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ABSTRACT

Human immunodeficiency virus type 1 (HIV-1) is tbause of an estimated 1.9 million
deaths in the world annually. The HI virus has ¢hrenzymes, notably; reverse
transcriptase, integrase and protease, which a@atifor its maturation and continued
infection. HIV relies on the catalytic efficacy dfie protease enzyme for cleaving
precursor polyproteins to yield structural and tio@al proteins. Inhibition of the viral
protease proffers major therapeutic benefits inbthitle against HIV. However, the use
of protease inhibitors in HIV regimens is limite¢ the emergence of drug resistant
mutations in the protease coding region. Drug tasismutations are characterized by
amino acid substitutions, deletions, and/or ineadiin the viral sequence. Thus, this
study set out to assess structural and functidmadacteristics of an HIV-1 South African
subtype C (C-SA) protease with a single amino aaibistituted and another inserted at
codon 36, i.e., I36TT, with respect to the wilgheyHIV-1 C-SA protease. An I36TT
protease was generated with its background polymems (P39S, D60E, and Q61E),
over-expressed, and purified. Secondary and terstanctural properties of the wild-type
and the variant protease were evaluated using Yacit¢ular dichroism and fluorescence
spectroscopy. Both proteases exhibited typical rsdaxy structural features of a
predominantlyB-sheeted protein, indicated by circular dichroigmcira with minima at
216 nm. Using intrinsic tryptophan as a probe, tdréiary structures of both proteases
revealed that the local structural environmentbaih proteases had not been perturbed.
This was indicated by fluorescence emission intgnpeak at 355 nm. Proteolytic
efficiency of the protease enzymes was evaluatddwimg hydrolysis of a synthetic
chromogenic HIV substrate mimicking the conserveatgase cleavage site in thag-

pol polyprotein precursor. A comparison of the kinefimperties of the enzymes
indicated that the I36TT variant protease hasghli (7%) enhanced catalytic activity
relative to the wild-type HIV-1 C-SA protease. Enmtic parameters of the two
proteases in the presence of various proteasetiotsbshowed that both proteases’
catalytic activity is highly affected by saquinawith ICs values of 7.6 nM and 6.3 nM
for the wild-type and the variant, respectivelyeNariant protease enzyme, compared to
the wild-type, appears to have acquired resistao@ards indinavir with 1g value of
16.2 nM and 9.5 nM for the variant and wild-typespectively. In the presence of



ritonavir, the variant protease @ggvalue of 36.4 nM) proved to have retained mostsof
enzymatic characteristic as compared to the witktgrotease (1§ value of 19.1 nM).
The wild-type and variant protease enzymes shouveillas susceptibility (1Go value of
17.3 and 16.8 nM for wild-type and variant, respaty) to nelfinavir. Thermodynamic
analysis of the protease enzymes indicated that3®i€T mutation does not affect the
binding energetics of acetyl pepstatin to the @e¢e Thus, vitality studies suggest that
the I36TT substitution/insertion mutation and backmd polymorphisms were
incorporated in the HIV-1 C-SA protease enzymentprove viral replication rate.
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CHAPTER 1

1 INTRODUCTION

1.1 Human immunodeficiency virus

Human immunodeficiency virus (HIV), the causativgeat of the acquired immunodeficiency
syndrome (AIDS), is a retro-virus (an RNA virus)dais the cause of an estimated 1.9 million
deaths in the world annually (Weiasal., 1985; Gallo and Montagnier, 1988; WHO, 2008). The
HI virus mutates rapidly, producing variable stgaof the virus within a single host. Based on
genetic similarities, the HI virus has been catesgak into types, groups, and subtypes. HIV-1is
the most prevalent of the two types of HIV (HIV44daHIV-2) and is further classified into four
groups (M, N, O and P). Of the four groups, the d&M) group of HIV-1 is the most common
and it is responsible for more than 90% of HIV otfens globally. The “M” group is sub-
divided into ten genetically distinct subtypes (AH, J and K) (Robertsost al., 2000; Gonzales
et al., 2001; Velazquez-Campayal., 2003). Although the B subtype was the first ¢oskudied,

as the HIV pandemic continues, more studies arasfiag on subtype C since this subtype
accounts for more than 56% of all new infectiorabglly (Esparza and Bhamarapravati, 2000).
The higher level of viral fithess and easy transiois of the C-subtype has been proposed to be
responsible for its increased spread (Goreta., 2003; de Oliveir&t al., 2003).

1.2  Structure of the HI virus

The HI virus, like most retroviruses, has threemgenes; specificallygag, pol andenv which
are expressed as zymogens (inactive polyproteicupers) (Coffin, 1984; Lubaet al., 1993).
The zymogens are later hydrolyzed at specific dibegield mature structural and functional
proteins crucial for viral assembly and maturati@md continued infection of the virus
(Vogt, 1996; Louist al., 1999; Turner and Summers, 1999) (see Figure priiease cleavage
sites in thegag-pol polyprotein and the products thereof). Proteolg$ithegag region gives rise
to the structural proteins; N-terminal matrix protg17), the capsid protein (p24), the
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Figure 1: Structural arrangement of the gag-pol polyprotein precursor in HIV-1

Specific and additional novel viral protease clegvaites are indicated by straight arrows and
asterisks, respectively. The focused region depigtsio acids spanning the NC-TFP, TFP-6pol
and p6pol-PR junctions. The transframe region (TER)sists of the transframe octapeptide
TFP, 48 amino acids of p6pol and an inhibitor & girotease (i.e., the underlined Glu-Asp-Leu
tripeptide). Bracketed arrows indicate the N-teiinohthe protease precursor (TFP-p6pol-PR),
the intermediate p6pol-PR and the mature proté¢agare adapted from Lougt al., 1999.



nucleocapsid (p7) and the C-terminal p6 (Luletal., 1993). The two envelope glycoproteins,
gp41 and gpl20, in the golgi apparatus are encaddteenv gene and are processed in the final
stages of HIV-1 life-cycle to produce infectiousrien particles (Deboucket al., 1987;
Niu, 2008). HIV-1pol gene processing yields three viral enzymes; nantled¢y protease (p10),
reverse transcriptase (p66 and p51) and integrp8@) (crucial for viral maturation and
propagation (Figure 2 summarises the contributibrthese proteins in the HIV life-cycle).
Maturation of the polyproteins is achieved by pobgec processing of the genes by the protease
enzyme, encoded in thpel gene of the retrovirus, during late stages obwifiormation (Coffin,
1984; Debouclet al., 1987).

1.3  HIV-1 protease structure and function

Contrary to other cellular proteases, retrovirabtpases (HIV-1 protease included) are
symmetric homodimers with their substrate bindihgfts formed along the interface of the
dimer (Katohet al., 1989; Louiset al., 1999). HIV-1 protease is composed of 198 amiridsa
(99 from each subunit) and classified under thedgpproteinases (Richardsal., 1989; Dash
and Rao, 2001; Trylsket al., 2007). The formation of the protease dimer @&bisized by the
conserved intra-monomer contact between Asp29 ag8/Aresidues and the active site inter-
monomer contact between Asp25 and Thr26 residsasr(aet al., 2007). Interface interactions
between the N-terminal (amino acid 1 to 4) and iGiteal (amino acids 96 to 99) residues
(see Figure 3) also play a fundamental role in difoemation (Weber, 1990). Studies have
indicated that dimer stability is also influencedthe sequences flanking the N-terminus (native
transframe region) of protease domain in thag-pol precursor (Louiset al., 1999;
Ishimaet al., 2007). The above observation was indicated dgaatic reduction of the catalytic
activity of the protease prior to its maturationtta# N-terminus. The active site of the HI viral
protease is covered by “flaps” (flexikehairpins formed by residues 45 to 55 of each maTdm
which control access to the active site (Trylskal., 2007) (Figure 3). Flexibility of the “flaps”
is suppressed when the protease is bound to abitmhior substrate (Ishimat al., 1999;
Trylskaet al., 2007).



2 Binding and Fusion: Virus binds to
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Figure 2: HIV life-cycle
Production of mature and infectious HI viral pddg is achieved through synergistic

contribution of thegag-pol gene products as depicted above. Picture takenAi@8info.org.
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(formed by residues 45 to 55 of each monomer)

“Hinge” L
region/ | -
Flap elbow Ligand bound

(codors 32 to 4)) in the active site

Catalytic Asp 25

Dimer interface

Figure 3: Ribbon representation of a ligand-bound lbmodimeric HIV-1 protease

The active site of the enzyme is formed from siutbAn(in blue) and subunit B (in pink) with
the two catalytic aspartic acid residues 25 and @t from each subunit, shown in red stick-
format at the bottom of the cavity. Dimer formati stabilised by interface interactions
between the N-terminal (amino acid 1 to 4) andg@atnal (amino acids 96 to 99) residues. The
above structure was generated using Swiss-pdb vigBuexet al., 1995). The PDB code used

to generate this structure is 2R8N.



Based on the mechanisms they use to catalyse pdptitolysis, protease enzymes are divided
into two classes. The first class uses an activateteophilic (can either be a hydroxy group or
thiol) atom of an amino acid side chain to initigedrolysis of the amide bond carbonyl carbon
of the substrate’s scissile bond. The second class an activated water molecule to attack the
carbonyl carbon of the scissile amide bond. Inftmmer class, the activated nucleophilic atom,
activated by another amino acid side chain, attdlo&samide bond carbonyl of the substrate’s
scissile bond to yield an acyl enzyme intermed{ateester or a thioester). The intermediate is
then hydrolysed by a water molecule to yield fipabducts. In the latter class, the water
molecule is activated by either a zinc cation (zivec metallo-proteases) or by an aspartic acid
residue, Asp-COQFigure 3) (the aspartyl proteases) at the acitee Aspartyl proteases have a
conserved Asp-Thr-Gly motif within the active ssigistrate binding cleft, located at positions
25 to 27 within the HIV-1 protease, which is implied in the activity of the HIV protease
(Miller et al., 1989; Dash and Rao, 2001). Figure 4 summarizescatalytic mechanism of

aspartyl proteases, HIV-1 protease included.

Okimotoet al. (2000) demonstrated that HIV-1 protease hydrslysechanism consists of three
crucial reactions; namely, the reaction of the fation of the amide hydrate intermediate, the
reaction of the protonation of the proline nitrogenthe substrate and the reaction of the C-N
bond cleavage of the substrate. The second redotimy the rate-limiting step because of the
presence of proline in the amide hydrate interntedimeaning that proline would cause the
streric hindrance for the protonation reaction.di&s have demonstrated that replacing the
catalytic Asp25 residue with an asparagine resldads to inability of the HIV-1 protease to
cleave its substrate (Debouekal., 1987; Seelmeiegt al., 1988) and reduced stability of the
protein during folding (Ishimat al., 2007).

Biochemical and genetic characterization of the lgBhome revealed that viral genomes with
malfunctioning protease yield immature and nonitidess virion particles, rendering the virus
harmless (Debouctt al., 1987; Kohlet al., 1988). For this crucial role played by the pasiin

the HIV-1 life-cycle, extensive studies are continsly conducted to design drugs that will bind

to the active site of the protease enzyme and iinkib
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Figure 4: Mechanism of peptide bond hydrolysis by spartic protease
Two aspartic acid residues are located on oppssies of the peptide bond to be catalyzed in

the protease active site. One aspartic acid reg@isie-COOQO) acts as general base to activate the

water molecule (H-OH) which will in turn attack tiearbonyl carbon of the scissile amide bond
of the substrate. The second aspatrtic acid regiisle COOH) acts as general acid to protonate

the leaving amine product. Adapted from Walsh, 2003



1.4  HIV therapy and drug resistant mutations

Studying and understanding the structure and {fdecof the HI virus led to development of
potential drugs that target specific viral proteirdV treatment employs drugs that inhibit the
catalytic properties of the major enzymes (proteagegrase, and reverse transcriptase) which
the HI virus uses for its continued infection. Thegimen is termed HAART and uses a
combination of drugs (e.g., protease inhibitorgegnase inhibitors and reverse transcriptase
inhibitors) which suppress viral multiplication andtimately, improve the host's immune
response. Studies have revealed that inhibitiothefviral protease offers major therapeutic
benefits in the battle against HIV (Debouck and dd#t 1990) since the enzyme plays a crucial
role in the viral life-cycle. A large number of cently used antiviral drugs target and inhibit the
catalytic activities of this viral enzyme. Howeveffective treatment of HIV-1 infected patients
is often hindered by the rapid emergence of drggstant mutants with reduced susceptibility to
inhibition by antiretroviral drugs used in HIV-leatment (Condrat al., 1995; Schinazét al.,
1997; Lorenzet al., 1999; Rodriguez-Barrios and Gago, 2004).

Drug resistant mutations arise as a result of higdl replication rate, lack of post-transcriptibna
modification (i.e., proof-reading) of the RT, andop patient compliance to ARV treatment,
amongst others (Kantaat al., 2004, Wensingt al., 2005; Cozzi-Leprit al., 2007). In some
cases, drug resistant mutations have also demtetst@be partly accounted for by transmission
of the infection from drug-experienced patientsitinfected individuals (Wensing al., 2005).
Additionally, Gulniket al. (1995) also showed the possibilities of emergerfagoss resistance
to other protease inhibitors from exposure to jus¢ drug. The structure-based drug design
combines computational biochemistry and structbrathemical methods to develop new lead
compounds. The lead compounds are designed inyahaathey have improved potency and
specificity towards the targeted protein (Wlodaward Vondrasek, 1998). Thus, second
generation inhibitors (Figure 5) of the HIV-1 prase were designed (by optimizing favorable
polar interactions with main chain atoms and toseoved residues, and by reducing the size of

the inhibitor's hydrophobic groups) to overcomestsice (Kovalevskegt al., 2006).
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Figure 5: Chemical structures of the HIV-1 proteasenhibitors
The first generation inhibitors (Indinavir, Saquiita Nelfinavir and Ritonavir) of HIV PR were amaosigthe first drugs developed

using structure-based drug design. The second g@meiinhibitors (KNI-764 and KNI-272) were desightd overcome resistance
due to DR mutations arising from exposure to the fijeneration inhibitors. The second generatibibitors bind to the active site

with improved specificity. The Pls bind at the getsite of the PR. Picture taken from Velazquez-ganet al., 2001b.



DR mutations are characterized by amino acid switisins, deletions, and/or insertions in the
viral sequence. These mutations frequently ememngthé reverse transcriptase and protease
enzyme of the HI virus. Studies have revealed $hhah mutations may alter the viral structure
and can affect the functional kinetics of the eneyfPeboucket al., 1987; Kimet al., 2001;
Ishimaet al., 2007).

1.5 Insertion mutations

Amino acid insertions are a common feature of theerse transcriptase enzyme of HIV and are
implicated in the development of drug resistancEllivf positive patients on RT inhibitors (Kim

et al., 2001; Masquilieret al., 2001; Koziseket al., 2008). However, in rare cases, insertion
mutations have also been detected in the proteaseaf HIV. In 2001, Kirret al. estimated the
prevalence of insertions in the protease to be%.®%®m a database of more than 24 000
genotyped patients’ sera. Most of the insertionghi@ protease are usually duplications of
neighboring sequences and are likely generated byslppage during reverse transcription
process (Winters and Merigan, 2001; Kozistkal., 2008). Part of the “hinge” region (i.e.,
codons 32 to 41, see Figure 3), which leads to“flaps”, in the protease, is most prone to
insertions. Mutations in this region cause confdromal changes in the active site of the enzyme
and lead to compromised flap movement (Todd andre;r&999). This confers the virus an
effective way to block access of protease inhikitorthe active site. Consequently, the protease
develops resistance towards Pls and enhancesfimmass (Kimet al., 2001; Koziseket al.,
2008).

Following Grant’s report on the possibility of teamitting insert-containing viral strains between
patients (Granét al., 2001), Sturmeet al. (2003) reported on a patient with amino acid itsser

near codon 36 (M36TNL) of the protease prior tagase inhibitor therapy. This suggested that
viral strains with inserts in the protease enzymgh acquired Pl resistant mutations, may

become more common in the future.

10



1.6 Objectives

Insertion mutations have been detected at varioggipns in the protease coding region of HIV,
but codons 32 to 41 of the protease enzyme appelae tmore prone to amino acid insertions
(Winterset al., 2005). Grangt al. (2001) reported on the possibility of transmiasid the insert-
containing HI virus amongst patients, suggestirag tiral strains with insertion mutations in the
protease enzyme, that have acquired protease tmhibsistance, might be more common in the
future. Later on, amino acid insertions (M36TNL) time protease sequence of HIV-1 were
detected in protease inhibitor-naive patients (Béuret al., 2003). The M36TNL variant was
discovered in the subtype B HIV-1 protease andndidshow major effects on the biochemical

characteristics of the protease enzyme.

Thus, in this study, an HIV-1 South African subtypeprotease with an amino acid substituted
and inserted at codon 36 (I36TT) was assessed~(gaee 6 for the location of the insertion and
background amino acids polymorphisms). The protgasant was selected from 240 genotyped
patients’ samples. The PR sequence was obtainedHRrof. Lynn Morris (NICD, Johannesburg,

South Africa). The variant has distinct backgroyalymorphisms (P39S, D60E, and Q61E)
which accompany the insertion. The protease vairratiie current study (I36TT) was detected

in drug-naive patients.

The current study was aimed at assessing the battm of the I36TT substitution/insertion
mutation to the overall structure and enzymatigprties of the South African HIV-1 subtype C
protease. Position 36 of the protease is locatetthanhinge region (Figure 6) which controls
access to the active site of the enzyme. Mutatiiotisis region may alter protease flexibility and
activity (Koziseket al., 2008). Secondary and tertiary structural contdnthe I36TT variant
protease were probed using far-UV circular dichmoispectroscopy and intrinsic tryptophan
fluorescence spectroscopy, respectively. Isothetitration calorimetric experiments with the
aspartyl protease inhibitor, acetyl pepstatin, weamgied out to evaluate binding energetics of the
inhibitor to the HIV-1 C-SA protease. Kinetic paraters of the enzyme were evaluated using a

chromogenic HIV-1 substrate which resembles théepise cleavage site in thag-pol

11



Figure 6: Ribbon representation of the crystal stricture of a free (unbound) conformation

of HIV-1 protease

Locations of amino acid residues which are mutéiteetkground polymorphisms) in the I36TT
variant used in this study are highlighted with exgls of various colors. Shown in green, pink
and yellow are ther-helices,p-strands and aperiodical structures, respectivEiye backbone
and side chains of the tryptophan residues frorh sabunit are highlighted in blue stick-format.
The above structure was generated using Swiss-pelvey (Guexet al., 1995) (PDB code:
1HHP).
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polyprotein precursor. Furthermore, inhibition assavere performed using four protease
inhibitors which are available in our laboratorygtably, saquinavir, indinavir, ritonavir and
nelfinavir. These drugs are currently employed itV Hherapy. The variant HIV-1 C-SA

protease was compared to the wild-type protease.
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CHAPTER 2
2 MATERIALS AND EXPERIMENTAL PROTOCOLS

2.1  HIV-1 expression vector

The pET-11b plasmid carrying a gene encoding s@bB/protease was a gift from Dr. Jordan
Tang from the University of Oklahoma Health Scien€enter, Oklahoma city. The plasmid
DNA was mutated to code for the wild-type HIV-1 Sowfrican subtype C protease by Dr.
Salerwe Mosebi at the University of the Witwatensta Johannesburg, South Africa.
Autocatalysis of the protease was minimized byohiicing the Q7K substitution which reduces
the most autocatalytic site (Mildneral., 1994; Velazquez-Campay al., 2001a). The plasmid

is 5.7 kb and is under control of a T7 promotemshlid identity was confirmed by DNA

digestion using specific restriction enzymes, BamHI and Ndel, and then analyzed on a 1%
agarose gel. The cDNA sequence was verified byesegog (at Ingaba Biotechnical Industries)

using the universal T7 primer.

2.2 Reagents

Chromogenic HIV substrate was purchased from QalidoPeptide Research, Inc. California,
USA. FlexiPrep kit for DNA purification was purchexs from Amersham Biosciences, New
Jersey, USA. Oligonucleotide primers, DNA and proteadders, and restriction enzymes
(BamHI and Ndel) were purchased from Ingaba Biotechnical IndestriPretoria, RSA. The
QuikChangé" site-directed mutagenesis kit was purchased fronats®ene, California, USA.

All other chemicals were of analytical grade.
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2.3  HIV-1 South African subtype C variant protease segance

Sequence data of a patient infected with SouthcAfrisubtype C (C-SA) HIV-1 was obtained
from Prof. Lynn Morris’s laboratory at the Nationaistitute for Communicable Diseases,
Johannesburg, South Africa. Viral RNA was purifiedm the patient's serum using QIAmp
MinElute® Spin Kit (QIAGEN) according to the manafarer instructions. The extracted viral
RNA was reverse transcribed to synthesize a cDNAchvivas then amplified with a nested
PCR. Amplification of cDNA was verified on an agseogel (1%) containing ethidium bromide.
PCR product was purified using Roche PCR purifiza{iRoche) according to the manufacturer
instructions and purity was confirmed using 1% agargel with ethidium bromide. DNA was
further quantitated using a nanodrop spectrophatem(@hermo Scientific). The pure cDNA
was sequenced using BigDye Terminator v3.1 CyclguSecing Ready Reaction Kit (Applied
Biosystems) on a PRISM 3100 Genetic Analyzer (AgpBiosystems). Analysis of the resultant
sequence was performed using Sequencher softwaggapn. The protease coding sequence
contained a single amino acid substitution andriitse at codon 36, i.e., I36TT, and three
background mutations; notably, P39S, D60E, and Q64& compared to the wild-type
HIV-1 C-SA protease. The above-mentioned mutatimese incorporated into the wild-type

C-SA protease using site-directed mutagenesisnergée the variant protease.

2.4  Generation of variant plasmid DNA

2.4.1 Mutagenic primer design

Mutagenic primers were designed to incorporate ipemligonucleotides at defined positions
(see Figure 6) on the wild-type protease sequemgedduce the variant protease. The primers
were designed based on the HIV-1 C-SA proteaseeseglby Mosebgt al., (2008) with the aid

of Gene Runner software (v3.01). The oligonucleopdmers used to generate the HIV-1 C-SA
variant protease incorporating an ATC to ACA ACAAQTT) substitution/insertion plus the
background (CCG to TCA (P39S), GAT to GAG (D60EA®to GAA (Q61E)) mutations had
the following sequences (Table 1):
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Table 1: Primer sequences
Sequences of primers used to incorporate the 134ibEtitution/insertion mutation including backgrdysolymorphisms in the HIV-

1 C-SA protease to generate the I36TT variant psste

Mutation Primer Sequence

D60E/Q61E Forward 5 GTTCGTCAGTAIAGGAAATCCTGATCGAAATCTGCGG 3
Reverse 5' CCGCAGATTTCGATCAGGATITCCTCATACTGACGAAC 3

I36TT/P39S Forward 5" GTTCTGGAAGARCAACAAATCTGTCAGGTAAATGGAAGCC 3
reverse 5 GGCTTCCATTTACGSACAGATTTGTTGTTTCTTCCAGAAC 3

Inserted and substituted bases are shown in blue and red, respectively.
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2.4.2 Generation of the I36TT substitution/insertion andthe background
polymorphisms

A cDNA, incorporated in pET-11b expression vectencoding the wild-type HIV-1 South
African subtype C specific viral mutations was usexl a template to generate the variant
protease. The I36TT substitution/insertion mutatiplus the background mutations were
introduced at specific positions of the plasmidngsimutagenic oligonucleotides and a
QuikChangé" site-directed mutagenesis kit from Stratagene(@ap et al., 1996). PCR-based
site-directed mutagenesis was performed accordintpd manufacturer’s instructions. Briefly,
PCR reactions containedu® of 10 X reaction buffer, 50 ng of double-strandadA template,
125 ng of each (forward and reverse) oligonucleopdmers, 10 mM dNTP mix, ¢ PfuTurbo
DNA polymerase and distilled water added to a tatalume of 50uf. Mutagenesis was
achieved through eighteen amplification cycleshaiee different temperatures. Amplification
was performed at 95 °C for 30 seconds to denah@&d®NA, at 55 °C for 30 seconds to anneal
the primers to the template DNA strand and at 68dtCL20 seconds to polymerize the DNA.
The PCR product was treated withu@ of theDpnl restriction enzyme to digest the methylated
and hemimethylated DNA template. ThH#pn I-treated DNA was then used to transform
Escherichia coli XL1-Blue supercompetent cells supplied with the k{Chunget al., 1989). See
Table 2 for a summary of the PCR reaction paramseter

Cells were plated onto lysogeny broth (LB) agartgdasupplemented with 10@g/me of
ampicillin. Transformants were selected by platthg cells on LB plates supplemented with
100 ug/mt of ampicillin and incubated at 37 °C for 18 housibsequently, the mutant plasmid
DNA encoded in the pET-11b vector was extractednfrime transformedescherichia coli
XL1-Blue cells and purified using the FlexiPrep && per manufacturer’s instructions. To make
sure that the correct base substitutions and getion have been incorporated, and that no other
alterations were made during PCR amplification, ghéfied plasmid DNA was sent to Inqaba
Biotechnical Industries (Pretoria, RSA) for sequegc
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Table 2: PCR cycling parameters

The I36TT variant was generated using the aforeimeed mutagenic oligonucleotides and Stratagen&@hangé" site-directed

mutagenesis kit using PCR under the following cbons:

Segment Cycles Temperature (°C) Time (sec)
1 1 95 30
2 18 95 30
55 60
68 120
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2.5 Transformation of Escherichia coli cells with plasmid DNA

Escherichia coli BL21 (DE3) pLysS cells were transformed with thagohid DNA encoding the
wild-type HIV-1 C-SA protease. Transformants weedested by plating the cells on LB agar
plates supplemented with 1Q@/m¢ of ampicillin and 35ug/mt¢ of chloramphenicol and
incubated at 37 °C for 18 houGells harboring the plasmid were selected and graway °C in

a fresh LB medium supplemented with 1Q@/m¢ of ampicilin and 35 ug/mt of
chloramphenicol. The same was done for the val@mttaining the 136TT, P39S, D60E, and
Q61E mutations) plasmid DNA. The wild-type and IB&TT variant C-SA proteases were over-
expressed, purified from washed inclusion bodiekradolded as described below.

2.6  Over-expression, extraction and purification of theC-SA

protease

Plasmid encoding either variant or wild-type HIVSIA subtype C protease (containing the
mutation Q7K designed to reduce the hypersensdiutelytic site) was expressed as inclusion
bodies (Idoet al., 1991; Todcet al., 1998) inEscherichia coli BL21 (DE3) pLysS cells. Briefly,
Escherichia coli cells harboring the plasmid DNA were grown at 37 {fCLB medium
supplemented with 10ag/mt of ampicillin and 35ug/mt of chloramphenicol. The overnight
culture was diluted 100-fold into fresh 2 x yeastract and tryptone powder (YT) medium
supplemented with ampicillin (1Q&y/mt) and chloramphenicol (30g/mt) and grown at 37 °C.
When the optical density (QR) of the culture reached 0.4 to 0.5 (after two &atf hours),
over-expression of the HIV-1 C-SA protease was a@edu by adding isopropy-D-
thiogalactopyranoside (IPTG). Upon binding of IPT® the lac repressor, which regulates
transcription, the inhibitor is removed from theeggitor and transcription proceeds (Chendl .,
1989). IPTG was added to final concentrations 4fiM and 0.2 mM for the wild-type and the
variant, respectively. Over-expression of both @ases was allowed to continue for two hours.
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The cells were pelleted after growth and resuspetmuéce-cold extraction buffer (10 mM Tris,
1mM EDTA, and 1 mM PMSF, pH 8). Following the adulit of MgChL and DNase | to final
concentrations of 10 mM and 1014/ respectively, the culture medium was stirred @nuntil
the viscosity of the mixture decreased. The cellsrewthen ruptured by sonication and
centrifuged at 15 000 x g for 30 minutes at 4 °@e Tpellet was resuspended in ice-cold
extraction buffer containing 1% (v/v) of Triton X3Q. Cell debris and protease-containing
inclusion bodies were pelleted by centrifugatiod@at000 x g for 30 minutes at 4 °C. The pellet
was then resuspended in a freshly prepared sdabdn buffer containing 10 mM Tris, 2 mM
DTT, 8 M urea, pH 8.0, at room temperature, andrfaged at 15 000 x g for 30 minutes at
20 °C.

The protease, in the supernatant, was purified gusanion exchange (DEAE) column
chromatography previously equilibrated with solidaition buffer. HIV-1 PR has a pl of 9.3 and
will not bind the DEAE column. Upon elution frometttcolumn, the protease was acidified by
adding formic acid to a final concentration of 2®%ImPrecipitation of significant amount of
contaminating proteins occurred upon acidificatiéimllowing an overnight incubation, the
precipitated contaminants were removed by centaiiog at 15 000 x g for 30 minutes at 4 °C.

The protease was concentrated to a final volume6fmt and stored at 4 °C.

HIV-1 protease was refolded by dialysis into 10 niddmic acid at 4 °C. Subsequently, the
protease was dialyzed into a buffer containing 1 sodium acetate, 1 mM NaCl and 1 mM
DTT, pH 5.0. The folded protease was then desattied10 mM sodium acetate buffer, pH 5.0
using a PD-10 gel filtration column (Amersham bieaces. NJ, USA) and stored at -20 °C.

2.7 Protein concentration determination

The concentration of the variant and the wild-tyg8&/-1 C-SA protease was determined
spectrophotometrically (using a JASCO V-630 UV-\WBectrophotometer) using the Beer-
Lambert law:

A =¢g;cl Equatidn
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where A is the absorbanceis the molar extinction coefficient at a given whangth §), c is the
concentration of the absorbing medium, &nid the pathlength of the light through the medium
in a cuvette. The concentration of pure HIV-1 C-Botease was subsequently determined
spectrophotometrically using an extinction coeéfid, E;, of 11.8 at 280 nm
(Polgaret al., 1994). A quartz cuvette of 1 cm path length wasd for all spectrophotometer
readings. The purity and the monomeric moleculaighteof the proteases were evaluated as
described in section 2.8 using 15% SDS-PAGE (Laeni@v0).

2.8 Sodium dodecyl sulphate polyacrylamide gel electrdyoresis

Sodium dodecyl sulphate polyacrylamide gel eledtovpsis (SDS-PAGE), the discontinuous
buffer system described by Laemmli (1970), was usedletermine the purity and subunit
molecular weight of the protein. Briefly, the teaure uses SDS, an anionic detergent, to
denature proteins. Upon binding to and denaturabiprSDS, the proteins acquire a rod-like
shape with an overall negative charge. The chapgeticles migrate towards the electrode of
opposite charge (i.e., positive terminus) in arctele field. 3-mercaptoethanol is used in SDS-
PAGE to reduce any inter- and intramolecular diside bonds. Thus, proteins are separated on

the basis of size.

The protein samples were diluted five-fold in 5cading buffer (0.5 mM Tris-HCI, pH 6.8,
20% (v/v) glycerol, 10% (w/v) SDS, 100 mM R-meraaihanol, 0.05% (w/v) bromophenol
blue) and boiled for five minutes to denature th®tgins before loading onto the gel.
Electrophoresis was performed at 200 volts for 46utes using a Bio-Rad system. Electrode
buffer, pH 8.3, contained 0.192 M glycine, 0.124Tkk base and 0.5% (w/v) SDS. The sizes of
the proteins were determined in relation to a destandard proteins, of known molecular
weight, electrophoresed under the same denatuongitions. The protein molecular weight
markers (Fermentas #SM0431) used wgrgalactosidase (116.0 kDa), bovine serum albumin
(66.2 kDa), ovalbumin (45.0 kDa), lactate dehydrage (35.0 kDa), REa&3p981 (25.0 kDa),
B-lactoglobulin (18.4 kDa) and lysozyme (14.4 kDiaymediately after electrophoresis, the gel

was stained in a solution containing 0.25% (w/vo@asie Brilliant Blue R250 dissolved in
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50% (v/v) methanol and 10% (v/v) acetic acid foothours to visualize the separated protein
bands. The gel was then destained in a solutiotacong 15% (v/v) acetic acid and 10% (v/v)

ethanol.

2.9 Purification of the protease inhibitors

Commercially available protease inhibitors (PI) evg@urified by Dr Salerwe Mosebi at CSIR,
South Africa. Four of the HIV protease inhibitorsmm@oyed in clinical settings were used;
notably, indinavir, nelfinavir, saquinavir and ni@vir. The active ingredients were extracted
from the tablets and purified using a semi-prepagaC-18 reversed-phase HPLC column
(Velazquez-Campoyet al., 2001a). The inhibitors were lyophilized and stbras powder
(indinavir and nelfinavir) and as suspensions i8%0imethylsulphoxide (DMSO) (saquinavir
and ritonavir) at -20 °C prior to use (Mosebal., 2008).

2.10 Calorimetric assays

2.10.1Isothermal titration calorimetry

An isothermal titration calorimeter (ITC) directipeasures the heat evolved or absorbed in
aqueous solutions as a result of injecting preammeunts of reactants into the sample cell. The
heat signal is a universal phenomenon of bindirectrens in the sample cell. Thus, it is
applicable to most ligand-macromolecule and macteoube-macromolecule interactions. The
isothermal power compensation calorimeter is coragpad a sample and a reference cell (see
Figure 7). Both cells are maintained at a constantperature throughout the experiment
(Wisemanet al., 1989). The reference cell is usually filled wiibffer alone while the sample
cell has either the protein or the ligand of ins¢rdissolved in the same buffer as the syringe
contents. Buffer identity is crucial in order taneihate the large heats of dilution which may

result and, consequently, mask the desired obsengat
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Sample cell

(with syringe) Reference cell

' Outer shield
Inner jackets

Figure 7: Schematic representation of ITC cells

ITC systems use a cell feedback network to difféaiy measure and compensate for heat
produced or absorbed between the sample and reéeoefi. The two cells (i.e., sample cell and
reference cell) are mounted in a cylindrical adiEbanvironment. During ITC experiment, the

syringe, in the sample cell, rotates to providetiomous mixing of the reactants. Picture taken

from MicroCal Inc.
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During an ITC experiment, the reference cell ispdigl with a user-defined amount of power
and the temperature difference between the sammplettze reference cell is measured. The
variable level of thermal power is supplied to gzenple cell in order to drive this temperature
difference to zero. The raw signal from the ITC exment represents the thermal power
supplied to the sample cell. The measured changeirumental thermal power supplied to the
sample cell, after addition of a ligand or enzymeysed to determine the reaction rates (Gomez
and Freire, 1995; Todd and Gomez, 2001). As theggrcontents are injected into the sample
cell and the two interact, depending on the nabfitbe reaction (exothermic or endothermic) the
ITC supplies power to maintain constant temperabeteveen the sample and the reference cell.
For a heat consuming interaction (endothermic)stie deflection is observed. Conversely, if
the reaction generates heat (exothermic), a negdefiection in thermal power is observed (see

Figure 8).

Resolvability of the binding parameters from th€ldlata depends entirely on the concentration
of the cell reactant relative to the affinity oktinteraction. Hence, the initial concentration of
the protein and the ligand needs to be taken intwideration and both reactants must be of
highest purity. Too low or too high cell reactanhcentration will result in either a data which
does not allow for determination of interaction graeters or insufficient information in the
transition region to resolve the affinity constdKt), respectively (Todd and Gomez, 2001).
Precise measurement of the energy required to amainémperature of the cell during the
experiment enables simultaneous determinationl diradling parameters i.e., Gibbs free energy,
change in enthalpy, change in entropy, bindinghaffiand stoichiometry of binding from one
ITC experiment. For a strong interactiafG must be large and negative must be large and
negative and\S must be large and positive. Determination of HNG4SA protease active site
concentration was performed using a high-preciiBAITC titration calorimeter from MicroCal
Inc., USA. The enzyme (protease) solution atu®RDwas loaded into the ITC sample cell and
titrated with the ligand (30QM) dissolved in the same buffer (10 mM sodium aegtpH 5.0).
Acetyl pepstatin, an aspartic protease inhibitogswised a ligand when determining the
concentration of the active site of the HIV-1 peste. The heat evolved after each inhibitor
injection was obtained from the integration of #tea under the peak of the heat signal. The heat

due to the binding reaction between the proteasgne® and the inhibitor was obtained from the
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Figure 8: HIV-1 binding isotherms

Exothermic A) and endothermicB) ITC profiles of the wild-type HIV-1 subtype B pgease
titrated with KNI-764 (in A) and acetyl pepstatin (iB) inhibitors. Figure adapted from
Velazquez-Campogt al., 2001b.
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difference between the heat of reaction and theesponding heat of dilution (dilution of
inhibitor in a buffer). At the end of the experinbegsaturation of the macromolecule is reached
and it is possible to measure the heats assoamatbdinding events; particulariyH, AS AG,

Ka andN (Velazquez-Campowt al., 2001b). The independent variabl&s; N and AH were
directly determined from the integrated heat sigidle AG of binding was calculated by

substituting the value &€, in the equation:

AG = —RTInK, Equation 2

where R is the universal gas constant (1.98 cal'idd) and T is the temperature in KelvitS

was in turn calculated using the equation:

AG = AH — TAS Equation 3

The stoichiometry obtained from the titration detdhen used to estimate the concentration of
active site in the protease molecule. A stoichioynef 1 corresponds to a 100% active site

concentration.

2.11 Protease characterization

2.11.1Structural assessment

2.11.1.1 Secondary structure

Circular dichroism (CD) is observed when opticaltive matter absorbs left and right handed
circularly polarized light differently. To generate CD signal, the optically active molecule
(chromophore), must either be in an optically aswtrim environment or be intrinsically chiral
(Pain, 2004). The chromophores in proteins aratbmatic acid residues, peptide backbone and
disulphide bonds (Woody, 1995). CD signal is getseraluring the transition of an electron
from a filled ground state orbital (n @) to an empty excited state orbitat*] with higher
energy. The raw CD signal is expressed in ternalipticity (6) given as:
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6 =2.303 x % Equation 4

where A and Az are the absorbances of the left- and right-hardexilarly polarised light
(Modi et al., 1993). The raw CD signal was buffer-corrected then converted to mean vesid

ellipticity (deg.cnf.dmol?) using the equation:

6 x100

cnl

MRE =

Equation 5

whered is the raw signal (mdeg), c is the concentratibthe protein (mM), n is the number of

residues in the protein ahds the path length of the cuvette (cm) (Woody, 1995

The technique is used for assessing the structirpsoteins and peptides in solution and was
employed in this study to determine structural prtips of both the wild-type and the variant
HIV-1 C-SA protease. Secondary structures wererchéted using far-UV (250 to 190 nm) CD
spectra due to light absorption by the peptide bank (Adleret al., 1973).The data were taken
on a Jasco J-810 spectropolarimeter, constantihdld with nitrogen to remove oxygen, using a
2 mm path length quartz cuvette. The spectropotemwas set at 20 °C and the data were
collected under the following conditions: 0.1 nmiadpitch, 0.1 nm bandwidth, and 50 nm.thin
scan speed.

2.11.1.2Tertiary structure

Fluorescence is an emission phenomenon which iegadnergy transition from higher to lower
state. Briefly, molecules in their lower energytestare excited by the absorption of light of a
specific wavelength to a higher energy state. Tkmted molecules return to ground state at
longer wavelength than the excitation radiation d@hd energy emitted is manifested as
fluorescence (van Holdet al., 1998). Energy loss is rapid (as heat) and ocbyrgollision
degradation. This loss of energy between absorbddmitted light is known as “Stokes’ shift”.
(Lakowicz, 1999). The aromatic compounds (with delsed z-electrons) are most easily
excited to higher energy states, and thus are pirileioresce. Proteins exhibit characteristic

fluorescence spectra according to the environméhirmwwhich the main fluorescing species are
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packed. The greater the exposure of Trp to therpadmeous environment, the longer its
wavelength of maximum emission will be, since tloéap solvent molecules lower the energy of
the excited state (Royer, 1995). Tyr fluorescerscalimost totally quenched if it is ionised or

near an amino group, or carboxylic group or Trp.

Fluorescence spectroscopic assays were used stigate the localized conformational changes
induced in the tertiary structure of the prote&@d@anges occurring in the tertiary structure of the
protease were monitored using the intrinsic fluceese of the phenyl and indole rings of
tyrosine and tryptophan, respectively, as probes. and Trp were excited at 280 nm, and
tryptophan was selectively excited at 295 nm (84id995). C-SA protease has two tryptophan
residues (located at positions 6 and 42, see Figuper subunit. These tryptophans are located
where they will not detect major/global structucabnges and are quite exposed to the solvent;
therefore, they were used to monitor local strdtwwhanges. Fluorescence assays were
performed using a PerkinElmer LS 50 B Luminescdha®imeter. Fluorescence emission was
monitored between 290 and 550 nm. Excitation andsean slits were set at 4.0 nm and 3.5 nm,
respectively. The scan speed was set at 350 nf.arid ten accumulated scans were averaged
for each spectrum. The assays were conducted Gsjrd protein in 10 mM sodium acetate
buffer, pH 5.0.

2.11.2 Spectrophotometric analyses

2.11.2.1Protease enzyme kinetics

Enzymatic activity of the HIV-1 C-SA protease wasasured by following the hydrolysis of the
HIV chromogenic substrate, Lys-Ala-Arg-Val-Nle-nRP@du-Ala-Nle-NH,. The substrate
resembles the conserved protease cleavage siteYKINEAM, between the capsid protein and
the nucleocapsid p2 in the Gag-polyprotein preaur@telazquez-Campoyet al., 2001a).
Hydrolysis of the HIV chromogenic substrate wasrahgerised by the decrease in absorbance
at 300 nm. Catalytic properties such as i Vmax Keas andkea/Ky of the proteases were
determined (Velazquez-Campeay al., 2001a and Mosel®t al., 2008). All catalytic activity
assays were performed using a Jasco V-630 speoctaphter.
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The Ky for the substrate was calculated based on diffezatalytic activities measured using
constant concentration of the protease and varidibtsate concentrations. Initial reaction
velocities were plotted against substrate conctotrs in order to generate Michaelis-Menten
plots. ThusKy andVny values were determined by fitting the data infdllewing equation:

VO — Vmax [SO]

E tion
Solt Knr guation 6

whereVpis the initial velocity of the reactioNmaxis maximum velocity attained by the reaction,
and [9] is the substrate concentration in the reactiohefwsubstrate concentration is much

greater than enzyme concentration).

Protease was added to a micro-cuvette containibgtiate at 20 °C. Final concentrations for the
Km andVnax determination assays were: 300 nM protease uM8ubstrate, and 10 mM sodium
acetate buffer, 0.1 M NaCl, pH 5.0.

It is known that when the substrate concentrat®owery high, all the enzyme is present as the
enzyme-substrate complex, and the limiting initi@locity, V... iS reached. Under such
conditions, the turnover number was determined fthenslope of the linear plot of catalytic
activity versus enzyme concentration using the egoa

Vimax = Kcat|El¢ Equation 7

where [E]is the total protease concentration in the assay.

When the substrate concentration is very low, tieigelinear relationship between ¥nd [3],
since [9] « Ky, then ([Q] + Ku) = Ku. Hence, the catalytic efficiency of the proteasesw
calculated as the slope of the linear plot of géitahctivity against substrate concentration using

the following equation:

Vo= (32) [E], Equation 8
M
The measured slopes of the plots were then divigethe respective enzyme concentrations to

give values fokcal Ky.
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2.11.2.2Inhibition studies

The concentration of the individual protease irntoits needed to reduce the catalytic activity of
the HIV-1 C-SA protease enzyme by 50%z(g@alue) was determined at 25 °C by measuring
the rate of chromogenic substrate hydrolysis in phesence of various protease inhibitors.
Standard assays containing 300 nM protein and aatgr concentration (i.e., 250M) of
chromogenic substrate were performed in the presehmcreasing concentrations of inhibitor.
Separate assays were performed for each of thewiold) protease inhibitors currently in clinical

use; i.e., saquinavir, ritonavir, indinavir, andfimavir.

2.12 Data analysis

Protease concentrations used are for dimeric prateless otherwise stated. The terms mutant
and variant are used interchangeably in this dasen. Data fitting was performed using Sigma
Plot v11.0 software (Systat softwares) unless dtateerwise. ITC data was fitted using ITCone
from ORIGIN v5.0 software (MicroCal. Inc.). All HAL protease structures were generated
using Swiss PDB viewer software (Guebal., 1995).
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CHAPTER 3

3 RESULTS

3.1 Plasmid DNA sequence confirmation

cDNA encoding wild-type HIV-1 South African subtyge protease was used as a template
during PCR-based site-directed mutagenesis to genére variant cDNA. The cDNA encoded
in the pET-11b plasmid was purified and sequenceidguthe Universal T7 primer. DNA
sequencing was performed (at Inqaba Biotechniahldtries) in order to confirm that only the
mutations observed in the I36TT variant had beeorporated in the protease sequence, and no
other alterations had occurred during amplificati@equencing (Figure 9A) and sequence
alignment results (Figure 9B) revealed that onlye thi36TT (ATC to ACA ACA)
substitution/insertion and its accompanying polypmigms (CCG to TCA (P39S), GAT to GAG
(D60E), CAG to GAA (Q61E)) were incorporated. Tharignt protease sequence was aligned
with the wild-type HIV-1 C-SA protease to highlighdifferences between the two proteases
(Figure 9B) and it showed that the variant protelhgs 100 amino acids in its sequence in

contrast to the wild-type with only 99 amino acids.

3.2 Protease purity and monomeric molecular weight

determination

Following over expression of the HIV-1 C-SA proteaand its subsequent extraction and
purification from inclusion bodies, protease purignd subunit molecular weight were

determined using SDS-PAGE (Figure 10A). Electropbis results revealed that the wild-type
and the mutant protease were pure. This was iredtlday a single band observed in the lane in
which the protein was loaded in the gel. Using #lectrophoresis gel (Figure 10A), the

calibration curve of logarithm of the molecular giai of the protein molecular weight markers

versus the distance migrated by individual protevas plotted. The monomeric molecular
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Figure 9: Variant proteasesequenceconfirmation

(A) Sections of the chromatogna highlighting four codol substituted and ormore inserted at
codon number 36 (I36TT) of thwild-type HIV-1 CSA protease to generate the vari
protease. The background mutations accompanyingngertion/mutation are hhlighted at
codons39 (P to S), 60 (D to E), and 61 (Q to E) of the/-1 C-SA protease sequenc(B)
Alignment of the wild-typeand the variant HI-1 South African subtype C protease seque
indicating differences and similarities betweentilie proteise sequence$he Q7K substitutiol

(reduces autocatalysis of the protease enzymeglsasncorporated and is highlighted in pi
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Figure 10: HIV-1 C-SA protease purity and molecularweight determination

(A) 15% SDS-PAGE gel an@) calibration curve for determination of the molesulveight of
the monomeric HIV-1 C-SA proteases. Lanes 1, 2 ancepresent the purified wild-type
protease, protein molecular weight marker, andfiedrivariant protease, respectively. The
protein molecular weight markers used wefegalactosidase (116.0 kDa), bovine serum
albumin (66.2 kDa), ovalbumin (45.0 kDa), lactaehydrogenase (35.0 kDa), RE&3&981
(25.0 kDa),p-lactoglobulin (18.4 kDa), and lysozyme (14.4 kDa)ild-type and variant HIV-1
C-SA protease both migrated a distance correspgndira size of 11.2 kDa. Position of the

protease is marked). The correlation coefficient is 0.96.
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weight of the wild-type and the variant HIV-1 C-S#oteases were determined from the
calibration curve, Figure 10B, by fitting data frahe plot to the linear equation (y = mx + c).
The monomeric molecular weight of the C-SA proteaas found to be 11.2 kDa, corresponding
to the value of the HIV-1 protease previously répaiby Idoet al. (1991).

3.3 Protein concentration determination

The concentration of the purified South African HIVsubtype C protease was determined by
measuring the absorbance of light in the ultraetiotegion of the spectrum. Optimum

absorbance intensity was observed at 280 nm (Figjlyeand was due to the chromophores
(i.e., aromatic amino acid residues) in the HIV-fotpase. Using the protein absorption

spectrum, Figure 11, the protease concentrationcadaslated and it was found to be 2.

3.4  Structural characterization

3.4.1 Secondary structural content assessment

Circular dichroism was used in the far-UV range(Q(@26 190 nm) to probe changes in the
secondary structure of both the wild-type and theant protease. Both proteases exhibited far-
UV CD spectra distinctive of a predominanflysheeted protein, characterized by a negative
peak at 216 nm (Figure 12). This was in agreematit the secondary structural content of
HIV-1 protease as previously reported (Nastial., 1989; Dash and Rao, 2001; Foulletsl.,
2006; Mosebet al., 2008) (Figure 6).
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Figure 11: HIV-1 C-SA absorption spectrum

Absorption spectrum of 20M HIV-1 South African subtype C protease. The ekpent was
carried out at 20 °C in 10 mM sodium acetate buffet M sodium chloride, pH 5.0. The
spectrum illustrates the absorption of ultra-vidight by the aromatic amino acids’ side chains
of the protein at 280 nm wavelength.
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Figure 12: Far-UV CD spectra of HIV-1 C-SA protease

Representation of the far-UV circular dichroism cdpee of the wild-type (in green) and the
variant (in red) HIV-1 C-SA protease in 1 mM sodiacetate buffer, pH 5.0. The spectra were
used to assess the secondary structural contehteqdrotease. The data were collected from a
Jasco J-810 spectropolarimeter using (28 protein in 2 mm path length cuvette. The
experiments were conducted at 20 °C under theviatip conditions: 0.1 nm data pitch, 0.1 nm
bandwidth, 250 to 190 nm, and 50 nm.thiscan speed. Each spectrum is an average of ten

scans.
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3.4.2 Tertiary structure determination

Changes in the tertiary structure of the proteaseewnonitored using intrinsic fluorescence
spectroscopy and the four solvent-exposed tryptoghés, W6', W42 and W42') residues in the
protease sequence as probes. Fluorescence spagtree(13) from both excitation wavelengths
(280 and 295 nm) revealed that the local envirorirérhe tryptophan residues in the variant
protease had not been perturbed when comparece twitti-type. Both the wild-type and the
variant proteases exhibited fluorescence emisgacts typical of free tryptophan in solvent,
with an emission intensity maximum at 355 nm (Lalazayw1999).

3.5 Enzymatic characterization

3.5.1 Catalytic activity studies

Kinetic parameters of the HIV-1 South African syieyC protease were assessed following
hydrolysis of chromogenic HIV-1 substrate, mimiakithe protease cleavage site in ¢jag-pol
protein precursor. The reaction was monitored 8tr3@ using an absorbance spectrophotometer
(Figure 14). Hydrolysis of the substrate was maeiofor three minutes for each kinetic assay
and only the first fifty seconds of the enzyme teacwas considered when measuring catalytic
activity of the enzyme. This was considered duth&linear relationship between the reaction
rate and the initial velocity. Overall enzymatidiaity (depicted in Figures 15 to 19 and further
summarized in Table 3) of the C-SA variant protdasaightly enhanced in the presence of the

I36TT insertion/mutation and its accompanying baokgd polymorphisms.
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Figure 13: Intrinsic tryptophan fluorescence emisgn spectra of the HIV-1 C-SA protease

(A) The emission spectrum of tryptophan and tyrosixated at 280 nm(B) The emission
spectrum of tryptophan selectively excited at 28% Both proteins fluoresce maximally at 355
nm at both excitation wavelengths. Fluorescencesgion of the wild-type (in green) and the
variant (in red) HIV-1 C-SA protease in 10 mM sadiacetate buffer, pH 5.0. Each spectrum is
an average of ten accumulationshe dashed vertical lines highlight the wavelengithwhich

maximum fluorescence emission intensities wereregth
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Figure 14: Progress curve for HIV-1 substrate hydrdysis

Progress curve of the HIV-1 South African subtyperGtease catalyzing the hydrolysis of the
synthetic HIV-1 chromogenic substrate. The assag performed at 20 ° C using 300 nM
enzyme concentration and pM substrate in 10 mM sodium acetate buffer, 0.1 ddism
chloride, pH 5.0. The initial velocity (first 50 g@nds of the reaction) considered when

determining the reaction rate is indicated)( The assay was monitored at 300 nm.
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Figure 15: Determination of specific activity

Specific activity of the wild-typee) and the variantd) HIV-1 C-SA proteases. The catalytic
activities of both enzymes were calculated by nwoimiy the hydrolysis of the chromogenic
HIV-1 substrate which was indicated by the decreassbsorbance at 300 nm. The experiment
was carried out at 20 °C in 10 mM sodium acetaféebu0.1 M sodium chloride, pH 5.0, and
saturating substrate concentration (i.e., 25). The experiments were conducted in triplicates
and the data is reported as the mean + SD. Catadyiivity of the protease enzyme was
calculated by dividing the spectrophotometricallyeasured absorbance per minute of the
hydrolyzed substrate by the enzyme’s molar extmctoefficient. The specific activity of the
protease was calculated from the slope of theaidtwas found to be 2.9+0.0@&ol/min/mg
and 3.1+0.11umol/min/mg for wild-type and variant protease eneymespectively. The solid
lines represent linear fits to the experimentahd@he correlation coefficient is 0.98 for both the
wild-type and the mutant.
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Figure 16: Wild-type protease catalytic constant ad maximum velocity determination

(A) Michaelis-Menten plot an(B) Lineweaver-Burke plot for determination f; andVmaxOf
the wild-type HIV-1 C-SA protease towards the chogienic HIV substrateéy, andVpax values
were found to be 193.3+35.6M and 0.0021+2.34xIHpumol.min*, respectively. The assays
were carried out at 20 °C in 10 mM sodium acetatiéeb, 0.1 M sodium chloride, pH 5.0, and
300 nM protease enzyme. The solid lines throughdtita points are hyperbolic and linear fits,
respectively, to the experimental data. The caiceiacoefficient for the linear fit is 0.95. The

experiments were conducted in triplicates and #ta & reported as the mean £+ SD.
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Figure 17: Variant protease catalytic constant andnaximum velocity determination

(A) Michaelis-Menten plot an(B) Lineweaver-Burke plot for the determinationkqf and Vnax

of the I36TT variant HIV-1 C-SA protease towardsstibstrateky, andVnqax values were found

to be 89.14+12.12M and 0.0017+1.03xIDumol.min?, respectively. The experiments were
conducted in triplicates and the data is reporgetha mean + SD. The assays were conducted at
20 °C in 10 mM sodium acetate buffer, 0.1 M sodicintoride, pH 5.0, and 300 nM enzyme.
The solid lines represent hyperbolic and lineas, fiespectively, to the experimental data. The

correlation coefficient for the linear fit is 0.96.
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Figure 18: Determination of enzyme turn-over number

Linear curves for determining the turn-over numibes) of the wild-type ) and the variantd)
HIV-1 C-SA proteases. Turn-over number was detegchiitom the slopes of the plots and was
found to be 0.10+0.49xT0s* and 0.18+1.18x1® s' for wild-type and variant protease,
respectively. The solid lines through the data {soare linear fits to the experimental data. The
correlation coefficient for the linear fit is 0.98nd 0.92 for the wild-type and mutant,
respectively. The experiments were performed at@@ 10 mM sodium acetate buffer, 0.1 M
sodium chloride, pH 5.0, and saturating substrateentration (i.e., 25(AM). The experiments

were conducted in triplicates and the data is teploss the mean = SD.
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Figure 19: Catalytic efficiency determination

Linear curves for determining the catalytic effitiges k.a/Ku) of the wild-type ¢) and the
variant ©) HIV-1 C-SA proteases. Catalytic efficiencies weletermined by calculating the
slopes of the plots and multiplying by the concatidn of the enzyme in the ass&y./Ky
values were found to be 0.007+6.56X1M™.s*and 0.011+8.03xI0uM.s* for wild-type and
variant protease enzyme, respectively. The assays wonducted at 20 °C in 10 mM sodium
acetate buffer, 0.1 M sodium chloride, pH 5.0, &@® nM enzyme. The experiments were
conducted in triplicates and the data is reporetha mean £ SD. The solid lines through the
data points are linear fits to the experimentahd@he correlation coefficient for the linear 8t i

0.95 and 0.98 for the wild-type and the mutantpeesively.
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Table 3: Summary of the catalytic parameters

Enzymatic characteristics of the wild-type andyihdant HIV-1 C-SA proteases

Parameter

Wild-type

Variant

Specific activity (umol/min/mg)
Vinax(umol.min™®)

Kwm (uM)

Keat(S™)

kealKm (uM 1.8

2.9+0.095
0.0021+2.34x10
193.3+35.69
0.10+0.49x1G

0.007+6.56x10

3.1+0.11

0.0017+1.03x10
89.14+12.12

0.18+1.18x106

0.011+8.03x10
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3.5.2 Inhibition kinetics

ICs0 values of the four clinical protease inhibitorstatdy, saquinavir, indinavir, ritonavir and
nelfinavir, were determined following catalysis thie same chromogenic substrate. The four
drugs used were the only ones available in ourréboy and are amongst some of those
prescribed during HIV therapy. Wild-type and vatisanzymes did not possess significant
differences for saquinavir and nelfinavir (Figu and 23). However, variant 4&values for
indinavir and ritonavir were increased two-foldatele to the wild-type (Figures 21 and 22).
Table 4 summarizes figures forsfCvalues of the four protease inhibitors for theiaatr and
wild-type protease enzymes. siCvalues for all four inhibitors were determined nfrothe
inhibition percentage versus inhibitor concentmatpdots. Activity percentages were calculated

using the following equation:

Voof inhibited reaction % 100 Equation 9

Activity % =

Voof uninhibited reaction

whereV, is the enzyme catalyzed reaction rate.

3.6  Thermodynamic characteristics

Thermodynamic parameters of the wild-type HIV-1 &-8rotease and the I36TT variant
protease were determined using calorimetric ass@ysbinding parameters i.e., Gibbs free
energy, change in enthalpy, change in entropy amdirlg affinity were obtained (Table 5) and
did not show any significant differences in therymaimic parameters between the wild-type
and the I136TT variant protease. Figure 24 represamtiTC profile obtained from 2M HIV-1
C-SA protease binding to acetyl pepstatin (300.
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Figure 20: Determination of ICsg value for saquinavir

Graph used to determine thes¢@alue (inhibitor concentration needed to decrease thalytat
activity of the enzymes by 50%) of the wild-type) @nd the varianto) HIV-1 C-SA protease.
ICs0 values for wild-type and mutant were 7.6 nM an8 BM, respectively. The solid lines
represent exponential decay fits to the experinieddta. The experiments were performed at
20 °C using enzyme concentration of 300 nM, sangatubstrate concentration (i.e., 290)
and increasing saquinavir concentrations in 10 nodisn acetate buffer, pH 5.0. Inhibition
percentages were calculated using Equation 9.xpiéements were conducted in triplicates and

the data is reported as the mean £+ SD.
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Figure 21: Indinavir IC 50 value determination

Plots used to determine thespGvalues of indinavir with the wild-types§ and the mutanto(
HIV-1 C-SA protease enzyme. d§¢values were 9.5 nM and 16.2 nM for wild-type andtamt
protease enzymes, respectively. The final conceoiin the assays were: 300 nM enzyme,
saturating (25QuM) substrate concentration and increasing indinagimcentrations in 10 mM
sodium acetate buffer, pH 5.0 at 20 °C. All expemts were conducted in triplicates and the
data is reported as the mean + SD. The solid limesigh the data points are exponential decay

fits to the experimental data.
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Figure 22: Ritonavir IC 5 value determination

ICso values of ritonavir were determined in the preseoicthe wild-type ¢) and the variantq)
HIV-1 C-SA protease enzymes using these plotge i@lues for wild-type and mutant were
19.1 nM and 36.4 nM, respectively. The solid limepresent exponential decay fits to the
experimental data. The assays were performed &C20sing 300 nM enzyme concentration,
saturating substrate concentration (i.e., #8) and increasing ritonavir concentrations in 10
mM sodium acetate buffer, pH 5.0. All experimentygavconducted in triplicates and the data is
reported as the mean + SD.

49



100 ¢
80
()]
(@))
8
[
(]
© 60 -
(]
o
2>
=
D 40
<
20 A
0 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05

Nelfinavir concentrationp(M)

Figure 23: Nelfinavir IC 5o value determination

Graph used to determine the inhibitor concentratieaded to decrease the catalytic activity of
the wild-type @) and the variantd) HIV-1 C-SA protease enzymes by 50%.5J@alues). G
values were 17.3 nM and 16.8 nM for wild-type andtant protease, respectively. The
experiments were carried-out using enzyme condsmraof 300 nM, saturating (25QM)
substrate concentration and increasing nelfinauiicentrations in 10 mM sodium acetate buffer,
pH 5.0 at 20 ° C. All experiments were conductedriplicates and the data is reported as the
mean = SD. The solid lines through the data poiefgesent exponential decay fits to the

experimental data.
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Table 4: Summary of inhibitors 1C5g values

Inhibition characteristics (I values) of the wild-type and the variant HIV-1 @-Broteases

IC 50 value (nM)

Saquinavir Indinavir Ritonavir Nelfinavir
Wild-type 7.6 9.5 19.1 17.3
Variant 6.3 16.2 36.4 16.8
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Table 5: Thermodynamic parameters of binding
Wild-type and variant HIV-1 C-SA PR binding paraerst were determined using calorimetric assays haedirthibitor acetyl

pepstatin

Parameter Wild-type Variant
AG (kcal/mol) -8.0 -8.1
AH (kcal/mol) 6.2 6.5

-TAS (kcal/mol) -14.0 -14.6
Kg (NM) 380 395
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Figure 24: Representation of the HIV-1 C-SA proteas binding isotherm

Isothermal titration calorimetric plot of the I36Tmutant HIV-1 C-SA protease titrated with
10 ul injections of 30QuM acetyl-pepstatin. Initial enzyme concentratiorthe ITC sample cell
was 20uM in 10 mM sodium acetate buffer, pH 5.0. Acetypptatin in the ITC syringe was
also dissolved in the same buffer. The top panelshthe heat trace of the thermostat over the
time of the experiment with individual injection$ the inhibitor as peaks. The lower panel
shows the integrated area of the peaks plottechsiganolar ratio of the inhibitor to protease.
Data fitted using ITCone from ORIGIN v5.0 (Microdak.).
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CHAPTER 4
4 DISCUSSION

The current study assessed the effects of an amaid substitution and insertion plus
background polymorphisms in the overall structurd eatalytic ability of HIV-1 C-SA PR. The
variant plasmid encoding HIV-1 C-SA PR, containinthe I36TT amino acid
substitution/insertion plus background polymorplesnwas generated using site-directed
mutagenesis and the plasmid encoding the wild-gpe template. DNA sequencing results
revealed that only the desired mutations were pa@ted in the wild-type plasmid to yield
variant plasmid. The wild-type and variant HIV-132 PRs were expressed as inclusion bodies
in Escherichia coli BL21 (DE3) pLysS cells. The variant PR was expréssehigher yields
(6 mg/mt) as compared to the wild-type PR (4 mg)nBoth PRs were purified using a DEAE
anion exchange column containing an equilibratiofids at pH 8.0. Both PRs were isolated to
absolute purity and homogeneity (Figure 10). Thevalresults are in agreement with previously
determined findings of HIV-1 PR (ldg al., 1991; Mosebeét al., 2008).

4.1 Structural content assessment

4.1.1  Secondary structure

Circular dichroism spectroscopy provides informatadout differential absorption between left-
and right-handed circularly polarized light in aaily-active media (Lowry, 1935). The

optically active elements in polypeptides and prteare the peptide backbone, amide
interactions ¢-helices and p-sheets), and the side chains of aromatic aminalsaci
(Woody, 1995). Manningt al. (1988) demonstrated that even small conformatidishortions

in the backbone of a polypeptide or protein carultes strong alterations of the circular

dichroism signal. Thus, highly sensitive circulachdtoism was used in this study to monitor
conformational changes in the protein backbonesiBleschanges in the secondary structural
content of the variant and the wild-type South édn HIV-1 subtype C protease were probed
using circular dichroism spectroscopy in the far-(BR60 to 190 nm) range. Although equal

concentrations of the wild-type and the mutant girst were used, far-UV CD spectra of the
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variant protein showed a CD signal with 10% redurctin intensity relative to the wild-type
(Figure 12). The reduced CD signal is correlatedh® minor structural (peptide back-bone)
alterations induced by the mutations in the var@otease. Nonetheless, both the I36TT variant
and wild-type protease exhibited far-UV CD speatrigh minima at 216 nm. The observed
negative peak at 216 nm is typical of a predomiggbisheeted polypeptide/protein. This is in
agreement with previous studies (Naeial., 1989; Dash and Rao, 2001; Foulletsl., 2006;
Mosebiet al., 2008) which characterized the secondary straatfithe HIV-1 protease using far-
UV circular dichroism as a probe and reported thatprotease is 48%sheet, 4%-helix, and
48% aperiodic conformation. This can also be camdil by studying the crystal structure of the
HIV-1 protease (Figure 6). The negative peak n&ér 2m is due to the-z* transition of the
peptide backbone and it is very sensitive to canédional alterations occurring in the
polypeptide chain (Hennessey and Johnson, 1981; Modl., 1993). Hence, the secondary
structural elements of the HIV-1 C-SA protease weresignificantly perturbed by the presence

of I36TT mutation and its background polymorphisms.

4.1.2 Tertiary structure

Fluorescence spectroscopic assays are sensitivehdaonges in local environments; hence,
intrinsic tryptophan fluorescence is employed twestigate the localized conformational
changes induced in the tertiary structure of thatgin. Conformational changes occurring in the
tertiary structure of the protein are monitoredngsintrinsic fluorescence of the phenyl and
indole ring of tyrosine and tryptophan, respeciyels probes (Shirley, 1995). HIV-1 C-SA
protease has two tryptophan residues, at posittoasd 42, in each subunit. Thus, possible
changes induced by the I36TT mutation and its baxkgd mutations in the tertiary structure of
the HIV-1 C-SA protease were probed using intarisyptophan fluorescence. These tryptophan
residues are located where they will not deteconglpbal structural changes (see Figure 6 for
location of the tryptophan residues in the HIV-btpase) and are quite exposed to the solvent.

Therefore, they will be used to monitor only losalctural changes.

The fluorescence emission spectra of both Trp amwddsidues were monitored after excitation

at 280 nm, and Trp fluorescence was selectivelytekaat 295 nm (Figures 13 A and B).
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Although excitation of the variant protein exhilitabout 20% enhanced fluorescence emission
intensity as compared to the wild-type, there waseStokes’ (red and/or blue) shifts observed
for both proteins at both excitation wavelengthgrihsic tryptophan emission fluorescence
spectra of the variant and wild-type protease, @h kexcitation wavelengths (i.e., 280 and
295 nm) were similar, with maximum intensity at 3B66. This shows that the tryptophan
residues in the fully folded native HIV-1 C-SA drghly exposed to the solvent (Figure 6) since
free tryptophan fluoresces maximally between 350 266 nm in water (Lakowicz, 1999). Even
though both proteins exhibited maximum fluoresceintensities at the same wavelengths, the
wild-type protein displayed about 20% reductiorflimrescence intensity relative to the mutant.
The enhanced intensities may be due to the fatstimae of the tryptophan energies, which were
guenched in the wild-type protein are no longernghed in the variant protein. This suggests
that there might be some minor alterations indupetthe structure of the HIV-1 C-SA protease
by the I36TT mutation and its background polymospis. These findings are in agreement with
a study (Koziseket al., 2008) which compared the structures of mutari¥-HIsubtype B
protease containing a single amino acid insertamh&€E35EE and L33LL) to the wild-type, and
reported that insertion does not significantly apanhe overall inhibitor binding to the active
site for both mutant proteins. For this reason, dlogy modeling and crystal structures of the
wild-type and the I36TT variant protein can repontthe degree of conformational alterations
induced in the overall structural content of th&/HI C-SA protease by the I36TT mutation and

its background polymorphisms.

4.2  Enzymatic characteristics

4.2.1 Catalytic properties

Biochemical evidence has shown that HIV-1 protezdalyzes the proteolysis ghg andpol
gene during formation of virion particle in theehitycle of HIV (Lubaret al., 1993; Debouclet
al.,, 1987 and Katohet al., 1985) and is highly specific to substrate redgm
(Lubanet al., 1993). Herein, substrate binding and catalytiivdy of I36TT variant protease
was assesseih vitro using a chromogenic HIV-1 substrate which resemibl®/-1 protease

cleavage site in thgag-pol polyprotein precursor. Comparing the substrateibgndnd catalytic
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properties of the I36TT variant protease to thathe wild-type, it was discovered that the
variant enzyme has a greater affinity for the salbsf withKy, values of 193:M and 89uM for

the wild-type and variant enzyme, respectively (Fég 16 and 17). See Table 3 for a summary
of all the determined kinetic parameters. Howewsximum velocities attained by the reactions
catalyzed by these two enzymes were similar, With, values of 0.002Iumol.min' and

0.0017umol.min™ (Figures 16 and 17) for the wild-type and the ararienzyme, respectively.

Catalytic activities of the wild-type and the vantigprotease enzyme were also assessed by
determining the catalytic efficienck.a/Km, and turnover numbek.s. The latter is used to
calculate how much of the substrate compound iverded to product per enzyme active site
while the former measures how much substrate iverted to product per time. The I36TT
variant enzyme proved to be more catalyticallyvacts it converted more substrate compounds
into product comparative to the wild-type. Turnovermber and catalytic efficiency of the
variant enzyme was increased almost two-fold aspewed to that of the wild-type enzyme. This
was demonstrated bl values of 0.10 Sand 0.18 $ (Figure 18) andk./Ky values of
0.007uM™.s*and 0.011uM™.s* (Figure 19) for the wild-type and the variant paste enzyme,
respectively. Improved substrate binding, indicdigdeducedKy, by the I36TT is implicated in
the increased enzyme activity. However, these t®srke in contrast with those reported by
Koziseket al. (2008) which showed over five-fold decrease | éimzyme activity of an insert-
containing mutant protease (E35EE) relative tonthé-type HIV-1 subtype B.

Taking into consideration the concentrations ofghestrate and enzyme used in the reaction and
the time taken by the reaction, specific activitytee enzymes was determined. Specific activity
results showed a 7% difference in the catalysisudfstrate hydrolysis by the I136TT variant
protease relative to the wild-type. This was intida by specific activity value of
2.9 umol.min*.mg* for the wild-type enzyme and 3itnol.min.mg* for the variant. Catalytic
characteristics determined in this study for th& I C-SA protease enzyme revealed that the
I36 TT mutation and background does not reduce ataytic efficacy of the C-SA protease, but
rather improves it slightly (7%).
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4.2.2 Inhibition by ARVs

Enzymatic characteristics of the wild-type and EB@TT variant protease were also assessed in
the presence of four protease inhibitors employedlinical settings during HIV-1 therapy.
Nelfinavir, saquinavir, indinavir and ritonavir veemdividually included in the assays to assess
the efficiency of the HIV-1 C-SA protease enzyme#balyze hydrolysis of its substrate in the
presence of inhibitors. Kgvalues (amount of inhibitor needed to reduce #talgtic activity of

the enzyme by 50%) for individual protease inhitstevere determined for the wild-type and the

I36TT variant enzymes.

Mutations at position 36 of the protease are aasediwith resistance to the protease inhibitor
tipranavir in the subtype B HIV- 1 (de Mendo&aal., 2007). Insertions at this position lead to a
decrease in susceptibility of the protease toiffrartavir and consequently improve viral fithess
in the presence of this inhibitor. However, it i©om likely that additional factors are also
involved in the PR resistance to inhibitor caused itsertion mutations at this position.
Comparison of insertion mutant structure to thetyubd B wild-type has suggested that the
insertion may influence the dynamics of flap movatseduring inhibitor binding and, thus,
impaired flap movement may be implicated in weak#ribitor binding in insert-containing
mutants. However, this is not a general phenomdooall protease inhibitors. Other insertion
mutations detected in the protease region showéereht response to various Pls. The
M36TNL showed no resistance for all Pls tested #ndias, therefore, proposed that this
insertion does not contribute to resistance towardst of the FAD-approved protease inhibitors
(Sturmeret al., 2003).

Herein, like the wild-type, the variant enzyme diot show much resistance to the inhibitors.
Catalytic activity of the C-SA proteases was sigaifitly hindered by saquinavir with 4¢
values of 7.6 nM and 6.3 nM for the wild-type aheé wvariant enzyme, respectively (Figure 20).
However, the enzymes proved to be slightly moreéstast to nelfinavir with 1G, values of
17.3 nM for the wild-type enzyme and 16.8 nM foe thariant (Figure 23). Additionally, the
I36TT variant retained most of its enzymatic chegastics, with 1G, value of 36.4 nM, as
compared to the wild-type protease {J@alue of 19.1 nM) in the presence of ritonavirgiiie

22). The same effects (d¢value increased by 58%) were observed for thewmagnzyme in the
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presence of indinavir (with Kg value of 16.2 nM) relative to the wild-type witlsh value of

9.5 nM (Figure 21). See Table 4 for a summargliothe determined 1§ values.

Comparing these results to others reported for roihsert-containing protease mutants
(Kim et al., 2001; Sturmeet al., 2003 and Kozisekt al., 2008), it may be proposed that amino
acid insertion mutations confer Pl resistance. iBtev studies (Kozisekt al., 2008) assessed
van der Waals distances between inhibitor (lopinaamnd residues within individual substrate
binding subsites and they revealed a slight entaege of the binding pockets due to
rearrangement of neighbouring residues caused Isgrtions. This enlargement results
specifically in the loss of van der Waals contdmtéween the amino acid side chain and the
benzyl ring of lopinavir, and hence, weaker bindaighe PI to the active site. Thus, this study
reports that the I36TT insertion/mutation and iéEhkground polymorphisms do not show large
differences in susceptibility to protease inhikstdout proffers protease considerable resistance
towards ritonavir and indinavir. Further experin@nwork would be necessary to describe the
role of background polymorphisms accompanying anaicid insertions in the protease coding
region of HIV.

4.3 Conclusion

This study reports that the I36TT substitution/mtise and its background polymorphisms
(P39S, D60E and Q61E), in the protease coding megidhe South African HIV-1 subtype C,
does not induce gross conformational alterationthensecondary and tertiary structure of the
protein. The I36TT substitution/insertion mutandwled more than two-fold increase in affinity
for the substrate and about two-fold increase bssate turnover. The capability of the protease
enzyme to cleave its substrate in the presencadus protease inhibitor drugs revealed that
the I136TT variant protease is still catalyticallgtige at ritonavir concentrations over 30 nM.
These secondary mutations (mutations occurringidritthe substrate binding cleft of the
protease enzyme) have little effect on overallcitme and inhibitor binding but they improved
the proteolytic efficiency of the HIV-1 C-SA pross enzyme and hence improved viral

maturation and replication rate.
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