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CHAPTER 1 INTRODUCTION

1.1 HIV epidemiology

According to the report of the Joint United Nations Program oN/ADS
(UNAIDS), about 2.6 million people became infected with AIDS in 2008 an
estimated 33.3 million people were living with the disease by tideoé the yearX).
Though the number of new infections and AIDS-related deaths have hesatilyst
decreasing over the past few yeat$, (AIDS is still a serious global public health

problem and a heavy socioeconomic burden.

Recognition and binding

‘ Endoplasmic reticulum Gag

&

Figure 1.1 HIV life cycle. Adapted based on the figure produced by Pomerantz RJ and

Horn DL (2).
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1.2 HIV Life cycle

The human immunodeficiency virus (HIV) infects CD4 posifiveells through the
interaction between viral envelope glycoprotein (gp120 and gp4lBddreceptor as
well as co-receptors (CCR5 or CXCR4). After the virushans to the CD4 positive T
cell, the HIV virion fuses with the target cell. The nucleoahp=ntaining the viral
genome,viral proteins, and reverse transcriptase are releasedgetaytoplasm of the
target cell. The viral genome encodes three essentiain@szythe reverse transcriptase,
integrase, and protease. The first viral encoded enzyme, seevianscriptase,
reverse-transcribes viral RNA to DNA. As reverse trapsase degrades the RNA
template, a complementary DNA strand is synthesized to fodouble stranded duplex
called proviral DNA. Integrase then inserts the proviral DN#® the host genome. The
inserted proviral DNA is first transcribed into a messengefA Rhd then translated into a
polyprotein. At this step, the third viral enzyme, the HIV prateads required to cleave
the polyprotein into eight separate proteins and two small spapéid@s. The mature
viral structural proteins assemble around the viral genoma@wofunctional viruses. As
the new viron buds from its host cell membrane, it is coatédd winal envelope proteins

and departs to begin a new infectious cycle.

1.3 The HIV-1 genome

The HIV genome consists of a long single stranded RNA molediie. viral
genome contains three main open reading frames, the group-spetigenagenedag),
the polymerase genedl), and the envelope geneny). Thegag gene encodes the p55

precursor polyprotein which is processed to generate the matrix protein (MAcpf3id
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protein (CA, p24), nucleocapsid protein (NC, p7), spacer peptidePl, (&), spacer
peptide 2 (SP2, pl), and p6. Thel gene encodes three viral enzymes, which are the
reverse transcriptase, integrase, and protease. The reaiivesfoigag andpol differ by

one nucleotide. During translation, ribosomal frame-shifting presluthe Gag-Pol
polyprotein. The frequency of this frame-shifting is about 5 to 18P46T(herefore, the
three viral enzymes are expressed in the Gag-Pol precursenVigene encodes a
precursor, gpl60, which is processed by the host protease to tgetieraexternal
glycoprotein gp120 and the transmembrane glycoprotein gp41. The Tah moteded

by the transactivator gentaf) is an essential viral regulatory factor interacting veith
RNA element to activate transcription. Another essentgllegory factor is coded by the
regulator of virion generév), which promotes the nuclear export of the viral RNA. The
product of virion infectivity factor genevif) preserves viral infectivity by inducing the
degradation of an antiretroviral cytidine deaminase, APOBEC&s&plipoprotein B
mRNA-editing, enzyme-catalytic, polypeptide-like 3@).(The viral protein R encoded
by vpr gene regulates nuclear import of the HIV-1 pre-integration caxn@)), arrests
cell growth @), and induces host cell apoptosr3. (The viral protein U genevgu) only
exists in HIV-1. Its gene product induces CD4 degradation in the kst reticulum
and enhances virion release from HIV-1-infected c&)JsThe negative regulator protein
gene (ef) encodes a multifunctional protein, which actually has a pesitole in
maintaining high viral load9). The long terminal repeats (LTRs) are located at each end

of the HIV-1 genome.
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| 5 LTR | |p17i p24 :pfpﬁi vif tat I
gag_P2p"_
| Z e
[Pl psin pls im | ﬂ | gi20 | gpdl |
po. env

Figure 1.2 The HIV-1 genomeOpen reading frames are shown as rectangles.

1.4 The HIV-1 protease

In the HIV life cycle, the protease is an essential elerfentiral maturation. The
HIV protease is a homodimeric aspartyl protease, and each morsomnposed of 99
amino acid residues with a catalytic aspartate at positioRlR51 protease cleaves Gag
and Gag-Pol polyprotein precursor encoded by the HIV-1 virus genomeinat
processing sites to produce mature active proteins. The Parpidins is first cleaved
off from the Gag-Pol polyproteins and then further digested into [m@teaverse
transcriptase (p51), RNase H (p15), and integrase. The aitévis siot fully exposed,
being covered by a two flexiblg-hairpin flaps. The flaps need to open to allow the
substrates to access the active site. The HIV-1 proteasmerastivity can be inhibited

by blocking the active site of the protease.

Dimerization domain

Figure 1.3 Structure of HIV-1 protease.

oL fyl_llsl

www.manaraa.com




1.5 Anti-HIV drugs

Since HIV was discovered in 19880, 26 anti-HIV compounds were approved by
the U.S. FDA within almost three decades. The latest HIV dilpgyirine from Johnson
& Johnson Pharmaceuticals, was approved in May 2011. Anti-HIV dnage been
developed to target the various steps in the HIV life cycéseB on the targeted step of
HIV life cycle, anti-HIV drugs can be classified into fiekfferent categories: fusion
inhibitors, entry inhibitors, transcriptase inhibitors, integrasgabitors, and protease
inhibitors. The cell entry inhibitors, enfuvirtide and maravirocchlthe entry of the viral
particle into the host CD4+ lymphocytes. Enfuvirtide interagth the glycoprotein gp41
on the viral membrane to prevent the fusion of the viral partaid the host cell
membrane 1). Maraviroc is an antagonist of the CCR5 co-receptor, which agtl/ on
the macrophage-tropic (R5) HIV-1 straink). The inhibition of reverse transcriptase
stops the production of proviral DNA. There are two classes @rsevtranscriptase
inhibitors, (i) Nucleoside/Nucleotide Reverse Transcriptasebitoni (NRTI) and (ii)
Non-nucleoside Reverse Transcriptase Inhibitor (NNRTI). In #@me of NRTIs, both
nucleotide analog reverse-transcriptase inhibitors, such asownahd adefovir, and
nucleoside analog reverse-transcriptase inhibitors, sucid@sidine (AZT), didanosine
(ddl), =zalcitabine (ddC), stavudine (d4T), lamivudine (3TC), abacg¥BC),
emtricitabine (FTC), entecavir (INN), and apricitabine (AT@et incorporated into the
elongating DNA copy of HIV viral genome and cause prematursintation of reverse
transcription. The NNRTIs, such as efavirenz, nevirapine, ddlaeir etravirine,and

rilpivirine bind to pockets other than the active site of regdranscriptase and cause an
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allosteric effect that inhibits reverse transcription. Irdsg inhibitors are the newest class
of antiretroviral agents. Raltegravir is the first intesgr inhibitor approved by the U.S.
FDA. Elvitegravir is undergoing Phase 3 clinical trials. Both compounds irthéstrand
transfer activity of integrase and halt the process of A integration (3, 14). The
proteolytic cleavage of the polyprotein precursor is also @argtep for viral maturation.
The inhibition of HIV protease effectively blocks the viragléycle. The HIV-1 protease

and its inhibitors are introduced in the following sections.

1.6 Current HIV-1 protease inhibitors

Based on the 2010 global report from UNAIDS, there are more thamfillion
people receiving antiretroviral therapy, and this number i®ttBhigher than the number
for 2004 @). The combination therapy of HIV-1 protease inhibitors and revers
transcriptase inhibitors referred to as Highly Active Antoeiral Therapy (HAART) is
the current AIDS therapy that is most effective. The AlDi&teel mortality has dropped
sharply, and AIDS has gradually become a controllable, chronicsdisewever, the
extended length of time that patients take the medication anertbr-prone replication
of HIV genomes facilitate the evolution of drug resistant sssaivhich are the greatest
obstacle in the treatment of HIV-1/AIDS patients. Only & feutations in HIV-1
protease are needed to confer drug resistance. There have beemusustadies
published regarding multi-drug resistance with a focus on HIV-1 prot&&se (

The indispensable role of HIV-1 proteases in viral maturation snéka popular
target for drug design. The numerous structures of HIV-1 protemse facilitated the

design of new and improved inhibitors. There are nine HIV-1 preteakibitors
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approved by the U.S. Food and Drug Administration (FDA); those intsbitariude:
saquinavir, indinavir, ritonavir, nelfinavir, amprenavir, lopinadtazanavir, tipranavir,
and darunavir. Unfortunately, resistance has been observed duritngatmeent with all
of the approved HIV-1 protease inhibitors, and resistance cannot lveome by
increasing drug concentration due to the toxicity of protease targbiConsequently,
resistance has caused protease inhibitor treatmentefariua great number of patients
(16). In the following section, the FDA-approved HIV-1 protease hitbis are
introduced. There are structural similarities among those iohsbiind they share a
similar binding pattern that might be the cause of the crasstaace characteristic of

HIV-1 protease inhibitors.

NH, NH;

o g T O

o \ [¢f )j\ \

HN_/f ) S

e ég* T
\K/J F H OH OH

I

tipranavir darunavir amprenavir
o Yy ©\\- o »L
o Q \O)J\HL\/ H\N/\‘/E\H HTO\ N 0 O\:/NH
SRR By
- e
g | 7 ¢}
lopinavir atazanavir agsinavir
OH o} NH ° O\: o ° S O\E/NH
. . i NI N HI\N)&“;':’(H\_/\‘A;NJ\O/\E> Ho ”j\‘ﬂn :
O OH N\)ij T - T N OH H
) H
indinavir ritonavir Ifneavir

Figure 1.4 Chemical structures of the HIV-1 protease inHuitors approved by the US

Food and Drug Administration.
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1.6.1 Saquinavir
Saquinavir (brand name: Invirase), the first FDA-approved HIV-leps# inhibitor,

was invented by Hoffmann-La Roche Inc. The original design forptieeursor of
saquinavir comprised a proline at the P1’ site and a phenylalat the P1 site. The
rationale is that HIV-1 protease cleaves the substrate éetaephenylalanine and a
proline while mammalian proteases do not cleave substratesntogtaroline at the P1’
site. In the final structure of saquinavir, the proline was reglady a
(S,S,S)-decahydro-isoquinoline- 3-carbonyl (DIQ) group to enhance nimibitory
potency (Figure 1.2). The carbonyl of the DIQ group contacts the bridgatgr

molecule that interacts with the inhibitor and the flaps of HIV-1 proteade (

1.6.2 Ritonavir

Ritonavir (brand name: Norvir), invented by Abbott Laboratoriess waginally
designed as an HIV-1 protease inhibitor, but it was found lateritbatwvir boosts the
circulating concentration of other HIV-1 protease inhibitorsrykiting the cytochrome
P450 (8). Due to this function of ritonauvir, it is still used with thesed generation of
HIV-1 protease inhibitors. Boosted HIV-1 protease inhibitors ééetlze drug resistance
barrier. With the isopropyl thiazolyl P3 group, ritonavir is longdan other

FDA-approved HIV-1 protease inhibitors (Figure 1.2).

1.6.3 Lopinavir
Lopinavir (brand name: Kaletra, containing lopinavir and ritona¥igm Abbott
Laboratories, was developed on the basis of ritonavir. The egrenr of lopinavir, a

hydroxyethylene dipeptide isostere, is the same as th@&bpévir (Figure 1.2). The P2
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and P2’ group are altered in lopinavir relative to ritonavir. BHaiazolyl P2 group of
ritonavir is changed to a phenoxyacetyl group, and the 2-isopropyltHi&algroup of
ritonavir is replaced by a six-member cyclic urea. In gendralnew P2 and P2’ groups
are smaller, which is designed to decrease the contact witly hariable residues at the
82 site of HIV-1 proteasel®). The substitution of the P2 and P2’ groups improves the

inhibitory potency of lopinavir against the drug-resistant variants of HI\6tepse 19).

1.6.4 Indinavir

Indinavir (brand name: Crixivan) was developed by Merck & Co.,Amcadvantage
of indinavir is that it effectively inhibits both HIV-1 and HR/while the disadvantage is
that the circulating indinavir concentration decreases quicklye Tow plasma
concentration of indinavir usually leads to treatment fail@28%. In addition, indinavir
has a low sulibility that may result in the patients developidgey stones. For this

reason, indinavir has been replaced by second generation protease inhibitors

1.6.5 Nelfinavir

Nelfinavir (brand name: Viracept) was made by Agouron Pheaenieals. One end
of the nelfinavir molecule has the same DIQ group as saquifiagirre 1.2). The other
end of nelfinavir contains a 2-methyl-3-hydroxybenzamide group. Anoibnel aspect
of the nelfinavir design is that the S-phenyl group at the PIrsitgifies the potency of

this inhibitor.

1.6.6 Amprenavir

Amprenavir (brand name: Agenerase), developed by Vertex Pharncatgutias a
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benzyl group at the P1 site and an isobutyl group at the P1Fsgeré 1.2). The P1’
group and the phenyl amide P2’ group are connected by a sulfonamide. The asymmetry of
the P1 and P1’ groups may favor the internal pseudosymmetry of Hinstkase.
Amprenavir contains fewer chiral centers than previous HIV-leps# inhibitors. This

improvement simplifies the chemical synthesis and increases thevaribility 21).

1.6.7 Tipranavir

Tipranavir (brand name: Aptivus) is the only non-peptidomimeti¢-H protease
inhibitor, which received approval from the FDA in 2005. Due to disanitigs with
other HIV-1 protease inhibitors, tipranavir encounters a relgtidifferent HIV-1
protease resistance profil@2( 23). An innovation in the tipranavir design is the
functional substitution of the bridging water molecule connecting tibitor and
protease flaps. The lactone oxygen atom of the dihydropyrone rigrafavir interacts
directly with the lle 50 residues in the flap region of the HIyrotease. The direct
interaction stabilizes the protease-inhibitor complex. Thougtstitucture of tipranavir is
different from previous inhibitors, its contact residues of HIV-btgamse share many
similarities with other HIV-1 protease inhibitors. Furthermotige adverse effects of

tipranavir are considerable, with one of the worst being hemorrépe (

1.6.8 Atazanavir

Atazanavir (brand name: Reyataz), approved in 2003, is an azaidigpapalogue,
which exhibits potent anti-HIV activity. The 50% effectivencentration (EG) of
atazanavir in cell culture is 2.6 to 5.3 nl¥b). A unique character of atazanavir is the

presence of a large phenylpyridyl P1 group that is asymmetetive to its benzyl P1’
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group.

1.6.9 Darunavir

Darunavir, approved in 2006, is the latest HIV-1 protease inhibitoh@miarket.
The hydrogen bonds that darunavir forms with the backbone of the Histdage slow
down the development of drug resistan2@).(The structure of darunavir is very similar
to that of amprenavir. The only difference is that the P2 grouplaofinavir is a
double-ringed bis-tetrahydrofuran that replaces the single-ringedhydtofuran of
amprenavir. This change allows darunavir to have more hydrogen Wwithdfie Asp 29
residues of HIV-1 proteas@{). Darunavir or atazanavir coadministrated with ritonavir is

a current first-line antiretroviral regimeg8).

1.6.10 The common mechanism of inhibitor binding

Most current HIV-1 protease inhibitors were designed to mirhie s$ubstrate
transition state. The hydroxyl group of the inhibitor interact wie carboxyl group of
the active site residues, Asp 25 and Asp 25°, by hydrogen bondsowgrehe
inhibitor-contacting residues of HIV-1 protease are relatieelyserved, such as Gly 27,
Asp 29, Asp 30, and Gly 48. Despite the fact that diverse chegncaps have been
incorporated in HIV-1 protease inhibitors, the conserved contacieuaifithe chemical
groups still makes the protease inhibitors vulnerable to prevent dratanes.

Most inhibitor development efforts are to modify the availabl/-H protease
inhibitors, which inevitably causes the new inhibitors to inheritcstiral similarity with
previous inhibitors. There have been many attempts to further madifgnt inhibitors;

some have succeeded, while others have not shown significanitheAeteries of
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compounds has been tested to optimize the P1 group of lopinavir, but nibveenohas
shown significant benefits over the original lopinad®)( The successful examples of
modified inhibitors are darunavir and lopinavir, which were moditechpounds of

amprenavir and ritonavir, respectively.

1.6.11 New design approaches for HIV-1 protease inhibitors

Resistance has been observed with all the current HIV-1 geoighibitors due to
their structural similarities. Therefore, novel scaffolds ¢¥-H protease inhibitors are
considered to be the key to overcoming drug resistance. With tHaradion therapy of
structurally diverse HIV-1 protease inhibitors, HIV-1 proteasdess likely to develop
resistance to the inhibitors in the combination group.

Designing inhibitors based on the substrate envelope of HIV-1 prataseecent
strategy to develop HIV-1 protease inhibitors. A substrate envefofiee overlapping
volume occupied by multiple substrates. Based on this theory, a sedistsed HIV-1
protease inhibitor, RO1, has been designed and synthesB®d The results
demonstrated that RO1 has 5 to 10 fold higher inhibitory efficacy thaent HIV-1
protease inhibitors30). Among the current FDA-approved HIV-1 protease inhibitors,
only tipranavir forms hydrogen bonds with the flap residues of thtegse. Inhibitor
RO1 forms more hydrogen bonds with HIV-1 protease, which enhances thagbindi
energy and is also a step towards the diversity of bindingrpsittdowever, the contact
residues of ROL1 are still the old pattern, and no novel contadideasestablished. The
difficulty of complete alteration of the binding pattern might g to the inhibitor

design concept of substrate mimics. To develop new scaffoldsll'¢fl protease

www.manaraa.com



13

inhibitors, it is necessary to adopt drug discovery strategies other thamasubsinics.

New scaffolds of HIV-1 protease inhibitors might be the key to amremg drug
resistance. It is very risky to explore new structuresmiobitors. One reason is that the
new scaffolds are less likely to be superior to the welbésted old scaffolds.
Mozenavir’s structure is highly dissimilar from other HIV-1 mase inhibitors, which
was developed based on the cyclic urea scaffdld. (However, the clinical studies
showed that mozenavir did not show significant advantages compaotitetoprotease
inhibitors on the market, and Gilead Sciences, Inc. stopped the develagmezenavir
(32). The other reason is that new scaffolds with fewer study bawgkds may cause
severe adverse effects. The relatively different straadfitipranavir may be not only the
reason for generating altered drug-resistance profiles, butatse the cause of the
unpredictable side effects, such as hemorrhage. Based on the abavearguthe
non-peptidomimetic HIV-1 protease inhibitors seem to have laehitendency to cause
adverse effects.

The discovery of new HIV-1 protease scaffolds may rely on -thgbughput
screening techniques. By screening large chemical libravids diverse compound
structures, the leads of new HIV protease inhibitor scaffoldsdcbel found. After
extensive modifications and tests, the leads of new scaffoldst ro@come the next
generation of HIV-1 protease inhibitors possessing novel chensitattures and
alternative binding patterns to HIV-1 protease. A set of HIV-1 proteadationsi that bind
and function by various mechanisms can greatly decrease the ptglfabihe protease

to simultaneously develop resistance to all inhibitors.
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1.7 Protein-ligand interactions

The flexibility of the protein is important in the affinity amsgecificity of ligand
binding as well as product release. Optimal interactions batie® enzyme and the
substrate are formed through induced conformational chang®s The major
interactions between the protein and the ligand are elecicostt@ractions, hydrogen
bonding, hydrophobic interactions, and van der Waals interactions. Atrostatc
interaction is formed when oppositely charged groups interaafiatamce less than 4 A.
(34). The charged state of some amino acid residues deterrhmdscal electrostatic
potential of the protein, which is an important component of molecwtagngion. The
hydrogen bonds are interactions between a partially elegmtwe atom and a hydrogen
atom covalently bound with another partially electronegative aBwth the main chain
of a protein and the side chain of polar amino acid residueseraa as hydrogen bond
donors and acceptors. In contrast with hydrophilic interactions, sudieesostatic
interaction and hydrogen bonding, which are usually on the surface of @nprot
hydrophobic interactions assemble the core of a protein during fodamgder Waals
interactions represent attractive or repulsive force betyweeximate atoms. Despite the
fact that van der Waals interactions are weak, the considemabiber of van der Waals
interactions determines the important role of this interagtiamacromolecules, such as

protein folding, protein-protein interactions, and protein-ligand interactions

1.7.1 Substrate binding to the HIV-1 protease
Understanding substrate binding is an important step in drug desiged Ba the

MA/CA substrate cleavage site (Ser-GIn-Asn-Tyr-Pes\hl), the P1’ Pro substitution
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with 20 different residues has been tested to identify the pedf€t’ residues of HIV-1
protease, and hydrophobic residues, such as Leu, lle, Val, Phe, aadeTiayorable at
the P1’ site 85).

The substrate envelope represents the conserved volume occupiechioe tHév-1
protease substrates. Designing inhibitors that fit into the g@rlg volume of substrates
can avoid the contacts with mutation hotspots of the prot@aseBased on this theory,
the inhibitors designed to fit inside the consensus volume definetthebgubstrates
exhibited potent inhibition against HIV-1 protease and low levete®i§tance to a panel
of drug-resistant HIV-1 protease variar@g)(

The most widely accepted mechanism for the hydrolysis of-HIlprotease
substrates is the general acid and base mechaB8&niFHgure 1.3). In the active site of
the HIV-1 protease, one aspartate residue is protonated tvhitghier aspartate residue is
deprotonated 39). During cleavage, the protonated aspartate residue trsindfe
hydrogen atom to the scissile carbonyl oxygé®).(A water molecule in the active site
attacks the carbonyl group of the scissile peptide bond of theratebahd the cleavage

site of the substrate forms a tetrahedral oxyanion intermedite (
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.

Figure 1.5 HIV-1 protease substrate cleavage mechanism.
The Gly-rich flaps of HIV-1 protease alter the conformation fleamt‘open” form to
a “closed” form after ligand binding. NMR studies have demorsirdie flexibility of
the flap region of the HIV-1 proteasé4?]. The flexibility of the flaps is considered to be
essential for substrate binding and product release. After theadaebs incorporated into
the protease actives site, substrate binding stabilizaattractions between the flaps of
HIV-1 protease. A water molecule bridges the flap residue Bef6i0lle50’ with hydrogen

bonds, and this water molecule is not involved in catalyfis (

1.8 Summary of the HIV-1 protease structures in thelissertation

The HIV protease structures mentioned in the dissertationséed in the following
table. The residues involved in crystal packing were identifietguBDBePISA (Protein

Interfaces, Surfaces and Assemblies) server.
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Table 1.1 Summary of the HIV-1 protease structures

PDB o Space Unit cell Residues involved in crystal
Description .
code Group  Length (A) Angle (°) packing
SHB4 Apo WT HIV-1 protease isolate P 42,2 a=48.99 b=48.99 «=90p=90 4, 6-7, 35, 37, 41-42, 44, 46, 49-57,
NL4-3 ! c=105.62 =90 61, 63, 71-73, 77-79, 81, 88, 9%-
Apo MDR HIV-1 protease variants
) ] a=49.67 b=49.67 «=90p=90 4, 6-7, 35, 42, 50-57, 61, 71-73,
2HB2  with mutations 241, 461, 53L, 63P, P 42,2
c=109.61 v=90 77-79, 81, 88, 91-94
771, and 82A
Apo WT HIV-1 protease isolate a=50.2 b=50.2 0=90$=90 4, 6-7, 35, 37, 42, 49-57, 61, 63,
1HHP P 42,2
BRU c=106.8 =90 71-73,77-79, 81, 88, 91-94
2PCO Apo WT HIV-1 protease isolate P 42,2 a=46.42 b=46.42 «=90p=90 4, 6-7, 39-41, 46, 48-55, 60-61, 63,
BH10 ! c=101.37 =90 71-74,79, 81, 88, 91-94
Apo MDR HIV-1 protease 769
) ] a=45.04 b=45.04 o=90p=90 4, 6-7, 34, 37-44, 48-61, 63, 71-74,
1TW7 with mutations 10I, 36V, 46L, 54V, P 4,
c=105.74 v=90 77-81, 88, 91-94
62V, 63P, 71V, 82A, 84V, and 90M
) 1-4, 6-7, 12-19, 34-46, 48-53,
WT HIV-1 protease in complex a=51.34 b=58.04 «=90p=90
2Q5K ) o P 222, 54-55, 57-58, 59, 61-63, 65, 67-72,
with lopinavir c=61.13 v=90
77-81, 88, 91-94, 96, 98-99
1-2, 4, 6-7, 12, 14, 17-21, 34-46,
204P WT HIV-1 protease in complex - a=58.61 b=86.26 «=90p=90 48-49, 51-53, 55, 57-58, 61, 63, 65,
with tipranavir o c=45.89 =90 67-68, 70-73, 79-83, 88, 91-92, 94,
99
) 1-4, 6-8, 10, 12-14, 16-21, 34-35,
MDR HIV-1 protease 769 in a=63.12 b=63.12 a=90p=90
3SPK o ] P 6 37-41, 43-48, 51-53, 58, 65, 67-68,
complex with tipranavir c=83.54 vy=120
74,79-81, 94, 96, 98
2, 4, 6-7, 12, 14, 17-20, 34-37,
3BVEB WT HIV-1 protease in complex I a=58.26 b=85.91 «=90p=90 40-46, 48-53, 55, 57-58, 61, 63, 65,
with darunavir e c=46.05 =90 67-68, 70-73, 79-83, 88, 91-92, 94,
96
) 1-2, 4, 6, 14-18, 21, 34-46, 48-58,
MDR HIV-1 protease 769 in a=28.9 b=66.38 a=90p=90
3509 ) ) P 222, 60-65, 70, 72, 77-82, 87, 92-94, 96,
complex with darunavir c=90.84 v=90
98-99
) 2, 4, 6, 10-12, 14, 19, 21, 34-35,
WT HIV-1 protease in complex a=59.6 b=52.2 a=90p=90
1A8K ) ) P 112 41-46, 52-55, 57, 63, 65, 67-68,
with CA/p2 P1'F peptide c=61.7 v=90
70-72, 79-81, 92
) 1-2, 4, 6, 14-19, 21, 29, 34-37,
MDR HIV-1 protease 769 in a=28.77 b=65.39 «a=90p=90
N/A ] ) P 222, 39-46, 49-58, 60-61, 63-65, 67-68,
complex with CA/p2 P1'F peptide €c=92.82 v=90
70-72, 77-82, 87, 91-94, 96, 98-99
) 1-4, 6-7, 12-14, 17, 19, 34-35, 37,
WT HIV-1 protease in complex a=51.51 b=59.43 «=90p=90
1KJ7 ) ) P 22,2, 41-46, 48-55, 61, 63, 65, 67-72,
with p2/NC peptide c=61.74 v=90
77-81, 88, 91-94, 96
) 1-2, 4, 6, 14-17, 19, 21, 34-44,
MDR HIV-1 protease 769 in a=28.62 b=63.85 «a=90p=90
N/A ] ) P 222, 46-58, 59-61, 63-65, 67-72, 74,
complex with p2/NC peptide c=91.11 v=90

77-82, 87, 91-94, 96, 98-99
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1.9 Hepatitis C virus and treatment

The hepatitis C virus (HCV), a member of thdaviviridae family, is a
single-stranded positive sense RNA virus. It is the majkrfaistor for liver cirrhosis and
hepatocellular caricinoma and the virus infects approximately 1dllormpeople
worldwide, four million of which are in the United Statd8,(44). The classic treatment
for HCV infection is a combination of pegylated interferon abdwirin. Both antiviral
drugs function indirectly since neither of them targets a 8pddCV protein or RNA.
The pegylated interferon and ribavirin combination treatmequires a weekly injection
for 24 or 48 weeks, yet only less than 50% patients achievetaingas virological
response. Furthermore, there are a number of serious adverds affsgciated with
interferon treatment, such as leucopenia, thrombocytopenia, neu&ropkemression,
fatigue, and "flu-like" symptoms, that makes withstanding theg [treatment period
difficult for patients 45). Consequently, there is a need for safer and more effetrtigs

for the treatment of HCV.

1.10 HCV life cycle

The HCV infection starts with the virus binding to the celfate receptor. Several
putative receptor molecules have been proposed, such as the alustErentiation 81
(CD81) @6), scavenger receptor B type | (SR-BIX7)Y, dendritic cell-specific
intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGNCD209) 48),
liver/lymph node-specific intercellular adhesion molecule-3 (z3)-grabbing integrin
(L-SIGN or CD209L) 49), low-density lipoprotein receptor (LDL-R)5@), and

asialoglycoprotein receptor (ASGP-FL]. Due to the narrow host specificity, HCV only
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infects humans and chimpanzees. Genetically humanized mice expressian CD81
and occludin are able to establish HCV infectiéf)( L-SIGN molecules abundantly

expressed on liver sinusoidal endothelial cells play a crucialimoHCV tissue tropism

(49).

(+) RNA

Figure 1.6 HCV life cycle.Adapted from the figure produced by Moradpouetal (53)
After attaching to a host receptor, the viral surface glyaeprs trigger

receptor-mediated endocytosis. By uncoating the capsid shell of then,v
positive-strand genomic RNAs are released from the virus, arfdNie are attached to
the endoplasmic reticulum. A complementary negative-strand RNfnthesized based
on the viral RNA. The negative-strand RNA is then utilizedaatemplate to produce
thousands of positive-strand viral RNA copies by the viral potgse NS5B. The
positive-strand RNA is used for polyprotein translation. The iateibosome entry site

(IRES) of HCV RNA regulates the assembly of translationiaitmin complexes by
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recruiting both cellular proteins and viral proteins4)( Then, a large precursor
polyprotein with approximately 3,000 amino acid residues is synthesinegl the viral
genomic RNA. A total of ten proteins are produced by the cleavhgee polyprotein.
The structural proteins are released by host enzymes whileotksructural proteins are
cleaved off by the viral enzymé&he zinc-dependent NS2-3 autoprotease liberates the NS3
by self-cleavage. The efficient NS2-3 proteinase dgtnaquires the last 130 residues of
NS2 and the first 180 amino acids of N&B)( The NS3 assembles with its cofactor
NS4A and performs self-cleavage at the NS3-NS4A junctionberdie NS4A. The
NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B junctions are cleaved by NS@/diease
(56). A host peptidase cleaves the E1-E2 junction. The envelopeangtoEl and E2,
form a heterodimer after N-glycosylatid®i/j.

The core proteins are self-assembled and bind the viral RNgeterate the
nucleocapsid. The glycoproteins E1 and E2 associated with theedguidllayers form
an envelope to cover the nucleocapsid. The newly formed viratlparéire secreted from
the host cell to initiate a new infectious cycle.

MNS4A
Host protease cleavage sites Self-cleavage site viral protease cleavage sites

\VAREAY/ \YAVARR 4 Y|V \ 4

C|E1| E2 piNs2t  NS3 nss8 NSSA | NS5B

5NTR 3'NTR

Figure 1.7 The HCV genomeAdapted from the figure produced by Tan 8i.al.(58)

1.11 The HCV protease

The HCV protease emerges as a desirable drug target, bé&dausssential for viral

maturation. The single polyprotein encoded by the HCV genome is prataty
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processed by the HCV NS3/4A serine protease which is respofwilitee cleavage at
four junctions of the HCV polyprotein including NS3/4A (self-clegela NS4A/4B,
NS4B/5A, and NS5A/5B59-61).

The extensive functional studies of NS3/4A protease and the solstdl structures
have improved our understanding of this protease. NS3 is a bifuricénmgme; the
protease domain is located at the N-terminus and a helicasendatthe C-terminus.
The protease and helicase domains function independégilg3). NS4A, a 54-residue
peptide, is required as a co-factor to increase the actifithe NS3 proteases4, 65);
this may be due to the incorporation of NS4A into fiheheet at the N-terminus of the
NS3 protease with tight non-covalent bon@B) (Another possible function of NS4Ais to

anchor NS3 to the membrar@).

(0w LS e 8 Y
Ny "N'\N/ ~p \/’N.\/’N‘\_/ \/’N‘ H H
NL(;\\H(H) o//(")\v XNYN\/KOH ©
O
)
telaprevir boceprevir

Figure 1.8 Chemical structures of HCV protease inhibitors.

1.12 The HCV protease inhibitor, telaprevir

Currently, two HCV protease inhibitors have been approved by theFDIS,
telaprevir (VX-950) and boceprevir. Telaprevir is an oral drug agoraa May 2011
which is a potent inhibitor of the genotype 1 HCV proteasaprelir was developed by
Vertex Pharmaceuticals as a peptidomimetic inhibitor, wh&hderived from the

N-terminal product of the NS4B/5A. Telaprevir inhibits the NS3itétease by binding
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to the active site with its-ketoamide moiety. The crystal structure of the NS3 protease
with the NS4A peptide or NS3/4A fusion from HCV genotypes la antiaile been
solved 66, 68). The shallow substrate-binding groove of the protease insraase
difficulty of inhibitor binding, buta-ketoamide inhibitors exhibited an unusual binding
mechanism in the catalytic site of the protease. By op#ition of a-ketoamide as a
serine trap group to covalently anchor inhibitors and to incrdesse affinity to the
protease, telaprevir, a potent, covalent, reversible, andigelethibitor of HCV NS3/4A
protease, was developegB). The covalent bond between telaprevir and the protease is
hydrolysable, which makes telaprevir a reversible inhibitor.

After a treatment with telaprevir for 2 to 3 days, thelvload in patients with
genotype 1 chronic hepatitis C was reduced by hundred to thousand/@)ld&t (the end
of a 14-day treatment with Telaprevir, up to a 10,000-fold reductiddGV viral load
was observed, while in some patients the virus became undé&efi@p Telaprevir
dramatically shortened the duration of therapy, and fewer adetests were noted’(,
71). Therefore, with such a drug, the efficacy and tolerabilitd@V treatment could be
greatly enhanced. Furthermore, telaprevir cured the genotype itisepgtatients who
had failed to achieve a sustained virological response with iraarfeased therapy.

At least six major HCV genotypes have been identified withedageographic
distributions. Each genotype is further divided into subtypes. GenotypdCla is
prevalent in North and South America; genotype 1b, in Europe aiaj genotype 3, in
Australia and South Asia; genotype 4, in Egypt, France and Céiitiea. Genotype 2

exists in Japan, China, the United States, and Europe. Genotymib$ersed in South
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Africa and Saudi Arabia. Genotype 6 is restricted to Hong Kong, Mandw/jiatnam.

The various HCV genotypes respond differently to treatmentseXample, patients
infected with genotype 2 HCV showed better response to the interferon thdedipg tte
the other genotype3Z). Although telaprevir has demonstrated strong antiviral agiivit
patients with chronic genotype 1 HCV infection in the clinidal tits efficacies with the
HCV genotypes 4, 5, and 6 have not been fully investigated.s&heence similarities
between NS3 protease of genotype 1 and NS3 protease of genotype 4, Syaayd 6
approximately 60% to 80%. Due to the relatively low sequence sityilzgtween the
HCV genotype 1 protease and proteases from other HCV genotypeshtbeory
efficacies of non-genotype 1 proteases is likely affectedyB@zassays demonstrate that
the potency of telaprevir against the HCV NS3/4A proteasegrmftgpe 2 is similar as
that of telaprevir against the genotype 1 HCV proteases, bptdeiaexhibited reduced
activity against the genotype 3 HCV proteas&y.(Interestingly, the protein sequence
similarities between the genotype 1 and genotype 2 proteadesssmilar compared to
the protease sequences between genotypes 1 and 3. Thereforgrastinfcrmation is
critical to explain the varied potency of telaprevir aganwst-genotype 1 HCV proteases.
A previous study showed the mutations V36A/G/L/M and T54A/S in NSpibhease
from HCV genotype 1 strain were associated with low to medawals of telaprevir
resistance?). The mutation V36L exists in genotype 4a, 4d, 5a, and 6f HCV protease
sequences. Thus, the comparison of telaprevir binding between thegei@type 1
protease and proteases from other genotypes will provide an insightvab modify the

inhibitor to restore the enzyme inhibition.
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CHAPTER 2 METHODS

2.1 Synthesis of lopinavir analog
The synthesis of the lopinavir analog (Figure 2.1) was modified th@emopinavir
synthesis developed by Abbott Laboratoriés)(The amount of reagents described in the

following sections was optimized for lopinavir analog synthesis.

CHCN, [~
BnCl, q s \6/\ 5 Isobutyl Mg Cl q I3
‘ ) —_> 2
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Figure 2.1 Synthetic scheme for the lopinavir analog.

2.1.1 Synthesis of (L)-N,N-dibenzylphenylalanine benzyl ester (compougjl

In a round flask, 15 g L-phenylalanine (compound 1) and 49.8,@OK were
dissolved in water, and 44 ml benzyl bromide was then added taqtleous solution.
The solution in the flask was boiled overnight. The reaction vegget! by cooling down

the flask to room temperature. Ethyl acetate and water werktasextract the organic
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phase from the product mixture. The benzyl ester in the organic waaderther washed
with saturated sodium chloride solution. The organic phase wasidnduo to yield a
thick yellow oil. The product was purified faysilica gel column chromatography (ethyl

acetate:n-hexane = 1:4 v/v) to yield 7.1 g benzyl ester (compound 2, 18% vyield).

2.1.2 Synthesis of (4S)-4-dibenzylamino-3-0xo0-5-phenyl-pentanoni&i{compound 3)

7.1 g benzyl ester dissolved in 19 ml anhydrous tetrahydrofuran (THF) was cooled to
-45°C with an acetone solution mixed with dry ice. 4.26 g sodium amadeligsolved in
47 ml anhydrous THF in a separate flask and cooled to -45 °C. Tl laoth sealed
flasks was replaced by nitrogen. 6.14 ml acetonitrile was addéldet sodium amide
solution and reacted for 30 min to generate an anion solution. The cold anion solution was
transferred to the benzyl ester solution by syringe. The mixtasestirred at -45 °C for 7
hr. The progress of the reaction was monitored by sampling andratam using thin
layer chromatography (TLC). The Rf is 0.55 (ethyl acetatexaitne = 1:3 v/v). The
reaction was quenched with 50 ml 25% (w/v) aqueous citric acel ofdgenic phase was
extracted, washed with saturated sodium chloride solution, and ditlednagnesium
sulfate. The crude product was dissolved in boiling ethanol. Asdh#ion was cooled

down resulting in 4.5 g white product (74% yield per reaction).

2.1.3 Grignard reaction

3.8 g of magnesium turnings were cut and weighted in a dry two-félaskl that
was connected to a condensation tower. The reaction system iedshdiroughly by
heating and filled with argon. After cooling the reaction systeith we, 17.7 ml of

1-chloro-2-methyl propane was added to the flask. lodine powder ¢)0and a few
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drops of 1,2-dibromoethane were added to the solution mixture as aatiagti@gent.
The reaction was stirred at room temperature for 30 min. Thengmli this solution
indicated the generation of the Grignard reagent, isobutyl magneshloride. In a
separate flask, 4.5 g of compound 3 was dissolved with anhydrous THFaasi@rred to
the flask containing Grignard reagent. The reaction mixture wasisbives night at room
temperature. The reaction was stopped by addition of 10% (vivig) &cid. The product
in the organic phase was extracted and purified by silicaaj@inn chromatography with
(ethyl acetate:n-hexane = 1:20 v/v, Rf 0.39), which yielded 2.5 gnammone

(compound 4, 47% yield).

2.1.4 Reduction reaction

A two-step reduction reaction generated the largest percentage of @éesirgidmer.
1 g sodium borohydride in 54 ml anhydrous THF was cooled to 0°C beforml4.3
methansulfonic acid was slowly added to the suspension. The slovwoaddis to ensure
that the temperature of the suspension remained below 5°Cutfosabf enaminone (2 g)
dissolved in THF and 5 ml isopropanol was added the previous susperistomixiure
was stirred at 4°C for 28 hr. In the second step of reduction, Bflnbrtoacetic acid was
slowly added to 2 g sodium borohydride in 26 ml THF to ensure a tempetzlow
15°C. The suspension was stirred at room temperature for 4 hrreBodon was
guenched with 3 N sodium hydroxide. By adding tert-butyl methyl etherorenic
layer was separated and washed with 0.5 N sodium hydroxide, 20% afwfapnium

chloride, and 6% (w/v) sodium chloride.

www.manaraa.com



27

2.1.5 Coupling of Acid-5

In a flask filled with nitrogen gas, 0.7 g Acid-5, purchased from Biofine Iniemnadt
Inc. (Vancouver, Canada), was dissolved in 9.7 ml THF and cooledCto 35 ml
thionyl chloride was added dropwise to the Acid-5. The mixtuas stirred for 5.5 hr
until it became a thick slurry. The slurry was driedvacuo, dissolved in heptane, and
further dried to thoroughly evaporate the residual thionyl chloride. dftesl product,
acyl chloride, was dissolved in 3.45 ml dimethylformamide. 1.5gaduct 5 was added
to 0.96 ml ethyl acetate containing 0.72 g dissolved imidazole. Tugosowas rapidly
transferred to the acyl chloride and stirred for 1 hr at 0°C followed by overtiigimgsat
30°C. The reaction was quenched with an aqueous hydrochloric acitiosoby
adjusting the aqueous layer to pH 3. The aqueous layer contained unfeadtédand
the organic layer was extracted for further clean up. The quattuct was loaded on a
silica column. The impurity was eluted with a mobile phaseQ@¥% hexane, 10%
isopropyl alcohol, and 0.1% ammonium hydroxide. The product was eluted39#th

dichloromethane, 10% methanol, and 1% ammonium hydroxide.

2.1.6 Deprotection and Acid-3 coupling

Two benzyl protective groups from compound 6 were removed by tataly
hydrogenation with palladium on carbon. The reaction was under 65t #%/qrogen
pressure for two days. 0.076 ml thionyl chloride was added to 0.167 g8A@udfine
International Inc.,Vancouver, Canada) dissolved in 0.32 ml ethyhtacand 0.1 ml
dimethylformamide and stirred for 5 hr at 50°C. The activadioAcid-3 was completed

under nitrogen atmosphere. 0.25 g deprotected compound 7 and 0.28 g sodium
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bicarbonate were dissolved in ethyl acetate/water (1:1, v/v).atheated Acid-3 was
transferred to the compound 7 by syringe and stirred at room tdomeefar 1 hr. The
final compound 8 in the organic layer was washed with 5% (wW#jusn bicarbonate
solution and water sequentially. The dry final product (compound 8)Ov2ag. The

products of each reaction were confirmed by mass spectrometry.

2.2 Protein expression and purification

Table 6.1 lists the protein sequences of MDR HIV-1 proteases/eAand inactive
MDR HIV-1 protease genes were codon optimized Eorcoli expression with the
software DNA 2.0 16), synthesized by GENEART, Inc. (Regensburg, Germany), and
inserted into the pET21b plasmid. The inactive MDR 769 82T proteasarhactive site
mutation, D25N, to eliminate catalytic activity. To preventogoutoteolyses, the Q7K
mutation was introduced into the active MDR HIV-1 proteaseegdll MDR HIV-1
proteases were expressed in Eaeoli strain BL21 (DE3) pLysEE. coli cells were lysed
by sonication. The HIV-1 protease expressed in inclusion bodies eymgased by
centrifugation and dissolved in a buffer of 50 mM Tris, 25 mM sodthioride, 0.2%
B-mercaptoethanol, and 6 M urea. The dissolved HIV-1 proteagntswere purified
using a Q-Sepharose ion exchange column (Amersham Biosciensesta®ay, NJ)
pre-equilibrated with the buffer containing 6 M urea. The optimdkbyH varied from
7.8-8.6 for each of the protease variants. The flow-through contaimngure HIV-1
protease was refolded in the dialysis buffer (20 mM sodium phosphat® 0.2
B-mercaptoethanol, and 10% glycerol) with step-wise decreéasesea concentration.

The final protein buffer was 20 mM sodium acetate, pH 5.0, 1 mMotlitreitol (DTT),

www.manaraa.com



29

and 10% (v/v) glycerol. The proteases prepared for crystatlizatere concentrated to
1.5 mg/ml using Amicon concentrators with a 5-kDa molecular roassff (Millipore

Corporate, Billerica, MA).

2.3 Protease inhibition assays

HIV protease Forster Resonance Energy Transfer (FRET) sebstratirchased
from AnaSpec, Inc. (Fremont, CA, USA), was used in the half-maximhibitory
concentration (I6) determination experiments. The FDA-approved HIV-1 protease
inhibitors were kindly provided by the NIH AIDS Research and Refsr Reagent
Program (www.aidsreagent.org). The CA/p2 pseudo peptide with aedbdsassile
peptide bond y(CH2NH)-] was synthesized in the Department of Chemistry, né/ay
State University. The fluorescence emitted by substragvate was monitored by a
microplate reader (SpectraMax M5, Molecular Devices, Sunaeyw@A) at a 340 nm
excitation wavelength with an emission wavelength of 490 nm. ThelHpvbtease
reaction buffer was adjusted to pH 4.7 [0.1 M sodium acetate, S@dMm chloride, 1.0
mM ethylenediaminetetraacetic acid (EDTA), 1.0 mM DTT, 10% atlitylsulfoxide
(DMSO0), and 1mg/ml bovine serum albumin (BSA)]. In the readbiaffer containing 5
uM FRET substrates, the concentration of all the HIV-1 proteasss insthe enzyme
assays was adjusted to a substrate cleavage velocity of 8l&8/& Fluorescence Units
(RFU)/sec. The final HIV-1 protease concentration was approgiyjnat nM. The
protease inhibitor was serially diluted in DMSO from i to 0.013 nM. The protease
variants and inhibitors were pre-incubated at 37°C for 20 min fwisignal monitoring.

An enzyme-free control was tested as the background substratesttent signal. The
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progress of the reaction was monitored over 20 min sampling flemescat 1 min
intervals. The FRET data were plotted with the softwareN&oftPro V5.2 (Molecular
Devices, Sunnyvale, CA) to determine theyl@alues. The difference in Gibbs free
energy AAG) was calculated from the formulgAG = —RT In[IGy(MDR)/ICs5o(WT)],
where the IG(MDR) is the 1G, value inhibiting the MDR HIV-1 protease and the

ICs5o(WT) is the IGo value inhibiting the wild-type (WT) HIV-1 protease.

2.4 HIV-1 Protease substrate interference assays

In the enzyme reaction buffer, a regular HIV-1 protease stbstaheptapeptide,
was mixed with the FRET HIV-1 protease substrate (AnaSpec Hnemont, CA) to
reach a final concentration of 108 regular substrate and 281 FRET substrate. The
nine substrate hepta-peptides were purchase from SynBioSci Camppokatermore, CA
(Table 6.2). All the hepta-peptides were purified by HPLC puaty higher than 98%.
The procedure of substrate interference assay was simtlae fwotease inhibition assay
except that the inhibitor was replaced by a regular peptidératéosThe HIV-1 protease
reaction buffer was 0.1 M sodium acetate, 1.0 M sodium chloride, 1.0 mM
ethylenediaminetetraacetic acid (EDTA), 1.0 mM DTT, 10% dimstlifdxide (DMSO),
and 1mg/ml bovine serum albumin (BSA) at pH 4.7. Upon the additioheoHtV-1
protease, the fluorescent signal emitted through the cleavabe 8RET substrate was
recorded using a SpectraMax M5 instrument (Molecular Deviasnyvale, CA, USA)
at an excitation wavelength of 340 nm and an emission wavkleigd90 nm. The
protease concentration was adjusted to a substrate cleavaggyvef 0.08 RFU/sec in

the absence of regular (non-fluorescent) substrate. In the enzyme readaoralxaigular
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HIV-1 protease substrate was mixed with the FRET HIV-1 pseteabstrate to reach a
final concentration of 100M and 2.5uM, respectively. The average velocity of FRET
substrate cleavage in RFU/min was calculated based on fleatesignals at 30 time
points over 30 min. In the control experiment, the average WlotiFRET substrate
cleavage was determined in the absence of regular substrateesiult was illustrated by
a bar chart representing the ratio of the average FRET gebslgavage velocity in the
presence of a regular substrate over the average FRET triloitevage velocity in the

absence of a regular substrate.

2.5 Crystallization and diffraction data collection

Inhibitors (tipranavir and darunavir) and substrates (p2/NC andpZ}Awere
co-crystallized with the MDR769 82T inactive protease usinghidneging drop vapor
diffusion method. The expression levels of the active MDR proteasants were
generally lower than the expression levels of the inactiveymes, and the protein
amount of the active MDR protease variants was insufficient crystallization
experiments. The protease and ligand were pre-mixed at a matiarof 1:20 before
crystallization set-up. The protease-ligand solution was thgadvat 2:1 v/v ratio with
the precipitant solution. The optimal crystallization condition wlatgined from a set of
precipitant solutions (0.1 M citric acid/MES/HEPES and 0.8~2.&whanium sulfate at
pH 4.0~6.0). The reservoir volume was 480The MDR 769 82T-p2/NC complex was
crystallized from 0.1 M citric acid and 2.4 M ammonium sulfatetd 5.2 while the
MDR 769 82T-CA/p2 complex, MDR 769 82T-darunavir complex, and MDR 769

82T-tipranavir complex were crystallized from 0.1 M MES and 2.4n\hanium sulfate
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at pH 6.0. The reservoir volume was 740 Needle shaped crystals grew to a suitable
size for diffraction within a week. The crystals were placedai30% w/v glucose
cryoprotectant solution before they were frozen in liquid nitrogéw diffraction data
were collected at the Life Sciences Collaborative AcceamT&S-CAT) at the Advanced
Photon Source (APS) Sector 21, Argonne National Laboratory (Argonn&lSA) and

the diffraction data were processed with the HKL2000 program Stiite (

2.6 Structure refinement and analysis

Molecular replacement was performed with the CCP4 prograireptautoMR 78).
A previously solved HIV-1 protease structure was used as #énehsmodel for molecular
replacement. The models of darunavir and tipranavir were bitiiittihe program COOT
(79) using a ligand finding algorithm where the molecular foamwf the inhibitors were
provided in SMILES representation. The protease-ligand model wagifugfined using
the program Refmac5. The tipranavir molecules were refinedanorientations with
half-occupancy while the darunavir molecule was refined in onentatien with
full-occupancy. Restrained anisotropic refinement was used fdipttamavir-MDR 769
82T co-crystal structure. The structure was validated usinghBck V3.4.4 §0). The
models of tipranavir or darunavir complexed with MDR 769 82T wereyaadl for
molecular interaction using the program LIGPLOT V4.8B)(

The co-crystal structures were deposited in the Protein Datnk
(http://www.pdb.org/). The accession codes for the darunavir-MDR 76@@&2jplex and

the tipranavir-MDR 769 82T complex are 3SO9 and 3SPK, respectively.
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2.7 Virtual screening and protein-compound dockingstudies

The large scale screening was conducted using a fast pesisgeool, eHITS
LASSO (Ligand Activity in Surface Similarity Order) 20082J. Compound libraries
were downloaded from theZINC database of commercially-available compounds
(http://zinc.docking.org/).

The chemical structure of compound GR346 was drawn in the program
ChemBioDraw Ultra 12.0. The three-dimensional structure of GR346oltained by
energy minimization using the GlycoBioChem PRODRG2 Server
(http://davapcl.bioch.dundee.ac.uk/prodrg/). The electrostatic desggsteiger charges
were added to atoms of protein and ligand.

To examine the binding of the lead compound from virtual screemag;ampound
was docked into the binding pocket of HIV-1 protease using the prograogDécit4

(83).

2.8 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) was used to detect ghatein melting
temperature change after ligand bindiBd)( The bigger the melting temperature change,
the tighter the ligand binding. A modified procedure is descrilsefdlbows. The HIV-1
protease was diluted in the buffer of 100 mM Sodium acetate-AcOH and 150 mM NacCl at
pH 5.0 to reach a final concentration of 0.4 mg/ml. The proteaseiosolutas
pre-incubated with 500uM protease inhibitors. 5xSYPRO orange dye (stock
concentration 5,000x, Sigma-Aldrich, Inc., Saint Louis, Missouri, USA)adaed to the

protease-inhibitor mixture. The protein-dye solution (100was heated from 25°C to
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82°C. During the heating process, the fluorescence signal wasuseaya microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale, CAl wie excitation and

emission wavelength at 492 nM and 610 nM, respectively.

2.9 Initial model preparation for molecular simulation

The X-ray structures of the protease-substrate complex (MDRn7&8mplex with
the substrate p2/NC) is solved and used as an initial structuteofology modeling.
The complexes of MDR 807-p2/NC, MDR 1385-p2/NC, MDR 3761-p2/NC, and
NL43-p2/NC were constructed using SWISS-MODBB)( Similarly, a series of HIV-1
protease-CA/p2 complexes were built based on the MDR 769-CA/p&stal structure.
Based on the catalytic mechanism of HIV-1 protease, Asp 25 asagined as a
protonated state while Asp 25’ was assigned as a deprotonatedifitatstidine residues
were assigned a neutral charge. Protonation states of otheo aeid residues were
assumed based on the buffer pH in the HIV-1 protease enzymsatigsa(pH 4.7). To
avoid simulating a catalytic interaction, positional restraiese applied to the scissile
peptide bond of the substrate and fhearboxyl groups of catalytic residue Asp 25 and
Asp 25’. The HIV protease-substrate complex was placed mtothogonal TIP3P water
box. The TIP3P is a three-site (three interaction sites)rwatelel, which is one of the
most widely used water models. The protease complex wasai R4 from the edge of
the water box. Naand Clions were added to neutralize the simulation system.

In the preparation of the NS3/4A HCV protease, the NS3 protase residue 1 to
residue 181) and NS4A peptide (from residue 21 to residue 32) ofdge@dtype 1b, 4a,

5a, and 6a were modeled based on a structure of HCV NS3/4Ag@atéh a ketoamide
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inhibitor (PDB: 3KN2) using SWISS-MODEL 86). The NS4A peptide binds
non-covalently to the NS3 protease domain. Telaprevir was ittt ChemBio3D and
manually superimposed on the ketoamide inhibitor in the crystedtste. As a common
mechanism of ketoamide inhibitors against the HCV proteasaprésir formed a
covalent bond with the hydroxyl oxygen of the catalytic residuelS8r The topology
and force field parameters for telaprevir were initialgngrated using ParamChem
(https:/ivww.paramchem.org/), the CHARMM General Force Field (CGergfbyram
for automatic atom typing and assignment of parameters andeshbyganalogy. The
topology file and parameter file of telaprevir were then maypuadited to covalently
attach the drug to the Ser 139. Finally, the HCV protease compiesiesling NS3
protease domain, NS4A peptide, and telaprevir were solvatedvatea box where the
edge of the box is no less than 12 angstroms away from the protease complestérhe sy

was neutralized with ZA and Clions.

2.10 Molecular dynamics simulation

The MD simulations were performed using the parallel computingg@mo&caling
NAno Molecular Dynamics (NAMD) V. 2.7b86). The protease complex models were
solvated in a water box using TIP3P models for water molecldgstevent translational
and rotational displacement and to prevent the simulation of ttadytea reaction,
positional restraints were applied for the carbonyl group obtibstrate scissile peptide
bond and the catalytic residue Asp 25 and Asp 25’ of the HIV-1 pmt@ae cutoff for
non-bonded interactions was 10 A. Particle Mesh Ewald was implethethe Particle

Mesh Ewald method calculates direct-space interactions wvatiinite distance using a
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modification of Coulomb’s law, and in reciprocal space using a Fowaesform to build
a “mesh” of charges, interpolated onto a g8d)( The systems were energy minimized
using a conjugate gradient method and gradually heated from 78KOt in 200 ps.
Simulations were conducted at 310K and 1.0 atm (NPT ensemble) for d€ingsthe
CHARMM force field 27 and a timestep of 2 fs.

An example of NAMD configuration commands with annotations is listed as follows.
## Adjustable Parameters
structure input.psf ; # Specify a protein structure file that contains mokecul

characteristics required by a particular force field.

coordinates input.pdb ; # Specify an atomic coordinate file
set temper ature 310 ; # The simulation was conducted at 310 K.
set outputname output ; # Name the output files

firsttimestep 0 ; # Start the simulation from step 0.

## Simulation Parameters

paraTypeCharmm  on; # Turn on CHARMM force field.

parameters Par_all27_prot_na.prm ; # Specify the CHARMM27 parameter
file which define forces and energies for protein, lipid, DNA, and
RNA.

parameters par_all36_cgenff.orm ; # Specify the CHARMM General Force
Field parameter file for compounds.

temperature $temperature ; # Read temperature from “temperature” variable.

reassignFreq 2000 ; # Reassign temperature every 2000 steps.

www.manaraa.com



37

reassignTemp 70 ; # Increase temperature from 70 K (the liquid nitrogen
temperature).

reassignlncr 5; # The temperature increment is 5 K.

reassignHold 310 ; # Hold the temperature at 310 K.

# Force-Field Parameters

exclude scaledl-4 ; # Four adjacent covalently bonded atoms are excluded from
non-bonded calculations.

1-4scaling 1.0 ; #The constant factor of electrostatic interactions for 1-4 gtains.

cutoff 12. ; # The cutoff distance for non-bonded interaction is 12 A.

switching  on ; # Smoothing functions are applied to both the electrostaticgaamder
Waals forces.

switchdist  10. ; # The smoothing function takes effect when atom distanbetiveen
10 and 12 A,

pairlistdist 13.5 ; # When distance between atoms is less than 13.5 A ircgeleh the
atom pair is included in pair list for electrostatics arah \der Waals
interaction calculation.

margin 2.5; #Add 2.5 A extra length in patch dimension.

# Integrator Parameters

timestep 2.0 ; # The length of each step is 2fs.

rigidBonds all ; # The bond between hydrogen and its bonded atoms is

constrained.

nonbondedFreq 1; # Non-bonded interactions are calculated in every time step.
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fullElectFrequency 2 ; # Full electrostatic interactions are calculated in yeetime
step.
stepspercycle 10 ; # The interacting particle lists are updagzyg £0 time step.
# Constant Temperature Control
langevin on ; # Perform Langevin dynamics to introduce additional damping
and random forces to the system.
langevinDamping 5; # Langevin damping coefficient is 5/ps
langevinTemp $temperature ; # Langevin dynamics adjust the effect on atoms
based on the temperature variable.
langevinHydrogen  off ; # Turn off Langevin dynamics for hydrogen atoms.
# Constant Pressure Control
useGroupPressure yes ; # Pressure is calculated using hydrogen-group based
pseudo-molecular virial and kinetic energy which results in
smaller fluctuations.
useFlexibleCell no ; # Do not allow three orthogonal dimensions of the periodic

cell to fluctuate independently.

useConstantRatio no ; # Do not maintain a constant ratio of the unit cell in the x-y
plane.
langevinPiston on ; # Turn on Langevin piston pressure control.

langevinPistonTarget 1.01325 ; # The target pressure for Langevin piston method is
1.01325 bar.

langevinPistonPeriod 100 ; # The barostat oscillation time scale for Langevin piston
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method is 100 fs.

langevinPistonDecay 50 ; # The barostat damping time scale for Langevin piston
method is 50 fs.

langevinPistonTemp  $temperature ; # The barostat noise temperature for Langevin
piston method is the same as the temperature specified in

temperature control.

# Output

outputName $outputname ; Specify the output name for output files.
restartfreq 1000 ; # Prepare the restart files every 1000 steps (2 ps).
dcdfreq 1000 ; # The trajectory file is updated every 1000 steps.
outputEnergies 1000 ; # Output energy to log file every 1000 steps.
outputPressure 1000 ; # Output pressure to log file every 1000 steps.

#Harmonic constraints

constraints on; # Turn on positional restraints.

consexp 2 ; # Use 2 as an exponent for constraint energy function

conskcol B ; # Specify the B factor column of the PDB file to use forthemonic
constraint force constant.

consref constraint.pdb ; # Input the PDB file indicating constraint atoms.

conskfile constraint.pdb ; # Input the PDB file to use for force constants for harmonic
constraints.

## Extra Parameters

# Periodic Boundary Conditions
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cellBasisvectorl 80.16 0.0 0.0 ; # Specify the x-dimension of the periodic cell size in A.

cellBasisvector2 0.0 63.51 0.0 ; # Specify the y-dimension of the periodic cell size in A.

cellBasisvector3 0.0 0.0 64.93 ; # Specify the z-dimension of the periodic cell size in A.

cellOrigin 5.26 1.74 16.96 ; # Specify the position of the periodic cell center.

wrap\W\ater on ; # When water molecules cross a periodic boundary, they are not
translated to the other side of the periodic cell.

wrapAll on ; # When a molecule cross a periodic boundary, it is not translated to
the other side of the periodic cell.

# PME Particle Mesh Ewald

PME yes ; # Turn on Particle Mesh Ewald method, an efficient full
electrostatics method in periodic boundary conditions.

PMEGridSzeX 90 ; # Number of grid points in X dimension.

PMEGridSzeY 72 ;# Number of grid points in Y dimension.

PMEGridSzeZ 72 ;# Number of grid points in Z dimension.

## Execution Script

# Minimization

minimize 10000 ; # Run 10,000 step conjugate gradient energy minimization.

reinitvels  $temperature ; # Reset the temperature according to the temperature

variable after minimization
# Molecular Dynamics
run 7500000 ; # Run molecular dynamics for 7500000 steps, which is equal to

15000 ps (15 ns)
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2.10.1 The CHARMM force field

The CHARMM (Chemistry at HARvard Macromolecular Mechaiitorce fields
represent a set of widely used force fields in molecular dysgamihe CHARMM19 and
CHARMM22 force fields are parameterized for proteins, and th&ARMM27 force
field is parameterized for lipid, DNA, and RNA. A general fofedd for drug-like
molecules (CGenFF) covers a wide range of chemical groups.

The following equation is the potential energy function from GNMM22 (88):
Utotal = Upond + Uangle + Udinedral + Uvaw + Ucoulomb The components of the potential energy
function in this equation contain the energy functions for bond strefchong angle
bending, torsion (dihedral angle), and nonbonded interaction. The nonbondactions

include van der Waals (vdW) energy and electrostatic (Coulombgyene

Uvona = 2 kt‘md(’”r‘ - ’"m‘)z

bonds 7

Unnglc = E k?ngle(ei - 0():’)2 Uyaw = z E 48,;,‘[(?}) - (},”) }
]

angles i ij>i

K™ + cos(nd; — y)], n; # 0 414;
Udihcdml = 2 {kqihc(O‘ _ ,Y)E n=20 UCoulomb = 2 2 47T8E)r"
i i 1/ iy

dihedral 7 i j>i

2.11 Data analysis of molecular dynamics results

Trajectories of MD simulation were visualized and analyzed usirg Visual
Molecular Dynamics (VMD) program V. 1.91. The superposition of mddeatructures
was carried out using Pymol. The root-mean-square deviation (RMS8IDes were
calculated using the VMD RMSD trajectory plug-in. The molacuwhechanics energy

was calculated using the NAMD energy plug-in in VMD. The fimalecular mechanics
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energy is the average of molecular mechanics energy ofgh&da frames (the last 200
ps simulation). Previous studies demonstrated that HIV-1 protegaad$ show
single-maxima probability density function of enerdy)( Therefore, the last 200 ps
simulation represents a relatively stable protease-liganohplex conformation.
Hydrophobic solvation energy and electrostatic solvation energy vedcelated and
averaged based on the 10 snapshot coordinates of the last 200 ps simulation.

The change in desolvation energy during the binding of proteatedobistrate was
obtained with the following equatiom\Gsoy = AGgesort * "+ AGgeson ™ The
electrostatic desolvation energy was calculated using treptA® Poisson-Boltzmann
Solver (APBS) program8p), a software package for modeling biomolecular solvation
through solution of the Poisson-Boltzmann equation (PBE). Th&@détic desolvation
energy upon protease-substrate complex formation was calculateg thei following
equation AGgesol Velec: A Aesolvelec — Aesolvelec,complex_ AGsolve|ec,proteasg AGsolveIec,substrat.eThe
symbol AGg, refers to the difference of solvation energy when a molesulamsferred
from water solution (with a dielectric constant of 78.54) to vacuuith (& dielectric
constant of 1.00). The symbalAGe, ' represents the solvation energy change
(desolvation energy) upon protease-substrate complex formatiomdutefor the APBS
program was prepared by converting the PDB format coordind®&E format through
the PDB2PQR server (http://propka.ki.ku.dk), an automated pipelingh®orsetup,
execution, and analysis of Poisson-Boltzmann electrostatics d¢alogla@0). The
PDB2PQR server adds charge and radius parameters to exisénda®® The non-polar

desolvation energy was calculated using the equat®gson %= —AGg O"P0'= —

www.manaraa.com



43

(YASASA + ), where SASA stands for solvent accessible surface arigaa standard
value of 0.00542 kcal*mot*A =2, andp is 0.92 kcal mol™(91). The change of solvent
accessible surface area upon protease-substrate complex dormmatalculated using the

following equationASASA = SASA°TPIeX_ gagprotease_ g g gubstrate

2.12 Determination of representative sequences fgenotype 4, 5 and
6 HCV NS3/4 proteases

All available NS3/4A protease sequences from the HCV datafhttp://hcv.lanl.gov)
were aligned using the ClustalW2 program (http://www.ebi.ac.uk/Tdotsalw?2) to find
a patient isolate sequence that is closest to the consensus sequacbeHi£¥ genotype.
That patient isolate sequence was selected as the represefdata particular HCV

genotype.

2.13 Expression of the NS3/4A proteases of the HGYenotype 4, 5,
and 6

Based on the representative sequences of the HCV genotype thed@ion genes
were constructed with the residues 3-181 of NS3 protein and theageditB2 of NS4A
protein fused to the N-terminus of NS3 protease domain. ThereforélGheNS3/4A
protease maintains an active form without the need for thei@udit a separate NS3/4A
peptide. Between NS4A and NS3, there is a four-residue flexibleSGiker. Since the
essential fragment (residue 21-32) of the NS4A peptide has loentified 92), and
previous studies showed that the fusion protein containing NS4ille221-32), NS3
(residue 3-181) and a tetrapeptide linker (GSGS) exhibited therutkolytic activity

(93), the fusion protein is used in this study to facilitate enzyrsayasand crystallization
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studies later on. For the final constructs, the NS3/4A fusion geeesinserted into the
plasmid pET28b(+) which produced a 21-residue thrombin cleavabletagiis
(MGSSHHHHHHSSGLVPRGSHM) at the N-terminus. The 216 aminml dasion
proteins (~23 kDa) with NS3 protease domain, a fragment of the NSatAirprthe
GSGS linker, and the thrombin cleavable His-tag were expressedowifeed by
AnaSpec, Inc. (San Jose, CA). The thrombin cleavable Hisvtegkept in the final
protein since studies conducted at AnaSpec, Inc. showed an inceeagete activity by

keeping the tag.

2.14 HCV protease inhibition essays

The enzyme inhibitory activity of telaprevir, 4§ for HCV NS3/4A protease from
genotype 4 to 6 was evaluated. HCV protease FRET substrateaS-fiurchased from
AnaSpec, Inc. The fluorescence emitted by the peptide cleawas monitored by
microplate reader (SpectraMax M5, Molecular Devices) udiagexcitation wavelength
355 nm and the emission wavelength of 495 nm. There is no intermolgaetaching of
the FRET peptide observed in the concentration range of 0.5 1dMiZ.The optimized
concentration of protease was obtained by adjusting the FRET seleéaatage speed to
0.08 RFUs/sec. The experiments were conducted in a 96-well plateeach well
containing a constant amount of NS3/4A protease in the assay lamifervarying
concentrations of the serially diluted telaprevir. After a 1 hoculation at 37°C to form
the tight enzyme-inhibitor complex-telaprevir being a sloghttbinding inhibitor — the
reaction was initiated by the addition of the FRET substratdirgl ¢oncentrations of 5

uM S1, 2% (vol/vol) DMSO, total assay volume was 1Qf). The reason for
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slow-binding inhibition by telaprevir is not known. In contrast, incubatibthe HIV-1
protease with any of the licensed drugs prior to substrate additioot iseeded. The
progress of the HCV NS3 reactions was monitored over 20 min using a samplinglrate of
min. The FRET substrate cleavage rates (initial velogitéthe NS3/4 protease with

serially diluted telaprevir were plotted as data points ti¢hsoftware of SoftMax Pro V.

5.2.
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CHAPTER 3 DESIGN AND SYNTHESIS OF A
MULTI-DRUG RESISTANT HIV-1 PROTEASE
INHIBITOR BASED ON LOPINAVIR

3.1 Introduction

Developing novel HIV-1 protease inhibitors that overcome druigteexe is still a
challenging task. In drug development, it is difficult to keep patle the emergence of
drug resistance. Compared de novo drug design, drug modification and optimization
could lower the risk of failure in clinical trials. The modifice of available protease
inhibitors according to the MDR HIV-1 protease isolate may p@wva solution to
overcome drug resistance. Lopinavir is a second-generation ggatdabitor, which is
derived from ritonavir. The smaller P2 and P2’ groups of lopinaviredese the contact
with highly variable residues at the 82 site HIV-1 protease ammiove the inhibitory
efficacy against drug-resistant mutants of HIV-1 prote&8g The MDR HIV-1 protease
isolate 769 exhibits cross resistance to HIV-1 protease inhibifdreugh lopinavir
inhibits MDR 769 with a low relative resistance, further maedifion of lopinavir may
improve its efficacy against drug resistance mutations ittkieprotease. A mutagenesis
experiment has been recently completed in our laboratory. Ttend P1’ groups of the
HIV-1 protease substrate CA/p2 possessing a reduced scissildepbond have been
mutated and tested for HIV-1 protease inhibition. Compared to a

phenylalanine-phenylalanine combination at P1 and P1’ sites, the coiomiohleucine
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at the P1 site and phenylalanine at the P1’ site exhibitsvediahigh inhibitory efficacy
and reduced relative resistance against MDR769 (unpublished Tagagurrent first line
protease inhibitor, darunavir, also contains the asymmetric cotignnaf leucine side
chain and phenylalanine side chain at the P1’ and P1 28pdHowever, lopinavir carries
the symmetric P1 and P1’ groups mimicking the phenylalanineckigi@. Therefore, by
changing the P1 site of lopinavir from a phenylalanine sidendibaa leucine side chain
(isobutyl group), the inhibitory potency of the modified lopinavir ntagrease and the

relative resistance against MDR protease may decrease.

In this chapter, the synthesis, inhibitory potency, and binding meshaof a
lopinavir analog with isobutyl P1 group is discussed. The lopinanatog lowers the
relative resistance against an MDR HIV-1 protease varintulation results indicate
that the lopinavir analog induces an asymmetric movement @&Qakéoop of the MDR

HIV-1 protease and this analog exhibits a stronger interaction energy.
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Figure 3.1 Chemical structures of compounds discussed @hapter 3. The reduced

peptide bonds, P1, and P1’ groups are labeled in the figure.
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3.2 Results

3.2.1 Isobutyl P1 lopinavir analog reduced the relative resistaecagainst the MDR
HIV-1 protease 769

A lopinavir analog with isobutyl P1 group was chemically sysitexl according to
the synthesis procedure of lopinavir (Figure 2.1). The modified weepthe Grignard
reaction, where 1-chloro-2-methyl propane was used to reptawayl chloride in order
to introduce a leucine side chain rather than a phenylalaideechain to the lopinavir
analog. The original lopinavir was synthesized in parallel@n#ol. The final lopinavir
analog was verified using electrospray mass spectrom&iguré 3.2). The major
impurity is an intermediate product.

The 1G;, of lopinavir analog with an isobutyl P1 group was determinedistad in
Table 3.1. The 1§ of the synthesized original lopinavir control and the CA/p2 reduced
peptide (P1'F) were also measured. The lopinavir analog ach&98% inhibition of the
WT HIV-1 protease and MDR 769 at the concentration of 2.1+0.1 nM and 6.8+0.4 nM,
respectively. The inhibition efficacy of the lopinavir analeas higher than the lopinavir
control synthesized in parallel which exhibited thgyialues of 2.5+0.5 nM and 16+0.6
nM for the WT HIV-1 protease and MDR 769, respectively. Furtherrtbee lopinavir
analog decreased the relative drug resistance from 6.4 to 3.2. Tph2 @8uced peptide
still showed the lowest Kg value (4.4+0.2 nM) inhibiting the MDR HIV-1 protease as

well as having the lowest relative resistance (1.7 fold).
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Table 3.1 IG5 results with the lopinavir analog

HIV-1 protease

Compounds (nM) NL4-3 MDR 769 :Sellsiz\r/lie
Synthesized lopinavir analog 2.1+0.1 6.8£0.4 3.2
Synthesized lopinavir control* 2.51£0.5 16+0.6 6.4
Reduced CA/p2 (P1'F) peptide 2.6+0.4 4.4+0.2 1.7
Reduced CA/p2 (P1F, P1'F) peptide 30.7 142 4.6

*The lopinavir control was synthesized in parallel using the sanoeedures and

equipments. The only different reagent is benzyl chloride instéddchloro-2-methyl

propane.
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Figure 3.2 Electrospray mass spectrometry results of the lopi

navir @hog. Samples were analyzed witH,K.i*, and N4 ions.
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3.2.2 Asymmetric P1 and P1’ groups induce asymmetric 80s loop confoations of
the MDR HIV-1 protease 769

The combination of isobutyl and benzyl group as P1 and P1' sitesiodulck an
asymmetric movement of the mobile 80s loops of the HIV-1 prot&sexamining the
co-crystal structures of CA/p2 or darunavir with MDR 769 A8RE, P1 leucine residue
of CA/p2 peptide and the P1’ isobutyl group of darunavir brought the Presgiue on
the 80s loop of HIV-1 protease closer to the ligand. In Figure 3.3MDR 769
82T-CA/p2 complex crystal structure and MDR 769 82T-darunavir compigstal
structure were superimposed to a WT HIV-1 protease-lopinavir e@ngpystal structure.
Compared to the protease 80s loops interacting with the symnRdtrand P1’ benzyl
groups of lopinavir, the P1 leucine of CA/p2 peptide brought the gset80s loop closer
to the P1 group (Figure 3.3 A) while the phenylalanine P1’ group o€#&ip2 peptide
induced a similar loop conformation as that of the lopinavir com{igpure 3.3 B). The
asymmetric conformations of protease 80s loops have also been dbsethie MDR
769 82T-darunavir complex due to the asymmetric P1 (benzyl) andsBhutyl) groups

of darunavir
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Pro 81

Figure 3.3The benzyl and isobutyl groups at P1 and P1’ sites trigger th@symmetric

80s loop conformation of the MDR HIV-1 protease(A) The co-crystal structure of
CA/p2 with MDR 769 82T (grey) was superimposed on the co-crystattsre of

lopinavir with the WT HIV-1 protease (sliver, PDB 2Q5K). The Bucine side chain of
CA/p2 interacted with the protease and altered the 80s loopromation of one MDR
protease monomer. (B) In the CA/p2-MDR 769 structure (grey)Pttigohenylalanine
side chain of CA/p2 did not alter the 80s loop conformation of the MDR1Hdrotease,
compared to the lopinavir-WT HIV-1 protease co-crystal stmec (white). (C) The
co-crystal structure of darunavir with MDR 769 82T (grey, PDBOSS was

superimposed to the co-crystal structure of the lopinavir-MB®& 82T complex (white).
The P1’ isobutyl group of darunavir triggered a similar confoionadf the 80s loop as
that triggered by the P1 leucine side chain of the CA/p2. (i) 80s loop conformation

that interacted with the P1 benzyl group was conserved in the VapMiBR 769 82T
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(white) and the darunavir-MDR 769 82T (grey) complex structures.

3.2.3 Simulation analysis of the lopinavir analodinding to the MDR HIV-1 protease

The lopinavir and isobutyl P1 lopinavir analog in complex with MDR W&9e
modeled and simulated for 10 ns. The average conformations of the last 200 ps simulation
were analyzed for both the lopinavir and lopinavir analog complexethelraverage
conformation of the MDR 769-lopinavir complex, the asymmetric comédion of
protease 80s loops was observed as well. One 80s loop of the MDR pittehse 769
moved closer to the isobutyl P1 group of the lopinavir analog Eidu4). The
interaction energy calculated between the inhibitor and proteasdisted in Table 3.2.

The calculated interaction energy suggested that the lopinaslog interacted with
MDR 769 stronger (-99.47 kcal/mol) than lopinavir did (-92.39 kcal/nTdie interaction

energy was increased in both electrostatic interactions and van derizéalstions.

\

80s loop

Figure 3.4 Isobutyl P1 lopinavir analog induces asymmetric 80s loogonformation
of MDR HIV-1 protease 769.The MDR 769-lopinaivr model is represented in while,

and the MDR 769-lopinaivr analog model is represented in black. Thel hdteases
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are shown in ribbon representation while the inhibitors and the p@liree shown in
stick representation.
Table 3.2 Interaction energy of lopinavir and lopinavir analog with he multi-drug

resistant HIV-1 protease 769

Interaction energy (kcal/mol)

Compounds _

Electrostatic Van der Waals Nonbonded (total)
lopinavir analog -37.39+6.55 -62.08+3.57 -99.47+7.45
lopinavir -32.27+8.57 -60.12+3.76 -92.39+9.34

3.3 Discussion

The drug-resistant mutations may increase the flexibilityHbf-1 protease and
therefore alter the active site conformation to be unfavorabldrug binding. The 80s
loop is a mutation hot spot of HIV-1 protease, which directlyauewith the P1 and P1’
group of substrates or drugs. The V82A/C/F/I/L/IM/SIT mutationshenloop have been
identified (L5, 94). Both structural analyses and enzymatic results indicateathanaller
P1 or P1’ group, such as leucine, brings the 80s loop closer to émel lelmd increases
binding affinity.

The enzyme inhibitory assays demonstrate the promising role sblamtyl group at
the P1 or P1’ position in overcoming drug-resistance. However, dume tintitation of
purification techniques, neither the lopinavir analog or lopinavir cbreexh the potency
of the standard lopinavir that was requested from the NIHSAR2search and Reference
Reagent Program. The impurities and stereoisomers mixed im#hgifoducts increase

the 1Go values.
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Furthermore, the lopinavir analog does not reach the inhibitornnpptef CA/p2
P1'F reduced peptide against the MDR 769 protease. The potency of CA/p2 P1’F reduced
peptide may be influenced by the P2’ glutamic acid. Studies stemen that the binding
efficacy of reduced peptides with a glutamic acid in thepBg&ition are pH-sensitivéy).
Therefore, the electrostatic interactions of the CA/p2 Pédticed peptide is superior to
the hydrophobic lopinavir analog, which explains the relatively lopetency of
lopinavir analog compared to the CA/p2 P1'F reduced peptide.

The lopinavir analog with an isobutyl group at the P1 position maxe s& an
HIV-1 protease inhibitor against MDR proteases, especially MBIR-1 proteases
containing mutations on the 80s loops. Currently, genotypic assayscaramended to
assess resistance in the adult and adolescent guidelinesrefraviral treatment48).
Benefiting from protease gene sequences of patience isolateshdlve of optimal
regimen could be decided based on the types of drug-resistandgonsutdherefore,
there is a demand of developing modified protease inhibitorsisigaarious groups of

HIV-1 protease variants.

3.4 Author’s contribution
The author synthesized the lopinavir analog and lopinavir contraledasut the
HIV-1 protease inhibition assays and molecular dynamics siroofatirhe analysis of the

results including structure superposition was also carried out by the author.
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CHAPTER 4 THE HIGHER BARRIER OF DARUNAVIR
AND TIPRANAVIR RESISTANCE FOR HIV-1
PROTEASE

4.1 Introduction

The emergence of drug resistance during antiretroviral thesagykey concern for
HIV patients. In patients undergoing combination antiretroviral fyergrotease
inhibitors are important contributors to the decrease in the nuofbarculating virus
particles. In total, nine HIV-1 protease inhibitors have been appioy¢he US Food and
Drug Administration (FDA). In the 99 amino acid residue Hlgrbtease, 36 mutation
loci have been identified which lead to various levels of ta&si® to protease inhibitor
treatment 15, 96). The current HIV-1 protease inhibitors are designed with a hytrox
group to mimic the transition state of the substrate’s scipsifgide bond. Due to the
structural similarity of inhibitors, the mutations in HIV-1 protease ammmonly
associated with cross-resistance to the other inhibi@djs (

The clinical multi-drug resistant (MDR) HIV-1 strain 76%svisolated by Palmet
al. from patients failing protease inhibitor-containing antiratalvregimens, and the
protease of strain 769, MDR 769, is resistant to all proteagieitork tested 7). As
observed in the crystal structure previously solved by our grouglaie of MDR 769
are farther apart compared to the distance of wild-type (MIV)1 protease flaps9g).
The threonine mutation at residue 82 of the MDR HIV-1 proteaseRME9 82T) alters

the hydrophobicity of the P1 and P1’ binding pockets and could further enhance
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cross-drug resistance. The uncomplexed MDR 769 82T crystal istuatiopts the
wide-open flap conformation as reported earlier for MDR B8999).

According to virologic response studies, darunavir and tipranavir shovgher
genetic barrier to resistancd00). Both inhibitors have been used to treat patients
infected with protease inhibitor-resistant viral strains aagle effectively inhibited a
range of MDR protease isolateH0{-103). Based on the scoring function of the HIV
Drug Resistance Database (http://hivdb.stanford.edu), MDR 769 82Thasdstance
to darunavir and high resistance to tipranavir as well as the other seven protdases
(15, 96).

The structural study of the inhibitor-bound MDR HIV-1 proteaselifat@s the
understanding of drug resistance mechanisms. The aim otubigis to test then vitro
inhibitory potency of darunavir and tipranavir against MDR 769 82T adédteErmine the
mechanism of overcoming resistance by examining the binding coriform&ey
contacts, and the stability of inhibitor-protease complexes. Tdtegse inhibition assays
demonstrate the decreased susceptibility of MDR 769 82T theatkested inhibitors and
confirm that 82T severely enhances drug resistance. Comparedhdo miotease
inhibitors, the higher resistance barrier of darunavir is due iotanr@ng main chain
hydrogen bonds by inhibitor flexibility while the higher resisgbarrier of tipranavir is

due to tight flap binding.
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Table 4.1 Sequences of the HIV-1 protease variants

HIV-1 Sequences
protease
PQ TLWKRPL VTI KI GGQLK EALLDTGADD TVLEEMNLPG RWKPKM GE GGFI KVRQYD Q LI El CGHK Al GTVLVGPT
NL4-3 PVNI | GRNLL TQ GCTLNF
PQ TLVWKRPI VTl KI GGQLK EALLDTGADD TVLEEVNLPG RWKPKLI GG GGFVKVRQYD QVPI El CGHK VI GTVLVGPT
MDR 769 PANVI GRNLM TQ GCTLNF
MDR 769 82T PQ TLWKRPI VTl KI GGQLK EALLDTGADD TVLEEVNLPG RWKPKLI GG GGFVKVRQYD QVPI El CGHK VI GTVLVGPT

PTNVI GRNLM TQ GCTLNF

#The drug resistant mutations are in bold and polymorphic changes are underlined.
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Table 4.2 1G, measurements and relative resistance

Predicted

IC 50 (NM) Relative resistance resistance scord
inhibiter MDR 769 MDR  MDR769 MDR MDR
WT (NL4-3) - MDR 769 82T 769 82T 769 769 82T
darunavir 0.26 +0.024 0.74 +0.20 2.76 +0.16 2.8 11 10 10
tipranavir 0.24 +0.18 0.63 +0.17 3.02 +0.10 2.6 13 24 64
lopinavir 0.28 +0.27 0.50 +0.060  3.18 £0.23 1.8 11 76 76
amprenavir 0.43 +0.044 4.82 +0.90 7.87 £0.16 11 18 86 86
atazanavir 0.19 +0.071 2.90+0.16 10.8 £0.40 15 57 98 103
nelfinavir 1.58 +0.85 109 #5.0 448 65 69 2.8%10 184 184
ritonavir 0.34 +0.15 60.7 £3.5 237 5.6 180 7.0%10 - -
saquinavir 0.50 +0.017 294 +9.4 1.30%487 590 2.6x19 114 114
indinavir 0.47+0.19 119 + 13 307 +29 250 6.5%10 128 128

®The resistance scores for darunavir, tipranavir, lopinavir, @napir, atazanavir, saquinavir, and indinavir were predicteddbasethe protease

inhibitor plus ritonavir co-administration. The larger scores indibageer predicted resistance
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4.2 Results

4.2.1 Darunavir and tipranavir presented high barrier of resistan@ compared to the
other protease inhibitors

The nine FDA-approved HIV-1 protease inhibitors were effectigainst the WT
HIV-1 protease, NL4-3, at low nanomolar or sub-nanomolar concemirathile the
MDR 769 82T was resistant to all nine inhibitors (Table 4.2). Thstaese ranged from
11-fold to 2600-fold as compared with the inhibition level against NL4-3. Altholigt81
relative resistance was observed, darunavir and tipranaie Whe two most potent
inhibitors against MDR 769 82T. Based on theyl@alues, the difference in Gibbs free
energy AAG) values calculated with the §¢&of MDR 769 82T and WT HIV-1 protease
were -1.48 kcal/mol and -1.58 kcal/mol for darunavir and tipranavir, resggctive

The 82T mutation of the MDR protease greatly enhanced drug resistihe
relative resistance of the MDR 769 (1.8-590 fold) was approximaté#s.1 times lower
compared to that of MDR 769 82T. The 82T mutation caused relativgbr ldifferences
in the relative resistance of darunavir, tipranavir, and bpinand the relative resistance
was elevated 3.9, 5.0, and 6.1 times, respectively. Thevilues are not fully correlated
with predicted values based on the scoring of inhibitor resistantations from the HIV
Drug Resistance Database since the 82T mutation has not beeedqpeviously as

darunavir resistance mutatiotng).

4.2.2 Darunavir or tipranavir induced flap closure of the MDR HIV-1 protease

The darunavir-MDR 769 82T and tipranavir-MDR 769 82T co-crystalcsires
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were determined at a resolution of 1.24 A and 2.87 A, respectivelybifiting of
tipranavir or darunavir effectively closed the wide-open flaghef MDR protease and
exhibited a conserved binding mode in the MDR protease retativet in the wild-type
protease. The tipranavir-MDR 769 82T complex crystallized in #weadonal space
groupP6;. The darunavir-MDR 769 82T complex crystallized in the ortholkiorspace
group P2,2,2;,. The diffraction and refinement statistics are shown in Tdlde The
structures were deposited in the Protein Data Bank. The PDB IDs for darhiiaiiz69
82T and tipranavir-MDR 769 82T structures are 3SO9 and 3SPK, respeciompared
with the binding of darunavir or tipranavir to the WT HIV-1 proee§BDB ID: 3BVB
and 204P), the butyl group of tipranavir and the P1’, P2, and P2’ groupsunfasia
adopted different conformations relative to their binding to WT-HIprotease (Figure
4.1 A and B).

Asymmetric movement of the 80s loop regions was observed in the diaMizR
complex. The RMSD of Thr 82 of superimposed protease monomers is 1.31&A. T
asymmetric P1 and P1’ group of darunavir induced the asymmetri@apeotémer. The
smaller isobutyl P1’ group of darunavir allowed the 80s loop of the NpDRRease to
move closer to the inhibitor. According to the superposition of MIBR 82T and WT
HIV-1 protease structures, Pro 81 in one monomer of the MDR peotess 0.7 A closer
to the isobutyl P1’ group of darunavir. Thr 82 was 1.6 A further fromigbieutyl P1’
group of darunavir compared to Val 82 in WT HIV-1 protease (Figurd3i. The V82T
mutation changed the hydrophobicity of the binding pocket in the MDRegse.

Therefore, the hydrophilic Thr 82 pointed toward the solvent ratherthiealmydrophobic
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binding pocket. The 80s loop on the other monomer of the MDR proteasedstaow

asymmetric pattern. Both Pro 81 and Thr 82 moved away from thelld@hzyroup of

darunavir.

Table 4.3 Crystallographic statistics

Dataset

Tipranavir-MDR
769 82T co-crystal

Darunavir-MDR 769
82T co-crystal

Data collection
Space group
Wavelength (A)
Cell constants (A)

Resolution range (A)

Number of unique reflections

Completeness (%)

Redundancy

Mean I6 (1)

Rr’rergea

Refinement

Rwork (%)b

Riree (%)°

Number of atoms
Ligand
Protease
Solvent

Average B factor (A
Ligand
Protease
Solvent

RMSD bond length (A)

RMSD bond angle (°)

Ramachandran plot

Allowed/generous/disallowed (%)

P6,
0.979

a=63.12 b=63.12

c=83.54

P2:2:2;

0.979

a=28.90 b=66.38
c=90.84

20.52-1.24 (1.25-1.24) 30.00-2.87 (2.95-2.87)

51613 (1138)
96.7 (70.9)
9.1 (2.7)
13.4 (1.2)
0.084 (0.679)

17.40
22.70

42
1514
351

10.91
13.38

37.16

0.010
1.37

94.9/5.1/0

10515 (195)
98.4 (100.0)
4.4 (4.5)
11.4(3.6)
0.142 (0.486)

21.65
25.62

38
1514
142

35.67
18.58
27.95
0.009
1.03

92.9/7.1/0

*Roege= Zhi 2i [l (hKl) - <I(hkl)>] / Zh Zi li(hkl), wherel; (hkl) is the intensity of an

observation ant{hkl) is the mean value for its unique reflection.

PRuork =Zhi ||B|=IRI| / Zhi |Fol, where B and F are the observed and calculated structure

factor amplitudesRy is calculated exactly @&,k Using a random 5% of the reflections
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omitted from refinement.

)y <z, Wi

Figure 4.1 Co-crystal structures of darunavir and tipranavir with the MDR protease.
(A) The tipranavir-MDR 769 82T structure (magenta) was supesed on the
tipranavir-WT HIV-1 protease structure (green). The I54Vatiah is displayed in stick
model. The magenta and green dashed lines indicate the digfndmetween the
inhibitor and the MDR HIV-1 protease or the WT HIV-1 protease, cismdy. (B) The

conformational changes of darunavir binding to MDR 769 82T (magemtanmparison
with the darunavir-WT HIV-1 protease complex (green). (Cg Hhectron density of
tipranavir bound to MDR 769 82T protease is showaras, -F. OMIT map contoured
at 2. Two tipranavir molecules (yellow and magenta) binding in diffecgientation are
presented. (D) The electron density of darunavir bound to MDR 769 82&apeois

shown asanF, +. OMIT map contoured ata?

Ol LaCu Zyl_i.lbl
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4.2.3 Specific contacts were lost between darunavir or tipranaviand the MDR
HIV-1 protease

Hydrophobic interactions or hydrogen bonds were lost between the inhdniidthe
MDR protease. According to the LIGPLOT analysis, the numbezsadiues in MDR 769
82T involved in hydrophobic interactions with darunavir or tipranavirekesed by 1~2
residues compared to that of WT HIV-1 protease. Tipranavir lost hydrophobgcimes
with Gly 49, Val 32, and Val 84 of the MDR protease but gained additiytibphobic
interactions with Thr 82. Similarly, darunavir failed to maintayalrophobic interactions
with Pro 81 and lle 84 of the MDR protease but gained hydrophobic coniéittiseu 23.
The hydrogen bonding network of tipranavir was generally preservigmiréF4.2).
Tipranavir formed hydrogen bonds with Asn 25, Asp 29, Asp 30, Gly 48, larD]
Except for the hydrogen bonds formed between the hydroxyl group ofaypramd the
catalytic residues of the protease, all other hydrogen bonds farened on the main
chain of the protease. Darunavir lost one hydrogen bond and alterdmbritieng of
another hydrogen bond in the darunavir-MDR 769 82T complex structurebidywic
tetrahydrofuran P2 group of darunavir formed a pair of hydrogen bondsAgt 29 of
WT HIV-1 protease. In the MDR protease complex, the dislocatiadheoP2 group of
darunavir causes it to lose one hydrogen bond with Asp 29 (Figure A&YiJlocation
of the sulfonamide P2’ group lost the hydrogen bond with the carboxyl gifotine Asp
29 side chain, but the P2’ group formed a new hydrogen bond with thengbhgiooup of

the Asp 29 main chain (Figure 4.2).
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Figure 4.2 Hydrogen bonds and hydrophobic interactions of tipanavir and
darunavir with MDR 769 82T protease. Hydrogen bonds are shown as green dashed
lines. The residues that form hydrophobic interactions with tipiaaae illustrated by

spokes. The interaction map was produced using LIGPLOT V4.5.3.

4.2.4 Tipranavir elevated the melting temperature of the proteasmhibitor complex
suggesting enhanced stability

The melting temperatures of the apo-MDR 769 82T and the MDR 769 82T in
complex with inhibitors were determined using differential scanfiimyimetry. While
eight protease-inhibitor complexes displayed a similar meléngpérature to that of the
apo-MDR 769 82T (50.8 + 0.6 °C), the tipranavir-MDR 769 82T complexeshthe
melting temperature to a higher value (62.0 + 2.6 °C). The mgetémperature of the

darunavir-protease complex was 52.6 £ 0.8 °C. The difference bettheemelting
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temperatures of the two complexes was 9.4 °C suggesting thatatpr stabilized the

protease-inhibitor complex (Figure 4.3).
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Figure 4.3 The tipranavirMDR 768 82T complex showed higher dexturation
temperature compared to the darunavir-MDR 769 82T complex.The X-axis is
temperature in Celsius degree, and the Y-axis is fluorescemaege in Relative

Fluorescence Units (RFU).

4.3 Discussion

The objective of this study is to investigate how darunavir tgrednavir maintain
their inhibitory efficacy against MDR HIV-1 protease. Darungwieserves its residual
inhibitory efficacy by forming altered hydrogen bonds while tipvamavercomes drug

resistance by stabilizing the protease-inhibitor complex througittdinteractions with
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the protease flaps.

The valine to threonine mutation at residue 82 is an isosterichsthiat alters the
hydrophilic environment of the S1 and S1’ binding pocket in the pro@adegreatly
enhances the relative resistance to inhibitors. The valiatone mutation in MDR 769
is a change from a longer side chain to a shorter side ¢haithe hydrophobicity of this
mutation is preserved. In both darunavir and tipranavir MDR 769 82T complex structures,
the Thr 82 residue moves away from the binding pocket towards thepiyitr solvent
environment exhibiting greater relative resistance thanAtae82 mutation. Darunavir,
tipranavir, and lopinavir inhibit the MDR 769 at sub-nanomolar conaom; however,
they only inhibit MDR 769 82T at approximately 3 nM. Therefore, the hydroptpbi
change in the binding pocket is more severe than contact loss in the binding pocket
Darunavir or tipranavir binding to MDR 769 82T effectively trigge¢he protease flap
closure. MDR 769 82T tends to maintain the wide-open form even in éserme of
other inhibitors 105). The wide-open form of MDR 769 82T is possibly due to tloe fa
that M46L and 154V disrupt the rigigtsheet of the protease flaps and therefore increase
the flexibility of the flaps.

Tipranavir, the only FDA-approved non-peptidomimetic HIV-1 proteasditor,
does not form the same hydrogen bonds with the flaps through a bridgiegmolecule
as peptidomimetic inhibitors do. Instead, tipranavir forms a hydrogond directly
between the carbonyl group of tipranavir and the lle 50 residweacm MDR protease
flap. The DSF results indicate that tipranavir greatbbsizes the inhibitor-protease

complex. Therefore, tipranavir may partially overcome drugstasce of the MDR
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protease by tightly closing the protease flaps.

Two possible drug design strategies could be considered to imihrev@otency of
inhibitors against MDR proteases based on the advantageous ehstiastof darunavir
and tipranavir that elevate the resistance barrier to MDe@se. The first strategy is to
design chemical groups that make direct contact with the flagues of MDR proteases
rather than mimicking substrates to interact with flapsavibridging water molecule.
Stronger interactions between the inhibitor and protease flapsadecthe probability of
the protease-inhibitor complex dissociation. The hydrogen bonds formeetlydbetween
the flap residue 1le50 and tipranavir reduce the proteasefl@aility caused by the
mutations, demonstrating the stability of the tipranavir-MDR protease eampl
The second strategy to improve the potency of inhibitors against ptbteases is to
design inhibitor interactions with the main chain of the HIV-1 prsgehly flexible
pharmacophores. When the carboxyl group of Asp 29 is far away frosuliomamide
P2’ group of darunavir, the P2’ group preserves a hydrogen bond witimaim chain
carbonyl group of Asp 29 (Fig. 2). The main chain hydrogen bonds conttiutes
ability of darunavir to overcome drug resistance conferred byegset active site
mutations {06). Other than the P2 group, the darunavir structure is identical to
amprenavir. The flexible bicyclic tetrahydrofuran P2 group of dasurenhances the
hydrogen bond forming propensity relative to amprenafir).( According to the
darunavir-MDR 769 82T complex, the P2 group of darunavir adopts a different
conformation relative to the darunavir-WT HIV-1 protease compdex preserves

hydrogen bonds with the main chain of the MDR protease, suggestirfteiiale drugs
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favorably form contacts in the HIV-1 protease active site cavity amgtamapotency.

In summary, the inhibitor-MDR HIV-1 protease complex structuoesdcserve as models
for drug optimization. Rather than tke novo design of new inhibitors, optimization of
existing inhibitors may have a higher chance of successsagdiDR variants. Minor
modifications on the protease inhibitors may restore the contaittsut affecting the

bioavailability and toxicity of the molecule.

4.4 Author’s contribution

The author conducted the protein expression of the inactive MDRBZB8active
MDR 769 82T, and active MDR 769. The crystallization screeningtatligation setup,
structure solution, enzyme assays, DSF experiments, and anafysesults were
performed by the author. The crystal diffraction data collectimhimitial data processing
were conducted by Dr. Joseph S. Brunzelle from the Department oéciMat
Pharmacology and Biological Chemistry, Feinberg School of Medidioethwestern

University, Chicago, IL.
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CHAPTER 5 IDENTIFICATION OF A LEAD
COMPOUND TARGETING A MULTI-DRUG RESISTANT
HIV-1 PROTEASE VARIANT USING VIRTUAL

SCREENING

5.1 Introduction

The drug-resistance mutations accumulated in the HIV-1 protehseng
antiretroviral therapy change the protease structure and dedheasfficacy of protease
inhibitors. Since most HIV-1 protease inhibitors were designeditoiarthe substrate
cleavage intermediate, structurally diverse inhibitors regeded to maintain efficacy
against the highly flexible proteast){). The discovery of new inhibitor scaffolds is the
first step to enrich the diversity of HIV-1 protease intutst The HIV-1 protease
structures greatly facilitate the discovery of new inhibitors.

Few ligand-free three-dimensional structures of HIV-1 protbase been deposited
to the Protein Data Bank. We have previously reported one swuotiusé of an
uncomplexed MDR HIV-1 protease, MDR 76208). As shown in Figure 5.1, the
available ligand-free HIV-1 protease can be classified iwb classes, wide-open form
and curled form%09). Considering the flexibility and dynamic movement of the protease,
the structures of the uncomplexed HIV-1 protease are as impasahe ligand-bound

structures needed for successful drug design.
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Wide-open form

Figure 5.1 The flap conformations of apo HIV-1 protease structws. The structures
include the WT HIV-1 protease NL4-3 (PDB ID: 2HB4, blue), the RIBIV-1 protease
with mutations L24l, M46l, F53L, L63P, V771, and V82A (PDB ID: 2HB2, magg the
WT HIV-1 protease isolate BRU (PDB ID: 1HHP, yellow), anotéf HIV-1 protease
(PDB ID: 2PCO, green), and the MDR HIV-1 protease 769 with tiouis L101, M36V,

M46L, 154V, 162V, L63P, A71V, V82A, 184V, and L90M (PDB ID: 1TW7, orange)

Understanding the structural diversity of the target pestes essential for inhibitor
development. The plasticity of the HIV-1 protease flap regiowrrigcal in binding
substrates and inhibitorsld9). The increased flap flexibility may enhance drug
cross-resistance by altering the binding pocket of proteasbitorsi Flap movement
distorts the binding cavity and therefore reduces the binding gftmiinhibitors. Direct
measurement using pulsed double electron-electron resonance (DBERpnfirmed a
larger distance between the flaps of MDR HIV-1 proteaseoagpared to the wild-type
structure {10). Therefore, the wide-open form of HIV-1 protease can ses/ea a
nontraditional model to develop inhibitors targeting the open fpratease. A crystal

structure has shown that the HIV-1 protease with open-flap conformbinds two
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symmetric pyrrolidine diester inhibitord1(l). The range of opening and conformational
flexibility of the protease flaps demonstrate the importancerotein flexibility in
structure-based drug design. Using ensembles of protein conformagioaseptors for
docking is a powerful method to increase accurdt, (113). Docking inhibitors based
on both the open and closed form of HIV-1 MDR protease partiallysepte the HIV-1
protease dynamics and improves the adaptation of the drug totheeflmovement of

the protease.

5.2 Results

The commercially-available compound libraries of TimTec Inadg#s Inc., and
Enamine Ltd. from the ZINC database (http://zinc.docking.org/evimitially screened
using LASSO (Ligand Activity in Surface Similarity Orde2D09 82). Thousands of
compounds were selected to generate a smaller library foefuralidation using eHITS
docking 82). The open form MDR HIV-1 protease 769 structure was usedeceptor
to identify potential inhibitor scaffolds. One compound, GR346 (Figurg Sh@dwed the

best docking scores against the open form MDR 769 protease.

HO OH

Figure 5.2 Chemical structure of compound GR346.
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Figure 5.3 Docking conformation of GR346 in the active site of MR 769 HIV-1

protease.(A) GR346 was docked to the wide-open form MDR 769. (B) GR346 was

docked to the closed form MDR 769 HIV-1 protease. The blue limgssent possible

hydrogen bonds.
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Figure 5.4 HIV-1 protease inhibition by the compound GR346The MDR 769

protease is inhibited more than the wild type (NL-43) by GR346.

The binding of GR346 was examined by docking it to the closed andopile-

forms of the MDR 769 protease using AutoDock8)( The docking conformation of

GR346 is shown in Figure 5.3. GR346 was originally synthesized B \Brdependent
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deacetylase sirtuin-2 (SIRT2) inhibitor ¢&56.7 uM) (14). The HIV-1 protease
inhibitory efficacy was tested using an vitro enzyme assay (Figure 5.4). GR346
inhibited a larger percentage of MDR 769 enzyme activity aatous concentrations
compared to its inhibition of the WT HIV-1 protease. At the lovwe®mpound
concentration (6.25M), GR346 did not inhibit the WT HIV-1 protease but it did inhibit
the MDR 769 activity by 10%. The wide-open conformation of the MDR 7&Psfl
allowed the bulky compound, GR346, to easily enter the protease ativawty. This
result suggests the possibility that larger inhibitors couldditer in the expanded active

site of MDR HIV-1 protease.

5.3 Discussion

The virtual screening experiments in this chapter havedhkd identifying a novel
scaffold as an HIV-1 protease inhibitor. GR346 with micromolag i€ a good lead
compound from screening. The novel protease inhibitor scaffold could beerfur
modified and developed to improve potency. A promising finding is shlective
inhibition of GR346 against MDR HIV-1 protease at lower conceonmmaflThe protease
inhibition assay of GR346 suggests the different ligand preferemaedr® MDR HIV-1
protease and WT HIV-1 protease. Thus, it is possible to develop MIVR Idrotease
specific inhibitors for AIDS patients who fail regular HIV-lopgase inhibitor treatment.
The selective binding of GR346 to the MDR HIV-1 protease may béodilre flexibility
of the MDR protease flaps. The wider inter-flap distanceeasxs the accessibility of
bulky compounds.

Protein flexibility is an important feature in drug design. Deisig drugs that make
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contacts with the protease flaps to reduce protease flexihitit targeting the open form
protease could be options to overcome drug resistance caused by serdiap

conformation and flexibility.

5.4 Author’s contribution
The author performed the virtual screening, docking experiments, eraysags,

and the analysis of the data.
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CHAPTER 6 A HIGHER DESOLVATION ENERGY
REDUCES LIGAND RECOGNITION IN MULTI-DRUG
RESISTANT HIV-1 PROTEASE

6.1 Introduction

Developing novel HIV-1 protease inhibitors is a current requirgn@ keep pace
with the emergence of drug resistance mutations in the HIV-kgmet Most of the
current HIV-1 protease inhibitors are designed based on subsirateking. In addition
to mimicking the transition state of the substrate cleavayéhiiors designed based on
the consensus volume of substrates have been develdpgdihe consensus volume of
various substrates is defined as the substrate envelope. The ptbdtease substrate
envelope has been determined based on the protease-substigtaicstructuresly6).
A more realistic dynamic model of the substrate envelope beas refined using
molecular dynamics of HIV-1 protease-substrate complex stesctit7). The study of
the substrate binding to various HIV-1 protease variants, efipetiag-resistant variants,
facilitates the development of drugs inhibiting a broad panell\éflHrotease variants.
The accumulated drug-resistance mutations in the proteasalteayhe subsites of the
active site cavity, and therefore the inhibitor binding affiratiers accordingly. Studies
have shown that the substrate analog inhibitors contact the saofeesdues of HIV-1
protease as the natural substratesld8)( Therefore, MDR HIV-1 protease variants may

also change the binding affinity to the substrates.
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Four clinical MDR HIV-1 protease variants, MDR 769, MDR 807, MD®85, and
MDR 3761, were isolated by Palmer al (97), among which MDR 769 exhibited
resistance to all the tested inhibitor&l9) and was successfully crystallized. The
accumulation of drug-resistance mutations also alters thewsteust the MDR protease
variants. The flaps of the apo MDR 769 protease adopt a wide-open catifori@8).
Based on the available structures and known crystallization aom]itMDR 769 could
serve as a model for studying the binding patterns of MDR protease variants

Peptidomimetic design based on the HIV-1 protease substrates o theepopular
drug design strategies. In our study, four clinical isolates of MIDR1 protease variants
were examined. The four MDR HIV-1 protease variants exhibiststance to all US
FDA-approved HIV-1 protease inhibitors, and the substrate recogretbility is also
reduced in these proteases. In the experiment of the HIV-1 prosedaserate-based
peptides competing with a fluorescent substrate, the subsé&edgnition of various
HIV-1 protease variants was illustrated. The results showéstait recognition of the
substrates p2/NC, CA/p2 P1'F, RH/IN, and RT/RH among the five-Hprotease
variants. With the co-crystal structures of p2/NC and CA/p2 P1’F with MDR #86gse,
five HIV-1 protease variants in complex with p2/NC and CA/p2 Plgfenmodeled and
simulated to study the binding of substrates in the protease &itevecavity. The
simulation results indicated that the MDR proteases need ¢ocawe the higher
desolvation energy barrier to form substrate-protease compleixesiiding studies of
the heptapeptides p2/NC and CA/p2 P1'F can facilitate the fdatibn of subsite

preference of HIV-1 protease variants and the design of dnigsiting a broader range
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of MDR HIV-1 protease variants.

Table 6.1Sequences of the HIV-1 protease variants selected

HIV-1 Sequences*

protease
NL4-3  PQ TLWKRPL VTI KI GGQLK EALLDTGADD TVLEEMNLPG RWKPKM GG

GCGFI KVRQYD Q LI ElI CGHK Al GTVLVGPT PVNI I GRNLL TQ GCTLNF

769 PQ TLWKRPI VTI KI GGQLK EALLDTGADD TVLEEVNLPG RWKPKLI GG
GGFVKVRQYD QVPI El CGHK VI GTVLVGPT PANVI GRNLM TQI GCTLNF
807 PQ TLWKRPI VTl KI GGQLK EALLDTGADD TVLEEMNLPG KWKPKI | VG

GGFTKVRQYD NVQ El CGHK VI GAVLI GPT PANI | GRNLL TQLGCTLNF
1385 PQ TLWKRPF VTI KI GGQLK EALLDTGADD TVLEEI DLPG RWKPKI | G3&
GGFI KVKQYD Q PI El CGHK VI GTVLVGPT PTNI | GRNWMM TQLGCTLNF
3761 PQ TLVWKRPI VAl KVGGQ | EALLDTGADD TVLEEMNLPG RWKPKI | GG
GGFI KVRQYD Q PVEI CGHK | | TTVLVGST PVNVI GRNLM TQLGCTLNF

*The polymorphic changes are underlined. The drug-resistance mutationdate.

Table 6.2 Sequences of the nine HIV-1 protease cleavageesitwithin the HIV-1

Gag-Pol polyprotein

Substrate P3 P2 P1 P1' P2 P3 P4

MA/CA GIn Asn Tyr Pro Ille Val Gin
CA/p2* Arg Val Leu Phe Glu Ala Met
p2/NC  Thr lle Met Met GIn Arg Gly
NC/pl GIn Ala Asn Phe Leu Gly Lys
pl/p6 Gly Asn Phe Leu GIn Ser Arg
TF/PR Phe Asn Phe Pro GiIn lle Thr
PR/RT Leu Asn Phe Pro lle Ser Pro
RT/RH Glu Thr Phe Tyr Val Asp Gly
RH/IN Lys Ille Leu Phe Leu Asp Gly

The cleavage site is between the P1 and P1’ residue. Thg2 @Ahtains an alanine to

phenylalanine mutation at P1’ position.
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6.2 Results

6.2.1 The four clinical MDR HIV-1 protease isolates are resistantto all
FDA-approved HIV-1 protease inhibitors

The drug-resistance profiles of the four clinical MDR HIV-1 peste isolates were
identified using enzyme inhibition assays. The four MDR protease varianmesgagnt to
all of the FDA-approved HIV-1 protease inhibitors at variouele\(Figure 6.1, Table
6.3). In the table, the HIV-1 protease variant NL4-3 represeM&l eHIV-1 protease.
Regarding to the inhibitory efficacy, the second generation ofIHpvotease inhibitors
(tipranavir, darunavir, lopinavir, and atazanavir) encountered lolative resistance.
Among the four MDR HIV-1 protease variants, MDR 807 and MDR 1385 weyee
resistant to the second generation HIV-1 protease inhibitors. Fofirshdine HIV-1
protease inhibitors 28), higher resistance was observed to atazanavir compared to
darunavir. These results confirmed fnevitro resistance of the HIV-1 protease clinical

isolates.
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Figure 6.1 Relative resistance of the MDR HIV-1 protease variast The y-axis is
relative resistance on a logarithmic scale while on theix-are the names of the

FDA-approved HIV-1 protease inhibitors.
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Table 6.3 IG5 and relative resistance of FDA-approved HIV-1 protease inhibitor agaist HIV-1 protease variants

ICso of HIV-1 protease inhibitors* in nM (relative resistance)

HIV-1 darunavir  atazanavir lopinavir tipranavir nelfinavir  amprenavsaquinavir indinavir ritonavir
Proteases

NL4-3 0.26 (1) 0.19 (1) 0.28 (1) 0.24 (1) 1.6 (1) 0.43 (1) 0.50 (2) 0.47 (1) 0.34 (1)
MDR 769 0.74 (2.8) 2.9 (15) 0.50 (1.8) 0.65(2.7) 110 (69) 4.8 (11) 290 (590) 120 (250) 61 (180)
MDR 807 2.0(7.7) 7.6 (40) 1.2 (4.3) 0.63(2.6) 210(130) 2.9(6.7) 850 (1700) 280 (600) 14.6 (43)
MDR 1385 3.0 (12) 4.6 (24) 2.3(8.2) 2.8 (12) 230 (140) 3.1(7.2) 29 (58) 140 (300) 8.0 (24)
MDR 3761 0.89(3.4) 2.2(12) 0.39(1.4) 0.63(2.6) 430(270) 4.1(9.5) 110 (220) 210 (450) 21 (62)

*The protease inhibitors were requested from the NIH AIDS ResearchedeceRce Reagent Program (http://www.aidsreagent.org/).
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6.2.2 The MDR HIV-1 protease isolates exhibited different distrate binding
preference relative to the WT protease

Compared to inhibitors, the higher flexibility of substrates cooddch the dynamic
changes in the proteasH){). The study of substrate binding facilitates the development
of peptidomimetic inhibitors. In the FRET substrate cleavageféen&nce experiments,
the five HIV-1 protease variants show varied preferenceésetmine heptapeptides. The
processing ratio in Figure 6.2 represents the ratio of theageeFRET substrate
processing velocity in the presence of the heptapeptide oveveremga FRET substrate
processing velocity in the absence of the heptapeptide. The hagleindicated less
interference by the peptide on FRET substrate processing. Bogiephide and the FRET
substrate were in excess molar ratio to the HIV-1 proteadetharpeptide concentration
was 40-fold higher than the FRET substrate concentration. Théméteg step of the
HIV-1 protease substrate, catalysis, is a chemical psaegker than a physical process
(120). Therefore, interference was caused by the peptide cleavagsprather than the
peptide binding process. Once a protease-substrate complex is fonmexdedvage of
FRET substrate is slowed down. The high velocity ratios of theTFRIBstrate cleavage
with or without the regular peptide were due to the lower chamicdorming
protease-substrate complex with the peptide. The complex formdimoryt was
supported by the enzyme assays using the uncleavable CA/p2 P1'Hep€eftie
inhibition of the uncleavable peptide is correlated with thetide competition results.
The 1G, values of CA/p2 P1'F pseudopeptide for NL4-3, MDR 769, MDR 807, MDR

1385, and MDR 3761 were 2.6 nM, 4.4 nM, 16.0 nM, 32.5 nM, and 55.4 nM, respectively.
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The corresponding relative resistance values were 1.7, 6.2, 131dottl, respectively.
The correlation coefficient between the FRET velocitjosin presence of CA/p2 P1'F
and the 1G values of CA/p2 P1'F pseudopeptide was 0.86.

The ratios of heptapeptide interference exhibited the likelihoguiatéase-substrate
complex formation (Figure 6.2). Compared to the WT protease, the I|diDERase
variants were interfered at lower levels by the presencegofiar peptides indicating the
impaired ability of the MDR HIV-1 protease to form a complaihwhe substrates. All
five HIV-1 protease variants had higher probability of forming cexgs with the CA/p2
P1'F peptide. The presence of CA/p2 P1’F significantly slowed dowmpriteessing of
the FRET substrate. Especially, the NL4-3 and MDR 769 were etehploccupied by
CA/p2 P1'F, and the fluorescent signal maintained as the beseflibackground signal.
The MDR 807, MDR 1385, and MDR 3761 had higher residual velocities of FRET
substrate processing with the interference of CA/p2 P1'F, suggete decreased
probability of complex formation. The MDR 807, MDR 1385, and MDR 3761 exhibited a
lower probability of forming complex with the substrate p2/NC caeghao the WT
protease and MDR 769. All four MDR protease variants were unfaleoi® form

complex with the RT/RH and RH/IN.
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Figure 6.2 Forster resonance energy transfer substrate processing ratithe bar chart
represents the ratio of the average FRET substrate ceaglmity in the presence of the
regular peptide substrate over the average FRET substesdeage velocity in the
absence of the regular peptide substrate. When the velotityisaone, the regular
peptide does not affect the FRET substrate cleavage bydteage. When the velocity

ratio is zero, the FRET substrate is completely competed out by the regpiaie.

6.2.3 The MDR protease-substrate co-crystal structures werasufficient to explain
the different substrate binding behaviors between the MB and WT HIV-1
proteases

Based on substrate competition experiments, the substratesre$tintere selected
to co-crystallize with the MDR HIV-1 protease varianheTpeptides CA/p2 P1'F and
p2/NC were successfully crystallized with MDR 769 82TP&y2,2, space group. The

CA/p2 P1'F-MDR 769 82T and p2/NC-MDR 769 82T co-crystals diffracte@.10 A
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and 2.30 A, respectively (Table 6.4). By superposing the MDR-subst@nplex
structures on corresponding WT protease-substrate complexesjitbieate backbones
were overlapped in both the MDR and WT complexes, and only minor costional
differences were noticeable in the long flexible side chétngure 6.3 A, B). The PY’
group of p2/NC in complex with MDR 769 was the major conformationailatien as
compared to that of the WT complex. The results suggested thatattic structures of
binding conformation are insufficient to explain the difference intsatesrecognition of
HIV-1 protease variants. Dynamic simulations are required tatifflehe sophisticated

differences in substrate binding among HIV-1 protease variants.
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Table 6.4 Crystallographic statistics

Dataset The MDR 769 82T in  The MDR 769 82T in
complex of substrate  complex of substrate
CA/p2 p2/NC
Data collection
Space group R2,2; P22,2,
Wavelength (A) 0.979 0.979
Cell constants (A) a=28.76 b=65.38 a=28.62 b=63.85
c=92.80 c=91.11
Resolution range (A) 30.00-2.10(2.14-2.10) 30.00-2.30 (2.38-2.30)
Number of unique reflections 10882 (507) 7945 (787)
Completeness (%) 99.9 (99.0) 98.8 (99.5)
Redundancy 7.6 (6.0) 4.0 (4.0)
Mean I6 (1) 13.2 (3.4) 10.0 (2.4)
Rrerge 0.162 (0.520) 0.114 (0.451)
Refinement
Ruork (%0)° 17.29 20.00
Riree (%)° 23.99 27.86
Number of atoms
Ligand 60 56
Protease 1529 1529
Solvent 258 137
Average isotropic B factor @
Ligand 20.28 35.32
Protease 16.83 30.46
Solvent 32.62 45.32
RMSD bond length (A) 0.008 0.009
RMSD bond angle (°) 1.06 1.26
Ramachandran plot
Allowed/generous/disallowed (%)  100/0/0 99.0/1.0/0

*Roege= Zhi 2i [l (hkl) - <I(hkl)>] / Zh Zi li(hkl), wherel; (hkl) is the intensity of an

observation ant{hkl) is the mean value for its unique reflection.

PRuork =2hi ||B|=IR|| / Zhi |Fol, where B and F are the observed and calculated structure

factor amplitudesRy is calculated exactly &,k Using a random 5% of the reflections

omitted from refinement.
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Figure 6.3 Substrate conformation illustrating binding to the MDR protease.(A) The
CA/p2 P1'F binding to the MDR 769 82T (green) comparing to its bqndina WT
protease (grey, PDB ID: 1A8K). (B) The p2/NC binding to the MDR 769 @Rf&en)
comparing to its binding to a WT protease (grey, PDB ID: 1K{C) The electron
density of CA/p2 P1'F. The mesh is &o-Fc OMIT map at 2.0c. (D) The electron

density of p2/NC. The mesh is &o-Fc OMIT map at 2.G.

6.2.4 The desolvation energy required by the MDR HIV-1 protease vents to form
protease-substrate complexes correlated with the substratertaling assay

Homology complex models of MDR 769, MDR 807, MDR 1385, MDR 3761, and
NL4-3 with p2/NC or CA/p2 were built to analyze the dynamic axtdons between
substrate and protease. After 10 ns molecular dynamics simml&i® HIV-1 protease
complex models became relatively stable (Figure 6.4, 6.5), andnthement of
substrates was analyzed for the last 40 ps of simulation. The RWI8Bch residue of

p2/NC or CA/p2 was plotted in Figure 6.6. The lower RMSD standardti®yv suggests
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a more stable substrate-protease complex. The RMSD standartiotevadues of CA/p2
binding to MDR proteases were comparable to that of CA/p2 birtdinige WT HIV-1
protease. Only the Met at P4’ site was unstable in the MDR-Cé&dptplexes. This result
indicates that CA/p2 stabilizes MDR protease complexes and senle as a template to
be further developed as a resistance overcoming peptidomimbiigtor. The RMSD
standard deviation values of p2/NC showed that P1 to P3 resié@uestable in both the
WT HIV-1 protease and MDR proteases while the P1'to P3’ residigee more unstable
in the MDR proteases compared to that in the WT HIV-1 prot&@dse=P4 Gly, the tail of

p2/NC, underwent large movements.
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Figure 6.4 RMSD values of the HIV-1 protease-p2/NC complexes.
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The RMSD of p2/NC residues
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The interaction energy and desolvation energy between the sebgpaiNC and
CA/p2) and HIV-1 protease variants were calculated based on thiecutar
mechanics/Poisson—Boltzmann solvent-accessible surface BHegaPBSA) method
(121). The interaction energies of the MDR 807-p2/NC and MDR 1385-p2/NC
complexes were stronger than those of other protease variaptesesy The stronger
interactions were contributed by the stronger electrostaticactten energies. The
pattern of CA/p2 binding energies were different form thggZNC. The CA/p2 peptide
bound to MDR proteases were stronger resulting in strongetragtatic interaction
energies.

The electrostatic desolvation energy is an unfavorable comtnibtd the binding
free energy of HIV-1 protease-substrate complexes. Comparethet electrostatic
desolvation energy, the non-polar desolvation energy was not actamgeonent for the
binding of HIV-1 protease to p2/NC or CA/p2. The desolvation energy esadng MDR
proteases in complex with CA/p2 were higher than that foMiecomplex. The p2/NC
complexes with MDR 807, MDR 1385, and MDR 3761 were calculated to hakerhig
desolvation energy than MDR 769 and NL4-3 complexes. GeneralDR Mroteases

required to overcome higher desolvation barriers to bind substrates.

www.manaraa.com



92

Table 6.5 Energy analysis of the HIV-1 protease-p2/NC complex

Terms of HIV-1 protease
binding free
energy NL4-3 MDR 769 MDR 807 MDR 1385 MDR 3761
AG o -103.7£11.9 -109.0+13.8 -136.5+22.1 -134.5+18.6 -82.5+11.9
AGj" W -78.1+3.4 -73.443.8 -77.314.0 -69.41+3.5 -77.613.4
AGint -181.74£11.6 -182.4+13.3 -213.9+21.5 -203.9+17.6 -160.1+12.0
AGesons™®® 176.048.9  184.249.6 203.9+17.8 223.2+17.7 261.649.1
AGeson PO -7.610.1 -7.6+0.2 -8.0+0.2 -7.4+0.2 -7.610.1
AGgesolv 168.4+8.9  176.6+9.6 195.9+18 215.8+18 254.0+9.1
Table 6.6 Energy analysis of the HIV-1 protease-CA/p2 complex
Terms of HIV-1 protease
binding free
energy NL4-3 MDR 769 MDR 807 MDR 1385 MDR 3761
AG®° -158.7+27.6 -191.7431.9 -193.8425.1 -206.4+20.6 -169.3+18.5
AG" W -67.8+4.4 -66.6+4.4 -69.0+3.7 -59.3+4.4 -66.1+3.9
AGint -226.5+25.9 -258.3+31.5 -262.8424.6 -265.7+19.5 -235.5+17.5
AGgesond™®® 281.0+24.3 282.1+245 313.8+14.1 298.4+18.8 332.3+16.6
AGgeson"P0" -7.610.1 -8.0£0.2 -7.5+0.2 -6.8+0.1 -7.240.1
AGgesolv 273.4+24 274.1+25 306.3+14 291.6£19 325.1+17

The interaction energiedGiy;) between the substrate and HIV-1 proteases are the

combination of electrostatic interaction energy chang€,®9 and van der Waals
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interaction energy changé@i,"™"). The interaction energies of the p2/NC or CA/p2
with the MDR protease variants were not weaker compardtetmteraction energy with
the WT HIV-1 protease (Table 6.5, 6.6). Except for the interaeti@ngy between p2/NC
and MDR 3761, the interaction energies with all the other MDRepsat variants were
stronger than the WT protease interaction energy, which does noinexpdadrug
resistance and the results of substrate competition expgsmidowever, the energy
barrier of desolvation correlated well with velocity ratios substrate competition
experiments. The desolvation energ¥s{eson) iNcludes the non-polar desolvation energy
(AGgeson®™) and the electrostatic desolvation enelyBdesoic®). The MDR proteases
require a higher desolvation energy to remove the water shéleiadtive site to form
complexes with the substrate (Table 6.5, 6.6). Pearson's cometafficient between
the velocity ratios for the p2/NC peptide (Figure 6.2) and the dsmh energies of the
p2/NC-MDR protease complexes is 0.78. Pearson's correlatidicwmygffor the CA/p2

dataset is 0.81.

6.3 Discussion

The study of MDR HIV-1 protease substrate preference in bindidgcatalysis
improves the understanding of MDR HIV-1 protease evolution asasgethe effective
inhibition of the MDR protease variants. Novel drugs could be designegtimnized
according to the favorable binding of substrates to the MDR HIV-1 protease.

The identification of the substrate sub-site preference of MIDR1 proteases helps
in the design of drugs that specifically inhibit MDR HIV-1 protsasThe MDR HIV-1

protease inhibitors may benefit patients who fail the requriatease inhibitor-containing
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antiretroviral therapy. According to the movement of p2/NC resicage measured by
RMSD in the protease active site (Figure 6.6), the P1'isMabt favorable in MDR 769
and MDR 807, and P2’ GIn is not favorable in MDR 769 either. Theeastte blocking

behavior of CA/p2 and its interaction energy with MDR proteaaggests that the
CA/p2 peptide easily forms a strong complex with HIV-1 pragsa3he tighter CA/p2
binding to the MDR protease variants as well as the reducedment of CA/p2 in the
MDR protease active site also supports the idea that the MR protease-specific
inhibitors against a panel of MDR HIV-1 protease variants cbaldeveloped using the
CA/p2 as an initial template for drug-optimization.

During the viral maturation, the processing of Gag and Gag-pol poépris an
ordered procesd22). The WT HIV-1 protease should maintain varying binding afsiti
to the different substrates. However, in the substrate intederassays, the FRET
substrate cleavage interference pattern of the WT HIV-1 gsetes not preserved in the
assays of MDR proteases. MDR proteases acquire drug-nesishy decreasing the
probability of binding to inhibitors. It is also possible for the matet and polymorphic
substitutions to decrease the ability of MDR HIV-1 proteaseitd Bubstrates. The
change in regulated substrate site processing could be a methawismpensate for the
loss of viral fitness and could be a mechanism to enlarge the MDRL variant
guasispecies populations in an infected individual. However, the shottaselzeptides
used in this study may not reflect the processing order of therptdyns cleavage sites

because the structural context and protease accessibility were lnateya
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The desolvation energy is an important component for substrate hititoin
recognition. The higher unfavorable desolvation energies of CA/p2-MDiRplexes
explain the resistance to the uncleavable CA/p2 reduced peptithe dtynamic process
of ligand binding, desolvation energy plays an important role inligfaend entry and
protease-ligand complex formation. The MDR proteases required ar legleegy to
desolvate the substrate and the protease active site. The Hegwdvation barrier for
MDR proteases increases the difficulty of protease-ligand @afprmation. The input
structures for simulation were modeled based on the closed fddR ¥69. Both the
crystal structure and direct measurement using pulsed doubleeietdgctron resonance
(DEER) have confirmed a larger distance between the flap<D#t W69 as compared to
the wild-type protease structur@l@, 123). The wide-open conformation of the MDR
protease in the solution exposes more active site regions toselaeh may further
elevate the desolvation barrier. Since the calculationtefaction energy and desolvation
energy were performed using different methods, it is not appropoi@ientpare directly
between the two datasets. However, the trends of energy digemmong HIV-1
protease complexes are good indicators for interpretation.

In conclusion, the difficulty in protease-ligand complex formatiomdseased for
MDR protease due to the high desolvation energy barrier. Drugndpsigly based on
the enzyme of inhibited state may not be able to reproduce the idymaeractions
during the formation of enzyme-inhibitor complex. The results in tepi@r suggest that
the desolvation of the HIV-1 protease active site is an itapbstep in protease-ligand

complex formation as well as drug resistance. Since itompatationally costly to
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simulate the process of inhibitor-enzyme recognition, desolvatierggicould serve as a
simplified parameter to be considered in drug design. The ewaluafi desolvation

energy could be utilized as one standard to screen drug candidates.

6.4 Author’s contribution

The author conducted the protein expression of the inactive MDRBZB8active
MDR 769, active MDR 807, active MDR 1385, and active MDR 3761 HMoteases.
The crystallization screening, crystallization setups, stracalution, enzyme inhibition
assays, substrate competition assays, molecular dynamidstsoms, and the analysis of
the results were performed by the author. The crystahdiftrn data collection and initial
data processing were done by Dr. Joseph S. Brunzelle from thetidepaof Molecular
Pharmacology and Biological Chemistry, Feinberg School of MedicimethiNestern

University, Chicago, IL.
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CHAPTER 7 STUDY OF TELAPREVIR POTENCY
AGAINST NON-GENOTYPE 1 HEPATITIS C VIRUS
PROTEASES

7.1 Introduction

Hepatitis C Virus (HCV) infection is more prevalent than HiNection; HCV has
infected approximately 170 million people worldwid&4). About 60%~80% of the
persons infected with HCV have a chronic infectid®5]. To eliminate the HCV caused
public health burden, effective treatments are needed. The clagaidikeC viral therapy
involves a combination drug cocktail; pegylated interfexe®e or pegylated
interferone-2b is paired with ribavirin in a 24-to-48 week regimen. The lengtthef
treatment is contingent upon the nature of viral genotype. Theequtssof treatment for
hepatitis C have improved recently, particularly with the advent of such dsudsrak &
Co., Inc.’s boceprevir (FDA approved on May 13, 2011) and Vertex Pharntatgut
telaprevir (FDA approved on May 23, 2011). Both telaprevir and bode@ey potent
HCV protease inhibitors. The HCV serine protease NS3-4A is a heterodimerised of
two HCV-encoded proteins, the catalytic subunit NS3 and the activailmmit NS4A.
Furthermore, the HCV NS3/4A protease employs a serine protease hydrolgtiarmsen.
Zinc ions are instrumental in maintaining the structural integrf the NS3, although
they do not play a catalytic role as they are situateddistance from the active site.

Serine protease function is quite varied, but all enzymes enaptatalytic, active site
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serine residue that plays a central role in cleaving ubstsate of choice. HCV protease
cleaves at four major junctions on the viral polyprotein precurgbich include the
NS4A/NS4B, NS4B/NS5A, NS5A/NS5B linkages, and a self-cleavagdS8/NS4A.
The HCV serine protease NS3/4A is broadly considered to be athengost attractive
targets for anti-viral, oral drugs. Telaprevir inhibits HC\firse protease via covalent
bonding to the serine hydroxyl oxygen. Since telaprevir was deagtldgased on
genotype 1 HCV protease, its efficacy with the other genotypekCdf proteases is not
fully understood.

The focus of this study is to illustrate a comparison of drugsteaste, among
different HCV genotypes, via molecular modeling and dynamicta Bl@aned from the
simulation can expand the present knowledge base surrounding théreausent by
providing new insight into yet untested interactions between thegeinhibitors and
various HCV genotypes. Telaprevir was initially modeled wih HCV serine protease
NS3/4A of several different genotypes and subsequently subjecteddoutaoldynamics
that simulated the interaction between protease and inhibitormbhecular dynamics
simulation allows a glimpse into the movement and interactionsthef HCV

protease-telaprevir complex over time.

7.2 Results

7.2.1 HCV NS3/4A protease expression and crystallization screening
The constructs for HCV genotype 4a, 5a, and 6a proteases were désigdi8a/4A
fusion proteases. The sequences of the NS3 protease domain and thedy8dé for

each HCV genotypes were selected based on the closesirigymib the consensus
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sequence of a particular HCV genotype. The representative seqimngesotype 4a, 5a,
and 6a HCV NS3/4 proteases were determined and listed in Table 7.1.

The HCV NS3/4A protease from genotype 4a and 6a were made by An&Spec
(Fremont, CA). The expression of HCV genotype 5a protease was essfutcdue to
low solubility. The HCV genotype 4a protease, whose concentratioighsr compared
to that of HCV genotype 6a protease, was sent to Hauptman Woobkhstiate (Buffalo,
NY) for a high-throughput crystal-growth screening. However, nataljzation hits
were obtained from the screening results. Moreover, no cr&ad in the grid screening

of previously published crystallization conditions of HCV genotype 1b NS3/4Agz®te
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Table 7.1 Representative NS3/4A fusion protease sequences for\H@enotypes 4a, 5a, and 6a

Genotype Strain Accession NS3/4 fusion protease Seq.*

4a 01-09 DQ418782 MGSSHHHHHHSSGLVPRGSHM GSVVIVGRVVLSGSGITAYAQQTRGLFSTIITSLTGRDTNENCG
EVQVLSTATQSFLGTAVNGVMWTVYHGAGSKTISGPKGPVNQMYTNVDQDIVGWPAPPGVKSLTP
CTCGASDLYLVTRHADVVPVRRRGDTRGALLSPRPISTLKGSSGGPLLCPGHAAGLFRAAVCTRG
VAKAVDFVPVESLETTMRS

S5a EUH1480 Y13184 MGSSHHHHHHSSGLVPRGSHM GSVAIVGRIILSGSG3TAYAQQTRGVLGAIVLSLTGRDKNEAEG
EVQFLSTATQTFLGICINGVMWTLFHGAGSKTLAGPKGPVVQMYTNVDKDLVGWPSPPGKGSLTRC
TCGSADLYLVTRHADVIPARRRGDTRASLLSPRPISYLKGSSGGPIMCP3/VGVFRAAVCTRGVA
KALEFVPVENLETTMRS

6a 6a67 DQ480520 MGSSHHHHHHSSGLVPRGSHM GCVVICGRITLTGSGITAYAQQTRGLVGTIVTSLTGRDKNEVEG
EVQVVSTATQSFLATSINGVMWTVYHGAGSKTLAGPKGPVCQMYTNVDKDLYGWPSPPGARSLTP
CTCGSSDLYLVTREADVIPARRRGDNRAALLSPRPISTLKGSSGGPIMCEBHVVGLFRAAVCTRGVA
KSLDFIPVENMETTMRS

*The N terminal sequence in bold is the His tag and thrombin cleavageogit¢hie pET28 vector.
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7.2.2 The telaprevir derivative retained sufficient potency tanhibit genotype 4 and

6 HCV NS3/4A proteases

Enzyme 1G, of HCV proteases from genotypes 2 and 3 were measured by Dr.

Ladislau C. Kovari, during his sabbatical with Vertex Pharmacadst Enzyme assays

t HCV NS3/4A protease muftygee 2 was

ir agains

showed the potency of telaprev

hibited

Ir ex

t HCV genotype 1 protedsatstelaprev

ir agains

lar to that of telaprevi

simi

up to 10-fold less activity against genotype 3 proteases (Figure 7.1).
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To further investigate the potency of telaprev

genotype 1, FRET substrate cleavage assays were performeddarmthe 165 against

genotype 4 and 6 HCV proteases. The treatment efficacy of tohibgainst HCV

genotypes from 4 and 6 can be inferred from ithevitro enzyme assays. \ertex

Pharmaceuticals kindly provided us a second generation inhibited kwas telaprevir
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named PI-1 (Figure 7.2). Inhibitor PI-1 is a specific, competitiveversible,
peptidomimetic inhibitor of HCV NS3/4A protease, which is structyraimilar to
telaprevir. PI-1 also shares the inhibition mechanism.oFketoamide of PI-1 forms a
reversible covalent bond with the catalytic serine in tbeve site. The inhibitory
efficacy of PI-1 against NS3/4A proteases of HCV genotype laarth6a was tested.
The 1G of PI-1 against genotype 1 HCV NS3/4A protease was determirte84aM.
Decreased inhibitory efficacy of PIl-1 against genotype 4 amtC¥ proteases was
observed. The I§values of PI-1 against genotype 4 and 6 HCV protease weraV.19
and 13.9 nM, respectively (Figure 7.3). The inhibitory efficacy ef Bfainst genotype
4 HCV protease is comparable to that against genotype 1 HC\apeot€he decreased

potency of PI-1 against genotype 6 HCV protease is only approximately 2-fold.
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Figure 7.2 Chemical structure of the telaprevir analog, PI-1.
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Figure 7.3 Inhibitor PI-1 IC 5o against Genotype 1, 4, and 6 HCV proteasethe Gy
values were calculated using the SoftMax Pro Software V.5¢dd¢dr Devices Inc.,
Sunnyvale, CA). The 1§ values are indicated adjacent to the curves. The top panel is
the compound inhibition experiment of the WT HIV-1 protease whildttm panel

is the compound inhibition experiment of the MDR HIV-1 protease. Theecdata
points presented in this figure are average numbers of ttplieadings. The Y-axis

represents the Relative Fluorescence Units (RFU) per seddral.X-axis is the
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genotype 1 HCV protease activity curve while the solid squandaslyand solid triangle
symbol represent the genotype 4 and 6 HCV protease activitg,a@spectively. The
IC50 calculations were performed by fitting a four-parameter sigmoinieé ¢o the data
points. To calculate the IC50 value, we used the equation y = (A4y/[C)"B]+D,

where A and D are the Y-values corresponding to the asymptdtes dowest and
highest concentration, respectively; B is a coefficient dasg the slope of the curve

(Hill coefficient); and C is the 16 value.

7.2.3 Telaprevir exhibits less movement when it binds to HC\genotype 1 and
genotype 4a proteases

The HCV NS3/4A protease of genotypes 4a, 5a, and 6a were modeled a
simulated for 10 ns. Using the same methodology, the HCV genotype IBIANS
protease was simulated as a control. After a 10-ns simulatien,nteraction of
telaprevir with the catalytic triad of HCV genotype 1 NS3ptAtease was illustrated in
Figure 7.4. The telaprevir is covalently attached to the Ser 18@&»wy group and

forms a hydrogen bond with His 57.
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Figure 7.4 Interaction of telaprevir with the catalytic triad of HCV genotype 1
NS3/4A protease.The catalytic triad, His 57, Asp 81, and Ser 139 are showticik s
model. Telaprevir is represented in a green stick model. Bmgercartoon model is the

NS3 protease domain and the yellow cartoon model is the cofactor NS4A.

Based on the RMSD values throughout the simulation process (FHidbkethe
HCV proteases of genotypes 1b and 6a had the least amount of movenrerihe
initial models while overall RMSD values of the HCV genotyfze and 5a proteases
were 0.2 A larger. The RMSD values of protease-inhibitor comglsxggested the
structural similarity between genotypes 1b and 6a proteasesai®gthan that between
genotype 1b protease and genotype 4a or 5a protease. Regarding @mentoof
telaprevir (Figure 7.6), the RMSD values of telaprevir bindmgHCV genotype 4a
proteases were larger than those of telaprevir binding to gendtype or 6 HCV
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Figure 7.5 RMSD values of HCV NS3/4A protease-telaprevir comptes during the

10-ns simulation.
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Figure 7.6 RMSD values of telaprevir binding to various HCV NS3IA proteases
during the 10-ns simulation.

Telapravir displayed the most relative stability when complewgtd NS3/4A
protease genotypes 1 and 4 than with genotypes 5 and 6. This conclusion is supported by
considering the standard deviation of average RMSD taken frerfinal 200 frames of
the protease-ligand complex trajectory files (final 0.4 ns ofldwas simulation, Figure

7.7). A relatively lower standard deviation between plottechtpo{frames) of the

molecular dynamic corresponds to a relatively greater measumgotéase-ligand
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complex stability.

D14
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Figure 7.7 Standard deviation of the telaprevir average RMSD uting the last

400-ps of the simulation.

7.2.4 The binding between telaprevir and HCV NS3/4A genotype lrgiease
residues is superior to telaprevir complexes with the mteases of HCV genotypes 4,
5, and 6

Analysis of protease-ligand interactions is a direct wayaluate ligand binding.
The Ligplot software§1) was used to formulate and visually represent the interactions
between the residues of a given NS3/4A protease genotype andstlcates ligand,
telaprevir. The interaction maps of telaprevir with four défé genotypes of HCV
proteases are represented in Figure 7.8. The genotype 1 protaase-digmplex
displayed the most favorable bonding profile, showing eight hydrogen lcongsared
with seven in both the genotype 5 and genotype 6 complexes and sixgertbtype 4
complex. These data suggest that active site binding betwesmpretét and the

implicated NS3/4A genotype 1 protease residues is superior to telagmeyilexes with

the remaining studied genotypes (4, 5 and 6).
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Table 7.2 Analysis results using the Protein Interfaces, $aces and Assemblies

server

Telaprevir complexes with  Buried area AG™ Number of hydrogen

HCV NS3/4A proteases (A? (kcal/mol) bonds with inhibitor
Genotype 1 475.9 -2.18 8
Genotype 4 492.6 -1.62 6
Genotype 5 480.2 -0.87 7
Genotype 6 475.5 -0.76 7

When genotype 1 NS3/4A protease-telaprevir complex is comparedelerevir

binding to genotype 4, 5, and 6 proteases, the genotype 4 NS3/4A prbsehsewer

hydrogen bonds with the ligand telaprevir, but more van der Watalsactions relative

to the other genotypes. The genotype 4 protease complex displayesivendnydrogen

bonding residue than do genotypes 1, 5 and 6 HCV proteases (Table &.8gnbtype

4 protease complex lacked a hydrogen bond between Cys 159 and therinklietreas

genotypes 1, 5 and 6 all displayed a hydrogen bond between the Cyssith rand

telaprevir. The HCV protease-telaprevir interactions werther analyzed using PDBe

PISA server 126). In the PISA analysis, the covalent bond between the HCVgz®te

and telaprevir was manually removed. Telaprevir binding to thetgpe 4 HCV

protease had the largest buried ligand area. In the TablaG"2indicates the solvation

free energy gain upon complex formation, which suggested that theygeriotHCV

protease-telaprevir is the tightest complex among the genbfypeb, and 6 complexes.

According to buried ligand area and ligand RMSD deviation restlles genotype 4

www.manaraa.com



110

HCV protease-telaprevir RMSD data suggest that telapséaws comparable binding
of between the 1 and 4 genotypes.

Table 7.3 Interaction energy between telaprevir and HCV proteases

Telaprevir complexes  Electrostatic Van der Waals Nonbonded

with HCV NS3/4A  interaction energy interaction energy interaction energy

proteases (kcal/mol) (kcal/mol) (kcal/mol)
Genotype 1 -87.89 -55.12 -143.01
Genotype 4 -77.62 -56.88 -134.50
Genotype 5 -78.21 -55.78 -134.00
Genotype 6 -81.18 -55.69 -136.87

The interaction energy calculation of the HCV protease-w@prcomplexes
supported the results of PISA analysis. Genotype 1 HCV protdapeetar complex
showed the strongest total interaction energy (-143.01 kcal/mole Tall). The
Genotype 4 HCV protease-telaprevir complex was stronger in van der Waedsions
but weaker in electrostatic interactions, which is correlatiéal the larger ligand buried
area and loss of one hydrogen bond in Table 7.2. In summary, based areripe e
calculations, telaprevir inhibited genotype 1 HCV protease thighbest potency but

retained sufficient potency to effectively inhibit non-genotype 1 HCV psetea

7.3 Discussion
The development of telaprevir greatly benefits the hepditipatients. Since
telaprevir has only been approved for the treatment of patiestsedf with genotype 1

HCV, more basic researches need to be conducted prior to th&ianited clinical
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studies to investigate the potency of telaprevir againsigeontype 1 HCV strains. The
first section of this study is the testing iof vitro inhibitory efficacy of the telaprevir
analog against genotype 4 and 6 HCV proteases. The second sethersifdy is the
determination of the structures of genotypes 4, 5, and 6 HCV proieas@splex with
telaprevir using homology modeling and molecular dynamics.

According to the enzyme assays with the telaprevir analog, &td simulation
results of the HCV protease-telaprevir complex, the bindingepest of telaprevir to
genotype 4, 5, and 6 HCV proteases are conserved. A preliminarysioncls that
telaprevir possesses sufficient potency to treat genotype 4, 56 ah@V strains.
Therefore, it is possible to expand the patient target populatidelagrevir or its
derivatives to those infected with non-genotype 1 HCV variahtereakness for the
enzyme assays is that the second generation inhibitor, aetatagerivative, was used
rather than original telaprevir. The potency of the telapisiivative in clinical tests is
unclear.

The structural study of telaprevir binding to NS3/4A proteases fhéreint
genotypes may lead to the developing treatments for patients infecteabwitienotype
1 HCV. To improve telaprevir efficacy with the other HCV gempety, one strategy
might be to structurally modify telaprevir to restore gnetease binding network, such
as the loss of hydrogen bond with the protease residue Cys 159. Astodtegy is to
extend the flexible end (the P4 and P5 groups) of telaprevir te stakle contacts with
the HCV protease, which reduces the binding instability of the inhibitor.

The telaprevir binding to HCV NS3/4A protease is a two-steggss. Telaprevir
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first forms a weaker non-covalent collision complex with thevHotease, and then a
covalent bond is formed between telaprevir and the catalytizesefithe HCV protease.
In this simulation study, the HCV protease-telaprevir complexesmodeled as the
covalently attached complex. Whether telaprevir is able to ssitdly form the
non-covalent collision complex with non-genotype 1 HCV proteasesnbadeen
examined. In future experiments, the ligand binding affinity of-cavalent HCV
protease-telaprevir complexes will be studied to further exptbee potential of

telaprevir in the treatment of patients with non-genotype 1 HCV.

7.4 Author’s contribution

The author performed the enzyme assays and set up the moldgomics
simulations. The HCV protease expression experiments wereectaout by the
scientists at AnaSpec, Inc. (Fremont, CA, USA). The author and his lab m&abeiel

J. Reiter, analyzed the data. Samuel J. Reiter produced the figtinesRi¥1SD plot.
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CHAPTER 8 FUTURE DIRECTIONS

Drug discovery is still a trial-and-error testing processiddal design anth silico
evaluation may accelerate this process. We will proposenmaifications of lopinavir
and evaluate them by simulating the inhibitor-protease interectiThe promising
candidate molecules will be synthesized through collaboration witlicmal chemists.
The goal is to develop inhibitors that target with equal potdruti the WT HIV-1
protease and the MDR HIV-1 protease.

The drug resistance is caused by multiple steps of dynam@cactions. Crystal
structures plus molecular dynamics are powerful tools to underteandomplicated
mechanisms. In the Protein Data Bank, there are stithiell number of apo HIV-1
protease structures. Increasing the diversity of the apo HIGt&ase structures and the
HIV-1 protease receptor structures for a given protease iohiluill improve our
knowledge of protease flexibility upon drug binding. Furthermore, wesmillate the
movement of the protease flaps that is triggered by inhibipmssibly linking protein
flexibility with drug resistance.

Regarding the HCV project, we will study the drug resistant 6VHorotease
mutations to boceprevir, another newly approved HCV protease inhiBiceprevir
inhibits the HCV protease catalytic serine through dHestoamide function group as
described earlier for telaprevir. During the clinical triggveral mutations that cause

boceprevir resistance have been identified. The goal is sialige the boceprevir
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resistant HCV NS3/4A protease mutants with or without bocepasvstarting models

for molecular dynamic simulations.
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ABSTRACT

DRUG RESISTANCE MECHANISMS AND DRUG DESIGN STRATEGIES FOR
HUMAN IMMUNODEFICIENCY VIRUS AND HEPATITIS C VIRUS
PROTEASES

by
YONG WANG
May 2012

Advisor: Dr. Ladislau C. Kovari
Major: Biochemistry and Molecular Biology
Degree:Doctor of Philosophy

The antiviral drug development has improved steadily to tteatinfections of
human immunodeficiency virus (HIV) and hepatitis C virus (HGW¥hich represent
heavy public health burdens. The viral protease plays an indispensdélin viral
maturation and therefore becomes one of the most importantstdogedrug design.
Nine HIV-1 protease inhibitors and two HCV protease inhibitors haea developed
and approved by the U.S. Food and Drug Administration. However, m#atothe
protease decrease reduce the efficacy the drugs. In this study, the enaysénassate
that darunavir and tipranavir exhibit the most potent inhibition ag#mesmulti-drug
resistant (MDR) HIV-1 protease, which is supported by the gstalr structures of the
MDR protease-darunavir complex and the MDR protease-tipranaviplex. The MDR
HIV-1 protease not only decreases the susceptibility to drugs botimlpedes the
formation of protease-substrate complex. Molecular dynamics aimmulresults show

that the MDR HIV-1 protease needs to conquer a higher desolvatiogydrearier to

www.manaraa.com



136

bind the substrate. Besides the study of drug resistance m&uolatwo drug discovery
methods have been carried out in the study. One method is the mmuohifiwiad current

drug, lopinavir. The potency of the lopinavir analog against theRMHDV-1 protease

increases. The other method is the identification of a novelIHprotease inhibitor
scaffold to increase the structural diversity of inhibitorsthie HCV section, the study
focuses on an HCV NS3/4A protease inhibitor, telaprevir, whichpmoved for the
treatment of patients infected with the HCV genotype 1. The emzgssays and
molecular dynamic studies suggest that telaprevir maynrstdficient potency to treat

the non-genotype 1 HCV strains.
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