CHAPTER 1

1. Molecular recognition

In each cell of an organism, a myriad of fundamentaemdar reactions, covalent
and non-covalent, co-ordinate and regulate the way inhnbiglogical molecules

interact with each other. There are also finely-tumatgr- and intra-molecular
recognition mechanisms that form part of an intricagééwork of interdependent
reactions crucial in a cellular environment. These icteras are paramount in
regulating most of the biological processes, for exampiotein-DNA interactions,

protein-protein interactions, folding of a nascent polypeptid@n to its native and
functional three-dimensional conformation, subunit-submtéractions in oligomeric

proteins, hormone-receptor and antibody-antigen intersctio name a few. As a
corollary, interactions present in biomolecules necgdsa biological processes and
molecular recognition are governed by electrostatic amng&ic complementarity
between the surfaces of the interacting partnersck@reidge, 1991). A quantitative
understanding of these processes has a significant pitactierest, since it will

provide new insights in the development of structure-basedecular design

strategies. These strategies are aimed at producing praidinspecific functional or

stability properties, pharmaceutical drugs targeted to $pewteptors, etc. Two
types of molecular recognition mechanisms exist, thi&-do-key and induced-fit

mechanisms.

1.1Lock-and-key versus induced-fit mechanism of ligand binding

Proteins play an essential role in cellular activigd their functions depend largely
on their interactions with other molecules. Over 100rgeago, Emil Fischer
described the classic lock-and-key model which states ttieatspecificity of a
molecular receptor such as a protein or enzyme (lock)sfdigand or substrate (key)
arises from their geometric complementary shapesremhe structural optimization
of the binding partners is required (for a review, see Kwehl|1994). The substrate
binding site on the protein surface has a preformed cavityigt@mplementary in
shape to the substrate and amino acid residues making upiritheg site are
structurally optimized to interact specifically with teebstrate (Care#t al., 1993).
Therefore, enzymes can only accommodate moleculesatbagimilar in shape and
functional group, and hence improved specificity. The loutt-eey model assumes
that the binding site is rigid and exists in the abseffice lmound ligand. However,



there is a growing consensus that protein flexibility maybguired for optimal
molecular recognition since proteins are flexible and dynanolecules that often
undergo structural reorganizations while perfoming specifiictions (Ishima and
Torchia, 2000). The importance of flexibility in the affinitand specificity of

molecular interactions include substrate binding, produlgase, regulation and
allosteric behaviour, contractile and motor functionsgd dahe humoral immune
system, where a limited set of proteins (antibodies)trbusd virtually unlimited

range of foreign molecules (antigens) (Pattesi., 1996; Wedenmayest al., 1997).

The original model by Daniel Koshland that evoked flexiilknown as ‘induced-
fit’, posits that the initial binding of a substrateluctes conformational changes in the
enzyme which result in optimized binding interactions giand, 1994). In this
model, the substrate binding site assumes a flexible binutioket that approximates
the shape of the substrate rather than a rigid poCleeetet al, 1993). Many studies
have shown that the optimization of protein-based makeagekcognition requires, to
some extent, significant conformational adjustments rearrangements of the
interacting proteins, ligands or substrates (Sigeelal., 1999; Leavitt and Freire,
2001).

1.2 Protein-protein and protein-ligand interactions

The key role of protein binding interactions in celluleretabolism is well
documented. Detailed knowledge of the forces or intenagtinvolved in stabilization
of protein complexes has also been an area of considenééilest. The non-covalent
interactions responsible for inter- and intra-molacuecognition between protein-
protein and protein-ligand include: hydrogen bonding, hydrophobicattiens,

electrostatic interactions and steric interactions.

1.2.1 Polar interactions

Electrostatic interactions occur between oppositelygathgroups that are within 4 A
of each other and referred to as salt-bridges or ios pBarlow and Thornton, 1983;
Dill, 1990). In proteins, electrostatic interactions notynalccur at the amino and
carboxyl termini and on ionizable side chains of lysineinamg, histidine, glutamic

acid and aspartic acid. The strength or magnitude of ectrestatic interaction is
largely dependent on the dielectric constant of thdimme. The interior of the protein



molecule, with a low dielectric constant, will le&dl stronger charge interactions
because of the absence of water molecules shieldingotige from each other
(Murphy, 1995).

Hydrogen bonding (D-H----A) is a non-covalent interantformed when a hydrogen
atom is shared between two electronegative atoms. THeodsn atom is linked
covalently to one atom referred to as the donor (Dard)l bonded electrostatically to
the acceptor atom (A) that contains a lone electran pgée most energetically
favorable hydrogen bond primarily assumes a linear configaraf donor, hydrogen
and acceptor, and consists of electrostatic, dispersibarge-transfer and steric
repulsion interactions (Creighton, 1993). In proteins, hyeinobond donors and
acceptors include polar amino acid side chains, the carbor@l &hd amide NH
groups of the peptide backbone. Studies have shown thabderdrbonding
contributes favorably in the stabilization and functadrprotein molecules (Marqusee
and Sauer, 1994; Makhatadze and Privalov, 1995; Habermann ammhyy 1996;
Jiang and Lai, 2002).

Studies on the role of hydrogen bonds at protein bindingfaces have also revealed
that there is a higher frequency of hydrophilic pairs (hydndgends, salt-bridges and
polar-polar interactions) at the interfaces than inpteeein core (Tsast al., 1997; Xu
et al., 1997; Jamin and Chothia, 1990). It must be noted, howeverthise studies
focused on the ‘lock-and-key’ paradigm, where no structuyatimization for

complex formation is required.

1.2.2 Hydrophobic interactions

Hydrophobic interactions occur when non-polar groups intevele each other due to
the unfavorable interaction of these groups with watee iRability of non-polar
groups to form hydrogen bonds with the surrounding water qutgle forces water
molecules to form ordered cages around the non-polar gras@sway of satisfying
their hydrogen bonding potential. Formation of this cldat:ie structure leads to an
unfavorable entropy of water molecules around the non-patdecules as compared
to the water molecules in the bulk solvent (Franks, 19T&g contribution of
hydrophobic interactions as the major driving force for pnofeiding, in protein
stability and in ligand binding is well documented (Dill, 1990)stAdy by Tsaet al.



(1997) has suggested that the hydrophobic effect is not agaainm protein-protein
binding as it is in protein folding. This was based on the rghten that binding
interfaces of such protein-protein complexes are eedichith hydrophobic residues

but have more charged and polar residues than protein(@aresal., 1997).

1.3 Protein binding energetics and isothermal titration calometry

The completion of the human genome project has caemptihe number of novel
targets for drug development to great heights. Many skthargets belong to protein
families with homologous structures and similar binding pacldtich are crucial in
regulating pathways and interaction networks describing foelttion and inter-
relation. It is also apparent that the basis of mdécrecognition in drug discovery
and in protein-ligand complexes requires complete straictamd thermodynamic
dissection of macromolecular interactions involvedie®al techniques (fluorescence,
absorbance, nuclear magnetic resonance, surface plasmsonance and
ultracentrifugation) have been used as premier tools famacterizing interactions of
biomolecules. These techniques can only determine the giadfinity constant K,)

and indirectly derive other thermodynamic parameters.

Due to its sensitivity, accuracy and precision, isothétitnation calorimetry (ITC) is
the most rigorous and preferred method applied in a widgeraf chemical and
biochemical reactions. ITC measures directly the ladeorbed or releasedH)
associated with a given binding process. A typical ITC ewxgnt allows the
dissection of a binding energy of a reaction into ligandyme association constant
(Ka), change in enthalpyAH), change in entropyA§), change in Gibbs free energy
(AG) and the stoichiometry of associatid).( The change in heat capacityQ) is
obtained from measurements of binding enthalpy over a rahgemperature. The
magnitude and signs of the thermodynamic parametersebtarovide insight into
the nature of interactions involved in the binding procédse strength of an
interaction and whether or not it is thermodynanhyctvorable is determined by the
Gibbs free energy. The Gibbs free energy change of bingdingn important
thermodynamic descriptor of a binding reaction sinckctiates the binding affinity:
AG = -RTIKgq (1)



where R is the universal gas constant (8.314 J/mol/K3,tha temperature in kelvin
andKeq is the equilibrium binding constam¥G is in turn defined by the enthalpy and
entropy changes, and is expressed in the following equation:

AG =AH - TAS (2
At the molecular level, this reflects the oppositidntwo fundamental effects — the
tendency to fall to lower energy (bond formation, negaAH), offset by the equally
natural tendency for thermal (Brownian) motion to disrtiphgs (bond breakage,
positiveAS) (Cooper, 1999).

A detailed description of the instrument and technique eafolind elsewhere in the
literature (see McKinnoret al., 1984; Wisemaret al., 1989; Freireet al., 1990;
Velazquez-Campowt al., 2004; Velazquez-Campoy and Freire, 2005 and references
therein). Briefly, the titration calorimeter corsiof the injector system, adiabatic
shield, and matched reference and sample cells. Theaadiahield ensures that no
heat exchange occurs between the cells and the sdimgsn(Wisemaret al., 1989).
The two cells are maintained at a constant and idénaoaperature by a feedback
system that supplies thermal power continuously. In tlemteof a reaction in the
sample cell usually accompanied by heat (exothermiciogdcthe system ensures
that the feedback power is withdrawn in order to reta@mrhal equilibrium between
the cells. The feedback power supplied or withdrawn taimke temperature
imbalances upon ligand injection is measured and converted the heat of
interaction. A sequence of injections is programmed amdighnd solution is injected
at regular intervals into the sample cell. After eagéction, the composition inside
the sample cell changes causing the rearrangement paflgpons and complex
formation (Velazquez-Campoy and Freire, 2005). The systdélmpass through
different states of equilibrium each differing in compion, as the sequence of
injections continues. The heat associated with é@jelction is proportional to the
increase in complex concentration (advance of theticeg and it is calculated by
integrating the area under the deflection signal meds{(amount of heat per unit of
time provided to maintain thermal equilibrium in the samphd reference cells)
(Velazquez-Campoy and Freire, 2005). At the end of therempet, saturation of the
macromolecule is reached and it is possible to estikatAH andN, (independent
variables). If two binding processes are characterizedliffgrent enthalpic and

entropic terms and have the same Gibbs free energy ahjnthey correspond to



different binding modes and, therefore, the main underlyintermolecular

interactions are different.

Since the native state of a protein exists as an ensavhisbnformational states, the
energy of stabilization of protein structure will not heerdy distributed throughout
its three-dimensional structure (Luque and Freire, 2000)eThes regions of the
protein with high stability constants (e.g. the hydrophabie) and regions with low
stability constants (e.g. loops and turns) with theonitgjof proteins exhibiting a dual
character as originally observed for the HIV-1 protdasgueet al., 1998; Todd and
Freire, 1999). Since low molecular weight ligands amgeineral not found attached to
the surface of proteins but are buried in crevices or cawabeered by loops or other
structural elements of the protein, the number of asitdetween ligand and protein
are maximized and simultaneously buries a significantisarérea from the solvent
(Luque and Freire, 2000). This conformational rearrangemésm permits the entry
of the ligand into the binding site and its subsequemiding from the solvent and;
hence, makes favorable contributions to the Gibbs démergy of binding. If the
rearrangements are only transient and the free anobotiied states of the protein are
similar, only binding kinetics are affected. If, howeveahe free and bound
conformations of the protein are different, the bindinghaf will be affected (Luque
and Freire, 2000). The Gibbs free energy associated wathchiange in protein
conformation from its free to its bound state is inctudle the computation of the
effective Gibbs energy of binding and corresponding bindingigffin

AGping= AG®ping + AGconf ©))
whereAG®,inq is the Gibbs energy of binding obtained under the assumittad the
free and bound states of the protein are the sameA@gg; is the Gibbs energy
associated with the change in protein conformation fterfree to its bound form. In
general, the Gibbs energy associated with a changedtess stable region to bound
conformation will be smaller than that associatedhwat change from a stable
conformation to the bound conformation (Luque and Freire, 200% presence of
flexible regions in the protein molecule appears to fatditthe ligand-induced
conformational changes if the putative binding site is nodibg-competent in the
ligand-free protein. The presence of regions with Iabisty also appears to provide
a mechanism for achieving high binding affinity for low molecwveight ligands and



serves as a starting point for propagation of bindingadsgto distal sites (Luque and
Freire, 2000).

Enthalpic and entropic contributions of the Gibbs enesgginate from different
types of interactions in the binding process. The binding gthmimarily reflects
the energetic contribution of many individual interactighgdrogen bonds, van der
Waals interactions, polar and dipolar interactiongjvben the ligand and the protein
during the binding process, the conformational changes iasstowith binding,
including interactions associated with the solvent. fatiee (favorablepnH occurs
when the interactions between the interacting modexcule.g. hydrogen bond
formation and van der Waals interactions) over-congtenthe interactions of the
individual molecules with the bulk solvent; otherwigeyill be positive (unfavorable,
as for non-specific hydrophobic interactions) (Ross andabudmnian, 1981). The
observed bindingAH measured from a single ITC experiment often includes
contributions not only from the actual binding event, bub &te heat that is due to
buffer ionization (Gomez and Freire, 1995; Baker and MurftB96; 1997). This is
particularly true when the primary binding event is accangeh by the transfer of
protons between the solvent and the protein-ligand complass, the determination
of the intrinsic energetics of ligand binding requires expents or measurements to
be performed separately as a function of pH in buffeith different ionization
enthalpies (Gomez and Freire, 1995; Daogtlal., 1995; Baker and Murphy, 1996).
From this, K, values of ionizable groups responsible for proton linkage irfréee
and bound states and the number of protons that are coopied binding reaction

can be easily calculated (Murphy and Baker, 1996).

The binding entropy refers to the degree of disorder acamymmp complex

formation. Two major terms that contribute to tharade in entropy are the solvation
and conformational entropies. Solvation entropy aris@$ the gain in degrees of
freedom of water molecules that, prior to the binding, lacalized on the surface of
the binding molecules and are released to the bulk salngm binding due to partial
or complete desolvation of the two binding moleculese Thange in solvation
entropy is favorable (positive) if the surfaces tha¢ &uried upon binding are
predominantly hydrophobic. It, therefore, originates fréw burial of hydrophobic

surfaces upon binding. Entropically driven ligand binding reactswascharacterized



by a large positive entropic contribution driven by thedecy of the molecule to
escape water rather than by favorable interactiond wie target molecule. In
addition, the burial of solvent-exposed molecular serfacea upon binding also
contributes substantially to the heat capacity change apoplex formation due to
the release of electro-restricted water or “hydropholatewt from the binding site
(Sturtevant 1977). The conformational entropy, on the otiend, arises from
changes in conformational degrees of freedom experiencdubthythe protein and
the ligand upon binding. It is usually negative (unfavorable)tduke loss of degrees
of freedom resulting from the reduction in the numberadessible conformations

and configurations of both molecules (protein and ligand) iypading.

1.4Thermodynamic leads in drug design

Currently, development of lead compounds or drug desigmteraz on optimization
of their binding affinity towards the intended target. Tihkading affinity of a
compound can be improved by generating a favorable bindirdwlpyt favorable
solvation entropy and by minimizing the unfavorable confoional entropy. It is
evident that simultaneous optimization of the threéofaccan achieve extremely high
affinity. However, it is entirely feasible to desiggad compounds that bind to the
intended target with similar affinity but with differefinding mechanisms, i.e.,

entropically or enthalpically driven ligands (Velazqueantpoyet al., 2001b).

Entropically driven ligand derives most of its binding enengymf a non-specific
hydrophobic effect, i.e., by making interactions of theigdwith the solvent
unfavorable, whilst enthalpically driven ligand derives its\dmg energy by
establishing strong and specific hydrogen bonds with thettaiyeig designers have
long aimed at developing conformationally constrained tigapreshaped to the
geometry of the selected binding site, which completesomyt optimization.
Accordingly, a comformationally constrained molectiiat is preshaped to the target
achieves affinity, specificity and selectivity through hyghobicity and shape
complementarity (Rubeet al., 2006). Perhaps, the most significant example is given
by the development of the first-generation HIV-1 prote@sB/-1 PR) inhibitors
(saquinavir, ritonavir, indinavir and nelfinavir). The bindingtioeese HIV-1 protease
inhibitors is entropically driven and their binding enghalis either unfavorable
(saquinavir, indinavir and nelfinavir) or only slightly faable (ritonavir) (Toddet



al., 2000; Velazquez-Camposgt al., 2003a). In all cases, the dominant force for
binding is a large positive entropy change that originat@sarily from the burial of

a large hydrophobic surface upon binding (Tetdl., 2000). Moreover, since shape
and hydrophobicity are non-specific interactions, a chamgbe target binding site
would lead to a reduction in the binding affinity. A low bindirfgréty reflects the
inability of these conformationally rigid ligands to adaptchanges in the target
binding pocket due to mutations or naturally occurring polymonphiarising from
genetic diversity. Hydrophobicity has historically beea preferred variable in the
pharmaceutical industry due to its ease in implementatipmegki, 2000).

A favorable enthalpic contribution is an indication spfecific interactions between
binding partners and a good way to measure ligand specifsstigctivity and
adaptability. On the other hand, an unfavorable enthalptribution is an indication
of non-specific interactions between the binding pastneaking it very difficult to
provide specificity, selectivity and adaptability. Desp#pparent advantages of
enthalpic interactions in achieving high affinity and ioyed selectivity, the
optimization of the binding enthalpy has been more cusalbee to implement due to
a large and unfavorable desolvation enthalpy of polar gr¢Qpbaniet al., 1981).
Generally, a polar group needs to make a strong intenagiit the target in order to
compensate for the desolvation enthalpy. Energeticribatibns to binding affinity
are not simply localized to the direct interactidmetween molecules, but contain
interactions from structural and dynamic changes propdgatroughout the protein,
and from counter ions and hydrating water molecules ddcat the binding site. To
be effective, an inhibitor needs to exhibit an extrgniegh affinity for the intended
target and be mildly affected by mutations. Ideally, aibitdr should have a binding
affinity in the 1 — 50 pM range against the wild-type and fiected by mutations by
a factor of 100 or less (Velazquez-Campoy and Freire, 20(lazyuez-Camposgt
al., 2001b; Ohtakat al., 2002). Compounds that achieve high binding affinity or that
maximize binding affinity have been shown to combine oaroz the favorable
entropic and enthalpic contributions to the overall Gibbergy of binding (Ohtalet
al., 2003; Ohtakaet al., 2004; Ohtaka and Freire, 2005; Carbonell and Freire, 2005).
Notably, drug design paradigms have to a large extentrdhest how enthalpic or
entropic character of inhibitors is not dependent on ttended target, and that it is
possible to develop entropically as well as enthalpiaaitimized inhibitors against



the same binding site (e.g. HIV-1 protease). It has, famgie, taken over 10 years to
optimize HIV-1 protease inhibitors from the entropicallyven inhibitors to the new
and more potent enthalpically driven inhibitors (Velazquam@oyet al., 2003a;
Ohtakaet al., 2004; Muzammilet al., 2007). The second-generation HIV-1 protease
inhibitor, KNI-764 (AG-1776) for example, achieves the higheféinity (Kq = 32
pM) to the HIV-1 protease with a binding enthalgyH] of — 7.6 kcal/mol and an
entropic contribution (FAS) of -6.7 kcal/mol and can still afford the presence of
certain flexible elements (Velazquez-Campmbyal., 2003a; Vegaet al., 2004). The
introduction of flexible asymmetrical functional groupsr@gions facing or in close
proximity to mutation-prone areas of the protein provides adiépy to the inhibitor
and low susceptibility to mutations (Todet al., 2000; Ohtakaet al., 2002;
Velazquez-Campowt al., 2001b). The increased conformational flexibility found in
the second-generation HIV-1 protease inhibitors can allsav ghe inhibitor to
compensate for the loss of interactions as a resuiutditions in the target by burying
a comparable or even larger surface area from the $sdVelazquez-Campost al.,
2001b).

New drug design strategies by calorimetric characterizatiave permitted the
designers to recognize the nature of forces by which thMe1Hprotease inhibitors

bind the target primarily because these forces origifrata different interactions.

ITC was particularly crucial at later stages, sincgae detailed description of the
thermodynamic factors governing protein-inhibitor intéians essential for

molecular recognition in HIV-1 protease binding and led to awpment in drug

design. This task was also facilitated by structure-bakgatithms able to predict the
enthalpic and entropic consequences of introducing diffdtactional groups in the
lead compounds under investigation (Luque and Freire, 2002;é/aba2004).

Extensive studies using numerous technigues of molecular pialod) the deepened
understanding of drug-target at the molecular level hayeetigjreatly in achieving
rapid success in the area of drug development, espeaciatheitreatment of AIDS
(DeVita et al., 1987; Fitzgerald and Springer, 1991; Kohlstastdl., 1992; Martin,
1992; Fitzgerald, 1993; Jacobo-Molieaal., 1993; Wlodawer and Erickson, 1993;
Dydaet al., 1994; Bujaczt al., 1995; Winslow and Otto, 1995; Bujaezal., 1996;
Vacca and Condra, 1997; Wlodawer and Vondrasek, 1998).

10



1.5 HIV and AIDS

The tremendous effort over the past decade to developetamtiral therapeutic
targets for acquired immune deficiency syndrome (AIDS} hesulted in the
discovery of drugs that have made important breakthrougtieimanagement and
treatment of this chronic disease. AIDS remains assrhealth problem, especially
in the developing countries where it has reached dramaimortions (Cohen, 2000).
Of the 40 million people infected with the human immunadeficy virus (HIV)
worldwide, 28 million (70 %) are in Africa. HIV, the catisa agent of AIDS (Weiss
et al., 1985; Gallo and Montagnier, 1988) is a highly mutdlaativirus, a member of
the retrovirus familyRetroviridae, whose genome is encoded in RNA. HIV is a
lentivirus, since it usually has a disease latencywdrs¢years, i.e., it is characterized
by the slow development of disease after infectiomi(®/and Fenner, 1994). The
mature HIV virion is almost spherical and is about @arethousandth of a millimeter
across (ca. 100 nm) (Greene, 1993). The virus is envelopedigog ailayer that is
derived from the infected host cell. The outer surfacestiglded with surface
glycoproteins (gpl20) that are anchored to the virus viaraictiens with the
transmembrane protein (gp41). These surface proteins paywtal role when HIV
binds to and enters the host cells (see below).

HIV infects cells that carry the CD4ntigen on their surface (see Figure 1 for HIV
life cycle). The infection of the viral and cellulanembranes is a process that is
mediated by the viral envelope glycoproteins (gp120, gp41) angtoes€CD4 and
co-receptors, such as CCR5 or CXCR4) on the target Melinbrane fusion is
followed by a poorly understood uncoating event of the dapsit allows the release
of the viral content into the host-cell cytosol. & virus enters a cell, its single-
stranded RNA is reverse-transcribed to yield a double-stdaDd¥A molecule by a
virally encoded enzyme, the reverse transcriptase. Tia¢ DNA enters the cell
nucleus, where it is permanently integrated into thegematerial of the host cell by
the catalytic activity of a second virally encoded enzyrie integrase (IN).
Activation of host cell results in the transcriptiohtbe viral DNA into messenger
RNA, which is then translated into viral proteins (el gt, Rev, and Nef regulatory
proteins and Gag and Gag-Pol polyproteins). HIV proteasehitaevirally encoded
enzyme, is required in this step to cleave a viral polgmmgtrecursor (Gag and Gag-

Pol) into mature functional enzymes and structural prateins
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Figure 1. Life cycle of HIV. (1) HIV infects T cells that carry the CD4ntigen on
their surface. (2, 3) As the virus enters a cell, itsARdreverse-transcribed to DNA
by a virally encoded enzyme, the reverse transcriptdsé) (The viral DNA enters
the cell nucleus, where it is integrated into the gematterial of the cell by a second
virally encoded enzyme, the integrase. (6) Activationhost cell results in the
transcription of the viral DNA into messenger RNA, whis then translated into viral
proteins. (7) HIV protease, the third virally encoded enzyseequired in this step to
cleave a viral polyprotein precursor into individual matpreteins. (8) The viral
RNA and viral proteins assemble at the cell surface metw virions, which then bud
from the cell and are released to infect another (@)l.The cell damage from the
destruction of host’s genetic system to the budding dedgse of virions leads to the
death of the infected cells. The figure was adapted fronmislinget al., 2005.
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The viral RNA and viral proteins assemble at the agllage into new virions, which
then bud from the cell and are released to infect anate# and start a new
replicative cycle. The extensive cell damage fromdhastruction of host’'s genetic

system to the budding and release of virions leads toedh of the infected cells.

HIV has a wide range of genetic variation among distiyioés, groups and clades.
The two major distinct types of HIV, HIV-1 and HIV-2readistinguished by their
genomic organization and phylogenetic relationship. HIV-2 hewever, less
widespread than HIV-1. Inspection of different strainsH}Y/-1 originating from
diverse geographical locations, reveals that isolaa@sbe subdivided into groups,
subtypes, sub-subtypes and circulating recombinant fai@®Fs) according to
phylogenetic sequence differences (Osmagi@l., 2000). Groups refer to distinctive
HIV-1 lineages, M (for Major), O (for Outlier) and No¢ New, or non-M, non-0O).
Furthermore, the majority of strains found worldwide bgldo group M. In addition,
group M is further subdivided into nine subtypes namelyBAC, D, and F, G, H, J
and K, as well as 14 CRFs (Osmaraival., 2002). Genomic differences between
subtypes and recombinant forms can be as high as 30 ®envtgene and 15 % in
the pol gene, which includes the coding region for protease (Rid) raverse
transcriptase (RT).

HIV contains three open reading frames (ORFs), group{gpaatigen @ag), pol,
andenv typical of other retroviruses. The gag ORF encodestituctural proteins that
ultimately form the virus capsid, nucleocapsid and the irydtre pol ORF encodes
three essential retroviral enzymes (RT, PR, and IM)¢hlwhave all become targets for
structure-assisted “rational” drug design and discoveny tlam env ORF, on the other
hand, encodes the envelope surface proteins (\We#s 1985). Thegag (p55) and
gag/pol (p160) genes are expressed in a polyprotein format, and HIégseotis
required to cleave this high molecular weight precurposteolytically at specific
sites, into individual mature viral enzymes; the RT,dhd PR and functional core
proteins (p6, p7, pl17 and p24) (see Figure 2). The pl7 lines thesumhace of the
viral membrane, and a canonical capsid core particletrwmbasd out of the capsid
protein (p24) is located in the center of the virus. Tdpsd particle encapsulates two
copies of the viral genome, stabilized by the nucleocapsiciprgp7) and also
contains RT, IN and PR.
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Figure 2. (A) Schematic representation of the HIV-1 gag and pol ngaflames and
their polyprotein translation products. Gag, group speciftigan; pol, polymerase;
MA or pl7, matrix protein; CA or p24, capsid protein; NC or p@cleocapsid
protein; PR, protease; TF, transmembrane protein; RT, seueanscriptase; RN,
ribonuclease. ) Processing sites in the gag and gag/pol by the HIV-1 protease.

Adapted from Tomasselli and Heinrikson, 2000.
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The HIV protease was first suggested as a potential thingétiDS therapy after it
was shown that a frameshift mutation in the proteaseney the pol-gene prevented
cleavage of the Gag polyprotein precursor, which as statfedeh is essential for the
maturation of infectious HIV particles (Krametral., 1986). Subsequently, inhibition
of HIV polyprotein processing through the inactivation @& thral protease (either by
mutation or chemical inhibition) leads to the productidrbedded, immature viral
particles that cannot undergo maturation to an infectiven fKohl et al., 1988;
Schatzet al., 1991). It is not surprising, then that HIV-1 protease wastified
almost two decades ago as the prime target for structsigted or rational drug
design. Compounds, having the ability to inhibit the protease heen studied
intensively during the last decade and numerous reports oftpdtenl protease

inhibitors have been published (see below and section 1.8).

The first drugs to have approval from the US Food and Drugiiidtration (FDA)
were developed as nucleoside analogs; i.e., pseudo substesigeed to impede
reverse transcription. RT, an enzyme unique to retrodrumed an important
therapeutic target in AIDS treatment, transcribeowdtl RNA into DNA, which is
then integrated into the host genome and expressed byf¢bted host cell under the
control of viral genes. These drugs work by terminating éurtimsertion of
nucleotides into the elongating viral DNA chain carried &yt the RT. The
compounds of this class of drugs are: zidovudine (ZDV, of)Adidanosine (ddl),
stavudine (d4T), zalcitabine (ddc), lamivudine (3TC), abagq@®BC), entricitabine
(FTC), tenofovir (TDF) and zalcitabine (ddC). The succe$sthese drugs in
combating AIDS confirmed the importance of inhibiting Ridaconsequently led to
the development and clinical use of another class Dfidhibitors that are not
nucleosides, the non-nucleoside reverse transcriptadetant (NNRTI). This class
includes: nevirapine (NVP), delavirdine (DLV) and efavirnezZ(ERNNRTI mode of
action involves inhibition of the reverse transcriptigdinding to an allosteric site of

the enzyme.

The HIV-1 protease, therefore, represents another thei@apeuget in AIDS

treatment that is distinct in mechanism from RT. Tded&fforts undertaken by
scientists across a wide spectrum of disciplines hawelalged another distinct
mechanistic class of protease inhibitors (PI) in tlghtfiagainst AIDS. This class
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includes: amprenavir (APV), atazanavir (ATV), darunavir (THU!), indinavir
(IDV), lopinavir (LPV), nelfinavir (NFV), ritonavir (RY), saquinavir (SQV) and
tipranavir (TPV). Unlike RT inhibitors, which are only effve in blocking viral
replication in acutely infected cells, protease inhilsitoan inhibit infectious virus
production in both acutely and chronically infected c@lismbertet al., 1992). The
rational design of the PIs is to block the actionh&f PR, and taken together their
synergy with the RT as well as with the recently appdogntry inhibitors (El) has
brought new and efficient combination of highly-active ir@ttoviral therapies
(HAART) for the treatment of AIDS. Although seriousdsi effects and the
development of resistance are still major unsolved pnadlecombination therapy
involving members from the PR and RT inhibitors has toanséd the once deadly
disease into a treatable medical condition in manyesagsulting in dramatic
reductions in the viral load, and increases in CBdl counts (Collieret al., 1996;
Hammeret al., 1997; Carpenteet al., 1998). These effects have translated in the
restoration of the functioning of the immune system enthe reduction, at least
temporarily, of the morbidity and mortality caused byHihfection. The early
breakthrough in the development of HIV-PR inhibitors as dwas based upon early
recognition of the protease central role in the virusdifele (see Figure 1) and an
intensive effort was made toward gaining a comprehensiversiadding of the

protein’s structure and function.

1.6 Structure of HIV-1 protease

Comparison of the genomic sequence of HIV-1 with thaseferal retroviruses,
urged Ratneet al. (1985) to postulate that the HIV-1 genome encodes a protease.
Subsequently, the availability of genomic informationmr #dlV persuaded most
researchers to consider the existence of an aspartyase encoded within thmsl
region of the viral genome, with a characteristic A$p-Gly active site signature
sequence (Tolet al., 1985). HIV-1 protease was found to be inhibitadvitro by
pepstatin (Seelmeiast al., 1988; Hansemt al., 1988; Darkeet al., 1989), a general
inhibitor of aspartic proteinases, whose mode of acmarationally defines members
of this class of enzymes (Umezawhal., 1970). Aspartic proteinases comprise a
well-characterized family of widely distributed enzynfeand in vertebrates, fungi,
plants and retroviruses. Most of them are secretegrasgens, inactive precursors,
that are converted to the active enzymes by protealigavage of the propeptide at
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the N terminus of the polypeptide chain. They are charaed by a low pH optimum
and specificity for extended peptides (Fruton, 1976). Tingles protease encoded in
the genome of HIV-1 was initially classified as an aspgroteinase on the basis of
the putative active-site homology to cellular aspaptgteases (Toht al., 1985), the
inhibition of the enzyme by pepstatin, the inactivationtttd protease activity by
mutagenesis of the highly conserved active site Asp-25 regfeelmeieret al.,
1988) and the determination of its crystal structure by Nei\ah in 1989.

PR is a 99-amino acid, symmetrical and obligate homadimnat is structurally
similar to other aspartyl proteases of the pepsin fafhigviaet al., 1989; Wlodawer

et al., 1989), as well as those from other retroviruses includioys sarcoma virus
(RSV) (Miller et al., 1989), HIV-2 (Mulichaket al., 1993; Tonget al., 1993), simian
immunodeficiency virus (SIV) (Roset al., 1993a; Zhaoet al., 1993), feline
immunodeficiency virus (FIV) (Wlodawest al., 1995) and equine infectious anemia
virus (EIAV) (Gustchinaet al., 1996). To date, more than 200 crystal structures of
HIV-PR and of HIV-PR/inhibitor complexes have been dateed. A comprehensive
database providing structural information about the HIV-BRavailable at the
National Cancer Institute  http://www.fbsc.ncifcrf.gov/HIVdb  and

http://srdata.nist.gov/hivdb The homodimeric enzyme complexed with acetyl-

pepstatin, the peptidic inhibitor, is depicted in Figure &HEmonomer contains an
extended3-sheet region (a glycine-rich loop) known as the flapae@nd one of the

two catalytic aspartyl residues (Asp-25) which lie athbgom of the cavity. The flap
region contributes, in part, to the build-up of the swbstbinding site and plays a
crucial role in substrate binding and possibly in theleston of water from the

catalytic site. Since each monomer contributes drteeocatalytic aspartic residues,
the monomers are catalytically inert and dissociatddrnthe enzyme homodimer
results in a complete loss of catalytic activity éBeeieret al., 1988). A regulatory

mechanism that controls activation the enzyme isvddrifrom the dimerization

process, since it is reversible. In a concentratedrenment (e.g. in the budded
virion), the protease is activated, and in a highly digrieronment (e.g. in the host
cell), the protease is inactivated. This regulatory meshaseems to be important for
the virus in order to prevent premature breakdown of theppateins and to

minimize damage of the host-cellular proteins (Tomassedl Heinrikson, 2000).
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Figure 3. A ribbon diagram of the crystal structure of the homodimEili-1 subtype B
protease in complex with acetyl-pepstatin represented kkangastick at the active site
(Fitzgeraldet al., 1990). The pdb code for this structure is 5hvp. Each monomeieaes
one catalytic aspartate (Asp-25) located on the floor of tistsate binding pocket. The
carboxylate groups of Asp-25 from both chains are nearfyla@ar and show close contacts.
The conserved water molecule mediating the contacts betWwedP2{P1" carbonyl O atoms
of the peptidic inhibitor and the amide groups of 1le50/lleB0the enzyme is also shown.
This water molecule is tetrahedrally coordinated betweenenzyme and inhibitor and is
completely inaccessible to the bulk solvent. The dimerfiate is formed by the N- and C-
termini of each monomer forming a four-stranded, antifdisheet. The dimer interface is
characterized by the presence of clusters of residuegs contribute significantly to the
subunit association. The protease monomers are shown as blyeliwd ribbons. The
monomers interact with each other and the substrate irafhegjion upon substrate binding.
This figure was generated using Swiss-pdb Viewer (Gue¥aitdch, 1997).
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The flaps are held in a closed position by hydrogen bondorg the flap residues
lle50/50° to a conserved water molecule, which in turhydrogen bonded to two
carbonyl groups in the inhibitor/substrate peptides (see Figur&€omparison of
unliganded wild-type protease crystal structures with itmpdexes with inhibitors
shows a 7 -15 A movement of the flap tips (around resié¢s0’) to allow the
polyprotein substrate or inhibitor to enter the active gMiller et al., 1989b;
Gustchina and Weber, 1990) (Figure 4). The substrate binds in andedt
conformation and its interactions with different amamd side chains determine the
specificity of the enzyme for the substrate (Pettial., 1993). The HIV-1 protease
processes the Gag and Gag-Pol polyproteins proteolyticadiyeatfic sites as shown
previously in Figure 2. The HIV-1 protease is specific f@aghge of these sités
vivo, although the general sequence homologies among thesamatl (Fitzgerald
and Springer, 1991; Moore and Dreyer, 1993).

The dimer interface is formed by a four-stranded ardife 3-sheet involving both
the amino and the carboxyl-termini of each subunit. Updrstsate binding, both
subunits form a long cleft where the catalytically esiaé aspartic acid residues are
located in a co-planar orientation at the floorkef tleft. The main interface is formed
by the N- and C-termini from each monomer (residues 1ard496 — 99) joining to
form a four stranded, antiparall@lsheet. The dimers also interact in the flap region
formed by residues 45-55 (Nawh al., 1989; Wlodaweret al., 1989). These flaps
interact with each other and with substrate upon binding. Mbnomers become
more closely packed together upon substrate binding, followesgvral regions of
the molecule moving inward toward the bound ligand. Subsequetigand or
substrate binding, the protease dimer loses symmetmd lmasthe superimposition of
the a-carbons of each monomer in the liganded and apoenziyowtuses (Roset
al., 1996). The presence of bound substrates also induces silwttanges on both
monomers that contribute in part to the stability @f HHV protease dimer. The result
of these protein-ligand interactions is an extremelttiginding (high affinity)
between individual subunits in an enzyme-substrate @o(fdw nanomolar range),
that may depend greatly on the ligand concentration iiti@ddo salt concentration
and pH (Zhangt al., 1991).
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Dimer interface
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Figure 4. (A) Ribbon representations of the ligand-free homodinteéhi¢-1 protease
and B) in complex with acetyl-pepstatin in the active sitdwe pdb code for the
ligand-free structure is 1hhp. The pdb code for the HIV-1 psetéa complex with
acetyl-pepstatin is 5hvp. The structure of the unbound protiipta a ‘semi-open’
conformation with the flaps shifted away from the aetsite, whereas in liganded
form, the flaps are pulled in towards the bottom ofdbgve site (i.e., the ‘closed’

form). This figure was generated using Swiss-pdb Viewer (Guex amnstReit997).
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In addition, the proteases of both HIV-1 and HIV-2 conteysteine residues at
position 95 (Cys-95) in the dimer interface region. Stnadly related proteases of
other retroviruses including SIV, RSV and FIV also havetaye or methionine
residues at their dimer interfaces. HIV-1 has an addtisolvent accessible cysteine
residue at position 67 (Cys67) which is highly conserved amwoug isolates. These
two cysteine residues (Cys67 and Cys95) are proposed ta@ravimechanism of
regulation for HIV activity in response to oxidativieess within the host cell (Davis
et al., 1996; Daviset al., 1999).

1.7 Catalytic mechanism of the HIV protease

Proteases, in general, are known to play crucial rolesarious biological processes.
They catalyze the hydrolysis of peptidic bonds with heglguence selectivity and
catalytic proficiency. Two mechanisms of proteasevagthave been established or
proposed thus dividing protease enzymes mechanisticallyvir@alifferent classes.
The first class uses an activated water moleculeragleophile to attack the amide
bond carbonyl carbon of the substrate scissile bond. athigation of this water
molecule can be attained either by a zinc cation fithe metallo-proteinases) or by
the aspartyp-carboxylate group at the active site (in the case diréegte proteases
e.g., HIV-1 protease). In the second class of proteasesicleophilic atom of an
amino acid side chain is used to hydrolyze the amide bogdcoBvention, the
peptide bond that is hydrolyzed is referred to as the kclssnd or cleavage site and

is positioned between P1 and P1" (Schechter and Berger, 1967)

The flanking amino acids proceeding, toward the aminmiters, are designated P1,
P2, P3 and those going toward the carboxyl terminusedeered to as the P1°, P2°,
P3" and provide space for water molecules necessarulistrate recognition and/or
product release (Jacksal., 1998; Prabu-Jeyabalahal., 2002) (see Figure 5). The
subsites of the enzyme interacting non-covalently withdorresponding side chains
of the peptide (substrate or inhibitor) are termed, starftiom the catalytic aspartic
acid residues, S1, S2, S3 and S1', S2°, S3, respectivalyy the above standard
nomenclature, the S1 and S1° (similarly S2 and S2° etb3ites are located at
equivalent positions (see Figure 5). The two S1 subsieekighly hydrophobic with

the exception of the active site aspartates. Thduesiwhich make contacts with the
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P1/P1" side chains of the substrates or inhibitors includg, Leu23, Asp25, Gly27,
Gly48, Gly49, 1le50, Thr80, Thr81 and Val82. The S2/S2° subsitesnaustly
hydrophobic (Ala28/28", Val23/23", lle47/47", Gly49/49°, 11e50/50°, Leu76afkl
1le84/84°) except Asp29, Asp29°, Asp30 and Asp30°". The interior pmdke S2 and
S2° subsites, are smaller than the S1/S1" or the S3iB8ing sites and have been
shown to be more specific, restricting the type ame @if residues at P2/P2" in
substrates or inhibitors relative to other binding pocketshe protease molecule
(Tozséret al., 1992; Dunnet al., 1994). As such, these characteristics have been
implicated for the lower tolerance in the drug-resistanutants of the residues
forming these binding sites (Rosahal., 1999).

Dreyeret al. (1992) have also conclusively shown that substrate spgcifit the
HIV-1 protease is significantly determined by S2-S2° subsit@grestingly, all
protease inhibitors are shorter than the natural substetd contain hydrophobic
moieties that interact primarily with the proteaseS&2 subsites. Thus, although
protease inhibitors may be chemically different fromaheather, they occupy a similar
space within the protease binding pocket, which explains hdwidinal mutations
may cause protease cross-resistance (see sectioifie8%3 subsites adjacent to S1
subsites are also mostly hydrophobic and are known todheatier broad specificity
due to their ability to accept residues of different typed sizes (Wlodawer and
Vondrasek, 1993). Residues forming the S3/S3" subsites include Arg8iR23/23",
Asp29/29°, Gly48/48°, Gly49/49°, Pro81/81" and Val82/82" which formspairthe
S1/S1° pockets. On the other hand, details on the S4/S&588" subsites are still
sketchy due to the limited number of available structufe®tooviral proteases in
complex with ligands that extend beyond P3/P3" (Toesél., 1991; Vondraselet
al., 1997). It has also been shown that the HIV proteasd gftisiently cleaves
peptide substrates seven or eight amino acids long 3P4sRh the major processing
subsites (S4-S3°).

It is generally accepted that, in the first step, theleaphilic atom which can be a
hydroxyl group or a thiol is subsequently activated by anotminaacid side chain
(Figure 6). The activated nucleophile attacks the carbonlgboeof the scissile amide
bond to form an ester or a thioester acyl intermediat
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Figure 5. A schematic diagram showing the conventional noname used to
assign amino acid residues of peptide substrates (Pekhsasvthe corresponding
binding sites (S) on the protease molecule. This diagrasradapted from Wlodawer

and Vondrasek, 1998.
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Figure 6. Schematic diagram showing the proposed kinetic mechanfsii\o
protease. The two catalytic Asp residues are denoted 22%ntb identify their
respective locations in individual subunits. The carboxglaetivate the conserved
water molecule, which then acts as a nucleophile foclavage of the peptide bond
in the S complex. This diagram was adapted from Tomasselli adrikson,
2000.
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This acyl enzyme intermediate is then eventually hydeslylzy a water molecule to
the corresponding hydrolysis products. In the proposed anesth of the aspartic
protease, the Asp group that is closer to the nucleophatierwnolecule is assigned a
negative charge (Figure 6). The nucleophilic water moleetleh is activated by the
negative aspartate side chain is held between the twlytcatspartate side chains
and then attacks the carbonyl group in the substrate’silscisond to generate an
oxyanion tetrahedral intermediate. Protonation of ttissde amide N atom and
rearrangement result in the breakdown of the tetrahedtalmediate to the
hydrolysis products. Although the HIV PR catalytic mechans more or less similar
to that of the aspartic protease family, its full dethimechanism still remains
elusive. Nonetheless, Jaskolsdti al. (1991) have proposed a new model of the
enzymatic mechanism for HIV PR enzyme based on theatststicture of a complex
between HIV PR and an octapeptide inhibitor U-85548e (H-¢alan-Asn-Leuy-
[CH(OH)-CH;-Val-lle-Val-OH). In this mechanism, the catalytic cgan is viewed
as a one-step process during which the attack of thelesdssd by the nucleophilic
water molecule and the acidic proton is achieved imaexted manner.

1.8 Inhibition and development of drug resistance

A wealth of information and knowledge accumulated dkierlast two decades about
the structure and the mechanism of HIV protease has inmeesdl the way towards
the development of effective drugs targeted against this enziyine effort of
designing drugs with high efficacy towards HIV protease bas krge extent been
aided by a huge amount of information regarding the desfignhibitors for other
aspartic proteases, such as renin. The renin inhibitors weabstrate-based
peptidomimetic compounds containing non-cleavable insentepd@cements for the
scissile-bond amino acid partner. However, extensiedifications were necessary
to reduce the peptidic character and improve oral bioavi#§abihis de novo
approach has been invaluable in accelerating the discofeirygs that are effective
against HIV protease. To date, there are nine FDA approved tragsunction as
inhibitors of HIV protease: saquinavir, ritonavir, indinawelfinavir, amprenavir,
lopinavir, atazanavir, tipranavir and darunavir (see Figurés @nd 9 for chemical

structures).

25



/ \ P1°
e A
P3 : '|$'
R N E y |

MH
L P2
1. Saquinavir HaC CHa
CHa P2’
P2 /w| P1
HiC CHs
9] E o
“ : P
o3 S/Y\T/\m \/Y\H O/\(\N
] CH3 O é L. S_//PZ
e
CHs |
2. Ritonavir Z
P1 P1

P1
/ I e
P3 |
Nh“‘\lu"”" ™ o
P2’
oy
M H
HCI/
3. Indinavir HsC CH3
&y P2

Figure 7. Chemical structures of saquinavir, ritonavir and indinaviowehg the
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HIV-1 protease inhibitors have been effective in suppressira leivels in patients
with AIDS. However, their therapeutic efficacy is hamguk by the emergence of
drug-resistant, cross-resistant mutants of the HIV-1 psat@nd by issues of patient
compliance, rendering AIDS with no definitive cufiéhe high replication rate of the
virus (16-10° virions/day) and the high error rate of HIV RT (about 11t 000
bases) have been implicated in the rapid mutation afett®n of drug-resistant
viruses (Ji and Loeb, 1992; Coffin, 1995; Hertegal., 2000; Wu.et al., 2003). High
level resistance can only develop if the virus is alldieereplicate in the presence of
the drug. Thus, the occurrence of the mutations is noteatdionsequence of drug
actionper se. Instead mutations, result from the viral replicatpocess itself, and
antiviral drug resistance is selected through the elinonabf the most drug-
susceptible viruses from the replicating pool, leaving dmyfittest viruses to survive
in its presence (Condra, 1998). In fact, because antdrugls inhibit viral replication,
they inhibit the very processes responsible for the ajppee of new mutations.
Additionally, even in the absence of antiretroviral drugdy-1 shows genetic
diversity, especially in the protease gene (Vergnal., 2000). Analysis of clinical
isolates has also revealed extensive protease mutat&tnsotifer cross-resistance to
protease inhibitors (Hertogsal., 2000).

Drug resistant mutations of at least 27 of the 99 protesseues have been reported
primarily from the B subtype of HIV-1. The loss of séivity usually occurs because
the resistant viral strains encode for protease masadntaining specific amino acid
mutations that lower the affinity for the protease iitbits and yet still maintain a
viable enzymatic profile and substrate affinity. In aiddit more than 87 mutations
have been observed in at least 49 positions withirHiNe1l protease monomer and
shown to express resistance toward one or more inlghiRoseet al., 1993b; Kozal

et al., 1996; Boden and Markowitz, 1998; Gulrgkal., 1999; Hertogst al., 2000;
Shaferet al., 1999; Wuet al., 2003). For specific inhibitors, these mutations are
termed major or minor depending on whether they determagermhenotypic and
genotypic resistance or whether they contribute asssory mutations following the
onset of resistance. These mutations have beenfiddsss active site or primary, and
non-active site or secondary mutations (Erickson anult, B1996). Active-site
mutations are located directly in the binding site and lsdal not involve residues
that are directly involved in catalysis, for instance Asp25/B&t involve residues
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that have direct interactions with the inhibitors (Jedble 1 and Figure 10). Non-
active site mutations are usually located at the hingthefflap region, the dimer
interface and thg-sheet region (Alaet al., 1998). Non-active site mutations may
interfere with binding by (1) directly altering enzyme cgdad, dimer stability,
inhibitor binding kinetics and conformational dynamics agg through long-range
interactions that transmit distortions or perturbaion the active site rather than
direct interactions with the inhibitors (see Tablentl &igure 10) (Alaet al., 1998;
Shafer, 2002).

Drug resistance to HIV-1 protease inhibitors usually begiils the appearance of
amino acid mutations within the binding cavity of the enzymiees€ active site
mutations are very conservative, i.e., they change thengiep of the active site
without changing its polarity or charge. Non-active siigations occur in later stages
and have been assigned mostly compensatory functiored adétn neutralizing the
detrimental effects of primary mutations on enzyme agtiMiable 1) (Schoclt al.,
1996; Velazquez-Campow al., 2001b; Shafer, 2002). Interestingly, compensatory
mutations (M361, M46I1/L, L47V and L63P), located on the flagioa or in close
proximity, are thought to impose structural constraintshenflap elbows of the HIV-

1 protease and cause a motion of the substrate towaedsldavage site, hence
restoration of activity (Pianet al., 2002). The mutations at positions 46 — 48, 50, 53
and 54 are the most commonly detected, and are usuadlynpaaied by mutations at
positions 82 and 84 in the inhibitor binding site. Combinationthe$e mutations
arise during the treatment of infected patients with dieee protease inhibitors
leading to a production of multi-drug resistant variantthefHIV-1 protease.

Because active site mutations directly affect the daugét interface, their mode of
action has been interpreted in terms of lost inteyastior steric effects created by
altered site geometries (Velazquez-Campbsgl., 2001b; Ohtakaet al., 2002). The
role of non-active site mutations in inhibitor binding hasained largely elusive, but
a few recent studies have suggested that they affecbitising by altering the
geometry of the binding site cavity through accumulatiomofations within the core
of the protease molecule (Olsetral., 1999; Ohtakat al., 2003).
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Table 1L Primary and secondary resistance mutations in HIV-1ypabB protease
associated with the development of resistance agaumsently approved protease
inhibitors.

Primary D30N, L33F, M46l, 147V, G48, 150V, V82A/F/T, 184V, LO9OM

Secondary L10I/V, K20M/R, L24l, V32l, L33F, E35D, M36l, M46I/L, 147V,
I54L/V, L63P, A71T/V, G73S, V771, N88DRAM

These data were taken from Tomasselli and Heinrikson, 2000

Figure 10. A ribbon representation of HIV-1 protease homodimer \pidisitions of

amino acid residues associated with clinical resigtdaccurrent protease inhibitors.
The pdb code for this structure is 1hxb. Saquinavir, bounceadtive site, is shown
in purple. Primary and secondary mutations are indicatéd mack and red text,

respectively. Mutations are shown on only one monomeclérity. The figure was

generated using Swiss-pdb Viewer (Guex and Peitsch, 1997).
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Previous studies on the mutations occurring at distal posistrongly suggested that
these changes likely play a compensatory role fograikleterious mutations (Schock
et al., 1996). But new insights by Muzamneil al. (2003), substantiate the notion that
non-active site mutations are not only as a resultoshpensatory action; i.e., for
activity restoration, but they in fact impact on ligandding by either propagating
distortions in the active site or by amplifying the effeof active site mutations,
which affect inhibitor binding to the protein.

1.8.1 Saquinavir

Saquinavir, developed by Hoffmann-La Roche, was theHirgt PR to enter clinical
trials, demonstrating that the protease enzyme wasictaeadet for the treatment of
HIV infection (Jacobsen, 1994). Saquinavir is very effectisea protease inhibitor
with a 90 % and 50 % inhibitory concentration {J@nd 1Gg) of 6 nM and 0.4 nM,
respectively (Condra, 1996). Saquinavir is a hydroxyethylaminesitian state
analogue with a bulky decahydroquinoline moiety in P1" andadjae in P3 (Figure
7). In vitro, the most frequent mutations or variants selected fosdauinavir are
G48V and L90M and the less frequent G48V/L90OM double mutant Ebedl.,
1995; Jacobseet al., 1995; Turrizianiet al., 1994). Amino acid residue 48 is located
in the loop of the flexible flap of the protease, whileides 90 is found outside the
binding pocket of the enzyme. Substitution at position 48 aasidlt in a less flexible
flap while the L90M mutation could induce conformational péydtions in the
enzyme impacting on the binding of the inhibitor at thaveacsite. The L90M
mutation has also been shown to reduce catalytic actiad structural stability of the
protease (Mahalingarat al., 1999). Other mutations such as M36l, A71V/T and
G73S have also been observeditro but at a lower frequency.

1.8.2 Ritonavir

Ritonavir, developed by Abbott Laboratories, was the rsgddlV protease inhibitor

to be licensed in the United States. Ritonavir is a seéemhibitor of HIV protease
that is derived from &,-symmetric, peptidomimetic inhibitor with the systematic
modification of the heterocyclic P3 and P2 substitug¢hts, 1994). It is a potent
antiretroviral agenin vitro with demonstrated activity against a variety of HIV-1
isolates, with 1G, and 1G, values of 10 nM and 70 nM, respectively and good oral
bioavailability (Kempfet al., 1995). Resistant variants associated with ritonavir
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treatment are: K20R, L33F, M36I/L, M46L, 154V, A71V/T, V82A/F/T/B4V and

L90OM. Mutations at position 82, in particular, were highlgasated with the initial
loss of antiviral activity. However, this observation nst surprising since this
mutation occurs within the immediate vicinity of theiaetsite and could affect the

protein-drug interactions.

Successful HAART relies on additive effects. Not loffiggrathe advent of the first
antiretroviral drugs, it became clear that single agased alone (monotherapy) could
not suppress HIV over the long term, since the virus roatate to develop drug
resistance. Therefore, multiple agents from more thae drug class are now used to
construct effective regimens. Additive and synergistle gffects are a major concern
in anti-HIV therapy. When two or more drugs with overiagptoxicity profiles are
used together, the combined toxicity may prove intoleradken if the individual
agents alone produce only mild side effects. For instalt®,(zalcitabine, developed
by Hoffmann-La Roche), ddI (didanosine, Bristol Myers-Squiabfl d4T (stavudine,
Bristol Myers-Squibb), can all cause pancreatitis (nfi@ation of the pancreas),
peripheral neuropathy (nerve damage), and mitochondriatitio Thus, it is

recommended that combinations of these drugs be avoidessibfm

Cytochrome P450 (CYP450) isoenzymes are classified intoliégnwith a small
subset that carry out most of the drug metabolism. Masyapeutic agents are
metabolized by a single isoenzyme, but others are pextdssmore than one. The
most abundant isoenzyme, CYP3A4, is responsible foalmoéring about half of the
drugs currently on the market. Drug metabolism is limibydthe quantity of the
CYP450 enzymes, and different agents compete for their Ssme CYP450
inhibitors known to retard the activity of these enzynmeslude ritonavir and
erythromycin. Ritonavir works well as a pharmacologaathancer because it inhibits
both the initial stages of protease inhibition metabolisthe intestines and CYP3A4
processing in the liver (Ernest al., 2005). The use of ritonavir with a protease
inhibitor at therapeutic doses allows the achievemerda pharmacokinetic benefit
that leads to higher drug plasma exposure, creating a hggwmetic barrier to
resistance (boosting). Boosting of protease inhibitoss le&come common practice
and is recommended in treatment guidelines. Ritonavir's unigeeaction profile

allows it to be used to increase blood concentratibosher protease inhibitors. This

33



capacity is used by ritonavir as a low-dose (typically @) adjunct drug. At the
same time, use of full-dose ritonavir has fallen outawbr because its propensity to
raise levels of so many medications is more often fudriinan beneficial. Low-dose
ritonavir has also boosted the benefits of other-§esteration protease inhibitors (e.qg.
indinavir and saquinavir), by dramatically reducing their highlpirdens, reducing
intolerable side effects, loosening food requirementd, alowing them to be taken
fewer times per day (Eneratal., 2005). Currently, protease inhibitor candidates are
routinely tested in conjunction with ritonavir. Resdens are avidly searching for
other drugs that can also be used as pharmacologicstielo®oA few of the approved
protease inhibitors, including nelfinavir, have been linkeoh¢oeased concentrations
of other protease in some studies. But, to date none hamnd&rated a strong enough

or consistent enough effect compared to ritonavir.

1.8.3 Indinavir

The third HIV protease inhibitor licensed in the United Stat@dinavir, was
developed by Merck & Co. Indinavir was derived as a peptidoti@rtransition state
analogue and belongs to the class of protease inhibitorswnkn@as
hydroxyaminopentane amide (HAPA) compounds (Vaataal., 1994). This
compound has several large, mainly hydrophobic groups thataatt with the
hydrophobic S2/S2" pockets in the active site of the pretaad features a novel 2-
aminoindanol substituent in P2". It ha&avalue of 0.5 nM against wild-type HIV-1
protease and a good oral bioavailability (Doreesi., 1994; Vaccat al., 1994).

The data reported by Condeh al. (1995) from the early dose-ranging phase I/l
clinical studies with indinavir demonstrated that the dagevelopment of resistance
occurs at suboptimal doses of the drug. It was found thahgbypic resistance
correlated with multiple substitutions among, at lea#ven sites in the protease:
L10I/VIR, K20M/R, L241, M46I/L, 154VIA, L63P, 164V, A71VIT, V82A/F/T|84V
and L9OM (Condra, 1996). Interestingly, no single mutaticas present in all
resistant isolates. Also, there was no preferredrarl@ppearance of any substitution,
i.e., resistance was caused by the combined effect wfipte and variable
combinations of amino acid alterations. Every viralasothat conferred resistance to

indinavir also conferred resistance to ritonavir, saquirend amprenavir.
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1.8.4 Nelfinavir

Nelfinavir, developed by Agouron Pharmaceuticals, a setectonpeptidic HIV-1
protease inhibitor was found to be a highly effective inbibwith aK; of 2 nMin
vitro (Kaldor et al., 1997). Nelfinavir has the same P1" moiety as saquinaviramth
extended P1 substituent to increase lipophilicity (Kaldbml., 1997). The drug
demonstrated antiviral activity with 50 % effective concatidns between 9 nM and
60 nM against HIV-1 and HIV-2 strains (Patietkal., 1997). Sequence analysis of the
clinical isolates from patients receiving nelfinavir rotmerapy revealed a
predominant D30ON mutation in all phenotypically resistaatiants. The D30N
mutation had a 7-fold decreasekmcompared to the wild-type. Other mutations were
observed at much lower frequencies and these included: B8%®, M461, A71T/V,
V771, 184V, N88D and L90OM.

1.8.5 Amprenavir

Amprenavir is a drug from Vertex and Glaxo Wellcome, wibelongs to a class of
sulfonamide protease inhibitors and has been shown toamwgral activity against
HIV-1 and HIV-2, with |G, values of between 80 nM and 340 nM, respectively (Kim
et al.,, 1995). It is a small tetrapeptide analogue with a suffod@ and a
tetrahydrofuran moiety in P2°. DNA sequence analysishef fgrotease of HIV-1
resistant variants revealed a sequential accumulafipoint mutations in amino acid
substitutions L10F, M46l, 147V and I50V. For amprenavir, the pmedant resistant
mutation in the binding site appears to be the I50Voitfers a two- to three-fold
susceptibility (Partaledigt al., 1995). In addition, subsequent substitutions associated

with the 150V mutation included changes at residues 54 and 84.

1.8.6 Lopinavir

Lopinavir was developed by Abbott Laboratories and is owvdylable in combination
with ritonavir. It has a very high antiviral activity agai HIV-1 (K; value of 1.3 pM)
and HIV-2 (Shanet al., 1998). It contains a simplified cyclic urea, which repatte
thiazolymethyl urea of ritonavir in P2 and a dimethylphenoxyheoeoiety instead of
the thiazoylmethyl carbamate in P2°. To date, reduced satysito lopinavir has
been mainly associated with mutations M46l, 154V, A71V, V824 84V (Shanet
al., 1998). Other mutations which have been associated esiktance to lopinavir
include L10F/I/R/V and L90M, as well as mutations at codths24, 32, 33, 46, 47,
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50, 53, 63 and 90 (Carrillet al., 1998). One study reported that having five or more
mutations at these positions or positions 33, 36, or 48 eciassd with complete
resistance to lopinavir while having three or four @fsin mutations is linked to mild
resistance (Wlodawer, 1999). V47A also causes resistant@ittavir in patients
infected with HIV-2.

1.8.7 Atazanavir

Atazanavir, a second generation HIV-1 protease inhibitag eeveloped by Bristol-
Myers Squibb as an alternative option for initial P$dxh HAART. It is a 2-hydroxy-
1,3-diaminopropane transition state isostere with andgeptide core and an
extended P1" moiety (Robinsehal., 2000). It displays a high potency against wild-
type HIV-1 protease with K; value of 10 pM and good oral bioavailability (Goetg
al., 2000). It has been postulated to have a role in treatsnaptification for patients
with undetectable plasma HIV-1 RNA for > 6 months onimitial antiretroviral
regimen to which intolerance has developed. It has mineffatts on lipids, but
when taken in combination with other protease inhibitorspatients without
underlying drug resistance, it is sensitive to the signafile mutation. Interestingly,
unlike the common 150V mutation observed with amprenavir, thisation is not
associated with cross-resistance to other proteasetorisioh number of primary and
secondary mutations associated with atazanavir residhanveealso been observed for
patients who have previously been on one or more protiedsieitors before
commencing with atazanavir (Colloebal., 2003).

1.8.8 Tipranavir

Tipranavir was developed as a second generation HIV-legset inhibitor by
Boehringer Ingelheim from a class of compounds knownitagltbpyrones that are
structurally similar to coumadin and were found to inhibibtpase (Chrusciel and
Strohbach, 2004). It is a sulfonamide-based inhibitor showrave antiviral activity
against HIV-1 withK; value of 5 pM and 1§z value of 100 nM (Turneet al., 1998). It

is effective against HIV-1 isolates that are resistaainly to ritonavir, especially the
M46l1, L63P and 184V/A isolates which conferred resistancéd@f to 125-fold) to
ritonavir. This resistant isolate conferred only a 6-foéistance in Tipranavir
(Rusconi et al., 2000). It also exhibited robust activity against the V82A and
V82F/184V isolates witlK; values of 3.0 nM and 0.25 nM, respectively (Abbenante
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and Fairlie, 2005). Nonetheless, resistance to tiprawavirstill occur, although the
acquisition of up to ten mutations is required to attagh tevels of resistance (Doyon
et al., 2005). Of note, the L33F and [84V appear to be dominant subst#utio
responsible for the development of tipranavir restanL33F is a secondary
resistance mutation remote from the active sited@bs not appear to affect tipranavir
binding to the active site (Schake, 2005). The 184V mutationthe other hand,
affects tipranavir binding directly by altering hydrophobiemattions with the drug
(Schake, 2004).

1.8.9 Darunavir

Darunavir is a second-generation HIV-1 protease non-peptidstorhwith improved
pharmacokinetics that is chemically related to theicdi inhibitor amprenavir. It was
designed with a novddis-tetrahydrofuranylurethanei&THF) group to incorporate
additional polar interactions with main-chain atoms led PR dimer. It was also
developed by Tibotec Inc. (now Johnson and Johnson) anorasad-spectrum potent
inhibitor against HIV-1 isolates including multi-drug resmtalinical strains with
minimal cyto-toxicity (Kohet al., 2003). It also has higher genetic barrier for new
drug resistance development compared to existing and bikdiHF containing
protease inhibitorsln vitro resistance with strains harboring R41K and K70E
mutations has been observed (Kiegal., 2004b). In addition, isolates containing
these two mutations were found to have 8- to 10-foldstaste to darunavir, 20-fold
resistance to saquinavir, and 6-fold resistance to lopir{f®& Meyeret al., 2005).
For all other first-generation protease inhibitors,stasice remained less than 4-fold.

To date, no additional resistant mutations have beesrdas with doses of darunavir.

1.9 Polymorphisms and resistance mutations in HIV-1 proteasedm African
subtypes

The magnitude of the AIDS epidemic in Africa is well doented. It has been shown
that Africa constitutes about 70 % of people infectedh WitV worldwide. While the
adult prevalence rate in North America and Western fgguiie around 0.5 %, the
overall figure is over 8 % in sub-Saharan Africa. Hegre the HIV-1 subtypes
prevalent in the United States and Western Europe ardh@@ame as those that are
found in Africa. In the United States, Western Europe Anstralia the subtype B is
responsible for the greatest number of HIV infectim@reas in sub-Saharan Africa
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the A and C subtypes, and to a lesser extent the typsubccount for most of the
infections. The A subtype is, however, predominanthe northern part of sub-
Saharan Africa while the C subtype is prevalent in ISaat Africa and the G subtype
in Nigeria. It has been proposed that factors such asdistanscriptional regulation
could give rise to differences in transmission rates pathogenesis among HIV-1
subtypes (Montanet al., 1997; Essex, 1999). Protease-inhibiting drugs currently in
use are optimized to bind tightly and specifically to itH¥-1 subtype B wild-type
protease, and not the subtype C protease which carrie® awid polymorphisms,
some of which have been associated with drug resistdwekdr-Pergolaet al.,
2000). The high prevalence of certain resistance mutatioribei non-B subtypes
suggests that drug resistance may appear more rapidlyhansbtme non-B subtypes
may be inherently resistant to certain, if not altjratroviral drugs. Presently studies
involving the effects of the available HIV-1 protease irtbits in people infected with
non-B subtypes of HIV-1 are still at the early stagdserefore, two crucial questions
relate to the: (1) efficacy of the existing drugs aggmsteases from different HIV-1
subtypes and (2) mechanism of drug-resistant mutationswiteiscope of proteases
from non-B subtypes.

Inspection of the HIV-1 sequence database (Bessah, 1998) shows that naturally
occurring amino acid polymorphisms in the A and C HIV-1 subiyjmeases occur
at sites distinct from the active site (Figure 11). Tappear to be clustered in specific
regions including the hinge region of the flap, the loopneating the3-strands, the
a-helix and the opposit@-strand. In the absence of inhibitor pressure naturally
occurring polymorphisms are most likely to occur in regidissal from the active
site. As such, these polymorphisms do not affect thalytet efficiency of the
protease or viral fitness. As a corollary, naturallgwecing polymorphisms do not
occur in regions that could result in a loss of strutstability, catalytic activity or
substrate binding affinity. In addition, studies by Velazquam@oyet al. (200143,
2002) have shown that subtype A and C proteases with ngtuweturring
polymorphisms from drug-naive individuals were associated evittanced catalytic
efficiency, decreased drug-binding affinity, improved biochehiibgess or vitality in
the presence of existing inhibitors and an increase uctsiral stability. Under the
same experimental conditions, the A, C and G subtypegses showed a higher
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Figure 11. A ribbon representation of the homodimeric structuréibf subtype B

protease illustrating the active site loop (blue) withaatalytic Asp-25 (red ball-and-
stick), the flap region (cyan) and flap tips (red). Fnetease inhibitor (purple ball-
and-stick) is shown bound at the active site betweertvibesubunits. The coloured
spheres represent the polymorphic positions in the SoutbaAfsubtype C protease
sequences: Brown, polymorphic frequency is equal to or gréeaterl0 % but same
consensus for C and B; Green, polymorphic frequency id &goagreater than 10 %
and nonconsensus for C and B; Purple, no or low (<10&§)morphism and non-

consensus for C and B. The topographical positions cedupy the 8 consensus
South African subtype C amino acid residues: 12, 15, 1941669, 89 and 93 are

also shown.
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structural stability than the subtype B protease (0.7, [d3dcal/mol, respectively)
(Velazquez-Campowt al., 2002). Studies by Velazquez-Campabal. (2003b) have
also shown that the South African C subtype (C-SA)gase is, however, slightly
less stable than the B subtype. All HIV subtypes feahaturally occurring genetic
variations. At the molecular level, the combined &feof naturally existing
polymorphisms seem to have important consequences orifitexe of the current
HIV-1 protease inhibitors, since some of them influemeelinding thermodynamics
of inhibitors and may amplify the effects of drug-remiste mutations (Velazquez-
Campoyet al., 2001a; 2002). For example, a significant number of amind aci
polymorphisms exist among subtypes A, B, C and G sequeridatural
polymorphisms of note within the subtype C protease includ®l/\//F, K20R,
M36l1, S37N, R41K, M46l, H69K, A71V/T, V771, L89M and 193L, some ofiich
have been associated with or regarded as secondargmesmttations in the subtype
B virus (see Figure 12 and Appendix) (Holguin and Sori&@92; Kantor and
Katzenstein, 2003).

Interestingly, none of these polymorphisms are direlcitated in the catalytic or
active site. They are, however, located at sitesdatapivotal for the conformational
change associated with binding (e.g. the hinge region land-helix) (Roseet al.,
1998; Todd and Freire, 1999). Mutations occurring at these coalsl affect the
energetics of these changes and subsequently the bindmtyaff inhibitors. As an
example, the naturally occurring isoleucine at posi@6nn the African subtypes is a
secondary mutation in the B subtype virus (M36l) and magsipty act at a later
stage of viral infection, following the onset of primaesistant mutations (Berker-
Pergolaet al., 2000; Pernaet al., 2001). The 193L mutation has also been associated
with drug resistance and classified as a secondary mu{&taneet al., 2001). As an
increasing number of individuals with non-subtype B infecaccess HAART, these
genotypic differences in non-subtype B consensus {iydd) sequences may result in
new drug resistant forms as well as differences in ltmg term outcomes of

antiretroviral therapy.
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Figure 12.(A) A graphical representation showing the polymorphisms irstibeype

C protease from drug-naive South African patients. Theygall€-consensus residue
and substitutions are shown along the x-axis. The 8cnasensus positions between
C and B subtypes are indicated with asterisks and tbenBensus residue above the
corresponding barsBj The sequence alignment for the protease from the HIV-1 B
and C subtypes. South African subtype C consensus seqisiacetop and the

subtype B consensus sequence is the bottom sequence.
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1.10 Objectives

The project focused on the effects arising from the cortibmaof active site
mutations in the C-SA HIV-1 protease. The polymorphic switgtns and active site
mutations in the protease molecule were used to deterifiihghe energetics of
acetyl-pepstatin  and drug binding (2) the catalytic effigreneand the
vitality/biochemical fitness of the protease. Studies theis (Velazquez-Campay
al., 2001a; 2002) have shown that amino acid polymorphisms by theras#d not
appear to be sufficient enough to elicit drug resistantieeiproteases from the C and
A HIV-1 subtypes. But, because the C-SA protease has sam@o acid
polymorphisms which have been shown to be resistant tditheal inhibitors in the
subtype B HIV-1 protease, it is not known if the eféeat these naturally occurring
polymorphisms in combination with drug-resistant mutatiorilsbei additive or show
some degree of positive or negative synerdg.vitro, selection experiments with
HIV-1 protease inhibitors have identified combinations of vactsite mutations
emerging from the viral population circulating in patie(it4ascheraet al., 1996).
Typically, active site mutations emerge first follaey compensatory mutations that
seem to improve the efficiency of the protease by isangan vivo viral replication

in the presence of the inhibitor (Mol al., 1996). More so, residues altered at
positions 82 and 84 have long been identified by passaging HI\tkE ipresence of
increasing concentrations of HIV-1 protease inhibitorsq@ al., 1993; Kinget al.,
1995; Hodgeet al., 1996; Caneet al., 2001). Thus, the V82A and V82F/I84V
mutations were chosen. These mutations are well-cieaiized within the framework
of the subtype B virus and are known to confer crosstagge to most of the
inhibitors currently in clinical use. Notably, the V82A nmida has also been
observed at high frequencies in the South African trestieeperienced patients. The
current project was aimed at addressing two questions: ELgAsting drugs equally
effective against the South African C subtype? and @) ldo active site resistant
mutations operate within the framework of the South Afri€asubtype? A study by
Todd et al. (2000) on the resistant double mutant (V82F/184V) of subtyjpeoBease
has shown that a key factor in the understanding cfteesie is the relative balance of
enthalpic and entropic contributions to the Gibbs eneyfbinding. Isothermal
titration calorimetry was, therefore, used to deternti@eenergetics of drug binding
to the subtype C-SA proteases (wild-type and active siterms)ta
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CHAPTER 2
2. EXPERIMENTAL PROCEDURES
2.1 Materials
Acetyl-pepstatin was purchased from Bachem AG (Germawg)ecular grade urea
was from Promega. The QuikChah&ite-directed Mutagenesis kit was purchased
from Stratagene (La Jolla, CA, USA). The oligonua®tmutant primers and
restriction enzymeBamH| andNdel were from Ingaba Biotech (South Africa). Other
reagents were of an analytical grade. The expressidary@ET-11b, with the cDNA
coding region for the wild-type B subtype HIV-1 protease w&ind gift from Dr J.
Tang, University of Oklahoma Health Science Centeralikina City (Idoet al.,
1991).

2.2 Source of sequence data

Protease sequence data were obtained from the AIDS Reaearch Unit (NICD,
South Africa) for drug-naive and drug-treated South Africarepes. This data was
used to indicate baseline polymorphisms and the appearmhgaimary and
secondary drug-resistance mutations during drug treatmewtrmiation obtained
from the Stanford HIV databasen{w.hivdb.stanford.edquand from the National
Institute for Communicable Diseases (NICD) was used tergée mutants (V82A
and V82F/184V) of the South African C subtype (C-SA) paste

2.3 Source of HIV-1 protease and expression plasmid

A pET-11b expression vector with a gene encoding the B subtipd protease was
used. The pET-11b plasmid is under the control of the ©mgter. The wild-type
subtype C-SA HIV-1 protease naturally carries the mutati®12S, 115V, L19I,
M36I1, R41K, H69K, L89M and 193L with respect to the subtype B seceieThe
oligonucleotide primers incorporating the T12S, 115V, L19l, MI&41K, HE9K,
L89M and 193L amino acid changes with one autocatalyticpsiiéected, Q7K, were
synthesized and purified. Site-directed mutagenesis wastakeerto systematically
convert the subtype B protease to C-SA. Proteases (Susswild-type and variants)
were over-expressed ikscherihia coli BL21 (DE3) cells containing the pLysS

plasmid and induced with 0.4 mM isoproi/P-thiogalactoside (IPTG).
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2.4 Verification of the wild-type pET-11b plasmid

Plasmid DNA preparations frofescherichia coli XL1-Blue cell cultures transformed
with pET-11b were purified using the Qiagen mini-prep kit. Wyidet cONA was
digested usingNdel (10 U/ul) and BamHI (10 U/ul) at 37 °C for at least 1 hour. The
digested DNA was analyzed on a 1 % (w/v) agarose gelaicamg 0.2 ug/ml
ethidium bromide and the sizes of the fragments wenapared with standard DNA

markers.

2.5 Protein engineering

2.5.1 Oligonucleotide primer design

The oligonucleotide primers were designed for use withQpé&Changé" Site-
Directed Mutagenesis kit with the aid of the Gene Rum3ed4 software package.
The oligonucleotides were designed in accordance withpth®ished nucleotide
sequence encoding HIV-1 protease (dfl@l., 1991). The mutagenic primers used to
generate the V82A and the V82F/I84V HIV-1 variant proteaseéstha following

sequences:

V82A Forward primer: 5- G GTT GGT CCG ACT CCGCT AAC ATC ATC
GGC-3°

V82A Reverse primer: 5°- GCC GAT GAT GTAGC CGG AGT CGG ACC AAC
C-3

V82F/I84V Forward primer: 5° - GGT CCG ACT CCITC AAC GTT ATC GGC
CGT AAC - 3
V82F/I84V Reverse primer: 5" - GTT ACG GCC GARC GTT GAA CGG AGT
CGG ACC-3

Substituted residues are shown in bold.

2.5.2 Mutagenesis

The desired mutations at selected positions, V82A and V&®2F/ were introduced
into the cDNA insert using a commercial site-directedutagenesis Kit
(QuikChang&" Stratagene; Papwortét al., 1996). Site-directed mutagenesis was
performed according to the manufacturer’s instructiongflg, double stranded pET-
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11b (Idoet al., 1991) plasmid DNA was used as the template and PCRamrsevere
performed in a total volume of 50. The PCR product was generated through sixteen
amplification cycles of 30 seconds at 95 °C to denatw®tiA, 30 seconds at 55 °C
to anneal the primers and 120 seconds at 68 °C for DNéng®in. The reaction
contained 10 X reaction buffer, 5 — 50 ng of double stranded E¥#plate, 125 ng
of each oligonucleotide primers and 10 mM dNTP rRifu Turbo DNA polymerase
(2.5 Upl) was then added. The PCR mixture was treated Uspmg (10 Ulul) to
digest the methylated DNA template. The plasmid wasra@erized at room
temperature and used to transfolEstherichia coli XL1-blue supercompetent cells
supplied with the kit (Chungt al., 1989). Cells were plated onto LB agar plates
supplemented with ampicillin (10Qg/ml). Putative mutant plasmid DNA from
picked colonies was prepared as described in section 2.3anhdbs sequencing to
ensure that no other mutations were incorporated in Ei¢Acduring the thermal

cycling reaction.

2.5.3 Sequencing of mutant plasmid DNA

The entire cDNA encoding either the V82A or the V83BN variant enzymes were
sequenced to confirm the incorporation of the mutatiotts time pET-11b plasmid.
DNA sequencing was performed by Ingaba Biotechnical Inggst(Pty) Ltd
(Pretoria, South Africayww.ingaba.comusing the BigDy8 Terminator v3.1 Cycle
Sequencing Kit from Applied Biosystems (Foster City, @/SA) and a SCE 2410

Genetic Analyser from Spectrumedix (State College, P34).

2.5.4 Transformation of plasmid DNA into Escherichia coli BL21 (DE3) pLysScells

The plasmid DNA encoding either the wild-type C-SA, Y8&2A or the V82F/184V
protease was transformed iriEscherichia coli BL21 (DE3) pLysS cells by a one step
transformation method described by Chuh@l. (1989).Escherichia coli cells were
grown in LB medium to the early exponential phase assured by optical density
(O0.D) at 600 nm and diluted 1:1 with 2 x transformation aodage solution [LB
medium with 10 % (w/v) polyethylene glycol, 5 % (v/v) DM&@d 30 mM MgCGl,
pH 6.5]. A 0.1 ml aliquot of cells was transferred inta@cold polypropylene tube,
mixed with 1 pl (100 ng) of wild-type and mutant pET-11b plasmid DNA,
respectively, and incubated for 30 minutes at 4 °C. LB me@u@ml) containing 20
mM glucose was added and cells were grown at 37 °C in a saake5 rpm for 1
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hour to allow for expression of the antibiotic-resmsta gene. Transformants were
selected by plating the cells on LB plates supplemenitdampicillin (100ug/ml)
and chloramphenicol (3&g/ml) and incubated at 37 °C for 17 — 20 hours.

2.6 Over-expression and purification of the HIV-1 protease

The HIV-1 protease was over-expressed as inclusion bditieset al., 1991) in
Escherichia coli BL21 (DE3) pLysS cells. BrieflyEscherichia coli cells harboring
PET-11b plasmid DNA were grown at 37 °C in LB broth withpgeiilin (100 ug/ml)
and chloramphenicol (3fng/ml). The overnight culture was diluted 100-fold into
fresh LB medium containing ampicillin (1Q@/ml) and chloramphenicol (35g/ml).
The culture was allowed to grow for 3 hours at 37 °C. Wienoptical density,
measured at 600 nm, of the culture medium reached 0.4 — 0.5,i8$@dded to a
final concentration of 0.4 mM. The cultures were alldwe grow for 4 hours. The
cells were harvested by centrifugation at 5000 x g and stéred2@ °C overnight.
The cells were then resuspended in 100 ml of ice-cold atxtrabuffer A (10 mM
Tris, 2 mM EDTA, 1 mM phenylmethylsulfonylfluoride [PMSF] pH 03. and
disrupted by sonication. Mgg€land DNase | were then added to the final
concentrations of 10 mM and 10illl/respectively. When the viscosity of the mixture
decreased, the cells were ruptured by sonication. The hmefiogenate was
centrifuged at 10 000 x g for 30 minutes. The pellet was resuspend®0 ml of ice-
cold buffer A containing 1 % (v/v) Triton X-100 and centrifdget 10 000 x g for 30
minutes. Cell debris and protease-containing inclusion bod&® collected by
centrifugation (10 000 x g for 30 minutes at@). The pellet, which contained the
majority of the proteins expressed as inclusion bodies,tiven dissolved in buffer B
(10 mM Tris, 8 M urea, 10 mM DTT, pH 7.5). The solubilized pase was passed
through a DEAE anion exchange column equilibrated withelpuBf and acidified by
adding formic acid to 25 mM immediately upon elution frome tholumn.
Precipitation of significant amount of contaminantscurred upon acidification.
Protease-containing fractions, as determined by the Bradfgedreagent (Biorad),
were pooled concentrated and stored &C4in the concentration range of 5-10

mg/ml.
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The HIV-1 protease was refolded by extensive dialysis 1tanM formic acid at 4
°C. Thereatfter, the HIV-1 protease was extensively delyin 10 mM sodium acetate
buffer containing 1 mM NaCl and 1 mM DTT, pH 5.0. Folded ms¢ewas desalted
into 1 mM sodium acetate buffer at pH 5.0 using a PD-10filjdtion column
(Amersham, Pharmacia, Biotech, Sweden) and storedhatr & or -20 °C (> 2.5
mg/ml). The homogeneity and molecular weight of thelddl purified proteins was
assessed by separation on 15 % acrylamide SDS-PAGE (LUgel@idD; see section
2.9), using proteins of known molecular size as markersassess to oligomeric state
of the proteins, size exclusion high performance liquidictatography (SEC-HPLC)
was performed on the wild-type and variant HIV-1 proteaseker non-denaturing
conditions. The proteins were separated on an HPLC coatnanflow rate of 0.5
ml/min and the column eluent monitored at absorban@80fnm. The column was
calibrated with molecular standards which were used torrdete the sizes of

proteins.

2.7 Purification of clinical inhibitors

Clinical inhibitors, saquinavir, indinavir, ritonavir an@lfinavir were purified from
commercially available capsules by HPLC using a semi-pagipa C-18 reverse-
phase column developed with 0-100 % acetonitrile in 0.05 %A TWelazquez-
Campoyet al., 2001a). Purified inhibitors were lyophilized and stored at’@(n the
crystalline form (indinavir, nelfinavir) or as suspensions DMSO (saquinavir,
ritonavir). Only these four protease inhibitors were add in the country when the
studies were conducted. Acetyl-pepstatin was used withatef purification.

2.8 Protein concentration determination
The concentrations of the wild-type, V82A and V82F/I84V Hi\protease were
determined spectrophotometrically using the Beer-Lambert Law:

A=gcl (4)
where A is the absorbance; is the molar extinction of the absorbing species at a
given wavelength., c is the concentration of the absorbing solution kaml the
pathlength of light through the solution in the cuvettbe Toncentration of pure
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protein was subsequently determined spectrophotometricailyy an extinction
coefficientE;q, of 11.8 at 280 nm (Polgat al., 1994).

2.8.1 HIV-1 protease active site concentration determination

The concentration of the active sites was determidakimetrically using a high-
precision VP-ITC titration calorimeter (Microcal IndNorthampton, MA). Briefly, an
enzyme solution (2QuM) in the calorimetric cell was titrated with an inidy
solution, acetyl-pepstatin (Ac-Val-Val-Sta-Ala-Sta)sshlved in the same buffer (10
mM sodium acetate, pH 5.0). The inhibitor concentraitioime experiment was in the
region of 200 - 30@M in the injection syringe. Certificate analysis frolme tsupplier
indicated that acetyl-pepstatin used in these studies vessicdily pure. Therefore,
no further purification of the ligand was needed. The pmot&mincentration was
corrected for light scattering effects (Winder anchGd971). Protein spectra were
obtained between 240 and 370 nm. Absorbance values were liakeeen 320 and
370 nm at 5 nm intervals. The resulting absorbance vales piotted against
wavelength in order to obtain a linear fit with the equraty = mx + ¢, where m and ¢
are obtained from the linear regression curve fit. By ttubisag x = 280 nm into the
above equation, the value of y is obtained. This valueesepts the contribution of
light scattering effects to the protein sample. Subtracof this value from the
absorbance obtained at 280 nm yields the true absorbance absbace of light
scattering effects. The enzyme solution was then loediedhe calorimetric cell and
the ligand loaded into the syringe. The system was #llewed to equilibrate and
obtain a stable baseline prior to automatic initiatddrthe titrations. The reference
power was set to Ljcal/sec and the initial delay was 180 seconds. The gtispeed
was kept constant at 480 rpm. The heat evolved aftdr iegection was obtained
from the integral of the calorimetric signal. The theae to the binding reaction
between the inhibitor and the enzyme was obtained adiftaeznce between the heat
of the reaction and the corresponding heat of dilutdlhraw data obtained from
these calorimetric experiments were analyzed using Oxi§if software package
(Microcal Software Inc., Northampton, MA) (Muzammét al., 2003). The
stoichoimetry N) obtained from the titration data was then used tonet the

concentration of active sites in the protease maodecul
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2.9 SDS-PAGE

SDS-PAGE according to the method of Laemmli (1970) was tasadsess the purity
of the DEAE purified protein samples. SDS-polyacrylamieasating gels of 15 %
acrylamide and 0.4 % bisacrylamide and stacking gels%fderylamide and 0.1 %
bisacrylamide were prepared. The protein samples wereedlilive-fold in 5 X
loading buffer (0.5 mM Tris-HCI, pH 6.8, 20 % (v/v) glycertd % (w/v) SDS, 100
mM R3-mercaptoethanol, 0.05 % (w/v) bromophenol blue) antkd for 5 minutes
before loading onto gels. The gels were run at 140 @it hours. Coomasie Blue
(0.25 % Coomasie Brilliant Blue R250 in 45 % methanol and 1@éfticaacid) was
used to stain the gels for 1 hour. This was followed byadgesy in destain solution
containing 85 % water, 15 % acetic acid and 10 % ethanol. S8-PAGE
molecular mass markers used were: [3-galactosidase (116.0 pghorylase b
(97.0 kDa), albumin (66.0 kDa), ovalbumin (45.0 kDa), carbonic énasg (30.0
kDa), trypsin inhibitor (20.1 kDa) andlactalbumin (14.4 kDa).

2.10 SE-HPLC

SE-HPLC was performed on a TSK G2000 SWXL size exclusibmuoequilibrated
with 20 mM sodium phosphate buffer, pH 6.5 containing 100 M&CI, 1 mM
EDTA and 0.02 % sodium azide. The buffer was filtered agasiked before use. An
LKB 2150 pump (Pharmacia) was used to maintain the flow aat0.5 ml/min.
Molecular weight marker proteins: thyroglobulin (670 kDagyine gammaglobulin
(158 kDa), chicken ovalbumin (44 kDa) and equine myoglobulin (1) kizere used

to construct a standard curve.

2.11 Spectroscopic studies of the wild-type, V82A and V82F/I84WV-1 protease
2.11.1 Circular dichroism

Circular dichroism (CD) is a technique used for assedsiagstructures of proteins
and peptides in solution. CD gives information about wifidal absorption of left-
and right- handed circularly polarized light in optigadictive molecules. In proteins,
the optically active groups are the amide interactigpeptide backbone and the
aromatic side chains (Woody, 1995). The far-UV or amid@re(250 — 200 nm) is
dominated by secondary structural elements e-gelices and 3-sheets, whereas CD
bands in the near UV region (300 — 250 nm) originate fronatbmatic side chains.
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In particular,a-helices display two strong and characteristic minima@22 nm and
208 nm, whilst the 3-sheets display a minimum at 216 nm.

2.11.2 Far-UV circular dichroism of the wild-type C-SA, V82Aand V82F/184V
HIV-1 proteases

Far-UV (250 — 190 nm) CD spectra due to the peptide bond wastasgive
information about the backbone secondary structuretheofwild-type and mutant
proteins. The experiments were performed usingNlSprotein concentrations in 10
mM sodium acetate buffer, pH 5.0. CD spectra for nativel-type, V82A and
V82F/184V variant proteins were recorded from a Jasco mod&l10
spectropolarimeter using a cuvette of 2 mm path leng20 4C. Replicate scans were
obtained at a 0.1 nm data pitch, 0.1 nm bandwidth and aspesa of 50 nm/min.
Spectra were averages of 10 scans with the baselingfer bontrol subtracted from
250 to 190 nm in 0.1 nm increments.

2.11.3 Steady-state fluorescence

Fluorescence is an emission phenomenon whereby an dnangigion from a higher
to a lower energy state within the molecule is meashyethe detection of emitted
radiation. A molecule can be excited by an input of gndrom electromagnetic
radiation. Energy is released when the excited midefalis back rapidly to a lower
energy state. Thus, the emitted radiation occurs a@eelength longer than the
excitation wavelength. Fluorescence of the indole rinthéntryptophan residue and
the phenyl ring of tyrosine is sensitive to the local emment and thus can be used
as a valuable probe of tertiary structural changes oogumi the protein. This can
also be wused to monitor the thermodynamics and kinebés protein
unfolding/refolding reactions (Shirley, 1995).

Fluorescence measurements were performed using the Fdrk@r Luminiscence
Spectrometer LS 50B. The fluorescence spectral propetigse wild-type, V82A
and V82F/184V HIV-1 proteases were measured usipd/llprotein concentrations.
The experiments were carried out in 10 mM sodium acetafferp pH 5.0. The
intrinsic fluorescence emission spectra of native protémtd-type, V82A and
V82F/184V HIV-1 proteases) were obtained by selectively texgithe tryptophan
residues at 295nm, and tyrosine and tryptophan residues at 28Dhanemission
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wavelengths were recorded from 300 — 420 nm at 20 °C. The dtihsmon both the
excitation and emission were set at 5 nm, and the rgpeatre obtained at 500
nm/min. Fluorescence data were corrected by subtradtedpuffer scans from the

sample scans.

2.12 Determination of kinetic parameters

The catalytic activity of the HIV-1 protease was momtbfollowing the hydrolysis
of the chromogenic peptide substrate Lys-Ala-Arg-Val-pHeitro-Phe-Glu-Ala-Nle-
NH». This substrate mimics the conserved KARVL/AEAM cleavsitye between the
capsid protein and nucleopcapsid (CA-p2) in the Gag polyprotecupor. Protease
was added to a 120 microcuvette containing substrate. Final concentratinribe
standard assays was 30-60 nM protease, Q4RB0@eptide substrate, 50 mM sodium
acetate, and 0.1 M NaCl (pH 5.0). All experiments wereopedd at 20 °C. Protease
hydrolytic activity was measured by monitoring the relatdeerease in absorbance at
300 nm using a Jasco model V-550 spectrophotometer. An extiraigfficient for
the difference in absorbance upon hydrolysis (180t at 300 nm) was used to
convert absorbance change to reaction rates. Hydrodtsis were obtained from the
initial part of the progress curves, where at least 80f%h® substrate remains
unhydrolyzed. All reaction rates were corrected for @poading non-enzymatic

reaction rates.

2.13 Inhibition studies

To determine the concentration of the clinical inhitstqsaquinavir, ritonavir,
indinavir, and nelfinavir) that result in 50 % inhibition EfV-1 protease enzyme
activity (ICsg), standard assays (i.e., 125 nM protein and ud0 chromogenic
substrate) were performed in the presence of increasimgotvations of inhibitor.

Inhibition constants,K;, for the inhibitors (saquinavir, ritonavir, indinavirnd
nelfinavir) were obtained at 20C by measuring the rate of chromogenic substrate
hydrolysis using 15 - 40 nM protease in 50 mM sodium acetdtéyNaCl, pH 5.0,

and (0 — 20QuM) substrate in increasing amounts of inhibitor.

51



The vitality of the drug-resistant variant protease cosgbdo the wild-type in the
presence of the inhibitor was calculated from (Velazquaayidy et al., 2002;
Ohtakaet al., 2003; Gulniket al., 1995):

vitality = (Kg X Keaf Km) mutant (5
Kd{x kca{Km)wiId-type

2.14 Isothermal titration calorimetry

Isothermal titration calorimetry experiments were @erfed using a high precision
VP-ITC titration calorimetry system (Microcal Ind&Nporthampton, MA). The enzyme
solution was titrated with the appropriate inhibitor digedlin the same buffer. The
heat absorbed or released after each injection inhimtiation was obtained from the
integral of the calorimetric signal. The heat due ® bimding reaction between the
inhibitor and the enzyme was obtained as the differdreteveen the heat of the
reaction and the corresponding heat of dilution. Thghlig sensitive technique
allowed for an accurate determination of the thermonymarofile for a protein-
ligand interaction. A thermodynamic profile includes tlodlofving parametersiN
(stoichiometry),K, (association constantpH (change in enthalpyAS (change in
entropy),AG (change in Gibbs free energy) ah@, (change in heat capacity). The
independent variables of an ITC experiment include the hstaoretry of the
interaction, the association constant, and the gnthaf binding. The dependent
variables are the Gibbs free energy and the entropyding.

Due to the extremely high affinity of the inhibitors tte HIV-1 protease, the binding
thermodynamics were also measured in competition @rpets with acetyl-pepstatin
(a well-characterized inhibitor of low affinity and unéreble binding enthalpy). In
these displacement titration experiments, the inhil§gaquinavir, ritonavir, indinavir
or nelfinavir) was injected into the calorimetric cedintaining the protein prebound
to acetyl-pepstatin as previously described (Velazquez-Carepaly, 2001b). The

selection of a weak binding inhibitor with a binding isotherharacteristic of positive
binding enthalpy amplifies the magnitude of the signahm displacement titration
reaction due to the displacement of a weaker bindingitohiby an inhibitor yielding

an exothermic isotherm. Additionally, the binding isothenas sufficient curvature
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that is useful for the apparent binding affinity determora{Sigurskjold, 2000). The
displacement experiments were performed at pH 5.0 usingrs@atetate buffer with
a negligible ionization enthalpy in order to minimizagygroton coupling effects on
the binding enthalpy. The binding enthalpy of saquinavir,natar, nelfinavir or
indinavir has previously showed no dependence on the immzatthalpy of the
buffer, indicating that there is no net proton exchangdgeuthe conditions used for
these experiments (Todal al., 2000; Velazquez-Campogt al., 2000; Velazquez-
Campoyet al., 2001a; Velazquez-Camp&yal., 2001b; Vegeet al., 2004). Analysis
of the data was performed using the Origin 5.0 software.

2.14.1 Energetics of saquinavir binding to the wild-type, V82A and&/82F/184V
HIV-1 proteases

The energetics of the wild-type HIV-1 protease-saquinandr\&882A HIV-1 protease-
saquinavir interactions were investigated using displaceoaorimetric titrations of
saquinavir (30QuM) into a solution of the wild-type or V82A HIV-1 protea&20
uM) pre-bound to acetyl-pepstatin (20M). For the V82F/I84V HIV-1 protease, the
energetics of saquinavir binding were investigated using dirémtiroatric titrations
of saquinavir (500uM) into a 20 uM protein solution. The initial titration of
saquinavir for all three proteins wasuBfollowed by twenty-four 1Qul injections.

Between each injection, the baseline was allowed toligeafor 6 minutes.

2.14.2 Energetics of ritonavir binding to the wild-type, V82A and V82FI84V
HIV-1 proteases

The energetics of the wild-type HIV-1 protease-ritonavid/ar V82A HIV-1
protease-ritonavir interactions were investigated usinglatiement of ritonavir (250
uM) into a solution of the wild-type C-SA or V82A HIV-1 peatse (2QuM) pre-
bound to acetyl-pepstatin (20€M). The initial titration of ritonavir for the two
proteins was 3u followed by twenty-four 1Qul injections. Between each injection,
the baseline was allowed to stabilize for 6 minutes. ther V82F/184V HIV-1
protease, the energetics of ritonavir binding were invdstgausing reverse
calorimetric titrations of protein (300M) into a 20uM ritonavir solution. This is
because ritonavir has a low solubility and it precip#aat high concentrations. The
initial titration of V82F/184V HIV-1 protease was|3 followed by twenty-four 1Qul
injections. Between each injection, the baseline allasved to stabilize for 6 minutes.
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2.14.3Energetics of indinavir binding to the wild-type, V82A and V82FI84V
HIV-1 proteases

The energetics of the wild-type HIV-1 protease-indinaviiteiaction were
investigated using displacement calorimetric titrationnafinavir (250 uM) into a
solution of the wild-type HIV-1 protease (201) pre-bound to acetyl-pepstatin (200
uM). The energetics of the V82A HIV-1 protease-indinaviteliaction were
investigated using displacement calorimetric titrationgndinavir (400uM) into a
solution of the V82A HIV-1 protease (2tM) pre-bound to acetyl-pepstatin (200
uM). For the V82F/184V HIV-1 protease, the energetics ofnadir binding were
investigated using direct calorimetric titrations of inding400 uM) into a 20uM
protein solution. The initial titration of indinavir faall three proteins was gl
followed by twenty-four 1Qul injections. Between each injection, the baseline was
allowed to stabilize for 6 minutes.

2.14.4Energetics of nelfinavir binding to the wild-type, V82A and \82F/184V
HIV-1 proteases

The energetics of the wild-type HIV-1 protease-nelfinaaid the V82A HIV-1
protease-nelfinavir interactions were investigated usinglatiement calorimetric
titration of nelfinavir (240uM) into a solution of the wild-type or V82A HIV-1
protease (2@M) pre-bound to acetyl-pepstatin (20M). For the V82F/184V HIV-1
protease, the energetics of indinavir binding were investigateidg direct
calorimetric titrations of indinavir (400M) into a 20uM protein solution. The initial
titration of indinavir for all three proteins wasu3 followed by twenty-four 10ul

injections. Between each injection, the baseline allasved to stabilize for 6 minutes.

2.15 Protein crystallography

Crystals of the uncomplexed and inhibitor-complexed wild-tyj¥82A and
V82F/184V mutant HIV-1 proteases were grown at°®0by vapour-diffusion using
the hanging-drop method (Fitzgeradtlal., 1990). The enzyme was prepared at 6
mg/ml in a pH 5 solution containing 10 mM MES, 1 mM EDTA, 1 VT, 3 mM
NaNs. The reservoir solution contained 100 mM imidazole, 250 m&CIN10 mM
DTT, 3 mM NaN at pH 7.0. Hanging drops were prepared by mixing the protein an
reservoir solutions in 1:1 (v/v) ratio. Crystal appearfeer & — 10 days.
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2.16 Data analysis and molecular graphics

Unless otherwise stated, all linear and non-linear leqséres fitting of data was
performed using the program Sigma Plot v8.0 (Jandel Corpojyathll raw data
obtained from calorimetric experiments were integtatising the ORIGIN v.5.0
software package supplied with the VP-ITC calorimetere ithages of the three-
dimensional structures of the HIV-1 proteases displayddis thesis were generated
using Swiss-pdb Viewer v3.7 (Guex and Peitsch, 1997). Catwulatf possible
hydrogen bonding and inter-atomic distances were alsorpatl using the Swiss-
pdb Viewer.
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CHAPTER 3
3. RESULTS
3.1 Verification of the pET-11b plasmid DNA
In Figure 13, the undigested wild-type pET-11b plasmid in lane 2asp@es one
discrete band on the gel with a molecular size of 5.7Tkle Ndel digested plasmid
migrated as a single band to a position correspondiagpooximately 6 kb. This is in
agreement with the reported size of the wild-type pET-llabnud of 5.7 kb. The
restriction map of pET-11b has single restriction siedothNdel andBamHI which
were used to verify the presence of the wild-type emgpuohisert (see Figure 13). The
linearized insert migrated as a single band to a positiorresponding to
approximately 300 base pairs. The HIV-1 C-SA protease inB&A in the pET-11b
plasmid was also verified by DNA sequencing using the urav@rsmers of the T7
promoter (Ingaba Biotech, South Africa). The resultastjuence showed 100 %
identity to the wild-type HIV-1 C-SA protease sequence.

Site-directed mutagenesis was used to incorporate the V8aAthenV82F/I84V
substitutions in the cDNA encoding the C-SA proteasdoWwalg the identification
of the possible mutant plasmid DNA subclones, the ei’NA encoding both the
V82A and the V82F/I84V variants were sequenced to confirm theepce of the
desired mutations, and to ensure that no other mutatiens imcorporated in the
cDNA during the polymerase chain reaction. In Figure 14, setgmef cDNA
sequences containing the V82A and V82F/184V codons are shAdwnncorporation
of the GTT— GCT (Val— Ala) and the GTT TCC/ATC — GTT (Val— Phe/lle

— Val) mutations were verified.

3.2 Over-expression and purification of the wild-type and variah HIV-1
proteases

The wild-type C-SA, V82A and V82F/I84V variant proteins wepgressed as
inclusion bodies ifescherichia coli BL21 (DE3) pLysS cells and purified by washing
with two buffers (buffer A and buffer B). Each wastnsisted of resuspension (glass
homogenizer, sonication) and centrifugation (10 000 x g for 30ani°C). Lastly,
the protease was solubilized in a buffer containing 8 M,yreh 8.0, clarified by
centrifugation and purified using DEAE anion exchange matography. Purity and
monomeric size was assessed by SDS-PAGE (Figure 15madhemeric sizes were
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Figure 13.1 % agarose gel showing separation of pET-11b plasmid Ddsticted
with Ndel/BamHI. Lane 1: 1kb Plus marker (Gibco, BRL®)ane 2 is the uncut pET-
11b control plasmid. Lanes 3 and 4: single digest of pET-11b plasm#diitth Ndel, and
double digest of pET-11b plasmid DNA wilamH| andNdel, respectively.

57



A. wild-type C-SA: GGT CCG ACT CCGTT AAC ATC ATC GGC CGT

Val82 lle84
B.
V82A variant:
GTTETGGTTGGTCEG.‘;E?CME& ACAT CA TOEGCCETA ACA TEGCTGACT
A82
: I
[
il i IJ e il A
V82F/I84V variant:

ST T T oG T eI C e GAC T CC G I T O ACC T TAT C GO C GTA ACA T OGC T GACT

F82 V84

il

Figure 14. (A) A portion of the wild-type pET-11b nucleotide sequence éimgp
HIV-1 subtype C protease showing the position of the Val82 [&84 codons in
bold. B) Segments of the nucleotide sequences obtained from Déifeseing of the
V82A and the V82F/I84V substitutions introduced into pET-11brggpdegion of the
HIV-1 protease (underlined).
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Figure 15. Determination of the subunit molecular mass from SDS-P&E.

(A) Lane 1 represents the molecular weight standar@al8ctosidase (116.0 kDa),
Phophorylase b (97 kDa), Albumin (66 kDa), Ovalbumin (45 kDa)b&@dc
anhydrase (30 kDa), Trypsin inhibitor (20.1 kDa) antlactalbumin (14.4 kDa).
Lane 3 represents the purified wild-type C-SA HIV-1 prote@elanes 1 and 4
represent the purified V82A and V82F/184V variant HIV-1 proésasespectively.
(C) Calibration curve for SDS-PAGE molecular weightrkests. The arrow indicates
the molecular mass of the monomeric subunit of puarifield-type, V82A and
V82F/184V HIV-1 proteases. The correlation coefficier.@9.
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determined to be very similar and corresponding to a mlaeanass of 11 kDa
(Figure 15) which is consistent with the value publishedipusly (Idoet al., 1991).
The monomeric size of the column-purified protein (wildayC-SA, V82A and
V82F/184V) at 11 kDa corresponds to the size of the HIV-1ga®e subunit expected

from the amino acid composition.

Analysis by SE-HPLC (Figure 16) indicates that the progdimed as a single peak
with an apparent oligomeric molecular mass of 22 kDas Thiggests that the
hydrodynamic volume of the mutant proteins (V82A and V82F/I84%3$ similar to

that of the wild-type and that the homodimeric intggoit the protein was maintained

in both proteases.

3.3 Spectroscopic properties of the wild-type and variant HIVE proteases

3.3.1 Far UV-CD

Circular dichroism was used as a probe to comparedbtendary structure of the
V82A and V82F/184V variants with the wild-type C-SA protedsa-UV CD (250 —

190 nm) spectra of the wild-type C-SA, V82A and V82F/184V prasasere very

similar and exhibited a minimum at 216 nm, typical for predamtly 3-sheeted

content (Figure 17).

3.3.2 Spectral properties of the wild-type C-SA, VB82A and V82F/184V HIV-1
proteases

Intrinsic tryptophan fluorescence is often used as a prmbemeasure the
conformational stability of proteins, as it is very siéiwe to its local environments.
Depending on their number and location, tryptophan resiciugld be used as probes
for local or global changes. Single or localized toghtan residue(s) monitor local
conformational changes whereas multiple tryptophan residistsibuted across
three-dimensional structure would monitor global conformatiochanges. The
tryptophan residues were selectively excited at 295 nm (Figif@)). Excitation of
tryptophan and tyrosine residues was at 280 nm (Figure 18HBdyescence studies,
with excitation at 295 nm and 280 nm for all native proteins gg@extra with the
emission maxima at 355 nm. However, the fluorescencasityeof the V82F/184V
HIV-1 protease is significantly enhanced (40 — 60 %) relatvéé wild-type and the
V82A HIV-1 proteases.
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Figure 16.SE-HPLC elution profile of the HIV-1 protease

(A) SE-HPLC column elution profile of the native wild-typ#82A and V82F/184V
HIV-1 protease. The column was equilibrated with a 20 nddilan phosphate
buffer, pH 6.5 containing 100 mM NaCl, 1 mM EDTA and 0.02 % sodizide at a
flow rate of 0.5 ml/min. The asterisk in figure A denates position of the HIV-1 PR
(B) Calibration curve of SE-HPLC molecular weight maskethyroglobulin (670
kDa), gammaglobulin (158 kDa), ovalbumin (44 kDa) and myoglobmkDa). The
arrow in figure B indicates the position of the eluteddvwype and mutant HIV-1
proteases with a corresponding molecular mass of 22 KiEacdrrelation coefficient
was 0.99.
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Figure 17.Far-UV circular dichroism spectra of the wild-typ®)(the V82A ©) and

the V82F/I84V (W) HIV-1 proteases. The data from 10 runs were collectad 250
nm to 200 nm and averaged. Experiments were performed in 18adMm acetate

buffer, pH 5.0, containing 15M protein solutions.
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Figure 18. Spectral characterization of the wild-typ®),(V82A (0) and V82F/I184V
(V) HIV-1 proteases in 10 mM sodium acetate buffer, pH 8A). The intrinsic
trytophan emission (excitation at 295 nm) spetruB). Represents Tyr and Trp
emission spectra of HIV-1 proteases (excitation at 280 rrhe vertical lines

represent emission maxima.
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3.4 Characterization of the wild-type C-SA, V82A and V82F/I84V vaant

proteases

3.4.1 Effects of the V82A and V84F/184V mutations on the catalytic activity of the C-
SA HIV-1 protease

From an enzymatic point of view, no major differeneee observed between the
wild-type C-SA, V82A and V82F/184V variant proteases. Tdblghows the kinetic
parameters of all the proteins against the same stébstchromogenic peptide
mimicking the highly conserved cleavage site KARVL/AEAM beén the capsid
protein and p2 in the gag protein precursor). Specific aetsvdf the wild-type and
the V82F/I84V proteases were determined to be 0.91 and @h8d/min/mg,
respectively, whilst that of the V82A protease increasedldB to about 2.75
umol/min/mg (Figure 19). Th&, for the substrate remains essentially unchanged for
all proteases, with a 27 % and a 17 % loss in catadfticiency for the V82A and
V82F/184V mutants, respectively. These results are ireageat with values obtained
previously (Gulniket al., 1995) (Figures 20, 21 and 22).

3.4.2 Enzyme inhibition

The inhibition constants (Kg andK;) of four inhibitors in clinical use (saquinavir,
ritonavir, indinavir and nelfinavir) for the wild-type C-SA/82A and V82F/184V
proteases were determined using enzyme Kkinetic assays vetlchitomogenic
substrate (Lys-Ala-Arg-Val-Nle-nPhe-Glu-Ala-Nle-NH Tables 3 and 4 summarize
the 1Go and K; values for all inhibitors studied. For the wild-type ahe V82A
proteases the Hg and K; values are in the nanomolar range, in agreement with
previous data (Velazquez-Campetyal., 2001a; Klabeet al., 1998). I1G values for
ritonavir and indinavir for the V82A mutation were slighéffected with a 5- and 9-
fold increase, respectively.

Against the V82F/I84V mutant, however, the inhibition cang for all
inhibitors were drastically weaker and characterized @y &nd K; ratios ranging
from 50 to 450 (see Tables 3 and 4). Saquinavir was thed#asted of the protease
inhibitors used in these studies with 50-fold increase enl@, value and 100-fold
increase in thé; value whereas indinavir incurred the greatest increase €GaD-
450-fold, respectively).
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Table 2: Kinetic parameters for the wild-type, V82A and V82HB84V HIV-1
protease

Protease Specific activity Kmy, Keat Keal Km
wihol/min/mg) M) (1/s) (AM.s)
wild-type C-SA 0.91 76 2.74 0.036
V82A 2.70 71 0.71 0.010
V82F/184V 0.95 81 0.49 0.006

Activity was obtained by measuring the decrease in aheoebassociated with the
cleavage of the chromogenic substrate, using 30 — 60 nM peate&® mM sodium
acetate buffer, pH 5.0 and 0 - 20 substrate. Protease hydrolytic activity was
measured by monitoring the relative decrease in absclatn®00 nm using a Jasco
model V-550 spectrophotometer. All experiments were peridrab0 °C.
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Figure 19. Specific activities of the wild-type C-SA), V82A (o) and V82F/I84V
(v) proteases. Catalytic activity was obtained by measurimg decrease in
absorbance at 300 nm associated with the cleavage of tbmadenic substrate.
Reaction conditions were: 5 — 40 nM protease in 50 mMuso@cetate buffer, pH
5.0. The reaction was initiated using 4 substrate. The solid lines represent linear
fits to the experimental data. The specific activity tbe HIV-1 protease was
determined from the slope of each line. The correlataefficients are 0.98, 0.97 and
0.99 for wild-type, V82A and V82F/184V HIV-1 protease, respedyiv
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Figure 20. (A) Michaelis-Menten plot for the determinationkaf for wild-type C-SA
HIV-1 protease towards the chromogenic substrate, wheyg/2V= Kn. (B)
Lineweaver-Burke plot of 1/velocity versus 1/[chromogemsicbstrate] used to
calculateK,, where the x-intercept is 4. The solid line represents a linear fit to the

experimental data. Correlation coefficient is 0.99.
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Figure 21 (A) Michaelis-Menten plot for the determination K for V82A HIV-1
protease towards the chromogenic substrate, whgig2V= K. (B) Lineweaver-
Burke plot of 1/velocity versus 1/[chromogenic substrated to calculatK,, where
the x-intercept is -K,. The solid line represents a linear fit to the expeniedata.
Correlation coefficient is 0.98.
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Figure 22 (A) Michaelis-Menten plot for the determination i&f, for V82F/184V
HIV-1 protease towards the chromogenic substrate, wheyg/2V= Kn. (B)
Lineweaver-Burke plot of 1/velocity versus 1/[chromogemsigcbstrate] used to
calculateK,, where the x-intercept is 4. The solid line represents a linear fit to the
experimental data. Correlation coefficient is 0.98.
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Table 3. Comparison of the inhibition characteristics (1Gg) of the wild-type C-
SA, V82A and V82F/184V HIV-1 protease

Inhibitor wild-type C-SA (nM) V82A (NM V82F/184V (nM)
Saquinavir 0.12 (1) 0.28 (2.3) 12 (100)
Ritonavir 1.25 (1) 6.26 (5.0) 250 (200)
Indinavir 3.02 (1) 26.01 (8.6) 1500 (497)
Nelfinavir 2.34 (1) 2.87 (1.2) 240 (103)

The inhibition constants (Kg) were obtained at 25 °C by measuring the decrease in
absorbance at 300 nm associated with the cleavage dfirthveagenic substrate. The
experimental conditions were: 125 nM protease in 50 mM sodietate buffer, pH

5.0 including 50uM substrate and increasing amounts of each inhibitor. IThge

ratios (1Go, mutanf!Cso, wild-type) fOr the mutant proteases are shown in parentheses.

Table 4: Inhibition constants (K;) for the wild-type C-SA, V82A and V82F/184V
HIV-1 protease

Inhibitor wild-type C-SA (nM) V82(hM) V82F/184V (nM)
Saquinavir 0.62 (1) 0.97 (1.6) 29 (47)
Ritonavir 0.50 (1) 1.08 (2.2) 97 (194)
Indinavir 0.49 (1) 1.20 (2.4) 219 (447)
Nelfinavir 0.52 (1) 0.90 (1.7) 56 (108)

The inhibition constantsk{) were obtained at 25 °C by measuring the decrease in
absorbance at 300 nm associated with the cleavage dfirthveagenic substrate. The
experimental conditions were: 15 — 40 nM protease in 50 mNuisodcetate buffer,

pH 5.0, (0 - 20QuM) substrate and increasing amounts of each inhibitox KT hatios

(Ki, mutantKi, wilatype) for the mutant proteases are shown in parentheses.
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3.4.3 Energetics of peptide inhibitor binding

Energetics of acetyl-pepstatin binding to the HIV-1 proteasee measured by
isothermal titration calorimetry (ITC). Acetyl-pepsin is a synthetic nonpeptide
inhibitor for HIV-1 proteinases (Luquet al., 1998; Velazquez-Campagy al., 2000;
Velazquez-Campost al., 2001b). ITC experiments were designed to satisfy a evalu
between 1 and 1000, which allows for accurate determinavibbgding constants
(Wisemanet al., 1989). The c-value is defined as the product of associatiostant,
Ka and the macromolecule concentration, P, accorditigetdollowing equation: ¢ =
Ka X [P]. The dissociation constari€g, which is an inverse df,, for association of
acetyl-pepstatin (440 nM) with HIV-1 subtype B protease (Lugual., 1998) was
used as a reference point for experimental design so ssisfy a c-value of 50 for
acetyl-pepstatin. Figures 23, 24 and 25 show typical caddrientitrations of acetyl-
pepstatin into the sample cell containing the wild-type, AV82d V82F/184V HIV-1
C-SA proteases, respectively, in sodium acetate byff€5.0 at 25 °C. Each peak, in
the top panel, represents the binding of acetyl-pepstatiing protein and as the
binding reaction progresses, the area under each peak decdemséo increased
occupancy of available binding sites on HIV-1 protease. Dii®in panel represents
the binding isotherm obtained by plotting the integratedt lobtained after each
injection versus the ratio of concentration of iri@bitor and protein added, corrected
for heats of dilution (Figures 23, 24 and 25). The binding isotbeare best described
as monophasic with a sigmoidal fit to the data repteggmhe decrease in available
binding sites on the protein. Association of acetyl-pejpsteth the wild-type, V82A
and V82F/184V HIV-1 proteases is characterized by successietlermic heats
representative of an unfavorable change in enthalpy.nideynamic parameters
obtained from the data fitting as described by Lugja. (1998) are given in Table 5.
Briefly, analysis of the titration data for the wilgpe HIV-1 C-SA yielded a Gibbs
free energy of bindingAG) of — 8.7 kcal/mol, binding enthalpxi) of 7.7 kcal/mol,

a binding entropy FAS) of -16.4 kcal/mol and &4 of 400 nM. These values are in
agreement with those previously published by others (Legae, 1998; Ohtakaet
al., 2003; Muzammikt al., 2003). The stoichoimetryNj obtained from the titration
data is used to estimate the concentration of actigs gitthe protease molecule. For
example, a stoichiometry of 1 corresponds to an asiteeconcentration of 100 %.
For all proteins, the concentrations of the actitessivere over 80 % (see Table 5).
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Figure 23 Representative calorimetric profile for the titoatiof wild-type HIV-1 C-
SA protease with acetyl-pepstatin. The experiments vperdormed in 10 mM
sodium acetate buffer containing 2 % DMSO, pH 5.0, at 25RCT¢p panel shows
the raw data generated by titration of 20 uM protein witlulli@jections of 30QuM
acetyl-pepstatin stock in the experime®) Bottom panel shows the integrated heats
for the above peaks plotted against molar ratio dyapepstatin to protein molecule.
The solid line through the data represents the bestimearlleast squares fit to the
experimental data using one-site binding model and ORIGIN ¢ft@are.
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Figure 24. Representative calorimetric profile for the titratiof the V82A HIV-1
protease with acetyl-pepstatin. The experiments wer@rpeed in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 AJ.Tlop panel shows the raw
data generated by titration of 20 uM protein withpl@njections of 300uM acetyl-
pepstatin stock in the experimeri®) Bottom panel shows the integrated heats for the
above peaks plotted against molar ratio of acetyl-pepstatprotein molecule. The
solid line through the data represents the best non-lileeat squares fit to the
experimental data using one-site binding model and ORIGIN ¢hWae.
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Figure 25. Representative calorimetric profile for the titoatiof the V82F/I84V HIV-

1 protease with acetyl-pepstatin. The experiments weferped in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 AJ.Tlop panel shows the raw
data generated by titration of 20 uM protein withpl@njections of 300uM acetyl-
pepstatin stock in the experimeri®) Bottom panel shows the integrated heats for the
above peaks plotted against molar ratio of acetyl-pepstatprotein molecule. The
solid line through the data represents the best non-lileeast squares fit to the
experimental data using one-site binding model and ORIGIN ¢hWae.
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Table 5: Thermodynamic parameters for the binding of acetyl-ppstatin to the
HIV-1 proteases: wild-type B, wild-type C-SA, V82A and V82F/84V

wild-type B wild-type C-SA V82A V82F/I184V
Ka (M7 2.3x10 2.34x fo 2.00 x 10 6.05 x 10
Kq (NM) 440 400 500 165
N 0.98 0.83 0.95 0.98
AG (kcallmol)  -8.70 -8.70 -8.70 -9.30
AH (kcal/mol) 8.00 7.70 7.00 3.90
-TAS (kcal/mol) -16.70 -16.40 -15.70 -13.20

Experiments were performed in 10 mM sodium acetate, pHab.25 °C.?Values
were obtained from studies done by Ohtetkal. (2003)
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A positive enthalpy indicates that the binding of acegpstatin is enthalpically
unfavorable and that the favorable energy of binding originfaten a large positive
and favorable entropy of bindingTAS) with stoichiometry of 0.83 (Luquet al.,
1998). At 25 °C, the entropy change contributes 16.4 kcal/mtilet@verall Gibbs
energy of binding for the wild-type C-SA protease. The inmaf acetyl-pepstatin to
the V82A and V82F/184V variant proteases is also endotheandccharacterized by
favorable entropy of binding (Table 5). The binding affinity acetyl-pepstatin is
also not significantly affected, witKy ratios of 1.25 and 0.41 for the V82A and
V82F/184V variant proteases, respectively, relative to thid-type C-SA HIV-1
protease (Table 5).

3.4.4 Energetics of inhibitor binding to wild-type C-3A, V82A and V82F/184V HIV-1
proteases
Isothermal titration calorimetry experiments were perfed in order to determine the
binding affinity, binding enthalpy, Gibbs free energy of bindamgl stoichiometry of
different inhibitors to the wild-type C-SA, V82A and V8KV proteases. The four
inhibitors used in this study (saquinavir, ritonavir, indinagind nelfinavir) are
inhibitors that bind the wild-type HIV-1 protease with higffinity as shown in
section 3.4.2 (withK; < 1 nM). Therefore, standard titration experiments do not
provide accurate measurements of the binding affinity, ethengh the binding
enthalpy can be determined with high accuracy. To oweedbis hurdle, calorimetric
displacement titrations were carried out, allowing fer tletermination of the affinity
and enthalpy of binding, as described previously (Sigurskjold, 2vetgzquez-
Campoy et al., 2001b; Ohtakaet al., 2002). This technique allows complete
determination of binding thermodynamics of high-affinity figa K> 10° M™) that
are beyond the range of determination by direct titnatio

In calorimetric displacement titrations, the highirgty inhibitor is titrated
into a protease sample prebound to a weaker binding inhitatetyl-pepstatin), a
well-characterized inhibitor of lower binding affinity énunfavorable binding
enthalpy (Todd and Freire, 1999). The selection of a weading inhibitor with a
binding isotherm of opposite sign (positisél) produces a larger signal during the
displacement reaction due to the displacement oWwdeker binding inhibitor by an
inhibitor vyielding an exothermic isotherm (negativwdd) (see Figure 26 for a
diagrammatic representation of a displacement tingti
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Figure 26. Overview of a displacement titration assay for HIV-1 gase. The binding
affinity of ritonavir, K, is beyond the limit of direct calorimetric determioati The
displacement titration experiment is performed in thegmes of the weak binding inhibitor
acetyl-pepstating = 2.0 x 16 M™). The selection of a weak binding inhibitor with a binding
enthalpy of opposite isotherm (posititél) to that of the inhibitor of interest (negatiél)
produces a larger signal (bottom) due to the displaceofemtweak binding inhibitor by an
inhibitor yielding an exothermic isotherm. In the preseoicthe weak binding inhibitor, the
apparent binding constant for the inhibitor which binds tightly,, falls within the range
required for ITC determinatiofi,, iS given by the equatiof,,, = KJ/(1 + Kg[B]), where B

is the concentration of the weaker binding inhibitor. In aoldjtK,,, can be lowered to the
desired level by increasing the concentration of the weakitor. This diagram was adapted
from Velazquez-Campost al. (2001b).
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In addition, the binding isotherm, in this case, haficent curvature to allow for the
calorimetric measurement of the apparent binding affioit the stronger binding
ligand (Sigurskjold, 2000 and references therein). Two caddrien titrations are
required to solve the binding competition equations and detertine binding affinity
and binding enthalpy of the tight binding inhibitor: (1) timat of the weak binding
inhibitor into the protease and (2) titration of the intioibof interest into the protease
prebound to the weak binding inhibitor. The competition expemis were also
performed at pH 5.0 using an acetate buffer with nedgdiddnding enthalpy in order
to minimize any proton coupling effect on the observed bindimtbalpy (Velazquez-
Campoyet al., 2001b). Figures 27, 28, 2hd30 show typical displacement titrations
for saquinavir, ritonavir, indinavir and nelfinavir into thdald-type C-SA HIV-1
protease, respectively, in the presence of acetyl-gepspéd 5.0. Each peak in the
top panel represents the displacement of a weaker binthigtor (acetyl-pepstatin)
from the active site of the protein by the tight-bindingibitor (e.g. saquinavir, with
high binding affinity). As the titration progresses, thheaaunder each peak becomes
smaller due to increased occupancy of the available bindeg an the enzyme by
the inhibitor of interest. The bottom panel in each retspe figure shows the
calorimetric binding isotherm obtained by plotting integdaheats obtained after each
injection as a function of inhibitor concentration dfeirest per protein dimer. For the
wild-type C-SA protease, the experimental data fit bes single-site displacement
binding model; i.e., with stoichiometry of 1:1. The bindingi®sms are monophasic
with a sigmoidal fit to the data representing the desdn available binding sites on
the protein as the reaction progresses to completibernmfodynamic parameters
obtained from the fit are summarized in Table 6. Clinichibitors, saquinavir,
ritonavir, indinavir and nelfinavir bind to the wild-type A HIV-1 protease with
high binding affinitiesKa, (ranging from 0.2 x 1OM™* to 0.3 x 18 M) in a process
strongly favored by entropic contributions, contributiapout 12 kcal/mol for
saquinavir and indinavir and 9 kcal/mol for ritonavir and 13 kaall/for nelfinavir to
the overall Gibbs energy of binding at 25 °C. At 25 °C,dtwéachiometry of binding
for HIV-1 protease inhibitors ranges from 0.9 to 1.3 integuteis one molecule of
each inhibitor bound per dimer of HIV-1 protease and is eterdi with
crystallographic data (Baldwigt al., 1995b; Cheret al., 1995; Honget al., 1996;
1997; 1998). Accordingly, the binding of saquinavir, ritonavir, inasgir and
nelfinavir is favored by entropic contributions of -18.8 kwall, -9.1 kcal/mol, -15.0
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Figure 27. (A) A representative calorimetric profile of the titcat of the wild-type
C-SA HIV-1 protease with acetyl-pepstatin. Titrationsagétyl-pepstatin (30QM)

into protease solutiof20 uM). The top panel shows raw endothermic heats generated upon
each injection of acetyl-pepstatin into wild-type C-84\V-1 proteaseThe bottom panel
shows the integrated heats for the above peaks plageedsa molar ratio of acetyl-
pepstatin to protein molecule. The solid line through tha dgpresents the best fit
using a one-site binding modeB)(ITC displacement calorimetric titration of saquinavir
(300 uM) into a solution of the wild-type C-SA HIV-1 protea®® ({M) pre-bound to acetyl-
pepstatin (20QuM). The top panel shows the exothermic heat effects assdciwaith the
addition of saquinavir into the wild-type C-SA HIV-1 prategore-bound to acetyl-pepstatin.
The bottompanel shows the integrated heats for the above peaksdamainst molar
ratio of saquinavir to protein dimeThe solid line through the data represents the best fit
using the displacement binding model. The experiments wafermed in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 °C. The data analyzed using
ORIGIN v5.0 software as explained previously (Velazquez-Carapaly, 2001b).
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Figure 28. (A) A representative calorimetric profile of the titcat of the wild-type
C-SA HIV-1 protease with acetyl-pepstatin. Titrationsagétyl-pepstatin (30QM)

into protease solutiof20 uM). The top panel shows raw endothermic heats generated upon
each injection of acetyl-pepstatin into wild-type C-84\V-1 proteaseThe bottom panel
shows the integrated heats for the above peaks plageedsa molar ratio of acetyl-
pepstatin to protein molecule. The solid line through tha depresents the best fit
using a one-site binding modeB)(ITC displacement calorimetric titration of ritonavir
(250 uM) into a solution of the wild-type C-SA HIV-1 protea®® ({M) pre-bound to acetyl-
pepstatin (20QuM). The top panel shows the exothermic heat effects assdciaith the
addition of ritonavir into the wild-type C-SA HIV-1 proteagee-bound to acetyl-pepstatin.
The bottompanel shows the integrated heats for the above peaksdamainst molar
ratio of ritonavir to protein dimerThe solid line through the data represents the best fit
using the displacement binding model. The experiments wafermed in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 °C. The data analyzed using
ORIGIN v5.0 software as explained previously (Velazquez-Carapaly, 2001b).
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Figure 29. (A) A representative calorimetric profile of the titcat of the wild-type
C-SA HIV-1 protease with acetyl-pepstatin. Titrationsagétyl-pepstatin (30QM)
into protease solutiof20 uM). The top panel shows raw endothermic heats generated upon
each injection of acetyl-pepstatin into wild-type C-84\V-1 proteaseThe bottom panel
shows the integrated heats for the above peaks plageedsa molar ratio of acetyl-
pepstatin to protein molecule. The solid line through tha dgpresents the best fit
using a one-site binding modeB)(ITC displacement calorimetric titration of indinavir
(250 uM) into a solution of the wild-type C-SA HIV-1 protea®® ({M) pre-bound to acetyl-
pepstatin (20QuM). The top panel shows the exothermic heat effects assdciwaith the
addition of indinavir into the wild-type C-SA HIV-1 proteaprebound to acetyl-pepstatin.
The bottompanel shows the integrated heats for the above peaksdamainst molar
ratio of indinavir to protein dimefThe experiments were performed in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 °C. Thel dole through the data
represents the best fit using the displacement binding model. athevére analyzed using

ORIGIN v5.0 software as explained previously (Velazquez-Carapaly, 2001b).
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Figure 30. (A) A representative calorimetric profile of the titcat of the wild-type
C-SA HIV-1 protease with acetyl-pepstatin. Titrationsagétyl-pepstatin (30QM)

into protease solutiof20 uM). The top panel shows raw endothermic heats generated upon
each injection of acetyl-pepstatin into wild-type C-84\V-1 proteaseThe bottom panel
shows the integrated heats for the above peaks plageedsa molar ratio of acetyl-
pepstatin to protein molecule. The solid line through tha dgpresents the best fit
using a one-site binding modeB)(ITC displacement calorimetric titration of nelfinavir
(240 uM) into a solution of the wild-type C-SA HIV-1 protea®® ({M) pre-bound to acetyl-
pepstatin (20QuM). The top panel shows the exothermic heat effects assdciaith the
addition of nelfinavir into the wild-type C-SA HIV-1 pesse pre-bound to acetyl-pepstatin.
The bottompanel shows the integrated heats for the above peaksdamainst molar
ratio of nelfinavir to protein dimeiThe solid line through the data represents the best fit
using the displacement binding model. The experiments wafermed in 10 mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 °C. The data analyzed using
ORIGIN v5.0 software as explained previously (Velazquez-Carapaly, 2001b).
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Table 6: Thermodynamics parameters for the binding of inhbitors to the wild-
type B?, wild-type C-SA, V82A and V82F/I84V HIV-1 proteases

Inhibitor wild-type B wild-type C-SA V82A V82F/184V
Ke (0M)
Saquinavir 0.40 0.84 1.85 98
Ritonavir 0.03 0.21 2.00 230
Indinavir 0.48 0.95 12.70 450
Nelfinavir 0.26 0.30 0.66 110
Kqratio
Saquinavir 0.48 1.0 22. 117
Ritonavir 0.14 1.0 9.5 1095
Indinavir 0.51 1.0 13.4 474
Nelfinavir 0.87 1.0 2.2 367
AG (kcal/mol)
Saquinavir -12.80 -12.40 -12.00 -9.60
Ritonavir -14.40 -13.20 -11.90 -9.10
Indinavir -12.70 -12.30 -10.80 -8.70
Nelfinavir -13.10 -13.00 -12.50 -9.50
AH (kcal/mol)
Saquinavir 1.90 6.40 5.50 0.80
Ritonavir -3.70 -4.20 -2.20 0.60
Indinavir 2.10 2.70 2.90 3.80
Nelfinavir 2.60 4.10 4.30 4.00
-TAS (kcal/mol)
Saquinavir -14.70 -18.80 -17.50 -10.40
Ritonavir -10.70 -9.10 -9.70 -9.60
Indinavir -14.80 -15.00 -13.70 -12.50
Nelfinavir -15.70 -17.10 -16.90 -13.50

Experiments were performed in 10 mM sodium acetate and 2 % MMBI 5.0 at 25°C.
#Thermodynamic parameters for the wild-type B HIV-1 pase were taken from Velazquez-Campoy

etal. (2002).
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kcal/mol and -17.1 kcal/mol, respectively. The binding of saaur, indinavir and
nelfinavir to the wild-type HIV-1 C-SA protease is chaesited by a positive
(unfavorable) enthalpy change of 6.4 kcal/mol, 2.7 kcal/mal 4rl kcal/mol,
respectively, whilst the binding of ritonavir is characed by a slightly favorable
enthalpy change of -4.2 kcal/mol. This in agreement with thermodynamic data
obtained previously, which showed entropically controlled ibmdaffinities and
unfavorable or slightly favorable binding enthalpies (Tetldl., 2000). For these
inhibitors, (saquinavir, ritonavir, indinavir and nelfinavir)entropy (TFAS
contributions as large as -16 kcal/mol were required to peosate for the
unfavorable binding enthalpies (Toétal., 2000). Figures 31, 32, 33 and 34 show
the results of displacement calorimetric titratiofssaquinavir, ritonavir, indinavir
and nelfinavir, respectively into the V82A HIV-1 proteasebprend to acetyl-
pepstatin under the same conditions used for the wild@yp& HIV-1 protease. The
V82A mutation lowers the Gibbs energy of binding for thepeetive four clinical
inhibitors by 0.4 kcal/mol, 1.3 kcal/mol, 1.5 kcal/mol and 0.6//kaal, respectively,
relative to the wild-type C-SA HIV-1 protease (see TableThe V82A mutation
does not seem to significantly affect the binding of inhisitwhen compared to the
V82F/184V mutation. The binding affinity for saquinavir andfimalvir is reduced 2.2
fold, while the binding affinity for ritonavir and indinavg reduced 10- and 13-fold,
respectively. In addition, the stoichiometry of bindiagges from 0.9 to 1.1 for the
four clinical inhibitors (saquinavir, ritonavir, indinavand nelfinavir) in association
with the V82A HIV-1 protease. The effect of the V82A mistatonAH amounts to 2
kcal/mol for ritonavir, 0.2 kcal/mol for both indinavin@ nelfinavir. There was an
observable gain in enthalpy change of 0.9 kcal/mol for saguir@n the other hand,
the effect on TAS amounts to 1.3 kcal/mol for saquinavir and indinavir, arfi 0.
kcal/mol for nelfinavir. There was a slight gain im\S of 0.6 kcal/mol for ritonavir.

Interestingly, the V82F/I84V mutation causes a drasto@adn the binding affinity of
the four inhibitors used in this study sufficient to allomeasurement of their
thermodynamic energetics by direct calorimetric tibrss (see Figures 35, 36, 37 and
38). All data from each experiment also fit well to ressite binding model. The
binding isotherms are best described as monophasic withgraoisial curve
representing the decrease in available binding sites oprttein molecule as the

titration progresses to completion.
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Figure 31.(A) A representative calorimetric profile of the titcat of the V82A HIV-

1 protease with acetyl-pepstatin. Titrations of acetplspegtin (300uM) into protease
solution(20 uM). The top panel shows raw endothermic heats generated upomjeatibn
of acetyl-pepstatin into V82A HIV-1 proteas€he bottom panel shows the integrated
heats for the above peaks plotted against molar rétecetyl-pepstatin to protein
molecule. The solid line through the data representsbést¢ fit using a one-site
binding model. B) ITC displacement calorimetric titration of saquinavir (304) into a
solution of the V82A HIV-1 protease (3M) pre-bound to acetyl-pepstatin (2QM). The
top panel shows the exothermic heat effects associatedheitiddition of saquinavir into the
V82A HIV-1 protease pre-bound to acetyl-pepstatin. The obotpanel shows the
integrated heats for the above peaks plotted againstr matia of saquinavir to
protein dimer.The solid line through the data represents the bestifig tke displacement
binding model. The experiments were performed in 10 mM sodicetate buffer containing
2 % DMSO, pH 5.0, at 25 °C. The data were analyzed usRIsID v5.0 software as
explained previously (Velazquez-Campabyal., 2001b).
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Figure 32.(A) A representative calorimetric profile of the tiicat of the V82A HIV-

1 protease with acetyl-pepstatin. Titrations of acetplspegtin (300uM) into protease
solution(20 uM). The top panel shows raw endothermic heats generated upomjeatibn
of acetyl-pepstatin into V82A HIV-1 proteas€he bottom panel shows the integrated
heats for the above peaks plotted against molar rétecetyl-pepstatin to protein
molecule. The solid line through the data representsbést¢ fit using a one-site
binding model. B) ITC displacement calorimetric titration of ritonav250 pM) into a
solution of the V82A HIV-1 protease (3M) pre-bound to acetyl-pepstatin (2QM). The
top panel shows the exothermic heat effects associatedheitiddition of ritonavir into the
V82A HIV-1 protease pre-bound to acetyl-pepstatin. The obotpanel shows the
integrated heats for the above peaks plotted against nadia of ritonavir to protein
dimer. The solid line through the data represents the best figuke displacement binding
model. The experiments were performed in 10 mM sodium tacbt#fer containing 2 %
DMSO, pH 5.0, at 25 °C. The data were analyzed using ORIGIO0 software as explained
previously (Velazquez-Campay al., 2001b).
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Figure 33.(A) A representative calorimetric profile of the tiicat of the V82A HIV-

1 protease with acetyl-pepstatin. Titrations of acetplspegtin (300uM) into protease
solution(20 uM). The top panel shows raw endothermic heats generated upomjeatin
of acetyl-pepstatin into V82A HIV-1 proteas€he bottom panel shows the integrated
heats for the above peaks plotted against molar rétecetyl-pepstatin to protein
molecule. The solid line through the data representsbést¢ fit using a one-site
binding model. B) ITC displacement calorimetric titration of indinavi#0Q pM) into a
solution of the V82A HIV-1 protease (3M) pre-bound to acetyl-pepstatin (2Q). The
top panel shows the exothermic heat effects associatedheitddition of indinavir into the
V82A HIV-1 protease pre-bound to acetyl-pepstatin. The obotpanel shows the
integrated heats for the above peaks plotted against natila of indinavir to protein
dimer. The solid line through the data represents the best figuke displacement binding
model. The experiments were performed in 10 mM sodium tacbt#fer containing 2 %
DMSO, pH 5.0, at 25 °C. The data were analyzed using ORIGIO0 software as explained
previously (Velazquez-Campa&yal., 2001b).

87



Time (min) Time (min)
20 40 60 80 100 120 140 160 180
T T

&
18
18
a
8
&
g
al
8

T T L L L L L 01 L L LA B LA B B |
04- A. | - B.
00+ .
(&) (&)
& 02 - 3
= © 014 7
g n S
00- y oo g
' ARRERRRREARAANA -02 .
L LI I IR LI I B B B 0 T L L I B L
44 i .llllllllllllllll
= (TTh = Ty
L n 8 14 / .
3 \ 3 .
€ £ /
y— 24 - Y
o L s} [ |
@ \ o 7 / 1
o o
£ . E |
[] [ | |
g 0 e T L LI T . L 31 . .
T T T T T T T T T T T T i T i T T T T T T I T I
05 00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30
[Acetyt-pepstatin] / [VB2A C-SA protease] [Nelfinavir] / [V82A C-SA protease]

Figure 34.(A) A representative calorimetric profile of the tiicat of the V82A HIV-

1 protease with acetyl-pepstatin. Titrations of acetplspegtin (300uM) into protease
solution(20 uM). The top panel shows raw endothermic heats generated upomjeatin
of acetyl-pepstatin into V82A HIV-1 proteas€he bottom panel shows the integrated
heats for the above peaks plotted against molar rétecetyl-pepstatin to protein
molecule. The solid line through the data representsbést¢ fit using a one-site
binding model. B) ITC displacement calorimetric titration of nelfinavir (24M) into a
solution of the V82A HIV-1 protease (3M) pre-bound to acetyl-pepstatin (2Q). The
top panel shows the exothermic heat effects associatedneitiddition of nelfinavir into the
V82A HIV-1 protease pre-bound to acetyl-pepstatin. The obotpanel shows the
integrated heats for the above peaks plotted against ratita of nelfinavir to protein
dimer. The solid line through the data represents the best figuke displacement binding
model. The experiments were performed in 10 mM sodium tacbt#fer containing 2 %
DMSO, pH 5.0, at 25 °C. The data were analyzed using ORIGIO0 software as explained
previously (Velazquez-Campa&yal., 2001b).
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Figure 35 Representative calorimetric profile for the direration of the
V82F/184V HIV-1 protease with saquinavir. The experiments vgendormed in 10
mM sodium acetate buffer containing 2 % DMSO, pH 5.8%fC. A) Top panel
shows the raw data generated by titration of 20 uM protéim 10 pl injections of
500 uM saquinavir stock in the experimenB)(Bottom panel shows the integrated
heats for the above peaks plotted against molar rdticaquinavir to protein
molecule. The solid line through the data representsdbenon-linear least squares
fit to the experimental data using one-site binding modgCRIGIN v5.0 software

89



Time (min)

0 20 40 60 80 100
I T I T I T I T I T I T
A.
0.0 WWMWWW 1
Q
» -0.05 .
=
©
(&)
=1
-0.10 -
-0.5 I T I T I T I T I T I T
E lll.. B b
- -0.6 \ —
c i |
£ o1- \ ]
—_ 1 [
£ 0.8 \ -
S ] ]
|
@ .09 i
g o \ _
= -1.0 .
g 0] \ -
X 114 o TTLLITILLILL
I T I I T I T I

00 05 10 15 20 25 30
[VB2F/184V C-SA protease] / [Ritonavir]

Figure 36. Representative calorimetric profile for the diretttion of ritonavir with
the V82F/184V HIV-1 protease. The experiments were perforiméd mM sodium
acetate buffer containing 2 % DMSO, pH 5.0, at 25 °C. Beaaiuit® low solubility,
the binding of ritonavir was measured by titration of 20 pidnavir in the
calorimetric cell with 30QuM of the protein solution.X) Top panel shows the raw
data generated by titration of ritonavir with fiDinjections of protein stock in the
experiment. B) Bottom panel shows the integrated heats for the apesaks plotted
against molar ratio of protein molecule to ritonavir. Ha#id line through the data
represents the best non-linear least squares fit textperimental data using one-site
binding model an®RIGIN v5.0 software
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Figure 37. Representative calorimetric profile for the direfration of the
V82F/184V HIV-1 protease with indinavir. The experiments wpegformed in 10
mM sodium acetate buffer containing 2 % DMSO, pH 5.8%fC. A) Top panel
shows the raw data generated by titration of 20 uM protéim 10 pl injections of
400 uM indinavir stock in the experimentB) Bottom panel shows the integrated
heats for the above peaks plotted against molar o&fiedinavir to protein molecule.
The solid line through the data represents the bestimearlleast squares fit to the

experimental data using one-site binding model@RU5IN v5.0 software
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Figure 38 Representative calorimetric profile for the direfration of the
V82F/184V HIV-1 protease with nelfinavir. The experiments eveerformed in 10
mM sodium acetate buffer containing 2 % DMSO, pH 5.8%fC. A) Top panel
shows the raw data generated by titration of 20 uM protéim 10 pl injections of
400 uM nelfinavir stock in the experimentB) Bottom panel shows the integrated
heats for the above peaks plotted against molar ratielbnavir to protein molecule.
The solid line through the data represents the bestimearlleast squares fit to the
experimental data using one-site binding model@RU5IN v5.0 software
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As shown in Figures 35, 36, 37 and 38, the association of saguintonavir,
indinavir and nelfinavir with the V82F/184V HIV-1 protease ibatacterized by
endothermic heats representative of unfavorable chamg&nding enthalpy (i.e.,
positive AH). Each peak in the top panel represents the binding mihémtor to the
protease molecule and as the binding reaction progrebsearda under each peak
decreases due to increased occupancy of available bintisgosi the protein. The
bottom panel in each figure shows the binding isotherm mdadaby integrating the
heats evolved or absorbed after each injection asdidm of inhibitor concentration
per dimer. Thermodynamic parameters obtained from daiba fare given in Table 6.
The clinical inhibitors bind to the V82F/I84V HIV-1 proteasgh a stoichiometry
ranging from 0.9 to 1.3. This mode of inhibitor binding is cstesit with
crystallographic datsand has been observed previously in calorimetric studies
(Baldwin et al., 1995; Cheret al., 1995; Toddet al., 2000). At 25 °C the binding of
all four clinical inhibitors (saquinavir, ritonavir, imvir and nelfinavir) is
characterized by a positive (unfavorable) enthalpy chésge Table 6). Under the
conditions used in calorimetric experiments, the Gibbs energy of binding is -9.6
kcal/mol for saquinavir, -9.1 kcal/mol for ritonavir, -8&&al/mol for indinavir and -
9.5 kcal/mol for nelfinavir. This indicates that th€AS contributes between -10
kcal/mol and -13.5 kcal/mol to the Gibbs energy to comperisatihe unfavorable
enthalpy change (positivaH) and consequently providing the favorable binding
affinity for saquinavir, ritonavir, indinavir and nelfma (Kg = 98 — 450 nM).
However, the double mutation V82F/I84V reduces the bindingigffaf the clinical
inhibitors 117- to 1095-fold, corresponding to a loss in Gibhergy of binding
ranging from 2.8 kcal/mol to 4.1 kcal/mol (Table 6). Tievalues measured for
saquinavir, ritonavir, indinavir and nelfinavir agree welthwihe inhibition constants,

ICspandK;, measured in the enzyme inhibition experiments (sb&3 8 and 4).

3.4.5 Viral fitness

The empirical parameter, vitality, initially introducéy Gulnik et al. (1995), was
used to compare the selective advantage of the V82A and \882Fhutations in the
C-SA subtype in the presence of clinical inhibitorgaltiy provides a measurement
of the biochemical or enzymatic fithess of a particutautant in the presence of a
given inhibitor. Table 7 summarizes the vitality valueghef V82A and V82F/184V
mutations. The values of the V82A mutation for saquinand nelfinavir are about
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Table 7: Table showing vitality values of V82A and V82F/184V HIV-1 protases

Protease Vitality

Inhibitor : Saquinavir Ritonavir Indinavir Nelfinavir

wild-type C-SA 1 1 1 1
V82A 0.61 62 3.7 0.61

V82F/184V 20 180 80 60
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0.6, implying that this mutation is less likely to be seddcin the presence of these
inhibitors. There was a marginal, 2.6- and 3.7-fold, mseein vitalities of the V82A
variant in the presence of indinavir and ritonavir, cstesit with results obtained
previously for the B subtype V82A variant (Gulrakal., 1995). The double mutation
V82F/184V appears to be the most sensitive mutation, witteased vitality values,
from 20 to 180, with the four protease inhibitors used. This tioutaseems to be
particularly selective for indinavir and ritonavir withtalities of 80 and 180,
respectively (Table 7). This result is consistent waitlarge decrease in sensitivity of
the protease for the two drugs as was shown with inhibaiech thermodynamics
studies in sections 3.4.2 and 3.4.4.

3.5 Crystallographic studies

Figure 39shows representative tetragonal bipyramidal crysg&lgium x 25 um x 25
pm) of the C-SA HIV-1 protease. Crystals appeared in ¥0tdays. Similar crystals
have also been obtained for HIV-1 protease by other grdRgeseet al., 1996; Hong
et al., 1996; Prabu-Jeyabalaat al., 2004; Heasleg&t al., 2007). In future, these
crystals will be harvested and taken for three-dinmeradistructural determinations of
C-SA protease, including the V82A and the V82F/184V variantss will give us a
deepened understanding of the interactions involved betthee@-SA proteins and
inhibitors.
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Figure 39. Tetragonal bipyramidal crystals (30 pum x 25 pm x 25 pmhefwild-
type C-SA HIV-1 protease obtained in 4 — 10 days. The enzyaseprepared at 6
mg/ml in a pH 5 solution containing 10 mM MES, 1 mM EDTA, 1 rBVT, 3 mM
NaNs. The reservoir solution contained 100 mM imidazole, 250 mACIN10 mM
DTT, 3 mM NaN at pH 7.0. Hanging drops were prepared by mixing the protein an

reservoir solutions in 1:1 (v/v) ratio.
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CHAPTER 4
4. Discussion
4.1 Spectral properties of the wild-type, V82A and V82F/I84V HV-1 proteases
4.1.1 Far-UV circular dichroism
Far-UV CD (250 — 190 nm) is sensitive to the secondary stalatonformation of
proteins. As such, it was used as a probe to compasetesmdary structural content
of the V82A and V82F/I84V variants to the wild-type C-$rotease. The overall
secondary conformation of the wild-type and variant pnsteras similar. The three
proteins each exhibited minima at 216 nm, which is typicalpf@dominantly 13-
sheeted proteins. This is consistent with crystal streaturdence and previous CD
studies on HIV-1 protease, which report that the proteabait 4 % alpha-helical, 48
% [3-sheeted and 48 % aperiodic structured (Netvah, 1989; Dash and Rao, 2001,
Foulkeset al., 2006). The results obtained from far-UV CD spectra ntspo the non-
disruptive nature of the V82A and V82F/184V mutations ongéeondary structural
content of the C-SA HIV-1 protease, i.e., the mutatioid not induce gross

conformational changes in the secondary structure.

4.1.2 Fluorescence spectral properties

Intrinsic tryptophan fluorescence is often used as a prwbemonitor the
conformational changes of proteins, as it is very senstbvécal environments.
Depending on the number and location, tryptophan resiciugld be used as probes
for local or global changes. Single or localized toghtan residue(s) monitor local
conformational changes whereas multiple tryptophan residissibuted across
three-dimensional structure would monitor global conformatiochanges. The
dimeric HIV-1 protease has 4 intrinsic tryptophan residloesited at positions 6 and
42 in each monomer (Figure 40). The presence of intringataphan probes makes
the protease a candidate for fluorescence studies. Howthese four tryptophan
residues are quite exposed to the solvent and are locatgasiions where they
would be insensitive to major unfolding events like dimesalgtion or domain
unfolding. As a result, they are expected to be sendivecal structural changes. It
is for this reason that conformational stability stedaf the HIV-1 protease have
traditionally been performed by differential scanning aaletry (DSC) or by activity
assays under denaturing conditions (Velazquez-Cangpa}., 2000; Velazquez-
Campoyet al., 2001a; Muzammilet al., 2003; Mahalingamet al., 1999; 2004; Liuet
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Figure 40. Ribbon representation of the structure of a ligand-fréé-Hprotease.

The pdb code for this structure is 1hhp. Tryptophan, tygoand amino acid residues
at positions 82 and 84 are rendered as balls and stickstophan residues are
partially solvent exposed. This figure was generated usingsSwdb Viewer (Guex
and Peitsch, 1997).
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al., 2006). Fluorescence studies, with excitation at 295 nnR80Achm, gave spectra
with emission maxima at 355 nm (Figure 18). Additionallyp$yne emission is often
not visible in tryptophan-containing proteins because mogheftyrosine-excited
state energy is transferred by fluorescence resonanemyye transfer to nearby
tryptophan residues. These emission maxima indicate #atygptophan residues are
highly solvent exposed as the emission spectrum of foiato in water is between
350 — 355 nm (Lacowicz, 1999). Importantly, the results are stems$iwith the
determined HIV-1 protease crystal structure in which Trp6 Bmpdl2 are partially
solvent-exposed (Figure 40). Due to the fact that Trp6 itdac+ 22 A from the
substituted residues at positions 82 and 84 and + 30 A fronflaperegion, the
dominant fluorophore appears to be Trp42 which is locateatvedr hinge of the
flexible flap region (= 18 A) (Figure 40). Not only is theidrescence of Trp42
sensitive to changes occurring at the active site,dtsis sensitive to changes in the
conformational dynamics of the flap region HIV-1 prote@dérich et al., 2000).
lodide quenching fluorescence could also be used to moniwrckianges in
tryptophan residues occurring at the surface of the pro@uayet al., 1985). The
absence of Stokes’'or wavelength shift suggests thatyhphanyl environments of
all proteins are more or less similar. However, ther@ imajor difference in the
intensities at the emission maxima for all three pnsterhe fluorescence intensity of
the V82F/184V HIV-1 protease is significantly enhanced (40 — 60&Xa}ive to the
wild-type and the V82A HIV-1 proteases, suggestive of lodanges in the
V82F/184V variant protease molecule.

Upon inspection of the environment of Trp42 there are aéwdrarged residues
within 5 A (Arg41, Lys43 and Arg57). The only residue, found be $tructural
element preceding the flap region, with its side chaintpwy towards the indole ring
of Trp42 is Arg57 (see Figure 40). Therefore, it may be plessifat in the V82A
HIV-1 protease, Arg57 approaches Trp42 even closer and quetslit®iescence
whilst in the V82F/184V variant HIV-1 protease this residdeg57) does not come
into contact with the Trp42. The structural element (ilmge region) leading to the
flap region in the V82F/I84V HIV-1 protease could assumeffardnt ‘semi-open’
conformation relative to the wild-type and the V82A HIV-btgases and hence an
enhanced fluorescence. This is consistent with molecylaamic simulation studies
by Aruksakunwonget al. (2006) which showed that the V82F/I84V mutation in the B
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subtype results in a 1 — 1.5 A shift of the inter-residistance of monomer B,
suggesting that the flap structure may have changed becatise miutation. These
authors propose that the flap tip of the double mutanalgeater degree of opening
than that of the wild-type and may possibly lead toss lof interactions between the
drug and the protein (see sections 4.4 and 4.5).

4.2 Effects of the V82A and V82F/I84V mutations on substrate baing

The V82A and V82F/184V HIV-1 proteases did not show a larggation in their
affinity for the chromogenic substrate. Both variantsl e sameK, values
comparable to that of the wild-type C-SA protease. Thalytat efficiencies andk.a
values for the cleavage of the CA-p2 substrate were law@@fold for the V82A
mutation and 6-fold for the V82F/I84V mutation relative ttee wild-type C-SA
protease (Table 2). Although similér, values were obtained for all proteins, it is not
clear why Ca-p2 peptide is cleaved less efficiently by \BEA and V82F/184V
mutants. However, calorimetric studies by Tatldl. (2000) have shown that the free
or open conformation of the subtype B V82F/I84V variannore stable (i.e., it has a
higher melting temperature) than the wild-type proteabesd@ authors propose that
the V82F/184V mutation stabilizes the flaps in the open comdtion and as a result
will lower the binding affinity of substrates or inhibisodue to increased energy
required to bring the flaps into a closed conformaturthermore, according to
studies by Klabest al. (1998), the V82F/I184V mutation resulted in a 1.1 kcal/mol
decrease in substrate binding which is close to the vdue Kcal/mol) of the
difference between the conformational energy ofwiid-type protease and that of
the variant V82F/I84V protease (Todd al., 2000). It is possible that the same
scenario occurs in the V82F/I84V C-SA protease, wherdyatove binding of the
substrate and efficient release of proteolytic produdaaimspened possibly by a more

stable semi-open conformation.

Subtle changes in the specific activity afgd values observed for all proteins could
also be due to the peptide-substrate’s intrinsic flekybillfhe substrate is more
amenable to adapt to changes induced by mutations (e.g., V&2X82F/I84V) in
the binding pocket and is able to maintain strong van der S\&aad hydrophobic
contacts without losing significant affinity (Tet al., 2005). It is this property that
accounts for the loss in sensitivity to conformationatinstrained protease inhibitors
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in resistant viral strains encoding for protease moéscgbntaining specific amino
acid mutations that lower the affinity for the inhibgo(see section 4.4). Clinical
inhibitors with fewer degrees of freedom or with confational rigidity are less able
to accommodate to a geometrically rearranged binding pdckefor this reason that
inhibitors with low flexibility will have a higher spdaity toward a selected target
but loose their potency, even with minor changes ing@metry of the binding site.
As a result, reduction in inhibitor susceptibility will @dly be as a consequence of a
combination of decreased inhibitor potency coupled with sestaor enhanced
catalytic capability and substrate affinity. Additioyalnutations occurring within the
binding site are expectedly conservative and, therefam¥pduce geometric
distortions without changing its polarity in order t@intain reasonable affinity for

the substrate and to achieve a viable catalytic activity.

Thus, although binding affinity of the natural substrases ithe micromolar range,
the introduction of mutations conferring resistance ia fitotease molecule or
conformational rearrangements in the binding pocket doese®n to affect the
binding of the natural substrate (see Table 2). On ther dthnd, preshaped and
structurally rigid clinical inhibitors which bind in the mamolar range are less able to
accommodate changes incurred in the binding site. The caoatiomal rearrangement
of the active site and inability of the inhibitors adagptio the geometrically distorted
binding site in the mutated protease lead to reduced affset/sections 4.4 and 4.5).

Furthermore, crystal structures of natural substratadesptomplexed to either wild-
type or V82A variant subtype B protease have also nmbdstrated any significant
changes in the contacts formed between the two psoteid the substrate (Kireg
al., 2004a; Tieet al., 2005). Molecular interactions between protease and tlgedon
natural substrates consist mainly of extensive backbankbone hydrogen bonds as
well as more extensive van der Waals interactions. Jumggests that the side chain
substitution in V82A could have little effect on substratelinig. This observation
can also be used to explain almost similar kinetic patars obtained between the
wild-type HIV-1 protease and the V82A variant (Table 2)nKet al. (2004a)
demonstrated that despite the chemical differences efdtigs, all compounds
occupied a similar volume within the active site thattesmed the ‘inhibitor
envelope’. If the inhibitor envelope is compared with thebstrate envelope’ (the
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space within the protease that is occupied by a natubstrate), the inhibitors
protrude from the substrate envelope in very distinct ilmest At these positions,
protease inhibitors may have van der Waals interactitis amino acids such as
G48, 150, V82 and 184. Mutations at these residues are knowasult in protease
inhibitor primary resistance and, therefore, these s likely disrupt the inhibitor

and protease interactions.

Studies on structural distributions of protease intemastwith synthetic inhibitors
and substrate have shown that the protease interatttsbath, the inhibitor and
substrate, at similar positions, albeit with differentgmtudes towards the overall
binding energy (Luquet al., 1998). These authors (Lugeeal., 1998) propose that
the origin of resistance resides in the thermodynanstriblition of the binding or
interaction energetics rather than the type of residavolved in inhibitor or substrate
binding. Their studies have also shown that the binding ofhhemogenic substrate
to the wild-type subtype B HIV-1 protease results in aitpesor unfavorable
enthalpy of 12 kcal/mol, indicating that the binding of tlsigbstrate is also
entropically driven (FAS = -28.3 kcal/mol). This favorable entropy change amounts
to Gibbs free energy\G) of -16.3 kcal/mol. The unfavorable binding enthalpy seems
to arise from the rearrangement of the flap regioeaich subunit upon binding. This
conformational rearrangement involves primarily residues 40 -en the flap itself
and residues 60 — 84 found on the adjacent 3-strand (leugqlie1998).

4.3 Effect of C-SA natural polymorphisms on inhibitor effigency

It is important to note that the effect of the natysalymorphisms in the C-SA
subtype on inhibitor binding affinity are not large enougkltoit drug resistance and
suggests that current inhibitors can, without doubt, ect¥ke against the wild-type
form of this subtype. The affinity of clinical inhibit® used in this study (saquinavir,
ritonavir, indinavir and nelfinavir) for the wild-type CASprotease is in the
nanomolar range and comparable to that of the wild-B/pabtype. Results presented
here are also in agreement with inhibition studies tedagarlier (Velazquez-Campoy
et al., 2001a; 2002; 2003b) indicating that the affinity of clinicaliltors is reduced
by a factor of 2 — 7.5 in the African subtype C HIV-1 pregedsee Table 6 for
comparison). However, the subtype C in Velazquez-Cangp@y. (2001a) studies
differed from the C-SA at 4 positions (S12T, V15I, 119L and )93llthough by

102



itself this reduction in the binding affinity is not suf@at to induce drug resistance, it
suggests that the efficacy of the existing protease inhgbaigainst the wild-type
South African subtype C protease is not hampered. Thuenmyselves, the amino
acid polymorphisms found in the South African subtype C psetase not enough to
induce drug resistance. However, it should be noted, tlatgémetic barrier to
resistance might be decreased in comparison with thgpsuBt virus. Furthermore,
the binding affinity for saquinavir, ritonavir, indinavir aneélfinavir is significantly
reduced in the presence of V82A and V82F/I84V mutations inCH#A HIV-1
protease as shown in sections 3.4.2 and 3.4.4 (Table 6).

4.4 Structural implications of the V82A and V82F/I84V mutations onclinical
inhibitor binding

Over 200 crystal structures of HIV-1 protease including sigedfug-resistant
protease inhibitor complexes have been solved in thespastal years (Baldwigt
al., 1995; Cheret al., 1995; Honget al., 1996; 1997; 1998; Kervined al., 1996;
Silva et al., 1996; Alaet al., 1997, 1998; Swairjet al., 1998; Mahalinganet al.,
1999; Vondrasek and Wlodawer, 2002; &el., 2007). Comparisons of these variant
proteins with the wild-type protease-inhibitor complexes Has@n invaluable in the
analysis of mechanisms by which these mutations reduciect the binding of the
drugs especially in the B subtype. Although, to date, nystalr structure of the
subtype C HIV-1 protease has been elucidated, crystgtlbigra&omparison of the
V82A and V82F/184V subtype B mutants in complex with firsteration protease
inhibitors can be used to provide a structural basis for stateting the observed

effects.

Crystal structure studies of the V82A mutations in theéyféB have shown that the
structure of the wild-type and V82A mutant in complex wsdmuinavir are very
similar with calculated rms deviations of 0.43 A for thain-chain atoms (Tiet al.,
2007). This value is within the range observed for idengwakeins (Bett and
Sternberg, 1999). Saquinavir, as described in section 1.8, pgpadomimetic
inhibitor containing the main-chain amides, the carbonyl erygtoms of a peptide
and a variety of groups corresponding to the side chaimositions P3-P2" of a
peptide substrate (see Figure 7). The large hydrophobic groppsiabns P3, P1 and
P1" of saquinavir are accommodated in the hydrophobic pock&3, &1 and S1° of
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the HIV-1 protease. There is a smaller hydrophobic tgrbatyl or t-butyl group at
P2 and the polar asparagine side chain at P2 of saquinattirpf which occupy the
S2" and S2 binding sites, respectively. The P1 and P1" godgasjuinavir form van
der Waals contacts with the protein residues: Leu23’, Asp25At828, Gly49',
lle50, Thr80, Pro81, Val82" and 11e84/84°. The other residues itib@atact with
saquinavir include Gly27, Ala28/28", Asp29, Asp30/30°, Gly48/48°, Gly49I%%0,
Pro81" and 1le84" as well as residues forming the 80’s loofB2799°-82%). The
wild-type and mutant V82A HIV-1 proteases have almost idehhygdrogen bond
interactions with saquinavir, except that the hydroxyl grodpsaquinavir is
positioned more asymmetrically with respect to the ski&ns of the two catalytic
aspartic acid residues, 25 and 25, in the mutant proteinoléef hydrogen bond is
recognized as being of fundamental importance in determitiiagstructures of
proteins as well as their complexes with ligands (Conretligl., 1994). Figure 41
shows the hydrogen bond network established between the ggated saquinavir.
Seven direct hydrogen bonds are formed between the peoteal saquinavir. Four
hydrogen bonds are formed between the hydroxyl group of saquiaadirthe
carboxylate oxygen atoms of the catalytic Asp25/25" side chamusthe other three
are from O1 of saquinavir to the main-chain of Asp29 from(df3saquinavir) to
amide nitrogen of Asp30 and from N3 to the main-chaibaayl oxygen of Gly48.
In this structure, two water molecules mediate timeee hydrogen bond interactions
between protease and the inhibitor. The conserved watecute links the PR flaps
and saquinavir through interactions with 11€50/50°, and theerotvater molecule
mediates interactions between saquinavir and the main-cxygen of Gly27 and
side chain of Asp29 (Figure 41).

Of note, the V82A mutation results in small shifts (0.5odvards saquinavir) in the
position of the main-chain atoms at the site of momatin both subunits (Figure 42).
In the wild-type protease, the Val82 side chain seems tippesite the P1" ring and
further from saquinavir (by about 4.5 A) than the side cb&iAla82 in the mutant

protease. Instead, the &om of Alag82 seems to move 0.2 A nearer to the Plipgro
although the inter-atomic distances are still over .4TAis subtle conformational
change shifts Pro81 to establish van der Waals conta8tg ef4.0 A with the carbon
atoms of the decahydroisoquinoline group of saquinavir, wdrelabsent in the wild-
type protease (Figure 41).
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Figure 41. Hydrogen bond interactions between the wild-type, V82aX-H subtype
B protease and saquinavir shown in brown and grey. Hydrbgead interactions are
indicated by dashed lines. Interactions mediated by watkrcaoles are indicated by
arrows. This figure was generated using Swiss-pdb Viewer & Peitsch, 1997).
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Saquinavir

Figure 42. Structural superimposition of residues 80-84 in the wild-tymek A82A
subtype B HIV-1 protease in complex with saquinavir. Whid-type HIV-1 PR is
colored in black and the V82A mutant is coloured in grey. W82A mutation results
in small shifts (0.5 A towards saquinavir) in the positigrihe main-chain atoms at
the site of mutation, in both subunits. There is @ssubtle conformational change
which shifts Pro81 to establish van der Waals contacts of 8.0 A with the carbon
atoms of the decahydroisoquinoline group of saquinavir whiglabsent in the wild-
type PR. This figure was generated using Swiss-pdb Viewer (@uodxPeitsch,
1997).
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The movement of Ala82 in the other subunit allows théé&izyl ring of the inhibitor
to move 0.1 — 0.2 A closer to the S1 subsite within theeprst binding pocket.
Similar conformational rearrangements have been repdotethe V82A mutants in
complex with substrate analogues (&iel., 2005). These studies also suggest that a
mutation at position 82 to a smaller amino acid or cdweitsning amino acid provides
more space for the mutant HIV-1 protease to accommobatéulkier hydrophobic
groups of saquinavir. Furthermore, previous studies on the Vi@&fation in the
subtype B HIV-1 protease have shown that the proteasenatmates the bulky side
chain of Phe82 within the binding pocket without forming sterteractions with the
inhibitor (Ala et al., 1997). Small reductions in inhibition constants and affinit
constants obtained for saquinavir and nelfinavir agaimst U82A HIV-1 variant
protease are, therefore, suggestive of minor structurptattan of the V82A variant
to accommodate the inhibitor (saquinavir or nelfinavir)saen in the B subtype. Our
studies, which are in agreement with the previously publisiad, show that the
presence of a single V82A mutation affect the binding ofniandr and ritonavir
(Chenet al., 1994; Baldwinet al., 1995a). Other studies have also implicated the
V82A mutation as the most common resistance mutati@nise in patients receiving
indinavir or ritonavir, consistent with reduced inhibiteffects and reduced affinity
(Shaferet al., 1999). The effect of this mutation in the B subtypearealyzed by X-
ray crystallography, revealed a widespread rearrangerhém dackbone around the
binding pocket, and not merely a removal of a single metlodigin the protease
molecule (Baldwin,et al., 1995a). Close examination of the wild-type subtype B
HIV-1 protease in complex with ritonavir and indinavieyvealed that Val82 forms
van der Waals contacts with six or more atoms ofithéitor (Chenet al., 1994,
Kaldor et al., 1997). Indinavir's pyridyl and piperidine groups occupy the SB%h
subsites, whereas the benzyl moiety occupies the S1tesubke t-butyl group and
the indanol moiety occupy the S2 and S2" subsites, rasggdFigure 7). The V82A
mutation results in a loss of these van der Waalsaatiens between the protease and
the inhibitor at the P1" site, and hence a reductiorhéninhibition of the mutant
protease (Baldwirgt al., 1995a; Prabu-Jeyalbalahal., 2003; 2004; Clementet al.,
2004; Mahalinganet al., 2004). These studies also revealed a loss of proteintimhibi
hydrogen bonds in the V82A-inhibitor complexes due to thadatle structural

rearrangements.
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Although some authors have previously implicated theseements of the main-
chain atoms of residues 81-82 (Figure 43) as compensatory reaehistfor the loss
of a methyl group in the V82A mutation, residue 82 still rex®a major contributor
to the binding pocket by establishing contacts with thetgatiesor inhibitor group at
the P1/P1" sites (Tiet al., 2004). In the wild-type HIV-1 protease, Val82 is part of
the hydrophobic S1/S1° subsite, which also contains Leu227GHe50, Pro81 and
lle84 residues. Thus, Val82/82" stabilizes the binding of hydrophmdsidue at
P1/P1" through favourable interactions. The V82A varianttgutes the Val side
chain with a smaller cavity-forming alanine. Hence, fablaaydrophobic contacts
with the inhibitor are lost in the variant protein. 3hoss in inhibitor interactions with
residue 82 could also lead to a more flexible 80’s loop ianairn, affect the binding
of the flap residues to the inhibitors. For example, lle@Mich contributes
significantly to the hydrophobic interactions at thep flgion/dimer interface and
lead to poor inhibition and/or poor stability. Other residnb&h have been shown to
be to be impacted upon by mutation at residue 82 include: Trp8, @igl7 and
Pro39, which are distant from this site. Recent studiedibyet al. (2006) have
corroborated these effects by showing that mutatioas grtoduce conformationally
more flexible flaps, especially at the tips, can inttisetransmit changes in the 80’s
loop which open up the active site cavity even further raaldice inhibitor binding
affinity.

In addition, recent studies by Heagdeal. (2006) have shown that the introduction of
alanine at position 82 weakened the packing contact witRthg@henyl ring of TL-3
inhibitor (aC, symmetric broad-based HIV protease inhibitor) resuliingn increase
in 1Csp value for TL-3 by a factor of 4 (6 nM to 22 nM). TL-3 ha§@R,3R,49)-1,4-
diamino-1,4-dibenzyl-2,3-butanediol core (P1/P1" residuedinesresidues at P2/P2;
alanine residues at P3/P3" and a carboxy-benzyl moiety &4iP4". In this V82A-
TL-3 complex, the side-chain of Pro81 appears to be isaimgrso that the pyridyl
ring is flipped or displaced away from the P1" phenyl ring toida unfavorable
interactions. Interestingly, other packing contaesMeen the TL-3 inhibitor and the
protein, remained essentially unchanged comparable to tisszved in the wild-

type structure.
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80’s loop

Figure 43. Backbone alpha-carbon traces for the structural pogéion of wild-type
(LHXW; green) and V82A mutant (1RL8; red) subtype B HIV-1 @ask in complex
with ritonavir (black) calculated using Swiss pdb Vieweu¢& and Peitsch, 1997).
Although both structures superimpose very well with edblrosubtle rearrangement
of the main-chain atoms of residues 81-82 around the binding pisokeident. The
rmsd values for wild-type-V82A HIV-1 protease backbone supéipos is 0.78 A

(calculated using Swiss-pdb Viewer).
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To date, the subtype B V82F/I84V variant in complex witlic urea-based
inhibitors (DMP323 and DMP450) and with second-generation tang(KNI-577
and KNI-764) are the only three-dimensional structureshisf mutant form to be
determined by X-ray crystallography (Adaal., 1997; 1998; Vegat al., 2004). To
our knowledge, the crystal structure of the V82F/184V HIrbtease in complex
with the first-generation inhibitors which includes saquinaritonavir, indinavir,
nelfinavir, amprenavir and lopinavir, is not yet known. diderstand the structural
basis of reduced sensitivity of the V82F and 184V double substis in the subtype
B HIV-1 protease, a model of ritonavir bound to the HIV-&tpase was constructed
on the basis of the crystal structure of the relatedbitdni A-78791 (Hosuret al.,
1994). At the S1° subsite, both Val82™ and lle84" make faverabdl direct contacts
with the benzyl moiety of the inhibitor at the P1" sitdy whereas the Phe82" and
Val84" have different effects because they distioet iinding site geometry without
changing its polarity and chemical composition. The V82Bults in a spatial overlap
with the phenyl ring of ritonavir-related inhibitor at tRd" site, while the 184V"
decreases van der Waals contacts with the CI3 groupedieinzyl side chain of the
inhibitor. Avoidance of the spatial group overlap requiras considerable
conformational change in either the inhibitor or the ereyhat will likely result in
further decreased number of interactions with the PZybanoiety of the inhibitor.
First-generation inhibitors are conformationally coaisted and, therefore, can not
adapt to changes in the target thus causing a reduced affie@y. also makes an
additional contact with the \Cmethyl group of the valine side chain in P2 of the
inhibitor through its @2 methyl. The latter interaction may also be lost he t
V82F/184V double mutant as a result of conformational regements due to the
V82F mutation.

Studies by Alaet al. (1997; 1998), have also shown that the wild-type and 184V,
V82F and V82F/I84V mutant HIV-1 proteases in complexes wihlic urea
inhibitors (DMP323 and DMP450) are very similar with rms dgons of 0.2 — 0.3

A. The marked reduction in binding affinity for DMP323 and DABP is not due to a
mutation-induced change in the hydrogen-bonding patterns &etilie protease and
the inhibitors at the active site, as these are heted in the crystal structure of the
V82F/184V variant in complex with either DMP323 or DMP450.tHa, the only
observable differences were in the patterns of vamiels contacts, which appeared
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to modulate the&; values of the mutant proteins. The distribution of aot® was
observed to be over three regions of the protein:gdiflues 23-28 at the base of the
substrate binding site, (2) residues 47-50 at the flap regiwh(3) residues 29-32 and
81-84 at the site of the binding pocket. Notably, Val82 ang4|len the wild-type
protein make up ~14 % of the total number of contacts wéhrthibitors and appear
to modulate the binding affinities of the mutants, sebstitutions at these respective
positions. As an example, about 70 % of the contactaddrbetween residues in
positions 82 and 84 and DMP323 is lost in the V82F/184V vafialat et al., 1998).
These studies also suggest that the Val82 in the V82F/I84¥ntanas created a
cavity in the S1 subsite sufficient to accommodatebtiiky benzyl group of Phe82.
In this case, the P1 of the inhibitor would have to cidi force the Phe82 out of the
subsite to be accommodated in the binding pocket, consistint the spatial
displacement of the phenyl ring of ritonavir-related inbibiat the P1" site as
suggested by Hosa al. (1994) and more recently by Aruksakunwaagl. (2006).
The increment oK; values for all inhibitors used in the V82F/I84V mutationha C-
SA protease could, therefore, be attributed to the italoli the Phe82 to form
favorable contacts with the inhibitor. It was also @egd from these studies (Adt
al., 1998) that the simultaneous substitution of Val82 and lle@4 ®he and Val,
respectively, causes subtle shifts of lle47 and 1le50 wipplea to form an intricate
network that can communicate changes between the S1S2amslibsites. Recent
molecular dynamics studies on the wild-type and the M82WF/ subtype B HIV-1
protease complexed with ritonavir have also shown gimgilabal tertiary structures
(Aruksakunwonget al., 2006). The major observable difference was on the flaps of
chain B (49°-54") in the V82F/184V mutant. These authors pepus the flap tip of
the double mutant has a greater degree of opening than titnt wfld-type and that
this structural opening may possibly lead to a loss ofant®ns between the drug
and the protease. It also appears that the lle50" sidie ishi@ close proximity with
P1" and P2 subsites of ritonavir and residues 81-84. As swchjdplacement of the
flap tip in the V82F/184V variant results in a loss ofdeable contacts between the
protein and the drug and hence a decrease in the bindingyaffiné most significant
difference between the wild-type and the V82F/I84V variaat found at the P1°
subsite of ritonavir, resulting in the positional or arynfiational displacement of the
phenyl ring of Phe82 out of the S1° subsite. Similar tcendagions by Alaet al.
(1997; 1998) on the V82F/184V variant in complex with DMP323 inhibifoe Val84
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seems to bury itself deeper into the larger cavitynef$1" binding pocket whilst the
phenyl ring of Phe82 moves away from the S1° subsite algpwyie P1" phenyl ring
of ritonavir to rotate or reorient and establish comstagith Val84. This apparent
volume change in the S1° subsite may decrease dmataats between ritonavir and
predominant residues in the binding pocket and hence a deanaab#itor potency.
Additionally, van der Waals contacts between the psat@ad the inhibitor contribute
~70 % to the overall binding free energy.

Previous studies on the solved protease-indinavir congylextl-type and quadruple
mutant (M46l1, L63P, V82T, 184V) by Cheet al. (1994; 1995) revealed that the
conformations of residue 82 in the S1° loop were the santbose in the triple
mutant (L63P, V82T, 184V). The CG1 atom of residue 82 makesdeanWaals
contacts with the benzyl ring of indinavir. In theseotwmutant complexes with
indinavir, the side chain oxygen of Thr82 faces away frbm active site, thus
reducing its inhibitory effect, while the position occup®dthe side chain of Thr82"
in the other subunit of the dimer is similar to thatha wild-type structure. The 184V
mutation, on the other hand, physically changes thenelof the S1 and S1° subsites
within the active site. It is evident that the introdmetof a bulkier Phe side chain at
position 82 and smaller cavity-forming Val at position 84 tmdely distorts the
geometry of the binding site and results in important e$ean der Waals contacts
and other favorable interactions with the inhibitorgn8icant reductions in the
inhibitory effects observed for saquinavir, ritonavirdimavir and nelfinavir against
the V82F/184V C-SA HIV-1 protease could, therefore, in partaftributed to the

altered binding pocket’s geometry.

Analysis of the structure of HIV-1 protease shows tbathe eight mutated residues
in the C-SA HIV-1 protease, six appear to be largely eoufiom the solvent (Thrl2,
llel5, Leul9, His69, Leu89 and 1le93). With the exception for MetB6 Arg41l,
which are located in the hinge region of the flaps, theservatively substituted
amino acids in the C-SA protease are located at treeafdhe protein (Figure 44). It
is possible that these substitutions induce atomic pgckiarrangements of the amino
acids at the protease core immediately beneath tinee agite. This effect, coupled
with a slight change at the hinge region, due to the M€l R41K mutations can
affect the energetics of conformational change assakciaith binding.
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Figure 44. A ribbon representation of the homodimeric structurélbf-1 protease

indicating the topographical positions occupied by the 8 emtmus amino acid
residues in the South African C subtype: T12S, 115V, L191 a88M. (purples

spheres), M361 and R41K (red spheres) and H69K and 193L (greeresphSpheres
occupied by mutations at positions 82 and 84 are shown in blagdithcode for this
structure is 1HHP. This figure was generated using Swiss-pelvey (Guex and
Peitsch, 1997).
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In addition, the largest observable difference betwbenwild-type subtype B and
subtype F HIV-1 protease was in the loop region (betwesidues 33 and 42), with a
deviation of 2.85 A between thex@ositions of residues at position 35 (Sancétes
al., 2007). The loop region containing residue 36 shifts towards theipm@tre and
the end of the side chain in position 36 tends to occupivaguat positions in both
the wild-type B subtype and the wild-type F subtype ideorto maintain contacts
with the neighboring interacting residues (Leu33, Leu38 as2@). The subtype F
HIV-1 protease used in these studies differed in twelvediposi(I115V, E35D, M36l,
S37A, R41K, R57K, D60E, Q61N, 162V, L63S, 164L, L89M) in relatit; the
consensus subtype B protease (Sanehes., 2007). It is proposed that the M36I
mutation which is a natural polymorphism for the subtyp#\¥1 protease results in
the stiffening of the flap hinges for the protein. Simgarctural effects have also
been observed in the structure of the subtype B multi4dsigtant variant containing
the M361 mutation complexed with either ritonavir or imair (Clementeet al.,
2004). Recent studies by Odeal. (2007) have also shown that the M361 decreases
the volume of the active site of subtype B HIV-1 past by approximately 8 %.

The L89M mutation on the other hand is proposed to besttiietural equivalent of
the well-characterized L90M mutation, which makes addiiovan der Waals
contacts with the main chain atoms of the active r@tdues 24 through 26. This
increased number of interactions subsequently leads toreade of the volume of the
substrate-binding pocket and reduces activity and the strudtex#bility of the
S1/S1° pockets, relative to the wild-type protease. THéxtehas been implicated in
rendering resistance to saquinavir and nelfinavir (Heingl., 2000). The longer
methionine side-chain at position 89 in the subtype F see@mdisplace the
neighboring Leu90 toward the main-chain atoms of the catalgbp, thereby
mimicking the effects of the LO9OM mutation in the subtyBe Therefore, these
aforementioned effects, coupled with substitutions attipasi 82 and 84 could also
induce geometric distortions in the active site cavity aodsequently lead to a
substantial loss in binding affinity of inhibitors with lied adaptability.
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4.5 Thermodynamics of clinical inhibitor binding

HIV protease inhibitors are competitive inhibitors, arsl smich their potency is
directly related to the affinity with which they bind tiee protease molecule. From a
thermodynamic point of view, the level of binding aff§nikK,, is determined by the
Gibbs free energy of binding\G, which is an important descriptor of a binding
reaction and in turn a function of the enthalpty, and entropyAS, changesK, =
exp (AG/RT), whereAG = AH - TAS). It is clear that different combinations i
and AS values can elicit sam&G and therefore sami€,. The binding affinity of a
ligand is, to a significant extent, proportional to Swvent-accessible surface area
that becomes buried from the solvent upon binding becabse energetic
contributions are not simply localized to the direceniactions between molecules,
but contain contributions from structural and dynamic gkartransmitted throughout
the protein and from counter ions and hydrating water mie@leclocated at the
binding site (Ladbury and Williams, 2004).

The free energy of HIV-1 protease-ligand complex foromats determined by the
AHi; of the interactions formed at the binding interfaites AH arising from the
rearrangement of the flap region in each subunit uponrgndiheAHs,, associated
with solvation and desolvation events, tiS..¢ resulting from changes in
conformational degrees of freedom of the HIV-1 protease itohjlihe flap region as
well as the protein backbone and side-chains involved inrgntheASs, of ordered
water molecules that are released from the surfatieedbinding molecules into bulk
solvent and water molecules that become ordered duringinbdeng and localization
events due to burial of hydrophobic groups (Murphy, 1999). This ooaf@mnal
change involves the closing of the flaps and a sligtation of each monomer around
the dimer interface (Milleet al., 1998b; Roset al., 1998).

Two main forces thus, contribute to the entropy chaiifje an unfavorable term
which originates from the loss in conformational degi&efseedom from the ligand
and from residues in the proteinon) and (2) a favorable term which originates
from the release of water molecules upon complex dbion AS,oy). Other entropic
effects, like the loss of translational degrees eédilom, are common to all binding
processes. It is thus, evident that the most favorabting entropy is obtained if the

conformational entropy losses are minimized and the solvgain is maximized.
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The conformational entropy losses are minimized ef itthibitor is engineered to be
relatively rigid in solution and preshaped to the geon@ttize binding site (Rubest
al., 2006). The solvation entropy, on the other hand, is ma&oif the inhibitor is

made extremely hydrophobic.

The enthalpic term AH) primarily reflects the energetic contribution of rgan
individual interactions (hydrogen bonds, van der Waals amic iinteractions)
between the ligand and the protein during complex formatamsidering the
interactions with the solvent as a reference andetbee, it also reflects the solvation
enthalpy (Ross and Subramanian, 1981; Velazquez-Campoiramd, 2005). The
binding enthalpy is negative (favorable) if the inte@tsi between the binding
molecules over-compensate the interactions of tlkévidual molecules with the
solvent; otherwise, it will be positive (unfavorable;fas non-specific hydrophobic
interactions). The first-generation PR inhibitors imickl use have been entropically
optimized and their high binding affinity is due to the camahion of (1) an extremely
large positive entropy of solvation (high hydrophobicity) #Bpa minimal loss of
conformational entropy (due to preshaped design of inhib@orsonformationally
constrained molecules) that more than overcome thafavorable or slightly
favorable (e.g., ritonavir) binding enthalpy.

The first-generation HIV-1 protease inhibitors: saquinamnignavir, indinavir and
nelfinavir bind wild-type HIV-1 C-SA, V82A and V82F/I84V proteasesth a
stoichiometry of one inhibitor molecule bound per dimeonsistent with the
crystallograpically determined stoichiometry for the tgpb B HIV-1 protease
(Baldwin et al., 1995b; Cheret al., 1995; Honget al., 1996, 1997, 1998; Kervinest
al., 1996; Silvaet al., 1996; Alaet al., 1997, 1998; Swairjet al., 1998; Mahalingam
et al., 1999; Tieet al., 2007). Clinical inhibitors bind to the wild-type C-SA HIV-1
protease with high binding affinities (ranging from 0.2 X M0* and 3.0 x 1®M™).
The binding process is favored by entropic contributidAsS| and thus contributing
favorably to the Gibbs free energy of binding. The V82A nmatioes not seem to
affect the binding of saquinavir and nelfinavir significar{iiable 6). The affinity of
V82A HIV-1 protease for saquinavir, ritonavir, indinavir anelfimavir (Kq = 1.85
nM, 2.00 nM, 12.70 nM and 0.66 nM, respectively, at 25 °C) thenrange of 2- to
13-fold of magnitude weaker than that of the wild-type C{Bétein Ky = 0.84 nM,

116



0.21 nM, 0.95 nM and 0.30 nM, respectively, at 25 °C). The alimdibitors exhibit
the highest binding affinity to both the wild-type and th82¥ enzymes, but are
extremely sensitive to the V82F/1I84V mutation (Table 6). M82F/I84V mutant
reduced the binding of saquinavir, ritonavir, indinavir and nelfmkl7-, 1095-, 474-
and 367-fold, respectively. A drop iy values obtained for the V82F/I84V in
association with saquinavir, ritonavir, indinavir and neflfinds consistent with a
decrease of between 2.8 - 4.2 kcal/moA@®, which is equivalent to at least 2 to 3
orders of magnitude in binding affinity. The higher affiniti/tbe inhibitor towards
the wild-type HIV-1 protease is evident in the more negatiee Gibbs energy of
binding AG), thus confirming that the first-generation HIV-1 proteagibitors have
been optimized for their entropic contribution; i.e.,e tlinhibitors are more
hydrophobic and structurally rigid.

The hydrophobic nature of the ligand is the dominant drivingefan the binding
process because the inhibitors have the optimal shapgeometry for the target’s
binding site. It, therefore, appears that the dominantrdyivorce for binding is a
large favorable entropic change that originates frogelgoositive solvation entropy
(a consequence of the burial of a large hydrophobic suaiazeupon binding, and a
loss of conformational entropy due to the little or restudlexibility of these
conformationally constrained inhibitors preshaped to themgéry of the putative
binding site) (Luquet al., 1998; Toddet al., 2000). It has previously been shown that
all known first-generation inhibitors of the HIV-1 proseafor which data are
available including; saquinavir, ritonavir, indinavir and nekinaised in this study,
bind to the active site with an unfavorable or only sligfalyorable enthalpy change,
in a process driven by a large positive (favorable) entcbpynge (Luquet al., 1998;
Velazquez-Campogt al., 2001b; Ohtakat al., 2003; Muzammikt al., 2003). These
HIV-1 protease inhibitors span the entire binding site atetant almost equally with
the two protease monomers, inducing a larger conformati@aatangement of the
flap region.

The interactions of saquinavir, indinavir and nelfinavithathe wild-type C-SA and
V82A HIV-1 protease are, therefore, enthalpically unfabte and only slightly
favorable for ritonavir (Table 6). On the other hand, thieraction of all four
inhibitors with the V82F/184V variant is enthalpically ambrable. This is consistent

117



with previous studies indicating that first-generation/Hl protease inhibitors, in
particular, overcome unfavorable binding enthalpy by a lggstive (favorable)
entropy change (Todeét al., 2000; Velazquez-Camposgt al., 2001b; Velaquez-
Campoyet al., 2002; Muzammilet al., 2003; Ohtakeet al., 2003). The individual
contributions of the entropic term to the Gibbs freergy of binding of all four
inhibitors suggest that in all four cases, the binding gg®ds entropically driven
(Table 6). The majority of the binding energy for saquinaitionavir, indinavir and
nelfinavir, therefore, could originate from the buridlaolarge hydrophobic surface
area upon binding. Since solvent contributions towards gnteoe primarily a
function of changes in solvent-exposed non-polar swsfaoe the ordered water
molecules solvating these surfaces, it is possible ittbitor-binding site of the
V82A and V82F/184V variants results in a potential incremsehe exposure of
previously buried groups. This is consistent with the presericadditional water
molecules mediating hydrogen bond interactions betweeYi8@é protease from the
B subtype and saquinavir (Tiet al., 2005; Tieet al., 2007). When different
contributions to the Gibbs energy of binding are considesedhe V82A HIV-1 C-
SA protease, it becomes clear that saquinavir, indiredr nelfinavir lose entropic
contributions when compared to the wild-type C-SA proteabde there is a slight
gain in entropy with the binding of ritonavir (Table 6). Th&82A mutant
compensates for the loss in binding entropy by a smalligaoinding enthalpy for
saquinavir and nelfinavir. Indinavir and more so ritonavio dtsse the enthalpic
contributions to the binding energy, resulting in a highss lin binding affinity. For
indinavir, the effect of the V82A mutation is almost esohely entropic. The
reduction in the binding affinity is almost entirely reflesdtin a loss of entropic
contributions (Table 6). The inhibitors that are not sigantly affected by the V82A
mutation either lose very little or no binding enthalmemrgy (nelfinavir) or are able
to compensate enthalpically for the entropic lossis anthalpic gain (saquinavir)
consistent with subtle structural rearrangements wvédem the subtype B V82A
protease which establish van der Waals contacts with saquifaiet al., 2007).
These two inhibitors, saquinavir and nelfinavir, appear tdebs affected by the
V82A mutation, suggesting that some functional charatiexi®f the compounds
render them less susceptible to the binding site distsrborthanges associated with
the V82A mutation. Against the V82F/I184V variant it is apparthat saquinavir,
indinavir and nelfinavir lose significant entropic contribus relative to both the
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wild-type and V82A C-SA HIV-1 proteases, while ritonaviightly gains entropic
contributions. This loss in binding entropy is also pasgti@bmpensated for by a
slight gain in binding enthalpy for saquinavir and nelfinaviile indinavir and
ritonavir, on the other hand, lose enthalpic contrim#ito the binding energy and
consequently suffer higher affinity loses (see Table 6).

Comparison of the binding energetics obtained for thd-type C-SA, V82A and
V82F/184V enzymes, indicate that the major differencenishe magnitude of the
entropy change (see Table 6). The dominant binding forcehw$y a large positive
entropy, decreases drastically in the V82F/184V variamhis higher entropy loss
accounts for the observed lower binding affinity of saquiaitonavir, indinavir and
nelfinavir towards the V82F/184V variant. It may thus begias that the V82F/184V
mutation results in a different free conformation,tiatarly around the flap region,
relative to the wild-type C-SA and V82A mutation proteadédss would impose a
larger energetic penalty associated with the obligatonjocmational change coupled
to inhibitor binding and thus decreased binding affinity.atidition to the loss of
favorable contacts with the inhibitors, active sitetations may indirectly affect the
geometry of the binding cavity by energetically favoringslghtly distorted
conformation. Notably, studies by To@t al. (2000) have conclusively shown that
the V82F/184V mutation in the HIV-1 subtype B protease lovileesbinding affinity
of saquinavir, ritonavir, indinavir and nelfinavir by making thinding enthalpy more
positive and making the entropy change less favorable.o@uoafional changes due
to these substitutions resulted in fewer enzyme-inhibimberactions which were
associated with loss of drug potency. Studies by Perryghah (2004) and more
recently by Aruksakunwonget al. (2006) have conclusively shown, albeit by
molecular dynamics simulations, that the V82F/184V aairin the B subtype induced
rapid and frequent flap tip curling, which suggested a more @peformation
assumed by this mutant. This is consistent with low bindiffigitees for most
inhibitors currently in clinical use, primarily as ansequence of a larger energetic
penalty for the burial of a larger exposed hydrophobic serfaea. It was also
apparent from these studies that the flap region i rdgnamic with an increased
flexibility compared to the wild-type protease. Moreovezcemt crystallographic
studies by Liuet al. (2006) have shown that mutation producing conformationally
more flexible flaps, especially at the tips, can inttisetransmit changes in the 80’s
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loop structure which opens up the active site cavity ewethdr. Simultaneous
substitution of the two active site residues in the CpB#tease, V82F/I84V, appears
to result in a conformational change of the flap regisrsuggested by fluorescence
studies in section 3.3.2. It is possible that the V82F/I84Vatmirt results in a loss of
intra-flap, inter-flap or flap-inhibitor contacts in atbn to the wild-type C-SA and
the V82A variant proteases. In addition, considering thgand binding is
enthalpically unfavorable or only slightly favorableitqnavir), (this study and
previous studies by Velazquez-Campelyal., 2002), due partly to the closing and
rearrangement of the flaps (Luqeeal., 1998), it is plausible to assume that the
V82F/184V mutation in the C-SA subtype induces an even moee oonformation at
the flap region, which contributes to the observed itibitb properties. This is
because all the clinical inhibitors have to pay a lasgeghalpic cost to close the flap
region or a higher binding energy is required to bring flap regions of the
V82F/184V mutant into a bound conformation (Toetdal., 2000). Consequently, the
mobility of the flaps in the V82F/184V variant is enhanced #his flap region could
move further away from the active site, thus exposilagger non-polar surface to the

solvent.

Previous calorimetric studies have also shown that taeges in binding affinity
induced by the V82F/184V mutation are similar, independent haf subtype
background (Velazquez-Campa&y al., 2002). In the B subtype, for example, the
double mutation V82F/184V lowers the binding affinity for sexgwir and nelfinavir
by a factor ~ 20, indinavir by 68 and ritonavir by 368 (Velazquazyibyet al.,
2002). When the binding energetics of clinical inhibitorstfer wild-type B subtype
are compared to those of the wild-type C-SA, V82A and \YB2F/184V HIV-1
proteases (Table 8) it becomes clear that the inhibpotgncy is affected for the
V82A mutation and more so for the V82F/184V mutation. In Gi&A subtype, the
V82F/184V mutation lowers the binding affinity for the ctal inhibitors by factors
ranging from ~120 to ~1100 (Table 6). But when the effectshefV82F/I84V
mutation in the C-SA subtype are compared to the B pabs a standard, the
efficacy of the clinical inhibitors is significantlyampered. Within the C-SA subtype,
the V82F/I184V mutation lowers the affinity of inhibitors gctors ranging from ~
240 to 7670 (see Table 8). The affinity of saquinavir, ritonawidinavir and
nelfinavir against the V82F/184V is weakened far below tkellesquired for
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Table 8: Relative changes for the binding inhibitors to thevild-type C-SA, V82A
and V82F/I84V proteases. The wild-type B subtype is used ageference. TheKy
values for the wild-type B subtype were obtained from Vealzquez-Campoyet al.
(2002).

wild-type B _wild-type C-SA _V82A V82F/184V
Inhibitor Kq_ratio
Saquinavir 1.0 2.1 4.6 245
Ritonavir 1.0 7.0 67 7667
Indinavir 1.0 2.0 26.5 938
Nelfinavir 1.0 1.2 25 423
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effective inhibition. Thus, the background polymorphismshia €-SA protease in
combination with drug-resistant mutations can drasticdfigct the inhibitory potency
of the first-generation inhibitors currently in use. Arfipation of drug resistance
which is generally additive, i.e., the effect of a dragistant mutation on the potency
of the inhibitors is amplified by a factor that rougllyrresponds to the pre-existing
loss in binding affinity due to the background polymorphismas,tbas have serious
implications in the long term viability of protease inhi therapy in the C-SA
subtype. In addition, higher vitality ratios obtained the V82F/184V protease in this
study signify that this set of mutations will adversaffect the binding of all four
clinical inhibitors (see Table 7). It would, thus, be enadvantageous for the virus to
incorporate the V82F/I84V mutation as a drug resistant matatieen exposed to all
four of these inhibitors. Previous studies have shovat donformationally rigid
ligands, such as the first-generation protease inhibitordinical use, have or no
capacity to adapt to changes in the target binding silel@se affinity significantly
even when confronted by conservative mutations (VelazGaeapoyet al., 2001b;
Velazquez-Campowt al., 2002; Ohtakaet al., 2002). Due to the absence of a crystal
structure of the HIV-1 C-SA protease in complex witstfigeneration inhibitors, it is
difficult to interpret the thermodynamic parameterserms of structural data, but the
results obtained in these studies can only be corradubiat relation to the HIV-1
subtype B protease-inhibitor complexes with the corredipgriv82A and V82F/184V
mutations as shown in section 4.4. Lastly, detailed kedge of the thermodynamics
of ligand binding to the wild-type C-SA and its mutant forms ¢he elucidation of
the three-dimensional structures of the proteases (lfardand ligand-bound) will
serve as invaluable tools in the design of new potent drugdispecihe C-SA
subtype and drug-resistant mutants. The crystal structfréise wild-type C-SA,
V82A and V82F/I84V HIV-1 proteases can also be used to gaighingmto the
molecular basis of drug resistance. Darunavir and tiprgnasirsecond-generation
protease inhibitors, have been shown to bind to the HBbtype B protease in a
process strongly favored by enthalpic contributions milgnaue to the addition of
stronger interactions established between the inhibitaasna@ain-chain atoms of the
protein at the bottom of the active site (Kiegal., 2004b; Muzammikt al., 2007).
Although resistance mutations do cause a drop in bindingtgffsecond-generation
inhibitors still bind to the mutant enzymes with an afffirihat is about 1.5 order of
magnitude higher than the first-generation protease inhsb{ti¢ing et al., 2004b).
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Therefore, it will be interesting to see how the &£-Subtype and drug-resistant
mutations function in the presence of second-generatioibiiors which have been
designed for optimized target binding and inhibition evaheftarget is polymorphic

and prone to evolutionary change as a consequence of vagiggsion pressures.

4.6 Conclusions

These results demonstrate that the natural amino atydh@@hisms found in the
HIV-1 subtype C-SA protease in combination with smallngjes in the active site
might have significant effects on binding affinities sifucturally rigid inhibitors,
without a similar effect on the binding affinity of meoflexible molecules like peptide
substrates. From a thermodynamic standpoint, thesetseard consistent with
previous studies that indicated that not all inhibitorpaed identically to mutations
(Toddet al., 2000; Velazquez-Campay al., 2001b; Velazquez-Campa&y al., 2002;
Ohtakaet al., 2002; Vegaet al., 2004). Overall, a reduction in binding affinity is
reflected in a loss of binding enthalpy and entropic dmutions. From a structural
point of view, however, the thermodynamic data indigate for all four inhibitors
(saquinavir, ritonavir, indinavir and nelfinavir) used irstetudy, the protein-inhibitor
interactions are not strong enough to overcome (1) thevansfible enthalpy
associated with the desolvation of the hydrophobic inhilaitwr the binding site, and
(2) the unfavorable enthalpy associated with the changihea flap region upon
complex formation. The first-generation clinical inhds& exhibit the highest binding
affinity to both the wild-type and the V82A enzymes, b extremely sensitive to
the V82F/I84V mutation. The affinity of saquinavir, ritomawndinavir and nelfinavir
against the V82F/I84V mutation is weakened far below thd tegeired for effective
inhibition. Thus, the background polymorphisms in the C-SAgage in combination
with drug-resistant mutations can drastically affectitidbitory potency of the first-
generation inhibitors currently in use. This can, theegfbave serious implications in
the long term viability of protease inhibition therapytle clade C-SA virus. Lastly,
the elucidation of the three-dimensional structureshefproteases (ligand-free and
ligand-bound) will serve as an invaluable tool in the desifmew potent drugs
specific to the C-SA subtype and drug-resistant mutantgll lalso be interesting to
see how the C-SA subtype and drug-resistant mutatiordidn in the presence of
second-generation adaptive inhibitors which have been dekign optimized target
binding and inhibition.
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Appendix

Resistance in HIV-1 protease subtypes

Substrate cleft mutations

« VB82A/T/FIS occur predominantly in HIV-1 isolates from patge receiving
treatment with indinavir and ritonavir

« VB82A also occurs in isolates from patients receiving pigdahtherapy with
saquinavir following the development of the mutation G48V.

+ By themselves, mutations at codon 82 confer decraasatto susceptibility
to indinavir, ritonavir, and lopinavir but not to nelfingvisaquinavir, or
amprenavir. However, when present with other Pl mutafio/82A/T/F/S
contributes phenotypic and clinical resistance to e&the Pls.

+ VB82A is the most common mutation at this position; V828, Il¢last common.
The phenotypic and clinical significance of the differen between each of
these mutations has not been studied.

« V82l occurs in about 1% of untreated individuals with spétB HIV-1 and in
5-10% of untreated individuals with non-B isolates. Rrlary data suggest
that V82l confers minimal or no resistance to the atgl Pls.

« 184V has been reported in patients receiving indinavirpai@, saquinavir,
and amprenavir and causes phenotypic and clinical ressstaach PI.

« 184V tends to develop in isolates that already have thatroatL90M and is
rarely the first major mutation to develop in patienterégng a PlI.

« G48V occurs primarily in patients receiving saquinavir andlyarepatients
receiving indinavir.

« This mutation causes 10-fold resistance to saquinavir amdit aB-fold
resistance to indinavir, ritonavir, and nelfinavir.

+ Its affect on amprenavir and lopinavir is not known. G48Mrooccurs with
mutations at positions 54 and 82; and isolates with thisfstiree mutations
are phenotypically resistant to each of the PlIs .

« D3O0N occurs solely in patients receiving nelfinavir and ceanferin vitro or
clinical cross-resistance to the other PIs.

« Cross-resistance to indinavir, ritonavir, and saquinb&s been observed in
isolates that have D30N along with mutations at positg#and 90.

« 150V has been reported only in patients receiving amprenavirear first Pl.

« In addition to causing reduced amprenavir susceptibilityast been shown to
increaseK; values to ritonavir, indinavir, and nelfinavir in biochenhistudies
and to causen vitro cross-resistance to ritonavir and lopinavir.

+ Possibly because of the rarity of this mutation, theke lmeeen few reports of
multidrug- resistant isolates containing this mutation.

« V32l occurs in patients receiving indinavir, ritonavir, ancbegnavir.
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It usually occurs only in association with other Pl r@sise mutations in the
substrate cleft or flap and by itself appears to causanaimiesistance to any
one drug.

R8K and R8Q are substrate cleft mutations that causeldwghresistance to
one of the precursors of ritonavir (A-77003) but they havebeen reported
with the current Pls.

Protease flap mutations

The protease flaps (residues 33-62) extends over the sulistwitey cleft
and must be flexible to allow entry and exit of the polyjpkpsubstrates and
products. The tips of the flap tips residues 46-54 are patiguhobile and
contain many drug resistance mutations.

In addition to G48V and 150V, which are also in the substcéft, mutations
at positions 46, 47, 53, and 54 make important contributionsdrug
resistance.

Mutations at position 54 (generally 154V, less commonly 154N
contribute resistance to each of the six approved Rldave been commonly
reported during therapy with indinavir, ritonavir, amprenasaguinavir, and
lopinavir.

I54L and 154M are particularly common in persons receivimpranavir and
have a greater effect on amprenavir than 154V.

Mutations at position 46 contribute to resistance to esdcthe Pls except
saquinavir and have been commonly reported during therapyindthavir,
ritonavir, amprenavir, and nelfinavir. M461 mutation haserbeshown to
stabilize the flaps in a closed conformation and thuscathe binding of the
Pls in the active site.

Mutations at codon 47 have been reported in patients regeamprenavir,
indinavir, and ritonavir, and often occur in conjunction hwihe nearby
substrate cleft mutation, V32I.

F53L has been reported rarely in patients receiving Pl meragiij, but it
occurs in more than 10% of patients treated with maltipls. In a
multivariate analysis F53L has been associated withgijaeic resistance to
lopinavir.

Protease mutations at other conserved residues

L90OM has been reported in isolates from patients treatiéd saquinavir,
nelfinavir, indinavir, and ritonavir.

LO90OM either contributes to or directly confers in vitrgistance to each of the
six approved Pls and plays a role in causing clinicakeresistance to each of
the Pls.

Crystal structures with and without the mutant have shimanthe Leu90 side
chain lies next to Leu24 and Thr26 on either side of thalyte Asp25 but
the mechanism by which L90M causes PI resistance is ootrkn

Mutations at codon 73, particularly G73S, have been repontetD% of
patients receiving indinavir and saquinavir monotherapy an@saoally

154



during nelfinavir monotherapy. However, this mutation oscumnost
commonly in patients failing multiple PIs, usually in corgtion with L90M.

« Mutations at position 88 (N88D and N88S) commonly occur in ipistie
receiving nelfinavir and occasionally in patients receivingnadir. By itself,
a mutation at this position causes low-level nelfinaggistance. However, a
mutation at this position causes high-level nelfinavirstesice in the presence
of D3ON or M46l.

« N88S (but not N88D) has been shown to hypersensitize isaamprenavir
but the clinical significance of this finding is not know

« L241 has been reported only in HIV-1 isolates from patiergseiving
indinavir and has not been shown to confer cross-resistéo other Pls,
except possibly lopinavir.

Polymorphic sites contributing to resistance

« Amino acid variants at seven polymorphic positions, incgdiodons 10, 20,
36, 63, 71, 77, and 93 also make frequent contributions to drigjares.
These mutations do not cause drug resistance by themsedras. contribute
to drug resistance when present together with other peoteasations; others
compensate for the decrease in catalytic efficienogez by other mutations.

« Mutations at codons 10, 20, 36, and 71 occur in up to 5 to 10%tidated
persons infected with subtype B viruses. However, ivihetreated patients
harboring isolates with multiple mutations in the suwddstrcleft, flap, or at
codon 90, the prevalence of mutations at these positiooseases
dramatically. Mutations at codon 10 and 71 increase to 60 tq 80reas
mutations at codons 20 and 36 increase to 30 to 40%.

+ Codon 63 is the most polymorphic protease position. In atetepersons
about 45% of isolates have 63L (considered the subtypen&eosus), about
45% have 63P, and about 10% have other residues at this moditivever,
the prevalence of amino acids other than L increas88% in heavily treated
patients.

« Mutations at codons 77 and 93 double in prevalence from 15 to 20% in
untreated persons to 30 to 40% in heavily treated persons.

« In some HIV-1 subtypes, mutations at codons 10, 20, and @& at higher
rates than they do in subtype B isolates. It has Hegothesized that
individuals harboring isolates containing multiple accessautations may be
at a greater risk of virologic failure during Pl therapypwever, most studies
to date have not supported this hypothesis.
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