
type-like state in all coevolved complexes bearing comple-
mentary mutations in both the protease and the substrate
[70]. Hence, in addition to the specific shape adopted and
shared by all substrates when bound to the HIV-1 protease,
as defined by the substrate envelope, a conserved dynamic

Fig.35.6 Distal effects of pl—p6
substrate coevolution mutations in
binding drug-resistant ISOV/A71V
protease. (a) The vdW contacts of
residues in HIV-1 protease—
substrate cocrystal structures
colored blue to red for increasing
contacts. The substrate mutation at
P1’ position (L449F) enhances
contacts at PS5’ (Gag 453). (b) The
distal substrate mutation PP5'L
(P453L) causes a conformational
change in the protease flap and
alters substrate—protease
interactions. The protease flaps are
in cyan and yellow in complex
structures with WT (navy blue) and
P5'L (orange) substrates,
respectively. Reprinted from Ozen
et al. [70]

behavior around the active site may be an additional sub-
strate recognition and selection constraint. This dynamic
constraint may contribute to the selection of substrate coevo-
lution mutations in response to the disturbed dynamics in
mutated drug-resistant protease.

5.4 Thermodynamics of Pl Binding
to Resistant Variants

Design and development of potent HIV-1 protease inhibitors
require maximizing the binding affinity to target, which is dic-
tated by the free energy of binding composed of enthalpy and
entropy change between the unbound and bound states. Binding
enthalpy mainly depends on the favorable interactions between
the ligand and the protease, while the change in degrees of free-
dom (of the ligand, target, and solvent) determines the binding
entropy. The first-generation PIs were entropy-driven binders
as the strategy was to design conformational constraints to
preposition the compound in a binding-competent state, with
additional favorable solvation entropy due to burial of hydro-
phobic groups and release of structured water molecules.
Further optimization yielded more potent PIs with both favor-
able enthalpy and entropy of binding, such as DRV [71-73].
However, highly potent entropy-driven inhibitors are also pos-
sible, such as TPV [74]. The interplay between entropy and
enthalpy of binding at the molecular level is not straightfor-
ward in drug design, and enhancing one may inadvertently
affect the other, resulting in entropy—enthalpy compensation.

Kcal/mol$
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The enthalpic and entropic contributions to binding vari-
ous drug-resistant variants of HIV-1 protease have been
determined by isothermal titration calorimetry to under-
standing how mutations affect the energetics of inhibitor
binding [39, 41-43, 71, 74]. In one variant with multiple
mutations both within and outside the active site (L10I/
G48V/154V/V82A), the resistance mutations drastically
altered the thermodynamics of binding, regardless of the PI
tested [39]. Contrary to another variant (V82T/I84V) with
similar levels of affinity loss, the first variant displayed
extreme entropy—enthalpy compensation on the order of
10—15 kcal/mol. Thus drug resistance mutations in the prote-
ase can modulate the thermodynamics and hence affinity of
binding. However, when the mutations in this variant are
introduced individually or when the I54V mutation is
replaced with I54A, this extreme entropy—enthalpy compen-
sation no longer exists [75]. NMR and MD results suggested
that alterations in protease conformational dynamics espe-
cially at the flap region may be underlying the observed ther-
modynamic behavior [58, 59], but a better understanding of
the molecular mechanisms involved warrants further analy-
sis, in particular of changes in water solvation. This complex
and cooperative interdependency in altering thermodynam-
ics of PI binding and conferring resistance presents an addi-
tional challenge in the rational design of robust drugs to
avoid resistance.

6 Designing Robust Drugs to Avoid
Resistance

HIV-1 protease is arguably the most extensively studied drug
target to structurally and dynamically characterize how
selected mutations confer resistance to inhibitors. We have
learned critical insights, which should be transferable to
other rapidly evolving disease targets where resistance
emerges and impairs treatment options. Perhaps the main
message from the HIV-1 protease drug resistance field to the
drug design community is the need to shift the current para-
digm of regarding resistance only as an afterthought, toward
employing strategies to avoid resistance at the very first
design and optimization steps of drug development. An
effective approach to avoid susceptibility to major active-site
mutations is to design inhibitors that stay within the substrate
envelope. The highly potent and robust DRV provides a
proof of concept for this strategy [14, 16, 71]. Additional
libraries designed to stay within the envelope versus paired
compound that protrude out provided additional support to
validate this strategy [76]. In fact, exploiting the unused
regions of the substrate envelope and exploring the chemical
space while staying within the substrate envelope was suc-
cessful in designing compounds even more potent and more
robust than DRV [77]. More recently, the substrate envelope

hypothesis and the related design strategy have been shown
to hold true for HCV NS3/4A protease and its inhibitors as
well [78, 79], and should be more generally applicable to
other targets.

While we have some valuable insights into how mutations
at the protease active site and elsewhere confer resistance,
the molecular mechanisms of resistance due to the complex
combination of mutations and interdependency in drug resis-
tance are far more complex. To further our understanding of
these molecular mechanisms underlying resistance to HI'V-1
protease inhibitors, we need more comprehensive approaches
unifying the structure, conformational dynamics, and ener-
getics of inhibitor binding. Such an approach may lead to
compounds that target and potently inhibit not only the wild-
type enzyme but also a wide variety of variants that exist in
patient populations. In the absence of a cure and considering
the rapid evolution of the virus, the chances of replacing
combination therapies with such a compound as single agent
may be slim. Regardless, a detailed understanding of the
wide variety of mutations and molecular mechanisms under-
lying resistance to HIV-1 protease inhibitors would provide
the opportunity to develop design strategies to avoid drug
resistance, by exploiting the biological and functional con-
straints on the evolution of the drug target.
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