The contribution of F99 to the structure and
function of South African HIV-1 subtype C

protease

Palesa Pamela Seele

A dissertation submitted to the Faculty of Scierdsiversity of the Witwatersrand,
Johannesburg, in fulfilment of the requirementstfer degree of Master of Science.

Johannesburg, 2012



DECLARATION

| declare that this dissertation is my own, unaidamk. It is being submitted for the
degree of Master of Science in the University & Witwatersrand, Johannesburg. It has
not been submitted for any other degree or exainimat any other University.

Palesa Pamela Seele

18 day of June, 2012



ABSTRACT

The HIV/AIDS still remains a global health challengith 42 million people infected
with the virus. An alarming 70% of these peoplaedesn sub-Saharan Africa with
HIV-1 subtype C being the most prevalent subtypthis region and globally. HIV-1
protease (PR) is an obligate homodimer which p&aysvotal role in the maturation
and hence propagation of the HI virus. Althoughcsssful developments on PR
active site inhibitors have been achieved, the mhpiting factor has been the
emergence of HIV drug resistant strains. It has nbegostulated that
disruption/dissociation of the dimer interface magd to an inactive enzyme. The
development of small molecules and peptides has aawrajor research argath the
key target being the N- and C-termini antiparafiedheet. This is due to its highly
conserved nature and because it consists of aeclaktamino acids that contribute
most of the binding energy and stability of the éinmterface. Hence it is referred to
as a ‘hot-spot’. Therefore, binding of proteaseibitbrs at this site could cause
destabilisation and/or dissociation of the enzyfiee terminal residue, F99, was
mutated to an alanine disrupting the presumed #oakkey motif it forms and in turn
creating a cavity at the N- and C-termini antipetap-sheet. A second mutant,
WA42F/F99A, was created for monitoring tertiary stanal changes exclusively at the
N- and C-termini antiparallgl-sheet. The F99A and W42F/F99A, compared to the
wild-type, showed a higher expression yield and afégrated further when separated
using tricine SDS-PAGE. Wild-type protease CD speshowed a minimum at 214
nm and a local maximum at 230 nm, while the mutartsbited minima at 203 nm
and absence of the local maxima. A 50% higher @scence intensity and a 2 nm
red-shift for the mutants versus the wild-type waservedAccording to SE-HPLC
data the relative molecular weight of the wild-typ®9A and W42F/F99A are 16.4
kDa, 20.7 kDa and 18.1 kDa, respectively. Althotlghthermal unfolding of all three
proteases was irreversible, the unfolding transitad the wild-type was clearly
defined between 55 °C and 63 °C. The F99A and WHE2ZFA unfolding curves were
linear without clearly defined transition stateieTspecific activity of the F99A
(0.13 pmol/min/mg) amounted to a ten-fold reductmympared to the wild-type
(1.5 pmol/min/mg). The substrate binding affini&) for the F99A was 41% lower

than the wild-type when 2 uM of protein was used.



The Vmaxandke, values were about 30-fold and two-fold, respedtyivieigher for the
wild-type when compared to the FO9A. Therefore, ti@ne SDS-PAGE analysis,
secondary and tertiary structural characterisatond thermal denaturation curve
showed that the F99A mutation has altered the tstreicausing ‘partial’ unfolding of
the protein. But, the protein still maintained ntmactivity. The overlap between the
ANS binding spectra of the wild-type and varianiggests that the dimeric form still

exists.
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CHAPTER 1 INTRODUCTION

1.1 HIV/AIDS

Since its emergence in the 1980s, Human Immunadatiy Virus has had a
devastatingly massive and rapid infectious andlifataate globally. HIV is a
Lentivirusthat has been shown to cause AIDS, a diseaseahaées about 1.9 million
deaths annually (WHO, 2010; UNAIDS, 2009). Aboutrion people in the world
are HIV positive (Papathanasopoulesal, 2003; UNAIDS, 2009) and more than
70% of these infections occur in sub-Saharan AffdNAIDS, 2009). The HI virus
is classified into different types, groups, subgjpesub-subtypes and CRFs
(Circulating Recombinant Forms) (Chakrabaati al, 1987; Peeteret al, 1991;
Osmanovet al, 2002). The two types, HIV-1 and HIV-2 are belidvi® originate
from the SIVsm from the sooty mangabey monkegrpcebus atysand the common
chimpanzeeRan troglodytel respectively (Chakrabarét al, 1987; Peeterst al,
1991). Despitethat they have emerged about the same time, HI¥-1thé most
prevalent (Chakrabaréit al, 1987; Peeterst al, 1991). HIV-1 is further divided into
group M (Major), O (outlier) and N (New or Non-M dYon-O), which are a

consequence of cross-species transmission (Peeters1991).

The genetic variability/distinction within group Kas been mainly attributed to the
HIV envelope glycoproteins giving rise to nine sydes, A, B, C, D, F, G, H, J and
K. The subtype B, which is widely spread in Nortimérica and Western Europe
(Figure 1), has been the most studied. The manufsttHIV inhibitors are targeted
against this subtype. In the sub-Saharan Africagiore subtype C is the most
prevalent (Papathanasopoules al, 2003; Walkeret al, 2005). Recently, studies
have focused on subtype C, which accounts for 56Mfections worldwide (Walker
et al, 2005). Amongst Southern African countries, Soéftica is one of the most
affected by this disease (Walketral, 2005). A high prevalence of 35% in KwaZulu-
Natal, makes HIV one of the leading epidemics m shb-Saharan Africa (Walket
al., 2005).



F, G, H.LK, CRFO1,
s OTHER RECOMBINANTS 0o B crro1Ag 8

A, B, AB
B E. F RECOMBINANT A a B icomeimant [C] INSUFFICIENT DATA
CRFOZ2_AG, OTHER B, C, BC
B coniNaNTS Wc B Recompmant

Figure 1. The global distribution of different HIV- 1 subtypes

The HIV-1 subtypes vary in their prevalence aciibgsglobe and within the African
continent. The subtype B is mostly spread in Ndttherica and Europe, while the
subtype C is more prevalent in sub-Saharan Afrie&cture was taken from
http://lwww.pbs.org/wgbh/pages/frontline/aids/attéesde. htm.



1.2 HIV life-cycle and drug therapy

The HI virus is approximately 100 to 120 nm in degar and has a high replication
rate, producing about 1Dvirions daily (Greene, 1993; Coffin, 1995; Tavagsol
2011). HIV infection (Figure 2) commences when gpd20 of the viral envelope
binds to the hos€D4 receptor of the T-lymphocytes cells (Freed,12@lantieret
al., 2009). This is followed by the fusion step, whishmediated by the ternary
complex comprising of the gp120, CD4 receptor draldo-receptor CXCR4. Once
viral contents are released into the host cytodw, single-stranded viral RNA is
reverse-transcribed into double-stranded DNA byalvieverse transcriptase. This
viral DNA enters the nucleus of the host-cell whigie ultimately integrated into the
host genome by the viral enzyme, integrase. Thembmant DNA is then
transcribed to mRNA which in turn is translatedointiral Gag and Gag-Pol
polyproteins (Freed, 2001; Mugnaiat al, 2005; Plantieret al, 2009). When the
viral RNA and proteins have assembled, immatureng bud off. The last, but very
crucial step (Krameet al, 1986; Lambertet al, 1992), is maturation of the virus
where the protease processes the Gag and Gag-lypiqieins producing a mature

and infectious virus.

The viral enzymes (reverse transcriptase, integaaseprotease) are key targets for
the development of HIV therapeutic drugs. Highlyhae antiretroviral therapy
(HAART), which is thus far, a well-established tapy, relies on a combination of
three or more of these drugs (Broder, 2010). Thargpof the first crystal structures
of the HIV-1 Protease (Naviet al, 1989; Wlodaweet al, 1989; Weber, 1990) has
enabled development of successful protease inmsbitwhich targetthe protease
active site. The FDA-approved protease inhibitors include Amprenavir (APV),
Atazanavir (ATV), Darunavir (TMC-114), Fosamprema{FOS-APV) Indinavir
(IDV), Lopinavir (LPV), Nelfinavir (NFV), Ritonavi(RTV), Saquinavir (SQV) and
Tipranivir (TPV) (Fitzgerald and Springer, 1991; alawer and Vondrasek, 1998;
Broder, 2010).



Figure 2. The HIV-1 life-cycle

The HI virus gains entry into the host cell by bimglto the host CD4 cell receptors
via the virus gp120 (1, 2 and 3). The viral reveraascriptase and integrase reverse
transcribe the viral RNA into double-stranded DNAdaintegrate it into the host
DNA, respectively (4 and 5). DNA transcription (6nllowed by translation (7),
occur prior to assembly (8) and maturation (9) stdfhe & and 9" steps are critical
and are carried out by the HIV protease. This fguwvas adapted from
http://home.ncifcrf.gov/hivdrp/RCAS/replication.htm



These inhibitors impede the catalytic function dfe tenzyme, by preventing
maturation and propagation of HIV. The NRTIs (noslde reverse transcriptase
inhibitors) and NNRTIs (non-nucleoside reverse daiptase inhibitors) target the
reverse transcriptase, but with reduced efficiemeychronically infected cells
(Lambertet al, 1992; Balzariniet al, 2005). This is because chronically infected
cells are characterised by viral particles, whicimtain integrated proviral genome
(Lambertet al, 1992; Balzarinet al, 2005). Therefore the reverse transcriptasetis no
needed in chronically-infected cells for productioh new viral particles, hence
targeting the RT is not as significant as targetthg PR for anti-viral drug
chemotherapy. Protease inhibitors are efficientboth acutely and chronically
infected cells, hence the protease is a more peefdarget for rational drug design
over the reverse transcriptase which is only effedh acutely infected cells (Kramer
et al, 1986; Lamberet al, 1992).

The emergence of HIV drug resistant strains andgémeetic diversity of the virus
have posed a major challenge in development ofabtie anti-retroviral regimen and
eradication of the virus from the host (Hoetelmanhsal, 1997; Papathanasopouleis
al., 2003; Bannwartlet al, 2009). The lack of a proof-reading mechanism Hogy t
reverse transcriptase, drug-pressure and othargptomote mutations and selection
of these drug resistant strains (Bebeaehl, 1989; Papathanasopoulesal, 2003).
One of the proposed attributes to resistance isstiseeptibility of the protease to
mutations. These mutations may alter catalysisitgctlinteraction with the inhibitor
(flap mutations) or inducing conformational changats the active site (hinge
mutations) (Galianet al, 2009). The altered conformation of the active silows
efficient substrate catalysis but still loweringe thffinity of the protease to inhibitor
(Galianoet al, 2009).Analysis of one of the first crystal structuredHi¥/-1 protease,
led to the postulation that disruption/dissociatadrthe dimer interface may result in
an inactive enzyme (Wlodawet al, 1989). The dimer interface region; in particular
the antiparalleB-sheet which is formed by the N- and C-termini basn identified
as a potential drug-target. This owes to its higlipserved nature (Wlodawer al,
1989; Brogliaet al, 2008; Bannwarttet al, 2009). Recently, the major focus has
been on the development of novel peptides and sn@é#cules that target this region
so as to block dimerisation of the protease (Kahal, 2007; Yanet al, 2008;
Bannwarthetal., 2009).



1.3 The common features and organisation of the diem interface of proteins

Protein dimer interfaces include the surface aradedd upon dimerisation and
residues that form inter-subunit interactions. Otgrisation is an important
phenomenon adopted by nature to reduce the prsteface area that is exposed to
solvent (Jones and Thornton, 1995; Jones and Tdngr®96; Tsaet al, 1997; Xuet
al., 1997). Understanding of this phenomenon origmai®m early studies of
haemoglobin and cytochromé jast to mention a few (Peruet al, 1960; Finzelet
al., 1985). This enables the protein to adopt a mphescal/globular form (Pacet
al., 1996; Tsaet al, 1997; Chothia and Janin, 1975). This is impdrianhe cell as it
has an influence on molecular crowding. Like th¥Hlprotease, some proteins elicit
functionality only when they have oligomerised. Mo&these proteins rely on dimer
interface interactions for complete stability argtimum functionality (Lancasteet
al., 2004; Alveset al, 2006; Waltonet al, 2009). For subunits to dimerise, they
require specific recognition complementarity, whistdependent upon their physical

shape and charge (Jones and Thornton, 1995).

1.3.1 The physicochemical properties of the dimenterface

It has been established that the recognition siegproteins are predominantly
hydrophobic, globular, and planar (Chothia and @ab®75; Tsaet al, 1997; Jones
and Thornton, 1995). They also fold into shape eady electrostatic groups that
influence the complementarity of binding (Chothredaanin, 1975; Tsait al, 1997;
Jones and Thornton, 1996). Generally, interactarthe dimer interface include salt-
bridges, hydrogen bonds, hydrophobic and van deal$\Materactions (Chothia and
Janin, 1975; Dill, 1990; Xt al, 1997). The combination and magnitude of these
interactions is unique for different proteins. Tlsame principles that govern
interactions for protein-protein interactions atgaply to dimer interfaces (Janin and
Chothia, 1990). A study reviewing the nature oftemo-protein interactions (Janin
and Chothia, 1990) showed that on average, thessitde surface area of a protein is
rich with non-polar residues which populate abdb®5to 75% of the total protein
surface area (Janin and Chothia, 1990; klaal, 2006).



The polar and charged residues form 25% and 20%hefaccessible surface area,
respectively (Janin and Chothia, 1990). Salt-bsdgend hydrogen bonds can
significantly enhance stability across the dimeeiface but are mainly implicated in
binding specificity (Janin and Chothia, 1990; etual, 1997).

Although hydrophobic interactions are mainly thoutgghdrive dimerisation and also
to stabilise the protein, they have been implicatetlinding recognition (Keskirmt
al., 2005; Dill, 1990; Janin and Chothia, 1990). Upateraction of subunits, packing
of the respective side chains culminates in opatios of the van der Waals
interactions. This is very important in determinihg surface shape complementarity
of subunits (Janin and Chothia, 1990; al, 2010).

The distribution ofi-helices on protein surfaces and interfaces istaohdn contrast,
the residues making up tiflestrands are more likely to be found at interfacesus
the protein surfaces (Tsef al, 1997).0n the other hand, Jones and Thornton (1995)
concluded that although all the structural elemanésfound at dimer interfaces, the
helices predominate. The dimer interface residusswompared to residues in other
regions of the protein make fewer intra-moleculantacts, making the dimer

interface more flexible (Jones and Thornton, 1995).

In contrast to the rest of the protein, the dinmerface exhibits a unique amino acid
composition (Keskiret al, 2005). The aromatic groups are particularly taed at
the dimer interface because they provide good ‘dioiebinding of subunits (Jones
and Thornton, 1995). These residues tend to forhatvs referred to as, a lock-and-
key motif where the aromatic side chain protrudesifone subunit and inserts/buries
into the hydrophobic pocket of the other subunings and Thornton, 1995). This
phenomenon has been well-documented for the glatatStransferases (GSTS)
superfamily of proteins (Sayezt al, 2000; Alveset al, 2006; Parbhoet al, 2011).

1.3.2 Contribution of ‘hot-spots’ and conserved regues at the dimer interface

Previously, Xuet al. (1997) suggested that the polar residues and ggdrbonding
groups are uniformly distributed throughout the eimnterface, implying equal

contribution of the amino acid residues to the gyef stabilisation (Xwet al, 1997).



Despite that, a general amino acid pattern habeen established at dimer interfaces,
hence the binding energy and stability contribuig@mino acids is not uniform. That
is, there maybe a single residue or a cluster sidoes contributing more to the
binding energy and stability of a protein. The amarcids that confer the most to
binding energy and stability of the dimer interfaaee referred to as ‘hot-spots’
(Burgoyne and Jackson, 2006). These may occurussecs that are surrounded by
residues that contribute far less to the stabi{Bpgan and Thorn, 1998). Thus,
residues that possess this feature make theiritgesize and charge very important.
Therefore, it only makes evolutionary sense thatseh ‘hot-spots’ and their
neighbouring residues are conserved (Keskial, 2005). The tendency of conserved
hot-spot residues to cluster, leads to the presompghat they could be useful in
predicting their interacting partners (Caffrey al, 2004; Burgoyne and Jackson,
2006). But, it is also known that dimer interfaesidues are not any more or less
conserved than other regions of the protein (Caffre al, 2004; Burgoyne and
Jackson, 2006).

1.4 The conformation off-sheets and role at the dimer interface

The amino acid side chains of the potential paipiggrands are thought to play a role
in recognition, proper folding conformation and berstability of the resulting-
sheet (Mandel-Gutfreunet al, 2001).The specificity with whiclg-strands recognise
their pairing partners is still not clearly undersd. This is because conservation of
complementary strands is not drastically distimoirf other non-binding-strands.
Also, the identity of pairing side-chains plays @ute role in binding recognition
(Mandel-Gutfreuncet al, 2001). However, it is understood that the idgndif side-
chains may play a more important role when progedtein binding is dependent on
pairing of B-strands (Mandel-Gutfreunet al, 2001). Non-polar residues, similar to
the protein core, are also more conservetisheets (Mandel-Gutfreuret al, 2001).
More specifically, the aromatic arfidbranched amino acid pairs are more conserved,
hence, they are more constrained to maintain hydoig interactions (Merkedt al,
1999; Mandel-Gutfreundt al, 2001).



These, in turn, confer the most stability frsheets than other residues (Mandel-
Gutfreundet al., 2001). In particular, phenylalanine has highpermsity forp-sheets
and, in most part, is highly conserved when pregepisheets. This aromatic residue
has been implicated in the so called glycine ‘resctihis phenomenon involves the
phenyl ring shielding the glycine amide and carbargups from forming hydrogen
bonds with the competing polar solvent (Mandel-@uthdet al, 2001; Merkekt al,
1999). This, in turn, counteracts the destabiliséfigcts of glycine (Merkeét al,
1999).

1.5 The structure and catalytic mechanism of HIV-Jprotease

The HIV-1 protease is described as an obligate lomer because its functionality is
dependent on the dimerisation of its symmetricahomeers (Hanseet al, 1988).
These monomers, in turn, contribute two symmetrasglartate residues at the single
active site (Wlodawer and Gustchina, 2000). Itsttelongs to the aspartic protease
family; hence, it is also inhibited by pepstatinafi$enet al, 1988; Wlodawer and
Gustchina, 2000). The active site structural orgmon is unique for retroviral
proteases, and makes it different from the non-ygrateases. Each monomer of the
HIV-1 protease is composed of 99 amino acids fogmine f-strands and one-
helix (Figure 3). The prominent regions of this yne are the dimer interface, the
flaps and hinge regions. The dimer interface ismused of four regions: residues 1 —
4 and 94 — 99, which form a four-stranded N- antei@ini antiparallelp-sheet;
residues 24 — 29, with residues 25 — 27 (Asp25r2@h Gly27) forming the catalytic
triad; residues 87, 90, 91, 92 and 93 which makthap-helices and residues 48 — 54
forming the flap tips (Weber, 1990; Comeanal, 2008b).



Flap Region
pree | Hinge Region

N-and C-termini
antiparallel B-sheet

Figure 3. A ribbon representation of the dimeric stucture of HIV-1 subtype C
protease

Thea-helices of each monomer are in purple with thewhd C-termini antiparalle-
sheet shown in red. The rest of fhatrands are represented in blue. The flap and
hinge regions are also indicated. The catalytadtriesidues (D25 — T26 — G27), from
each monomer are coloured in orange. The C67 abda@9yellow. The protease is
complexed with Nelfinavir which is coloured greéfigure generated using PyMOL
v0.99 (DeLano Scientific, 2006PDB code 2R5Q (Comaet al, 2008b).
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B-strand two to eight form a jelly-rofi-barrel topology within each subunit (Noet
al., 2009), whereas eacehhelix anchors the N- and C-termini antiparafietheet to
the rest of the protease moiety (Lows al, 2003). The active site, as previously
mentioned, is positioned at the dimer interface abdve it (Figure 3) the flaps are
arranged such that they seem to enclose it fronetlvronment.Consequently, for
the substrate (inhibitor) to access the active reiggon, the flaps (residues 43 to 58)
need to open up, and also to possibly exclude watdecules (Liuet al, 2008;
Koziseket al, 2008). The flaps are highly flexible and the@xbility is thought to be
controlled by the hinges (Kozisek al, 2008; Mosebiet al, 2008). Although the
protease is symmetrical, its natural substrates amy@mmetrical (Fitzgerald and
Springer, 1991; Prabu-Jeyabalah al, 2000). Binding of the substrate induces
conformational changes which cause the monomeastame a more asymmetrical
arrangement (Prabu-Jeyabalkinal, 2000). Once the substrate has gained access to
the active site, thé25/D23 side-chain activates the conserved active siteeiwat
molecule(Figure 4) which launches a nucleophilic attacktmncarbonyl group of the
polyprotein scissile bond. This is followed by mo&tion of the leaving amine group
by the D25/D25residue resulting in hydrolysis of the polyprotéiansenet al,
1988).

Protease binding subsites are designated S1, SSh&S1, S2, S3 starting from the
D25 residue. The S1 and 'Subsites (similarly S2 and Setc.) are contributed by
each monomer at symmetric positions. The respestdechains of the substrate are
termed P1, P2, P3 and 'PP2, P3 going toward the N-terminus and C-terminus,
respectively (Wlodawer and Vondrasek, 1998; Prayadalanet al, 2000). The
protease binding pockets comprise residues that threct and indirect interactions
with the substrate. These residues originate frdfardnt regions of the protease and
either make direct and/or water-mediated hydrogemdimg, van der Waals and/or
hydrophobic interactions with the substrate (Praéyabalaret al, 2000). Therefore,
substitution of these residues may directly alter tatalytic activity of the HIV-1

protease by altering the binding affinity of substror inhibitor.
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Figure 4. Schematic of scissile peptide bond hydngdis by the aspartic protease
One of the catalytic aspartate residues activatesconserved active site water
molecule. The activated water molecule launchesuelenphilic attack on the
carbonyl scissile peptide bond. The second aspaciit residue then protonates the
leaving amine group forming the acyl intermediatzyene. The hydrolysis of the
acyl enzyme is carried out by a water molecule thasipleting the process of
catalysis. The substrate side-chains are assigyeeitber P1 or P1 Picture was
adapted from http://www.jiaowu.buct.edu.cn/Coursedldarvard/BCMP201/pdf/.
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The flap region, with respect to its structural fmwmation, harbours significant
differences amongst the retroviral proteases ealhetietween the HIV-1 subtype A,
B, C and F (Wlodawer and Gustchina, 2000). Thisoreglicits drug resistance via
residues at positions 46, 47, 48, 50, 53 and 54€tal, 2008; Galian@t al., 2009).

HIV-1 subtypes harbour differences at the genetid protein level and are called
naturally occurring polymorphisms (NOPs) (Cometnal, 2008a). The NOPs that
occur in the dimer interface are N88D, L89M andU9®ith L89M occurring in more
than 95% of the subtype C strains. No major drugistant mutations have been
reported for the antiparallgsheet termini except for the conservative sulistity
L97V. In other retroviral proteases, L97 is repthdxy an isoleucine (Weber, 1990).
This emphasises the importance of maintaining hyldobic packing in the C-

terminus (Louiset al, 2003; Bowman and Chmielewski, 2002).

1.6 The N- and C-termini antiparallel g-sheet of HIV-1 protease: influence on
structure, function and stability

The N- and C-termini antiparall@tsheet, often referred to as the dimer interfage, i
formed by fourp-strands in retroviruses and by g$ixstrands in non-viral proteases
(Wlodawer and Gustchina, 2000). Previous studiesveld that the overall topology
between rous sarcoma viraad HIV-1 proteases are similar (Wlodavetral, 1989;
Weber, 1990). Proteases from both viruses showfigignt intersubunit interactions
in the “fireman’s grip” at the active site, betwaesidues 8, 29 and 87 for HIV-1 and
the N- and C-termini antiparall@tsheet. The structural comparison between the two
proteases also depicts the N- and C-ternflrétrands arranged in a similar
fashion (Wlodaweret al, 1989). The evolutionary conservation in the ctral
arrangement of this region suggests that it isiatdor maintaining the stability and
function of the protease (Lesk and Chothia, 198%daAweret al, 1989; Mirny and
Shakhnovich, 1999). Upon dimerisation, the HIV-btpase subunits form a network
of 34 hydrogen bonds and four ionic interactiongwieen them. Two of these
hydrogen bonds occur at the flaps, five at thevadite residues and eight occurring
between residues 6 — 8, 29 and 87. A substantial@Bgen bonds and two ion pairs
are formed at the N- and C-termini antipargBedheet (Weber, 1990).
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The C-terminal (residues 96 to 99) contributes S%ubunit-subunit ionic and 56%
hydrogen bond interactions and buries 45% of tintase area following dimerisation
(Weber, 1990). Therefore, it is obvious that stnoetbased thermodynamic analysis
showed that the N- and C-termini antiparapetheet contributes about 75% to the
total Gibbs energy (Todet al, 1998). This region is, thus, a ‘hot-spot’. It was
suggested that most of the energy of stabilisaiote N- and C-termini antiparallel
B-sheet is mainly accounted for by interactions fednby residues F99, L97, N98,
T96, C95, P1, I3 and L5 (Figure 5) (Toed al, 1998). Notably, most of these
residues are hydrophobic. The F99 residue congetbtite most to the energy of
stabilisation of the protease (Toeétl al, 1998). This residue is oriented toward the
interior of the dimer interface and is locatedhe presumed hydrophobic cleft which
includes W6 (Hostomsket al, 1989). The F99 locks into the hydrophobic pocket
seemingly, with its phenyl ring facing and lockimgth P1 of the other subunit
(Figure 6). P1 forms one inter-monomeric hydrogendowith F99 (Comaret al,
2008b).

The F99 is conserved in HIV-1 and SIV (Simian Immdeficiency Virus) proteases
and a leucine is located at the position in HIVARR &IAV (equine infectious anaemia
virus) proteases (Wlodawer and Gustchina, 2000)s Thplies that, not only do
hydrophobic interactions drive subunit-subunit fatdions but packing of these
hydrophobic residues contributes significantly e stability of the dimer (Louist
al., 2003; Bowman and Chmielewski, 2002). The N- &atermini regions do not
contribute directly to substrate binding nor doepartake directly in catalysis. The
catalytic function of HIV-1 protease has been shdwibe rather more sensitive to
substitutions at the C-terminal residues than thterhinal residues (Masso and
Vaisman, 2003). But, both the N- and C-termini haeen shown to be crucial for
dimer formation and stability, especially the Catéral (Louiset al, 2003; Ishimeet
al., 2003). Since HIV-1 protease is only active amaddimer, the N- and C-termini
therefore play an indirect but essential role i@ finction of the protease (Oroszlan
and Luftig, 1990; Louiset al, 2003; Ishimaet al, 2003). Previous studies have
reported that the F99A mutation causes completibitidn of the subtype B HIV-1
protease (Pettit al, 2003).
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Figure 5. Monomeric HIV-1 protease colour coded aarding to residues that
contribute to the stability of the dimer interface

The F99 (black) contributes the most to Gibbs enerfgstabilisation, followed by
residues coloured red, orange, yellow, green aad,cespectively. Those in blue do
not contribute to the dimer interface. The pictwas adapted from a study by Toeld
al., 1998 and generated using PyMOL v0.99 (DelLanergific, 2006). PDB code
2R5Q (Comaret al, 2008b).
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Figure 6. The lock-and-key motif formed at the dime interface of HIV-1
protease

The ‘key’ residue F99 (red) is inserted into theltmphobic pocket (‘lock’) which is
formed by the respective residues (cyan) from tgnering subunit. These residues
are within 4 A of F99. The phenyl ring of F99 andlime (Prol) side-chain lock. The
N98 (green) is from the same subunit as F99. Thaegyimdicates residues from the
partnering subunit. Figure generated using PyMOIO®(@DelLano Scientific, 2006)
PDB code 2R5Q (Comeet al, 2008b).
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Urea and thermal equilibrium unfolding/refoldingidies done on subtype B HIV-1
protease showed that the unfolding transition®¥edld a two-state mechanism given
by the equation below (Todat al, 1998; Noekt al, 2009). In contrast, the presence
of a fully folded monomeric intermediate was detecby kinetic folding studies
(Noel et al, 2009). The transient nature of the intermediatelue to the large
hydrophobicity of the dimer interface, which makeanstable when exposed to the
solvent. Hence it is reported that the dimerisastep contributes the most Gibbs
energy of stabilisation (Toddt al, 1998; Noelet al, 2009). The stability of the
protease is both pH- and concentration-dependeatlatter being due to its dimeric
nature (Todcet al, 1998; Noekt al, 2009). The protease is more stable at higher pH
values, and at pH 5 the dissociation constant thénmicromolar range (Todet al,
1998; Noelet al, 2009). There is a knowledge gap on the unfolameghanism for
the South African subtype C HIV-1 protease. So fae, mechanism by which the
protease dimerises within the Gag-Pol precumsorivo, and the exact sequence of
events that follow with respect to its cleavage aativation has not been elucidated.
But it has been suggested thatvivo dimerisation and activation of the protease
occurs whilst embedded within the Gag-Pol (Pettil, 2003).

N, = 2N Equation 1

Therefore, introducing mutations at highly consdriagdrophobic regions may result
in destabilisation of the dimer and, hence, indum&ormational changes at the active
site, which may alter the function of HIV-1 protedsomodimer (Brogli@tal., 2008;
Louis et al, 2003). The disruption of the N- and C-termintiparallel B-sheet has
also been a subject of rational drug design in rofiteteins, such as the amyloid
fibrils responsible for Alzheimers disease and #iulesins from the bacterial pili

responsible for uropathogenic infections €tial, 2006; Pinkneet al, 2006).
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1. 7 Objective and aims

The implication of regions near the active sitahia rise of drug resistant mutations
has led to development of novel ideas for inhilgitthe HI virus. Highly conserved
hydrophobic residues play an important role ingtracture, function and stability of
proteins (Lesk and Chothia, 1980a; Mirny and Shaktuoh, 1999). Previous studies
have indicated that the N- and C-termini antipatdlisheet which forms part of the
dimer interface is indispensable for dimerisatiord astability of HIV-1 protease
(Ishimaet al, 2003; Ishimeet al, 2007).Thus, the objective of this study is to detect
residues at the dimer interface of HIV-1 subtyppr@tease that are required for HIV-

1 subtype C protease homodimeric structure, funcitd stability.

The aims of this study are to:

* Use sequence and secondary structural alignmeinfdmmatics tool to detect
highly conserved residues at the dimer interfaceSofith African HIV-1
subtype C protease.

» Employ PCR-based site-directed mutagenesis to gentire F99A mutation.

» Compare the secondary, tertiary and quaternargtsinel of the mutant to the
wild-type using far-UV circular dichroism, intrirsend extrinsic fluorescence
spectroscopy and SE-HPLC.

* Investigate thermal stability by using far-UV citaudichroism.

 Compare the activity of F99A and wild-type proteadsy following the

hydrolysis of a chromogenic substrate spectrophetaoally.
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CHAPTER 2 EXPERIMENTAL PROCEDURES

2.1 Materials

The QuickChang® Lightning Site-Directed Mutagenesis kit was pusEth from
Stratagene (La Jolla, CA, USA). The synthesis @jovlucleotide primers and DNA
sequencing was done by Ingaba Biotec (Pretoria, SAjomogenic substrate was a
kind gift from Dr T. Govender from University of KaiZulu-Natal. The chromogenic
substrate is a peptide with the sequence Lys-Alg-\Aal-Nle-p-nitro-Phe-Glu-Ala-

Nle-NHz. All the other chemicals were of analytical grade

2.2 The HIV-1 expression vector

The pET-HIVPR plasmid encoding wild-type HIV-1 syh¢ B protease was a kind
gift from Dr J. Tang, University of Oklahoma HealBicience Centre, Oklahoma City
(Ido et al, 1991). The South African subtype C HIV-1 proteashen compared to
the B subtype protease, encodes the following poipimsms; T12S, 115V, L19I,
M361, R41K, H69K, L89M and I93L. These polymorphisnincluding the Q7K that
minimises the autoproteolysis of the PR, were thiced into the pET-HIVPR
expression vector by Dr. S. Mosebi (University lod Witwatersrand, Johannesburg).
The expression vector will be referred to as pET&@BA encoding, the ‘wild-type’
HIV-1 subtype C SA protease.

2.3 Engineering of primers and mutants using sitedidected mutagenesis

To construct the F99A and W42F/F99A mutants, spedfigonucleotide primers
were designed based on the pET-WTCSA sequence (Bayed). The primers were
designed based on the pET-WTCSA sequence using Pitraer-X software
(http://bioinformatics.org/primex). The primer semees (Figure 7) were analysed
using the Gene Runner software programme v3.01tifidmsSoftware Inc., NY.USA)

to check for possible formation of secondary strees.
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FO9A Fwd : 5' CAGCTGGGT TGCACT TTGAACGCGTAGTAATGT CCGATTGAAAT 3
FI99A Rev :5' CATTTCAATCGGAGATTACTACCGCGI TCAAGTGCAACCACCTG 3

W42F Fwd: 5" GAAATCAATCTGCCTGGTAAGT TCAAGCCTAAAATGATCGGTGEC 3
WA42F Rev: 5' GCCACCGATCATTTTAGGCTTGAACTTACCAGGCAGATTGATTTC 3

Figure 7. Primer sequences of the F99A and W42F mations
Primer sequences for the construction of the FA®AW42F mutations are indicated.
The codons for alanine and phenylalanine are id.bol
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To generate both the F99A and W42F/F99A mutants,QbickChang® Lightning
Site-Directed Mutagenesis kit from Stratagene (Bmaret al, 1996) was used.
Briefly, the reactions were carried out at @5to denature the double-stranded DNA
for 30 seconds, followed by primer annealing at65or 60 seconds and then DNA
elongation at 68C for 5 minutes. The PCR products were then diglestiéh Dpnl

(10 U/ug DNA) restriction enzyme at 3C for an hour and then at 2Q for another
hour. TheDpnl digests methylated DNA template (Nelson and Md&te, 1992;
Chunget al, 1989). The digested products were then usedatsform XL 10-Gold
Ultra Competenk. colicells (Stratagene). The transformation was cawigdoy the
one-step method (Chungt al, 1989). Cells were then plated on Lysogeny Broth
(LB)-agar plates (0.5% (w/v) yeast, 1% (w/v) trypeo 1% (w/v) NacCl), 1.5% (w/v)
agar) supplemented with 1Q@y/ml of ampicillin and incubated for 16 hours at
37°C. The plasmid DNA was extracted from cells using Strataprep miniprep kit
by following the manufacturer’'s instructions (Sagéne, La Jolla, USA).
Quantification and analysis of the plasmid DNA wpsrformed by using the
nanodrop spectrophotometer (Thermo Scientific). Plasmids encoding the FO9A
and WA42F/F99A are referred to as pET-F99A-CSA abBd-W42F/FO99A-CSA,

respectively. See Table 1 for a summary of the B€Jys.

2.4 Transformation of Escherichia coliT7 Express cells with plasmid DNA

E. coli T7 Express4competent cells (New England Biolabs Inc., IpswidiA, USA)
were transformed with either pET-WTCSA (10 ng), pEI9A-CSA (10 ngl) or pET-
W42F/F99A-CSA (10 ng) plasmid. The cells were tiptaited on Lysogeny Broth
(LB) agar plates supplemented with 100g/ml ampicillin and 35ug/ml
chloramphenicol to specifically select for transfed cells. The plates were
incubated for 16 hours at 3T. Cell colonies which were successfully transfatme
were grown in LB medium (0.5% (w/v) yeast, 1% (wtkyptone, 1% (w/v) NaCl)
supplemented with 100g/ml ampicillin and 35ug/ml chloramphenicol. These cells

were grown at 37C, shaking at 250 rpm for 20 hours.
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Table 1: PCR-based mutagenesis assay preparation
Mutagenesis was performed as described in sect®using the reagents below:

Reagent Volume (pl) Final concentration (ngl)
10 xReaction buffer 5 -

Forward primer 1 125

Reverse primer 1 125
Double-stranded DNA template 4.8 15
QuickChang® dNTP mix 1.5 -

milliQ water 36.7 -
QuickChang® Lightning enzyme 1 -
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2.5 Over-expression and purification of HIV-1 protese

HIV-1 PR was over-expressed as inclusion bodies ¢tdal, 1991) inEscherichia
coli T7 Express cells. Cells were grown overnight in EBntaining 10Qug/mi
ampicillin and 35ug/ml chloramphenicol at 37C. The culture was then diluted
100-fold into fresh LB media and grown until aniogt density (Ol nn) Of 0.4 —
0.5. IPTG was then added to a final concentratidh4 mM to induce expression for
4 hours at 37C. Cells were harvested by centrifugation at 500§ and the pellet
was resuspended in buffer A (10 mM Tris, 2 mM EDdid 1 mM PMSF, pH 8) and
then stored at -28C overnight. The thawed cells were sonicated fahagwthe
addition of MgC} and DNase | to final concentrations of 10 mM and Ul
respectively, and then centrifuged at 15 00§ for 30 minutes. The resulting pellet
was resuspended in ice-cold buffer A containing (4%) Triton X-100 and again
centrifuged at 15000¢g for 30 minutes. The inclusion bodies containing th
recombinant HIV-1 protease and cell debris werelectdd by centrifuging at
15 000 xg for 30 minutes at 4C. Finally, the pellet was resuspended in buffer B
(20 mM Tris, 8 M urea and 2 mM DTT, pH 8) to solig® the pellet. The solubilised
pellet was passed through a column packed witthygeninoethyl (DEAE) anion
sepharosematrix, pre-equilibrated with buffer B. The Bradfiorassay reagent
(Bradford, 1976) was used to identify protein-camt&y fractions, which were then
pooled and acidified with formic acid to a finalno@ntration of 25 mM. Acidification
caused precipitation of non-aspartic protease oontnts (Idoet al, 1991). The
protease was refolded by dialysis against 10 mNhioracid at £C. The refolded
protease was dialysed against protease storagerb@ff(10 mM sodium acetate,
1 mM NaCl and 2 mM DTT, pH 3.5).

A further purification step was required to remowentaminating proteins. The

carboxymethyl (CM) cation exchange column was dgpaited using buffer C. The

refolded protease which was dialysed against buffewas loaded onto the CM

column which was washed using the same bufferrtmwe proteins which are bound
non-specifically. The protease, bound to the coluwas eluted using a salt gradient
from 0 to 1 M NaCl. The pooled fractions were deshland dialysed against
buffer C.
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2.6 Analysis of the purity of the proteases (wildytpe, F99A and W42F/F99A) by
tricine-SDS-PAGE

Tricine-SDS-PAGE (Schagger and von Jagow, 1987a&wpér, 2006) was used to
confirm the size and purity of the wild-type andtemts. The principle of this method
is similar to glycine-SDS-PAGE (Laemmli, 1970), but this case tricine is the
trailing ion. This system is ideal for resolvingopgins below 20 kDa because of its
ability to separate these proteins from bulk SD&teereaching higher acrylamide
concentrations (Schagger and von Jagow, 1987; §ehag006). This is due to the
higher pk, of tricine. This technique relies on the dodeayup of the SDS to bind to
hydrophobic regions of the protein while the sudftm part gives the protein an
overall negative charge. The respective proteiratiges and adopts a rod-like shape
with an overall negative charge. Therefore, the gaciness and hence the abundance
of hydrophobic amino acid influences SDS binding amgration of the SDS-protein

complex on the acrylamide gel.

Stacking and separating gels were prepared toah doncentration of 4% (w/v) and
16% (w/v) acrylamide/bisacrylamide, respectively, gel buffer (3M Tris and
0.3% (w/v) SDS, pH 8.45). The separating gel alsotained 0.1% glycerol. The
protein samples were diluted two-fold in samplefé@u{12% (w/v) SDS, 6% (v/v)
B-mercaptoethanol, 30% (w/v) glycerol, 0.05% (w/Wdthasie Blue and 150 mM
Tris, pH 7) and then incubated at 37 °C for 30 rtésu The cathode (1 M Tris,
1 M Tricine and 1% (w/v) SDS; pH 8.25) and anode(Tris; pH 8.9) buffer were
added to the upper and bottom compartments, regpctoefore the protein samples
were loaded. Initially, 30 V was applied until te@mples reached the separating gel,
followed by 130 V for separation. Standard molecwaight markers were used to

assess the migration and purity of the wild-type anutant proteases.
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2.7 Protein concentration determination

To determine the concentrations of the proteires Beer-Lambert law was applied:

A =¢d Equatién
where A is the absorbance(M™.cm?) is the molar extinction coefficient, ¢ (M) is
the concentration of the sample dn@m) is the path length of light taken to travel

through the cuvette.

Since the aromatic residues absorb maximally at B&D (Lakowicz, 1983),
absorbance readings at 280 nm were recorded usig@sao V-630 UV-Vis
spectrophotometer. The readings were recorded fbrsdrial dilutions of the
respective protein. The molar absorption coeffitigpeo nn) of 11800 M'.cm™* was
used for the wild-type and F99A and 6250 k™ for the W42F/F99A (Perkins,
1986).

2.8 Structural characterisation of wild-type and muant proteases

It was important to examine the secondary, tertiand quaternary structural
modifications, if any, induced by the F99A and/o42F/F99A.

2.8.1 Secondary structure assessment using far-UWaular dichroism

The inherent ability of proteins to differentialypsorb circularly polarised light aids
in the characterisation of their secondary strec{iWoody, 1995). Optical activity is
observed in amino acids with aromatic and sulfibeugs. The amino acid backbone
also exhibits optical activity, and it is the dif@t organisation of the backbone that
gives distinct CD spectra for various proteins (\84p01995). Absorption range for
far-UV is between 190 nm and 250 nm. The second#amyctural modifications
induced by the F99A and W42F/F99A were investigabgaloiting this technique.
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The spectral measurements were obtained using @ Ja810 spectropolarimeter
running Spectra Manager with the v1.5.00 softwarer dhe wavelength range of
190 nm to 250 nm. The data were collected at 2Wsi@g a data pitch of 0.5 nm,
bandwidth of 0.1 nm and scan speed of 200 nni'mihe spectra were an average of
10 accumulations. All the proteins were prepared tmal concentration of M in

a buffer containing 10 mM sodium acetate, 2 mM D&t pH 5. To avoid
discrepancies due to protein concentration, the nmeasidue ellipticity @]
(deg.cnd.dmol™.residué) was calculated using the equation

100x 4
cnl

[O]= Equation 3

where c is the concentration of the protein in niNg the path length in cm, n is the

number of residues in the protein chain &nsl the ellipticity (mdeg).

2.8.2 Tertiary structure assessment using fluoresonee spectroscopy

The underlying principles of fluorescence spectpscis that a molecule absorbs
light at a certain wavelength and emits it at enbigwavelength where the energy lost
between the absorbed and emitted light is refaex Stokes shift (Lakowicz, 1983)
This loss in energy is due to interactions betwienfluorophore and its immediate
environment (Lakowicz, 1983). In proteins, aromatings of residues such as
phenylalanine, tyrosine and tryptophan are usdtlasescent probes, but tryptophan
is the dominant fluorophore. These probes can abiggt at 280 nm; however, the
indole ring of tryptophan can be exclusively exditg 295 nm. The indole ring of the
tryptophan makes it very sensitive to the polaty its environment and was,
therefore, used as an indicator of any local tert&ructural changes of the mutants

with respect to the wild-type.

The monomeric HIV-1 protease has two tryptophaidies, W6 and W42. The W6
is positioned near the dimer interface N-termipatrand and W42 is positioned at
the hinge region of the flaps fully exposed to siaévent, and is within 4 A of Y59.

This residue was also mutated to create the W42 R8utant. This was done so

that changes that might have only occurred at thel C-termini antiparallep-

26



sheet accompanying the FO9A mutation can be madtora W6. The W42F/F99A
mutant has a single tryptophan per monomer, thathi§ to monitor changes

occurring only at the dimer interface near the hNd &-termini antiparallgd-sheet.

Fluorescence measurementgere performed using Perkin Elmer LS 50 B
Luminescence fluorimeter. The spectra were recor@dsd an average of 5

accumulations at a wavelength range of 280 nm @m#h at 20 °C. The scan speed
of 200 nm.mifit was used.The same protein samples prepared for far-UV CD

spectroscopy (section 2.8.1) were used for thigemgent.

2.8.3 Quaternary structure assessment using SE-HPLEbupled with DLS

To assess the molecular weight and hydrodynamianvel of the purified protease
size-exclusion high performance liquid chromatogsadSE-HPLC) coupled with
dynamic light scattering was used. In this techejqyroteins with smaller

hydrodynamic volume get trapped within the colurneads and are retained longer.

The HPLC has a Bio-Select SEC matrix with a resotudf 5 to 250 kDa (BIO-RAD,

South Africa). The experimental procedures wergi@arout at a constant flow-rate
of 1 ml.miri* with an isocratic pressure of 65 bar. The tempeeatvas kept constant
at 20 °C. The protease was first dialysed agairsifeer containing 10 mM sodium

acetate, 1 mM NaCl and 2 mM DTT, pH 5 (proteaseagf® buffer). The protease was
then filtered before loading to the HPLC columneTuffer used for protease dialysis
was used to equilibrate the HPLC matrix. The busffarere de-gassed and filtered

before use.
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2.8.4 ANS binding studies to native and unfolded \d-type versus the F99A and
WA42F/F99A proteases

Further assessment of the quaternary structure cagged out using an extrinsic
fluorescent probe, ANS (8-anilino-1-naphthalene andte). ANS is an anionic dye
that can be used to probe hydrophobic patchespoatain.

In its unbound form, when ANS is excited at 390 rimemits light at 540 nm
(Semisotnhov and Gilmanshin, 1991). When this flsoemt dye binds to accessible
hydrophobic patches it undergoes a hypsochromiit &hia wavelength of 460 nm

with a simultaneous hyperchromic shift.

The ANS was prepared to a final concentration ofM in buffer containing 20 mM
sodium phosphate, 0.01% sodium azide and 2 mM O'RE. concentration of ANS
was confirmed by using the extinction coefficieg nm= 4 950 M'.cmi™. The protein
assays were prepared to a final concentration @fM%nd incubated for 2 hours with
ANS which was added to a final concentration of 200. For the unfolded protease
assays, the proteins were prepared to a final corateon of 15 uM in 8 M urea. The
proteins were incubated in the urea overnight at@0The spectral measurements

were recorded using a Perkin Elmer LS 50 B Lumiaese fluorimeter.

2.9 Thermal unfolding of the wild-type, F99A and W2F/F99A proteases

The thermal stability of a protein is defined by tGibbs free energy difference

between the folded and unfolded protein where
AG =G -G°% Equation 4
Thermal unfolding can be monitored via differensabnning calorimetry or, in this

case, by circular dichroism spectroscopy. Confoional changes are observed

simultaneously with an increase in temperaapplied to the protein sample.
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The experimental parameters that can be extractetha melting temperaturd ),
change enthalpyAH(Ty)) which are used to determine the stabilitg(T)). But, this
can only be true if the unfolding transition is ttm@dynamically reversible (Pace,
1986). The reversibility is frequently impeded bygeegation of the heat-unfolded
polypeptide. The aggregation can be monitored aefsesented by changes in the

voltage (Benjwakt al, 2006).

The thermal unfolding of the HIV-1 protease was itayed at a wavelength of
230 nm. A local maximum was observed for the CDcspeof the native wild-type
whereas the mutants had a negative ellipticity3ft @m. The wild-type, FO9A and
WA42F/F99A samples were prepared to a final conagatr of 30 uM in the protease
storage buffer. Unfolding was monitored at a terapee range from 20 °C and
100 °C. The rate of the temperature increase wiaatsk °C/min and to control the

temperature the Jasco PTC-423S Peltier-type termypereontrol system was used.

2.10 Functionality of the proteases

A chromogenic substrate, which is an analogue @f ¢bnserved cleavage site
between the capsid protein (CA) and nucleocapsk) {p the Gag polyprotein
precursor, was used for the activity studies. Tilesgate is a synthetic peptide with
the amino acid sequence Lys-Ala-Arg-Val-Niaiitro-Phe-Glu-Ala-Nle-NH. The
aromatic p-nitro-Phe moiety is largely responsible for absiomp at 300 nm hence
cleavage/removal of thg-nitro- from the phenyl ring causes decrease irodiance

at this wavelength.

The specific activity, which gives an indication tife amount of pure/functional
enzyme, was calculated by plotting the initial witlp versus the amount of protein.
The buffer contained 50 mM sodium acetate, 0.1 Miwu chloride, pH 5 for all the
experiments. The substrate concentration was kepstant at 50 uM while the

enzyme concentration was varied between the rarfigpM to 0.26 uM (wild-type)
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and 1.8 uM to 3 uM (F99A). In order to compute thaximum velocity (Vhay and
the substrate binding affinityK{), the Michaelis-Menten equation was used:

— Vmax[ S] 0

= [S]. +K Equation 5
0 m

where theV; is the initial velocity and [§ is the initial substrate concentration.

The wild-type and F99A assays included varied satestconcentrations between
40 uM and 300 pM and the enzyme concentration west konstant either at
0.240 uM or 2 uM. Thé/, was recorded over 60 seconds of the initial ratéhef

reaction. When the enzyme concentration is muchdrithan the:

V.o = Ko El qiation 6

max

where the [E]is the total concentration of enzyme dagis the turn-over number.
The turn-over number is the amount of substrateexded into product per active site
per secon@nd is determined from the slope of the initialoo#ies versus the enzyme

concentration.

All assays were performed at 20 °C and data welleated using a Jasco V-630
spectrophotometer at a wavelength of 300 nm (Velez¢Campoyet al, 2001b). In
order to convert the absorbance to reaction rétessubstrate extinction coefficient
of 1800 M*.cm*was used. The effects of the introduced mutatiotherfunctionality
of the protease were analysed and compared to ikdetywe. The data was fitted

using Sigma Plot v.11 software (Systat software).
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Chapter 3 Results

3.1 Multiple sequence and secondary structural alignents

To probe conserved residues at the dimer inteidatiee protease, multiple sequence
alignments were performed using Clustalw2 (Larkinal, 2007). The conserved
residues were identified from a set of aligned ana@nid sequences which represented
the respective HIV-1 subtypes (Figure 8). Ultimwtelll the residues comprising the
N- and C-termini antiparallgl-sheet were conserved. This region was also foand t
be structurally conserved across subtype A, C-SA aven in the drug resistant
subtype B protease (Figure 8). To investigate éf i and C-termini antiparall@-
sheet was also structurally conserved, the selettedtures were superimposed using
the computational tool, PyMOL (DeLano Scientifi©0B).

3.2 Sequence verification of DNA insert

The pET-WTCSA, pET-F99A-CSA and pET-W42F/F99A-CSAcede HIV-1
subtype C protease wild-type, F99A and W42F/F99Aamis, respectively. These
inserts were sequenced using the universal T7 psiatdngaba Biotec (South Africa)
in order to verify the nucleotide sequence of tHéAD The desired mutations were
incorporated (Figure 9 and 10) in the insert DNAeTwild-type and variant DNA
sequences retrieved from the sequencing resulte Wether translated into their
amino acid sequence using ExPasy translation tadhivérsity of Geneva,
Switzerland) to verify and compare the wild-typedamutants. A short upstream
sequence (Figure 11), which coincides with the gnatoessing site also present in or
mimicking the p6-protease cleavage site (Véaml, 1996), was present in the wild-
type and mutant constructs. It is, therefore, dsaemhat during heterologous
expression of the protease that auto-cleavage &dourcomplete activity of the

enzyme.
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A

N- -C
(Subtype A) 1 PQ TLWQRPL- - - - - LTQLGCTLNF 99
(Subtype B) 1 PQ TLWQRPL- - - - - LTQLGCTLNF 99
(Subtype C, Indian) 1 PQ TLWKRPL- - - - - LTQLGCTLNF 99
(Subtype C, SA) 1 PQ TLWQRPL- - - - - LPQ GCTLNF 99
(Subtype D) 1 PQ TLWQRPL- - - - - LTQ GCTLNF 99
(Subtype F) 1 PQ TLWKRPL- - - - - LTQ GCTLNF 99
Drug resistant 1 PQ TLWXRPI - - - - - MIQ GCTLNF 99

Figure 8. Multiple sequence and structural alignmenof different HIV-1

protease subtypes

(A) The segment representing the N- and C-termini vesidred) are indicated. The
asterisks represent conserved residues. Doublesengle dots represent residues
which show conserved and semi-conserved substisjticespectively. The omitted
residues are represented by dashed lines. The imageenerated using Clustalw2
(Larkin et al., 2007).(B) Structural alignment of HIV-1 subtype A (green)bg/pe C
SA (pink) and subtype B drug resistant (blue) meés with PDB codes 3IX0
(Robbinset al, 2010), 3U71 (Naicker, Rt al, unpublished data) and 1RPI (Logsdon
et al, 2004), respectively.
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Figure 9. Segments from sequenced HIV-1 subtype Cild-type and F99A insert
DNA

The pET-WT-CSA Q) and pET-F99A-CSAR) chromatographs are represented. The
phenylalanine codon (dotted box) in the wild-typasweplaced by an alanine (solid
box) yielding the FO9A mutant. Images were generaténg Finch T.V version 1.4.0.
The sequencing data was received from Ingaba B{&ewath Africa).
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A B

|'_'1

ppa {
BATCTGCCGOGTAANTGEAAGCCOAAAAT A0 T C T8 T EO ARG T &ase

o bt o W

TC GT C A GT ATGE AT C A& G AT CC T

GATC GAARATCTGU GGTALAAAAGCTATCG
190 200 20

TGACTCAGCTGGGTTGCACTTTGAACITTCL
an 80 0

Figure 10. Sections from sequenced HIV-1 subtype Wild-type and W42F/F99A
insert DNA

The mutated codons are highlighted in the pET-WRES) and pET-W42F/F99A-
CSA (B). The W42 (dotted box) and F99 (solid bogjlens in the wild-type were
replaced by phenylalanine (dotted circle) and alar(solid circle) codons yielding
the W42F/F99A mutant. The images were generatetyusinch T.V version 1.4.0.
The sequencing data was received from Ingaba B{&ewath Africa).
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Wl d-type PQ TLWKRPLVSI KVGGQ KEALLDTGADDTVLEEI NLPGKVKPKME 47
F99A PQ TLWKRPLVSI KVGGQ KEALLDTGADDTVLEEI NLPGKVKPKME 47

WI2F/ F99A PQ TLWKRPLVSI KVGGQ KEALLDTGADDTVLEEI NLPGKFKPKME 47

RR R I I S Sk S b kR O S I e Sk kR R kR R

W d-type TIGE GGFI KVRQYDQ LI EI CGKKAI GTVLVGPTPVNI | GRNVETLTQLGCTLNF 99
F99A TI GA GGFI KVRQYDQ LI El CGKKAI GTVLVGPTPVNI | GRNVETLTQLGCTLNA 99

WI2F/ F99A TI GE GGFI KVRQYDQ LI EI CGKKAI GTVLVGPTPVNI | GRNVETLTQLGCTLNA 99

RR R I Ik Sk I kR I kI R Rk I S kR

Figure 11. Amino acid sequences of the wild-typ&99A and W42F/F99A cDNA

A decapeptide (green) upstream of the first res{twewn) making up the 99 amino
acid residues of the mature protease were idedtifieall the proteins. The Q7K

(pink) mutation was also confirmed in the proteasgse desired mutations at the
W42 (red) and F99 (purple) positions were confirrbgdcomparison to the wild-type

sequence. Conserved residues are indicated bys&stesubstitutions are shown by a
single dot. The ExPasy (University of Geneva, Seviand) translation tool was used.
The Clustalw2 (Larkiret al, 2007) was used for the alignment.

35



3.3 Over-expression and purification of the wild-tpe, F99A and W42F/F99A

The wild-type, F99A and W42F/F99A proteases werer-@xpressed ikscherichia
coli T7 Express cells as inclusion bodies and purifiedler the same set of
conditions. The wild-type had a lower expressiogld/iof about 1.25 mg, while the
proteases encoding F99A and W42F/F99A, yielded ab6ung per litre of culture.
The differences in concentration were determineéectspphotometrically at Ao
using the Beer-Lambert law. Tricine SDS-PAGE evéduimindicated that all the
proteins were purified to homogeneity as depictedhie single bands corresponding
to each protein (Figure 12). The wild-type showsharper band while the mutants’
migration resulted in smearing. The wild-type amihbthe FO9A and W42F/F99A
bands correspond to relative molecular weights lokDa and 7 kDa, respectively.
These results were observed with every purificatioalysis via tricineSDS-PAGE.
The wild-type corresponds to the expected HIV-1tgeee monomeric molecular
weight (Idoet al, 1991). The estimated molecular weight for theiards is not
reliable since it falls outside the range of trendlird molecular weight markers. The
wild-type and the mutants have the same pl valu@ 3 (ExPasy tools). It is known
that the pl of a protein can interfere with SDSdong hence causing anomalous
migration on the SDS-PAGE (Pitt-Rivers and Impiotohal968). Therefore the
anomalous migration of the mutants may not behbaiteid to changes in the pl.
Further investigations could be done in futuregdsess the cause of the differences in

migration of the wild-type and variants.

3.4 Secondary structure analysis of F99A, W42F/F99and wild-type

The secondary structural properties of the wildetyp99A and W42F/F99A were
analysed by far-UV circular dichroism spectroscoplye wild-type spectrum showed
a minimum at 214 nm and a local maximum at 230 fihe minimum is typical of
predominantlyp-sheeted proteins and the local maximum has alsa bbserved in
the literature (Woody, 1995; Noel al., 2009). This, however, is not the case with
F99A and W42F/F99A which exhibit minima at 203 rand do not portray the local
maximum observed for the wild-type at 230 nm (FegiB).
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Wild-type FO9A W42F/F99A kDa

«— 25

«— 20

+«— 15

+«— 10

Log molecular weight

Figure 12. Molecular weight determination using trcine SDS-PAGE of purified
proteases

The wild-type, FO99A, W42F/FO99A and a standard mall@c weight marker are
indicated in their respective lanes. The proteirgewall prepared under reducing
conditions. Standard protein molecular weight mankas used to construct the
calibration curve. The distance that the proteingrated and the corresponding
molecular weight are indicated on the calibratiammve. The curve’s regression
equation isy = - 1.724 x + 2.048 with the correlatcoefficient of 0.99.
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Figure 13. Far-UV circular dichroism spectra of natve HIV-1 subtype C

proteases

The spectra are a representation of secondarytstal@lements of native wild-type
(®), FO9A (¢) and W42F/F99A €). The arrows indicate wavelengths of 203 nm
(solid), 214 nm (dotted) and 230 nm (dashed). Tioéems were prepared to a final
concentration of 1M in 10 mM sodium acetate buffer, pH 5. The blamksre
subtracted from the raw data.
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3.5 Tertiary structure analysis of F99A, W42F/F99Aand wild-type

In order to probe tertiary structural changes, iy,a intrinsic fluorescence
spectroscopy was used. This technique allows teeotiphenylalanine, tyrosine and
tryptophan residues, but relies mainly on the #soence properties of the tryptophan
indole with respect to its local environment. Thddvype HIV-1 protease has a
single tyrosine (Y59) and two tryptophan residud# (and W42) per monomer.
Excitation at a wavelength of 280 nm (tryptophad &mosine excitation) showed the
emission of the wild-type at 355 nm and of both tingtants at 357 nm (Figure 14).
The 2 nm red-shift was consistent, occurring aétegry round of purification. The
fluorescence intensity of the mutants was about 5@§ker than that of wild-type.
The emission wavelength following excitation at 288 (tryptophan excitation) was
355, 356 and 357 nm for wild-type, FO9A and W42Bi&9respectively (Figure 15).
The 2 nm red-shift is also observed with excitatanthe lone tryptophan residue
(W6) positioned at the N- and C-termini antipadaflesheet. Although a 2 nm shift
may be small, but the consistency of this resuly nmaicate that there are tertiary

structural changes occurring at this region.
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Figure 14. Fluorescence spectra of HIV-1 subtype froteases with excitation at
280 nm

The emission spectra of the wild-type),( F99A (#) and W42F/F99A «) in their
native forms are indicated above. Tyrosine andtopipan residues were excited at
280 nm to give an indication of tertiary structudafferences of the proteins. The
proteins were prepared to a final concentratiod®ftM in 10 mM sodium acetate
buffer, pH 5. The blanks were subtracted from the data.
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Figure 15. Tryptophan emission spectra of wild-typeF99A and W42F/F99A
proteases

The tryptophan emission spectra of native wild-tyge), F99A () and
WA42F/F99A @).The tryptophan residues were exclusively exci#ed wavelength of
295 nm. The proteins were prepared to a final cotnagon of 15uM in 10 mM
sodium acetate buffer, pH 5. The blanks were satatdafrom the raw data.
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3.6 Extrinsic ANS-binding fluorescence

The fluorescent dye, ANS (8-anilino-1-naphthalendfomate) binds to exposed
hydrophobic patches of a protein, and consequethityemission wavelength is blue
shifted with an increase in the quantum yield (Satmov and Gilmanshin, 1991). In
the presence of the native forms of the wild-tyg@9A and W42F/F99A the quantum
yield increased from 40 to 46% and there is a Bhi& to 480 nm compared to free
ANS, which emitted light at a wavelength of 510 rifhe unfolded protein and free
ANS emission spectra are red shifted with the quangield of the free ANS slightly
higher (Figure 16).

3.7 Analysis of molecular weight and hydrodynamic @lume of wild-type, FO9A
and W42F/F99A

Size-exclusion HPLC was employed to compare therddythamic volume and
molecular weight of the mutants to that of the wiyigde (Figure 17). There are two
clear peaks for the wild-type and W42F/F99A. Thé&A%had a single peak with
‘shoulders’. Distinct peaks in Figure 17 suggedfedent oligomeric states, thus
indicating that both dimeric and monomeric speexgist in the protein sample. The
retention times of the dominant peaks for the wyide, FO9A and W42F/F99A
corresponds to 16.4 kDa, 20.7 kDa and 18.1 kDgerwvely. Differences in the
elution profiles and molecular weight of the wilgge versus the mutants imply that
the FO99A mutation could have caused a shift in mueredimer equilibrium. The
expected relative molecular weight, for the wilgyis 22 kDa. This suggests that the
protein behaves anomalously on this HPLC matriis fossible that the proteins may
be interacting with the matrix causing retardatiorthe movement of the proteins
through the matrix and thus increasing their rédentime. Nonetheless there is an

observed slight increase in the hydrodynamic volofée mutants.
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Figure 16. Comparisons of ANS binding to wild-typeF99A and W42F/F99A

ANS binding to native wild-types(), FO9A (®) and W42F/F99A«) and unfolded

forms of the wild-type ), F99A (©) and W42F/FO99A{). The solid line represents
free ANS. The arrows indicate the shift in wavekbngvhere the maximum
fluorescence intensity is observed. The wild-typd gariant proteases were prepared
in 10 mM sodium acetate buffer, pH 5 to final camcations of 15uM. The ANS
was added to a final concentration of 200.
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Figure 17. SE-HPLC of the wild-type, F99A and W42Hf99A

(A) The SE-HPLC elution peaks for the wild-type éhd 4), F99A (1) and
WA42F/F99A (2 and 5). The flow rate was at 1 ml/mainan isocratic pressure of
65 bar for all the proteins. The equilibration leufused 10 mM sodium acetate,
1 mM NaCl and 2 mM DTT, pH 5 (B) Standard curve ludges: thyroglobulin
(670 kDa), y-globulin (158 kDa), ovalbumin (44 kDa), myoglob{a7 kDa) and
vitamin B12 (1.35 kDa). The standards and profiealp points are indicated by
symbolso ande, respectively. The equation for the curve is y3:321 x + 4.931 and
correlation coefficient, 0.98.
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3.8 Thermally-induced unfolding of wild-type, FO9Aand W42F/F99A proteases

The thermal unfolding of the HIV-1 proteases wasnittwed at a wavelength of
230 nm where the differences in the local maximuas wbserved between circular
dichroism spectra of the native wild-type, F99A awti2F/F99A. The thermal
unfolding was monitored at 230 nm, which is maimdicative of the polypeptide
backbone conformation and is also postulated tdugeto exciton coupling between
W42 and Y59 (Noekt al, 2009). The unfolding was irreversible sincer¢heras an
increase in turbidity concomitant with a large emse in wild-type unfolding at the
same temperature (Figure 18). The wild-type showsa@e defined unfolding
transition between 55 °C and 63 °C in contrasth® two variants. There is an
obvious overlap of the folded/native states (betw2@ °C and 55 °C) of the wild-
type, F99A and W42F/F99A but the unfolded transitimf the variants seems to
approach that of the wild-type, but does not oyewéth it even at 100 °C.

3.9 Effects of F99A mutation on the catalytic activy of the protease

Evidence from the secondary structural changesrebdeas a result of the F99A
mutation led to the postulation that it might haveadverse effect on the functionality
of the protease. The assay is based on the abilithe protease to hydrolyse the
chromogenic substrate, Lys-Ala-Arg-Val-Ngeritro-Phe-Glu-Ala-Nle-NH. This
substrate mimics the conserved cleavage site batwbe capsid (CA) and
nucleocapsid (p2) in the Gag precursor with thausage (Velazquez-Campey al,
2001a; Mosebkt al, 2008). The first 60 seconds of the reactioreditthe linear
relationship typical of progress curves. It is intpat to note that the FO9A displayed
higher levels of noise to signal ratio compared the wild-type at enzyme
concentrations below 1.8 uM. To generate reprodeiabta from the assays done in
triplicate higher enzyme concentrations had to $edu The specific activity of the
wild-type was 1.5 pmol/min/mg and that of the FO®As significantly reduced to
0.13 pmol/min/mg, which amounts to a ten-fold dasee(Figure 19). Although the
substrate binding affinityK(y) of the FO9A was slightly increased, tWgaxand keat
were significantly higher for the wild-type (Figer@0, 21 and 22).
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The catalytic profile of the wild-type and F99A asemmarised in Table 2. These
results are comparable with previous studies (Mioseal, 2008).
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Temperature (°C)

B 360

355 A

350 ~

345 -

HT (volts)

340 A

335 +

330 T T T
20 40 60 80 100

Temperature (°C)

Figure 18. Thermal unfolding of the wild-type, F99Aand W42F/F99A

The thermal unfolding of the wild-type (red), FO9Black) and W42F/F99A (blue)
were analysed by circular dichroism. The unfoldif®g and turbidity (B) were
monitored at a wavelength of 230 nm between 20rf€100 °C. The bandwidth was
set at 1 nm and the data pitch was 0.2 °C. Theem®tvere each prepared to a final
concentration of 1M in buffer containing 10 mM sodium acetate, 2 mMTD
pH 5.
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Figure 19. Specific activity of wild-type and F99AHIV-1 subtype C proteases

The specific activity of the wild-typesj and F99A ¢) were computed from the slope
of the graphs to be 1.5+ 6.3x1@mol/min/mg and 0.13+ 5.31xFQumol/min/mg,
respectively. The assays were performed in trifdicand data is reported as mean +
SE. The assays were performed at 20 °C in 50 mMisodcetate, 0.1 M NaCl, pH 5.
The reactions were initiated with 50 uM substratevarying protease concentration
range of 0.4 to 4.2 uM and 1.8 to 3 uM for the viyjde and F99A, respectively. The
reactions were monitored at a wavelength of 300 fine correlation coefficient is

0.97 for both graphs.
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Figure 20. Determination of the Michaelis-Menten costants and maximum
velocities of the wild-type and F99A proteases ugin2 UM of enzyme

The wild-type @) and FO9A ¢) were found to hav&y values of 166.3+ 6.6 uM and
98.0+ 3.9 pM, respectively. The F99A ha¥/,gof 0.003% 6.32x10 umol/min and
that of the wild-type was of 0.08+ 1.47 x@mol/min. The wild-type and F99A
protease concentration were kept constant at 2 il tve substrate concentration
varied between 40 and 300 uM. The assays were ctedtlat 20 °C in 50 mM
sodium acetate, 0.1 M NaCl, pH 5. The reactionsewapnitored at 300 nm. The
correlation coefficient of the wild-type and F99Aots are 0.99 and 0.98,
respectively. The assays were performed in trifdicand data is reported as mean +

SE.
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Figure 21. Michaelis-Menten constant and maximum \Jecity determination of

the wild-type and F99A using 0.24 uM enzyme

The Ky, for the wild-type ) and F99A ¢) had comparable values of 166.945.54 uM
and 143.6x1.7 uM, respectively. TN for the wild-type were determined to be
0.023+3.95x1d pmol/min and that of the F99A was 0.003+9.68% fnol/min. The
reactions were monitored at a wavelength of 300 Tine assays were performed at
20 °C in 50 mM sodium acetate, 0.1 M NacCl, pH 5cleassay was done in triplicate.
The reactions were monitored at a wavelength ofr800 The correlation coefficient
of the wild-type and F99A plots are 0.99 and O0.@&pectively. The assays were
performed in triplicates and data is reported aamieSE.
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Figure 22. Turn-over determination of the wild-typeand F99A proteases

The amount of substrate converted to product peveasite (or turn over number or
kea) Was calculated from the slopes of the linear esrnfhe wild-type «) and F99A
(0) keatWere found to be 1.04+0.23xiGsec! and 0.51+0.0215 sé¢ respectively.
Experiments were done at 20 °C in 50 mM sodiumaaee0.1 M NaCl, pH 5. The
protease concentrations were varied between 00L3tquM while the substrate was
kept constant at 250 pM. Each reaction was dong&ipficate and monitored at
300 nm. The data is reported as mean + SE.
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Table 2: Catalytic profiles of the wild-type and F®A
The catalytic parameters of the wild-type and F®8&e computed and summarised
below:

Enzyme concentration (UM) Parameter Wild-type FO9A
Specific activity 15 013
(umol/min/mg)
Keat(se€C) 1.04 0.51
2 Kv (LM) 166.3 98.0
Vmax (Lmol/min) 0.08 0.003
0.24 Km (UM) 166.9 143.6
Vuax (Lmol/min) 0.023 0.003
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CHAPTER 4 DISCUSSION

The C-terminal residue, F99, is conserved across HiivV-1 protease subtypes
including drug resistant strains. The bulky, hydropic ring of this residue was
replaced with the smaller side-chain of alaninereate a cavity (Figures 23 and 24)
within the hydrophobic cleft around the F99. Thetation could also disrupt the
‘lock-and-key’ motif formed by the F99 and the chss forming the hydrophobic
cleft (Figure 6). Engineering of the F99A and W42Z¥9A mutations was successful
and this was confirmed by Ingaba Biotec sequenasglts. The wild-type, FO9A and
WA42F/F99A possess a short peptide upstream (Fifliref the protease amino acid
sequence. This short upstream peptide mimics taesfiame/protease (TF/PR)
cleavage site and has been shown to be crucighéorIV-1 protease self-processing
during heterologous expressionkn coli cells (Hostomskyet al, 1989; Valverdest
al,, 1992). The F99A and W42F/F99A showed much higaepression yield
compared to the wild-type under the same conditignslecrease in the catalytic
activity accompanying the F99A mutation could haaeised the enzyme to be less
toxic to theE. coli cells (Hostomskyet al, 1989; Miroux and Walker, 1996; Dumon-
Seignoveret al, 2004). The role of this residue in the structiwection and thermal

stability of the HIV-1 subtype C protease was irigeged.
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Locality of F99 at the Cavities formed by
dimer interface replacing F9S with A

Figure 23 Global view of the F99 position and cawtformed by FO9A mutation

in the HIV-1 protease

Each subunit is represented by the ribbon structolured blue and green,
respectively. The wild-type (A) contains the pherigfy of F99 while in the F99A (B)
the phenyl ring is replaced by cavities (grey) atle subunit. The symmetrical axis is
indicated by the dashed lines. Image was genenagedy PyMOL v0.99 (DelLano
Scientific, 2006). PDB code 3U71 (Naicker,gal, unpublished data).
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Figure 24. Simulation of the cavity created by suliguting phenylalanine with
alanine.

The molecular surface area around the (A) F99 8)dAQ9 residues is indicated by
circles. The pocket occupied by the phenyl ring rhayreplaced by water molecules
in the F99A hence the bulging of the surface afé® green and blue represent the
surface area computed for the respective subunitsge generated using PyMOL
v0.99 (DeLano Scientific, 2006). PDB code 2R5Q (@aet al, 2008b).
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4.1 Role of F99 on the structure of HIV-1 subtype Qrotease

The W42F/F99A mutation was created so that tertsryctural changes that have
occurred at the N- and C-termini antiparalgkheet region can be monitored
exclusively. The W42 is solvent exposed, thus, itttole ring does not form any
hydrogen bonds (Swiss-pdb Viewer) with any corédress which could be essential
for maintaining the native structure of the protea3he bulky side chain of
tryptophan was replaced with an equally, but nows#scent, bulky phenylalanine.
This was done to compensate for the van der Waédsaictions that the W42 side
chain makes with neighbouring residues in its matwld-type conformation. Thus,
any structural changes observed for the W42F/F9QAan should be due to the
F99A mutation.

4.1.1 Secondary structural characterisation

The wild-type, F99A and W42F/F99A were prepareth®same final concentrations
following dialysis against DTT-containing buffer toavoid oxidation of
sulfur-containing residues. The HIV protease corgdwo cysteine residues, C67 and
C95 per monomer. The C95 residue is located adlither interface and its oxidation
causes the inhibition of protease catalytic agtiay preventing dimerisation (Davis
et al, 2003). The proteins were monitored under the saeteof parameters. The

same results were obtained following every rounpusffication.

The observed trough at 203 nm implies that thereseged F99A mutation caused a
decrease but not complete lossfirsheet content. It is possible that this loss is
localised at the N- and C-termiffi-sheet since this is where the mutation was
engineered. Synthetic homopolypeptides are oftead utss models for the basic
characterisation of the ‘pure’ spectraoshelices,p-sheets and random coils (Pauling
and Corey, 1951; Manningt al, 1988; Bannister and Bannister, 1974). In contiast
proteins, homopolypeptides form longer chainetielices andp-sheets and the
random coils are extended. This poses a complexitgn analysing the more

complicated structures of globular proteins.
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Therefore, different wavelengths often assigned single structural element, might
in fact be more multifaceted (Mannimg al, 1988; Bannister and Bannister, 1974).
Using PyMOL as a simulation tool (Figures 23 an)l #4is mutation leaves a cavity
within the N- and C-termini antiparall@tsheet resulting in loss of inter-monomeric
van der Waals interactions with the highly consdr@&7 (Comaret al, 2008b). This
presumed perturbation could have diminished théanireg force between the loop
where C67 is positioned and the N- and C-termitipanallel B-sheet, making these
regions less structured (Figure 25). This couldehad to marked untwisting of tifie
sheets perhaps forming random coils, apparenteasdbative band at 203 nm. This
phenomenorhas been reported for sheets which are less twi{stkashning et al,
1988). It has also been shown that increasing ithee chain bulk in homopolymers
increases the twisting @sheets (Bannister and Bannister, 1974) Therefoss, of
the bulky phenyl ring may have caused disruptiothef3-sheets. But, whether these
changes were local to the N- and C-termini antiperd-sheet and if they were
significant enough to induce the observed specthifts can only be deduced

conclusively with a crystal structure.

Although the aforementioned explanation makes gaod valid arguments for the
significant differences of the far-UV spectra fdretwild-type and mutants, the
contribution of the aromatic amino acids must als® considered. A series of
phenylalanine mutations at different sites of tlowilbe pancreatic trypsin inhibitor
(BPTI) has been previously analysed using far-UV (SbBeeramaet al, 1999). In the

study, and several others, it was concluded thagatiom of an aromatic residue,
depending on its local environment, can signifigamtter the far-UV CD spectra
(Sreerameet al, 1999; Woody, 1995; Boreat al, 1999; Krittanai and Johnson,
1997).
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Figure 25. Local environment around F99 and F99A

The wild-type F99 (black) and F99A (blue) with thesidues that are within 4 A
depicted in A and B, respectively. The F99, frora tespective chains, was used to
compute the neighbouring residues. The phenyladanimg is positioned between
C67 and C95. Absence of this ring in FO9A causes lof van der Waals inter-
monomer interactions with C67. The prime indicatssdues from the paired subunit.
Hydrogen bonds are shown by dashed lines. Figunergted using PyMOL v0.99
(DeLano Scientific, 2006) using the PDB code 2RBQrianet al, 2008b)
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In most cases, the overall arrangement of the maeklof the wild-type and variants
was similar in the crystal structures. The amoditromatic side chains coupled with
their local environment can interfere with secogdstructural analysis in the far-Uv
region (Woody, 1994; Boreet al, 1999; Krittanai and Johnson, 1997). Even minute
modifications in the orientations of the aromaties cause major differences in CD
spectra (Boreret al, 1999). In the current study, the F99A mutatioighth have
induced local unfolding at the N- and C-terminiipatallel -sheet perhaps changing
the environment around the nearby W6 and/or itentation. This is also an early
indication that the local environment around tlyptiophan(s) has definitely changed
as a result of the FO9A mutation. The loss of aditamhal aromatic ring in the
WA42F/F99A may explain the slight difference in theean residue ellipticity
compared to the F99A (Figure 13). Thus, eitherltiss of the aromatic phenyl ring
itself and/or loss of the conserved interactionghwihe neighbouring residues
(Figure 25), which might have induced partial udfoy of the protease, could

account for these results.

The maximum at 230 nm detected in the wild-typel&r spectra is postulated to be
due to exciton coupling between W42 and Y59 whighabout 3.4 A apart (Sreerama
et al, 1999; Noelet al, 2009). The F99 is positioned approximately 340439 A
from the postulated exciton coupling in the sameomeer and 25 A to 31 A in the
other monomer. So, it is plausible that the effeft&99 are also global causing the
hinge region to be less ordered making the W42 \é5@l less prone to contact and
diminishing the chances of the exciton couplingisTmaximum has also been
attributed to exciton coupling between an aromatmsition and amide transition
(Siezen and Argos, 1983). Therefore, either theAH9&s induced local unfolding at
the N- and C-termini antiparallgl-sheet only, or its unfolding effects were also
global by perturbing the presumed W42 and Y59 erctoupling. This perturbation

is represented by absence of the local maxima@nh&8for the mutant proteases.
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4.1.2 Tertiary structural characterisation

Fluorescence spectroscopy was used as a technajueofmparing the tertiary
structure of the wild-type and mutants. The fluoegse of tryptophan and tyrosine
residues as well as their location was used aseprothe samples that were used for
the far-UV CD analysis were not discarded but wemised for fluorescence
spectroscopy analysis. This was done to eliminate discrepancies due to sample
preparation and protein concentration between fheafd fluorescence data. A 2 nm
red shift is observed after every round of puriiima. This suggests that the
tryptophan(s), being the major probes, may be #jigholvent exposedAlso,
inferring from the loss of the secondary structuhe, protease native structure may
have become less compact especially at the N- atetn@ni antiparallelp-sheet
exposing the W6 residue to the solvent. But whytlde® mutants have a higher

intensity versus the wild-type and why do they ¢ay?

The lower fluorescence intensity exhibited by thklsype may be due to tryptophan
fluorescence quenching. There are several fadtatsrfluence the quantum yield but
is a poorly understood concept (Lakowicz, 1983)uokéscence quenching of
tryptophan depends on the chemical nature of ighbeuring residues. In its excited
state, the indole ring can be quenched by a neamtayatic, proton from a charged
amino group, electron acceptors such as protoneaebloxyl group and electron
transfer from disulfides, amides or protein baclkb@makowicz, 1983). The W42 and
W6 residues in the wild-type are located such they make van der Waals contacts
with neighbouring amino acids, some of which haeerbimplicated in tryptophan
fluorescence quenching. These include R41, K43, R&%, Q58 and Y59 near the
W42 and making contact with the W6 residue are 118, Q7, R87, T91 and Q92
(Figure 26). Thus, there are possible tertiarycstmal changes that have occurred at

the N- and C-termini antiparallBtsheet and hinge region.
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Figure 26. lllustration of the W6 and W42 neighbouimg residues

The symmetrical subunits are represented in bluegreen. The fluorescent probes
W6 and W42, Y59 and F99 are highlighted in pinkarme and black, respectively.
The residues that are 4 A of W6 and W42 are depiictdoox A and B, respectively.
Image was generated using PyMOL v0.99 (DelLano 8tien2006) PDB code
2R5Q (Comaret al, 2008b).
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The lower fluorescence intensity observed for thig-type when the tyrosine and
tryptophan residues are excited (Figure 14) maynitaénly, due to, fluorescence
guenching of W6. This residue would be more seresiid local structural changes at
N- and C- termini antiparallgl-sheet since it is positioned near this region alsd
the fluorescence spectra of FO9A and W42F/F99A laysuperimpose. The W42
and W6, which are both present in the wild-type d&f@PA proteases, were
exclusively excited, and only W6 in W42F/F99A piate was exclusively excited.
The W42F/F99A exhibited a 2 nm wavelength red stuftnpared to the wild-type
and this confirms the solvent exposure of the Wg@gssting that the local tertiary
structure at the N- and C-termini antiparafesheet region has been disrupted. The
intensity difference between the F99A and W42F/F9BAthis case, is due to the
absence of W42 residue in the W42F/F99A mutant.

4.1.3 Role in quaternary structural characterisation

The HIV-1 protease quaternary structure was asdesgh SE-HPLC (Figure 17).
The relative molecular weight, at least for thedatype, was anomalous. The wild-
type is 1.3-fold less than the expected/theoretzdiie for the dimer and 1.5-fold
larger than the expected value for the monomerh Buog¢ wild-type and FO9A were
active even at concentrations that were 60-foldelothan the final concentrations
used for the SE-HPLC experiments. This stronglygests that the proteins are
dimeric. Also the wild-type enzyme kinetic paramstare comparable to previous
studies for the wild-type dimer (Mosebt al, 2008; Mpye, 2010). There is still
evidence of an altered hydrodynamic volume exhiblig the mutants. The mutants
might be slightly less compact than the wild-typggesting that the F99A might
have caused ‘partial’ unfolding at the N- and Grtieni antiparallelp-sheet. However,
it is not obvious using only this technique to asgdhe exposed residues, if any, are
hydrophobic or polar.

When ANS binds to hydrophobic patches it displaghér fluorescence intensity and
a blue shift (Stryer, 1968; Xiet al, 1999).This property of the ANS was used in
probing if there were any exposed hydrophobic peEgcaccompanying the FO99A
mutation.
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But, it has also been shown that the sulfonic groiANS can bind to positively
charged residues of a protein. This also leadsntmarced fluorescence intensity
(Matulis and Lovrien, 1998; Andujar-Sanchet al, 2011). The native and urea-
unfolded forms of the wild-type and mutants wereulmated with ANSThe native
forms of the wild-type and mutants both bind ANSplaying similar fluorescence
intensities. In contrast, when they are in the teed state, binding is not observed.
In fact, others showed competitive binding betwe®NS and acetyl pepstatin
implying that ANS binds to the active site of thetease (Xieet al, 1999). The SE-
HPLC result suggests that dimeric species mighit estist in both the F99A and
WA42F/F99A, although some distortion in the shapevident. If the ANS does bind at
the dimer interface, this further confirms that themer is still intact. Therefore, the
F99 may be crucial during folding and/or dimerisatiof the protease to its fully

folded dimeric form which is required for catalysis

4.2 Importance of F99 on the thermal stability of HV-1 subtype C protease

Given that the secondary structure and catalytafilps of the FO9A are different
from the wild-type, it was imperative to investigat the stability had been altered.
The thermal unfolding was monitored at 230 nm, Wh& mainly indicative of the
polypeptide backbone conformation and is postulatede due to exciton coupling
between W42 and Y59 (Noeit al, 2009). Therefore, unfolding might be largely
localised at the hinge region. This wavelength basn utilised in other studies to
monitor unfolding (Arakawaet al, 2001; Noekt al, 2009). It has been shown that at
this wavelength the effects of solvent absorpti@nlewer than at shorter wavelengths
(Arakawaet al, 2001). The transition observed at this wavelengtfrom then-z*
transitions of the amide peptide bond (Siezen amgb#, 1983).

The wild-type shows a more defined transition-stateontrast to the mutants. This
implies that, unlike with the mutants, an incredeetemperature changes the
conformation of the wild-type resulting in a cledifference between species that

were populated under native versus unfolded canrditi
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The transition-state of mutants is independenthainges in temperature suggesting
that there is no free energy barrier between tiserable of conformations through-
out the melting curve (Naganathanhal, 2005). This suggests that the conformational
changes that are induced by denaturing conditiomg aiready have occurred before
thermal denaturation. This is evidence that the es@pecies present at the pre
transition-state of the mutants is populated thheagt the melting curve becoming
less structured with increase in temperature. There the transition-state of the
wild-type is representative of the thermal energpattwas required to induce
conformational change. The urea-induced equilibriunfolding of the protease
monitored at this wavelength has been described twyo-state mechanism (Noed

al., 2009): N, « 2 U Therefore, the energy barrier presented by thie-type

transition-state may represent the change from dheeric form to unfolded
monomers. The less defined transition-state of rfhgants may mean that the
dissociation of monomers may already have beenceudlby the F99A mutation.
What could also be happening in the wild-type iattthe increase in temperature
increases distance between the W42 and Y59 byastrg the flexibility of the
hinges. This would decrease the contact betweese ttesidues abolishing the exciton
coupling as unfolding occurs. The absence of thenpmenon in the mutants means

the interaction may have already been perturbetidy99A mutation.

4.3 Effects of the F99A mutation on the catalytic &ivity of HIV-1 subtype C
protease

It was important to investigate the catalytic atyiof F99A since the F99 is essential
in maintaining the structural integrity of the prase, hence, it may influence its
ability to function efficiently. The assays wererfoemed by following cleavage of
the chromogenic substrate which mimics ithe&ivo Gag-Pol precursor cleavage site.
The specific activity was significantly reduced tmpre than ten-fold when compared
to that of the wild-type. Interestingly, F99A haslaghtly lowerKy value of 98.0 uM
versus 166.3 uM for the wild-type. This impliesttiiae mutant binds the substrate
slightly tighter. But, the ¥ax of FO9A has a significantly lower maximum velocdly
0.0030 pmol/min compared to the wild-type withay/of 0.08 pmol/min. The protein
concentration that was used in this case was 2 uM.
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When the protein concentration of 0.24 uM was ughkd, binding affinity was
comparable. Nonetheless the maximum velocity waddll higher for the wild-type.
The k4 of the mutant was also compromised as it is 2-fets than the wild-type.
The presence of activity in the FO9A even at cotragions as low as 0.24 uM proves
that it is still dimeric.

The peptide mimicking the CA-p2 cleavage site aradgase were co-crystallized in a
study by Prabu-Jeyabalan and colleagues (Prabidieyeet al, 2000). It was found

that the protease makes 24 hydrogen bonds wittsubstrate and only one direct
hydrogen bond with the substrate side-chdihis lead to the conclusion that the
specificity of the HIV-1 protease is mainly attribd to the shape complementarity
induced upon substrate binding (Prabu-Jeyabetlah, 2000). There was a loss in the
secondary structural content and changes in thearerand quaternary structure
accompanying the F99A mutation. Thus, the confaiomaof the FO9A may have

altered the positioning of residues that are inedhn catalysis hence the adverse
effects on the specific/catalytic activity. Whettiteese residues interact directly or

indirectly with the substrate cannot be deducetiout a crystal structure.

It was postulated by Singh and colleagues thatHihel protease binds its substrate
weakly. This is to its advantage becauseivg the HIV-1 protease is more likely to
function under high substrate where weak bindinvgels the activation barrier, thus,
increasing its catalytic activity (Singkt al, 2011). The weak substrate binding has
also been implicated in the so called ‘promiscudi/the protein (Singlet al, 2011).
Tighter binding to substrate may affect catalysisdestabilising the transition-state
binding thereby lowering the n4x This substantiates why the lowks; of FO9A
resulted in a reduced maximum velocity. From theiay structural studies it is
evident that there are slight modifications in theal environment of the W6 and
W42 of the FO9A mutant. The W6 is 3.05 A and 4.76rém the R87 (of second
subunit) and R8 (in the same subunit), respectiv€ly-crystallization of the HIV
protease and the tetrahedral intermediate showed thater molecules bridging R87
and R8 to the catalytic triad/residues D25-T26-G@ggesting they play a role in the
proper positioning of these catalytic triad/ressldering catalysis (Dast al, 2010).
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The R8 residue makes direct van der Waals intemastivith P3 side-chain of the
peptide which mimics the CA-p2 substrate. Thereftine change in the W6 local
environment might have compromised the functionR@8f in catalysis possibly by
changing its position. This, in turn, could haveused a compromise in the
positioning the catalytic residues and the inteoacbf R8 with P3 side-chain. The
W42, on the other hand, is positioned at the hirgggon of the flaps. It has been
established that the hinge controls the flexibibfythe flaps (Koziselet al, 2008;
Mosebiet al, 2008). The altered W42 environment may have fremtlthe flexibility
(more likely to have increased the flexibility) e flaps, increasing the substrate
binding affinity of the FO9A but compromised theaidgsis. Although there may be an
increase in F99A autocleavage, the catalytic dgtiof the non-precursor-associated
protease was severely reduced. Others (Rtat, 2003) have suggested that in the
case of the precursor-associated protease the 1 F@9 side-chains cause
stereochemical hindrance, hence, the alanine snsidle-chain increases cleavage at
the N-terminus of the protease (Pettital, 2003).

4.4 Conclusions

The conserved F99 makes interactions that areadrtmn the structural integrity of
the HIV-1 subtype C protease. These structural fitadions have greatly influenced
catalysis by perturbing the pairing of the N- ante@nini antiparallepB-sheet and in
turn perturbing dimerisation. This also confirmbd tmportance of this residue in the
mechanism oin vitro self-processing which simulates the processintpénhost cell.
The thermal stability of the protein has been campsed and This study has,
therefore, demonstrated the importance of F99 npatential role as a target in the
design of small molecule that inhibit dimerisatetrthe N- and C-termini antiparallel
B-sheet.
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Future work
The crystal structure and singular value decomjoos(SVD) could be used to further

investigate the secondary structural changes. Wichaced stability studies could be
employed to specify and compare the thermodynaraiameters for the wild-type
and variant proteases. To investigate if the FQ®Auces changes in the flexibility of

the protease Thermolysin digestive studies mayseé.u
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