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Abstract

Human Immunodeficiency Virus (HIV) is a global concern dubet@6 million people infected
worldwide. HIV is genetically diverse consisting of nine subtypebtype C infections predominate
in sub-Saharan Afda and this subtypdias been undeimvestigated in comparison to subtype B.
Great advances have beanade to combat this disease, particularly iSouth Africa, but drug
resistancestill remains a concernHIV proteaseleaves the Gag and GRglpolyproteins into their
functional forms, making it indispensabte the production of infectious vions It is, as such a
major drug target.The proteolytic enzymeaccumulats mutations associated witldrug resistance
due to the high replicatiomate of the virus and the error prone reverse transcriptabeese include
mutations in the active site and distedgions Insertion mutations are rarely incorporateato the
hinge regiorand because of thathe effect of these insertions are poorly characteriset@ihe variant
protease in this stud{l. 38y NmL) contains a double insertion of Asparagine and Leucine sitipa
38, in the hinge regiont-or the first timeL38yNmL protease was successfully overexpresaed
purified usirg a thioredoxinhexahistidine tag fusion systemMolecular dynamicssimulations
showed that the flap region of LBENMHL was less yhamic thanthat of a wildtype protease
suggestinga possible mechanism to evade drug binding. Indtftedbcking studies showed that the
drugs lopinavir, atazanavir and darunado bind L38/NmyL albeit with reduced hydrophobic
contacts and hydrogen bondsn vitro inhibition studiesconfirmed that these drugdo bind and
inhibit L38yNmyL The catalytic efficiency of L38Nmp,L was diminished compared to witgpe,
which resulted in reduced replication capacity of the virus. Phenotypic assays showed that
L38yNmmL hal reduced susceptibility to darunavirin the presence of a Gag sequence thus

confirming that this region does contribute to drug resistance.
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CHAPTER 1
INTRODUCTION

1.1.HIV and AIDS

Human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome Whibis)s
the extreme suppression of the immune syist. Globally, in 201,&here were36.7 million people
living with HIM1]. Worldwide, in 2016, there were 1.8 million new infections and Inflllion people
died from AlDSelated cause§l]. Since HIV was first identifiéd 1983[2], 76.1million people have
become infected and 35 million people have died from AlB&ed illnesses. HIV is anticular
problem in Africa becausg9%of people living with HIV comfeom Africa[l]. Eastern and southern
Africa account for 43% of the global total of new HIV infecti®udaSaharan Africés the epicentre
of this epidemic a®$1% of people infected with HIV reside helewas estimated that 13% of the
South African ppulation in 2016 was living with HI\However, there have beergreat
improvements in treatment in Africa, particularly South Africa2015South Africa had 3.4 million
people on treatment, more than any other count]. There arehowever, still populations within
South Africa that are ahigh risk of HIV infectiorthese include sex woeks, people who inject
drugs, transgender people, prisoners, gay men and men who have sex witfBmém2015 these
populations accounted for 20% of all new infectionsub-Saharan Afric§3] and it was seen that

the prevalence of HIV among sex workers in Johannesburg was [A41.8%

Human Immunodeficiency Virus (HIV), a highly mutable lentivirus, is the causative agent for
Acquired Immunodeficiency Syndrome (AIDS).isl&member of the lentivirus genome ahdlong

to the Retroviridaefamily. HIV1 is enveloped by a lipid bilayer thatderived from the membrane

of the host cell[5]. The glycoproteingp12Q is found on the surface of the membrane and is
anchored in the membrane by gp4d]. The membrane is lined with atrix proteins (MA]5]. At the
centreof the virusis aconeshaped capsid cor®]. The conical capsid consists of capsid protein (CA)
monomers assembtk predominately into hexamers as well as a few pentamers which facilitate the
curvature at the top and the bottom, closing the capfd8]. Within the capsid core are two

copies of unspliced viral RNA which is stabilised by the nucleocapsid protei®N@e genome of



this virus consists afag/pol/env genes which is typtal of other retroviruses[9]. Also cmtained
within the capsid core re the virallyencoded enymes; reverse transcriptase, integrase and

protease The virus also packages the accessory proteins Nef, Vif affl]Vpr

1.2. Subtypes

HIV is genetically diverssnd is one of the most variable human pathog¢b@]. Within a patient

HIV existsas many highly related but nedentical genomes called quasispec|&8]. The genetic
diversity of HIV iattributed to three factors. Firstlyiral replicaton is very rapid an estimated 1&

virions are produced a dgy1l]. Secondlyreverse tanscriptase is erreprone and introduces on
average3.4x1G mutations per base pair per replication cyd®0, 12] Thirdly recombindion
between the two RNA molecules packaged into the virion occurs which generates a mosaic DNA
genome occurringit a frequencyof 7 to 30 per replication rounfl3]. This recorbination is a major

force inviral evolution both within a patient as well as glob§dl9].

HIVis madeup of two types: HIM. and HIV2 [14]. HI\L2 infections are very rare and are limited to
West Africa as it is believed to be less transmissible and pathogenic than[Hy HI\A1 is further
divided into groups M, N, O and®]. Group M is the main grougind groups O and N are very rare
and limited to Cameroon in Central Afri¢a5, 16] Group Mis divided intonine subtypes A to H, J,

K and Land many circulating reenbinant forms (CRF§)4]. CRFs are as a result of recombination
between subtypes within a dually infeatendividual that ighen transmittedto other people. A CRF

is only classified if three or more people with no direct epidemiological linkagenfected withit

[12]. Genetic variation between subtypes can be from 25 to 35% and within a subtype 15 to 20%
[17]. The different subtypes occur in different regions of the world, for example subtype A is found
in East Africa, Central Asia and Eastern Eufp@ Subtype B the most studied subtypas found in
America, Western Europe and Austrdli@]. Subtype C is found predominately in southern Africa,
the horn of Africa and IndifL0] and thusit is the subtype that infects most of the people living with
HIV.

1.3. Replication cycle

The HIV replication cycle is divitlato an early and a late phas&he early phase begins with the

recognition of the target cell and ends with the integratiofitbe viral genome. The late phase



begins with the expression of the proviral genome and ends with maturafidre replication cycle

is shown irFgure 1.



Absorption
Viral genome

(diploid)

Integrase

Reverse

S Unintegrated
transcription

linear cDNAs

Host
chromosome

CXCR4 or CCRb5
(co-receptor)

Genomic BNA

Maturation
(HIV-protease
activity)

Figure 1: Replication cycle of HIVhe major targets for drug therapy arepresented by the orange
boxes. Nucleoside reverse transcriptase inhibitors (NRTIs) anduadeoside reverse transcriptase
inhibitors (NNRTIs) target the reverse transcriptaseyme.HI\,1 protease inhibitors (HAPIS)
target the HI\L1 protease enzymelntegrase mhibitors are newer targets for drug therapy. Image

taken from Moniniet al., (2004)18].



1.3.1. Early Phase

HI\A1 binds to the cells bearing the CD4 receptor via an interaction between gp120 and the- amino
terminal immunoglobulin domain of CD&]. This iteraction does not cause fusion; rather
secondary interaction with the chemokine receptors CXCRC or CCR5 is rgRjirEdsion releases

the viral core into the cytoplasm and is followed by araating even{5]. The RNA viral genome is
then reverse transcribetb doube-stranded DNAy reverse ttanscriptase The viral cDNA genome
forms part of a prantegration complexonsisting of integrase, matrix protein, reverse transcriptase
and Vpr[20]. This complexnteracts withvarious cellular transportins and nucleopwito drive
import into the nucleug21]. Vpr directs nuclear locatition [22, 23]by connecting the complex to
cellular nuclear import machinerf22, 24, 25] Integraseand the cellular cofactor: lens epithelium

derived growth factor,then catalyse the integration of the viral DNA into the host genfn6]

1.3.2. Late Phase

The host cell machinery transcribd®e integrated DNA (the provirus). iBhincludes theull length
and various splicediRM\s encoding viral proteinSpliced and unspliced mRNA is transported out
of the nucleus for translatior{5]. The export of unspliced mRNA (encoding Gag aagF@l
polyproteins) and singtgpliced mRNA (encoding Env, Vpu, Xd &pr) is mediated by the accessory
protein Rev because unspliced cellular RNA molecules are ordinarily retained in the fibcldhe
highly spliced mRNA that contains Tat, Rev and Nef are able to leave the nucleBsvTgrecursor
gpl60 is synthestsl in the endplasmic reticulum, the same locatiahat CD4 molecules are
synthesigd [5]. To prevent premature bindingf Env and CD4, the accessory protéu binds to
CD4 and signaltheir degradation[5]. The surface CD4 are degraded by endosomgtatation
which is signallecby Nef[5, 26] Env is glycosylated in the endoplasmic reticulamd Golgi
apparatus and cleaved into gp120 and gp40. It is then transported to the plasma membrane for viral

assembly.

The Gag polyprotein isynthesied in ribosomes from unspliced mRNA. &g is produce by a

rare -1 ribosomaframeshift that takes place 80% of the timg27]. Ad & f A LILISNE ¢ & S1j dzSy O
p -nd of the p6 coding region isesponsible for the frameshif28]. This frameshift results in the

translation of the coding regions for protease, reverse transcriptase and integ&agand GagPol

become localied to the cell membrane directed by the matrix protd]. RNA binds to Gag at the

plasma membrane and promotes the multimerisation and asdgnolb the immature Gag lattice

[29]. Approximately 2400copies of Gag30] and 120-240 copies ofGagPol [27] bud to form an

5



immature particle, which encapsidates two RNA copies of the unspliced viral RNA gisjosme
immature virion buds from the plasma membrane and maturation of Hiveis is triggered by
proteasemediated cleavage of Ga&@pl and Gag polyproteing dimeristion event of the Gagol
polyprotein activates the proteas§3l]. ThHs dimer is extremely unstablg2] and exhibits much
lower enzymatic activity than the free enzymp3, 34] This embedded dimer cleaves
intramoleculaly at first until it is free and then is able to cleave the @alyprotein intermoleculast
[34¢36]. Once cleavedthe structuralproteins (atrix and capsidrearrange to fom an infectious

virus particle[5]. The maturation event is critical for the infectivity and fusogenicity of the virus.
Should maturation not occur the virus will not be able to infect cells and also the fusogenicity of Env

glycoproteins will be reducef®7, 38]

1.4. Gag and GaBol polyproteins

I L+Q&a 3ISy2YS A& RADGARSR Ay igag pdl K& S This is)§gicaldS I+ RA y 3
other retroviruseq39]. Polencodes the three essential retroviral enzymes: integrase, protease and

reverse transcriptase. Thenv gene encodes the surface envelope proteiag (goup specific

antigen) is the major structural protein of HIV and comprises approximately 568¢ afass of the

viral particle [28]. Gagencodes the structural proteins that far the virus capsid, nucleocapsid and
matrix. Gag is translated from the 9 kb fully unspliceBNA which also encodes the Pol polyprotein.

Gag is structurally divided into four domains; beginning at théerinus, matrix capsid,
nucleocapsidind p6 athe Gterminus (Figure R Flanking the nucleocapdidNBS (62 avYl f f SNJ &
regions: p2 (Nerminus) and pl (Germinius)[28].

The order of cleavage of the Gag polyprotein is esseftigiroper assembly of the viru¥he amino
acids in the cleavage sites differ which exm@aime different cleavage ratekpwever, thesecleavage
sites are similar in-8imensional structte [40, 41] The order of cleavage of the Gag polyprotein
begins with the separationof the nucleocapsid from the capsigthich on the @erminal endof the
spacer peptide p242]. Thecapsid potein is then separtad from the matrix proteinvhich remains
associated with the virion membrar{d2]. Almost simultaneously the-@rminal sequenceof p6is
released, this is on the-terminal endof the linker p1 betveen the nucleocapsidnd p6[42]. p1 and
p2 are then trimmed from the nucleocapsahd the capsid respectively[42]. p2is important for
maturation of the Gag andegulation of eodered cleavage[43, 44] and plis important for
incorporation of Gag and Pol into the vir{&3]. The naural substrates othe protease have a

6



variable and weakeinteraction with the catalytic site compared tdl\:1 protease inhibitorg45].
This

HIV-1genome

Translated polyproteins

Cleavage sites

i 2 3 i 5
6 7 i 9 10 11

Figure 2: Gag and G&pl polyproteins.The order of cleavage of Gag and @ay is indicated by

the numbered cleavage sites



phenomenon causes the ordered sequential cleavage of the polyprdifsResistance mutations
that cause the enlargement of the active site waqulterefore, have a greater effect on the protease

inhibitors than on the cleavage of the Gaglyprotein[45].

1.5. HIV protease

It was postulated by Ratnet al. (1985)that the protease present in the HIV virion was an aspartyl
protease due to the presence of tleharacteristicactive siteamino acid triplet; AsfThr-Gly. This
was onfirmed by pepstatin inhibition ahe protease[47¢49], which is characteristic of enzymes in
this class[50]. Further confirmation was théoss of enzymatic activity with the deletion of the
catalytic residue Asp29]. The first crystal structure ¢il\+1 protease was solveih 1989by Navia

et al. [51]. This was followed by a crystal strueushowing the side chain locatiopsiblished by
Wlodaweret al., (1989)[52].

1.5.1. Structure

HIL1 proteaseis a22 kDasymmetrical homodimer with 99 amino acids per monomiarorder to
function, HI\A1 proteasemust be in thedimeric form as the monomeric form is inactij&3]. This
obligation to dimerise is an important regulatory function for proteolytic cleavage of the
polyproteins.The subunits are noncovalently associated and the active sfterised at the dimer
interface[52].The secondary structureonsists mainly of-sheets and contains only ofiehelix per
monomer. The dimer interface consists of four shamti-paralleli -strands unlike other aspartyl
proteases, which consist of gixstrands It is formed by the Nand Gtermini from each monomer

consisting of residues-4 and 9699, respectivelyFigure 3.

The active site is formed at the dimer interface and one Asp redidne each monomefAsp25)is
contributed. The active site loop is relatively rigid due to a network of hydrogen bonds called the
T A N \Grlipfp4] The active site consists of residues@Bof each monomerfwo i -turns known

as the flap region (residues 48) cover he active ge. These flaps are glycine rich and undergo
major structural changes. The flaps exist in thpen, semiopen and closed cedormations
depending on whether substrate or inhibitor is bound. The flap region plays a role in substrate
bindingbecause the flap open to allow substrate to bind to the active sifdhe movement of the
flaps is aided by the hinge region, made up of residue4233he movement of the flaps can occur
due to compensatory motiasin residues 595, which act as a cantilever, the rasé$ 1122 act as

the fulcrum to the






|\

Dimer Interface

Figure 3: Structure of wiletype subtype C protease (PDB ID: 3U7HIM-1 protease is a homodimer

and contains mainly -sheets and oné -helix per monomer. There are five regions defined within

the structure: the flap region (blue), the hinge region (red), the fulcrum region (yellow), the
cantilever region (magenta) and the dimer interface (cyan). The catalytic Asp25 residues are shown
in the active site (orange). PyMOL was used to generate theef{he PyMOL Mole¢ar Graphics
System, Version 1.8chrédinger, L)C
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cantilever[55]. During opening of the flaps ¢hfulcrum regionand the cantilever region assiky

moving downwads[56].

1.5.2.CatalytioMechanism of HAI protease

Proteases usene oftwo mechanisms to cleave peptides. This first makes use of an activated water
molecule, which acts a nucleophiley R I GGl 01&a GKS | YARS 062y R O Nb 2\
scissile bondThe water molecule can eithdre activated by a Zinc ato(@inc metallo-proteinases)

or by two aspartyl i -carboxylate group at the active site (gpartyl proteases such as HLV

protease). The second mechanism makes use of a nucleophilic atom afiao acid side chain to

hydrolys the amide bond.

The bond being hydtysed on the substrateis called the scissile bond or cleavage site and is
positorSR 06 S0 6SSy (K $7]tFigure 4/ Fhe flankig ainihdiaSids the substrate
towards the Nterminus, ae termed P1, P2, and P3 at@mvards the &erminus the amino acslare
RSaA3ayl 4§SR t[E8 Iherateld subsjfeR(designded Shhat interact noncovalently

with the corresponding side chains of the substrate are termed S1, S2,6R { mMQX {HQZX
respectively The S1 subsite (Arg8, Leu23, Asp25, GI3RA8, Gly49, 1le50, Thr80, Thr81 and Val82)

is highly hydrophobic with the excepti of the active site aspartate residufs8]. The S2 subsite
(Val23, Ala28, Asp29, Asp30, lled7, GIWER0, Leu76, lle84) is mostly hydrophobic with the
exception of Asp29 and Asp&B]. This site is smaller than S1 and S3 and as a result is more specific
as the size and type of resigsl at P2 igestricted TheS3 subsite is adjacent to S1 and is mostly
hydrophobic. S3 has a broad specificity and will accept residues of different typezas{®&]. Not

much informdion is available about the S4 and S5 subsites due to the limited number available

structures of retroviral proteases in complex with ligands that extend beyond P3

In the absence of substrate binding the active site in filled with water molecules. Thbytat
FALI NI FGS NBa&ARd)Srieract with lalvager molédile. Thedenasidueerform a
general aciebase role andactivate the water mtecule to act as a nucleophil®/hen a substrate
binds to theHI\A1 protease it is converted to a gerdiol intermediate through nucleophilic attack

by the activated water molecule. The covalent linkages are broken and two products are formed,
which are released sequentiallilear atomieresolution crystal structures have shown #eevital

steps in the reaction mechanism of HI\protease[59] and confirm that this mechanism proceeds

through a gerddiol intermediate[60]. The mechanism is represed in Figure 4B
11
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Figure 4: Active site nomenclature and reactiomechanism of HIM protease The nomenclature

used for binding sites in thElI\:1 protease and residues on the substrate is shown in A. This was

adapted from Wlodawer and Vrondasel998[58]. The reaction mechanism is shown in B, adapted

from Sheret al.,, (2012)59].
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1.6. Antiretroviral Therapy

In the absence of treatment, a patient can harbour tHévirus for a decade or moreithout
showing symptoms. As the CD4dlk are depleted to below 200 cells/chopportunistic infection
occurs [61]. Disease prevention through behavioural changes has played a significant part in
controlling the spread of the pandemic as well as the international effort to develop therapies to
prevent viral replicdon and restore immune function in patient62, 63] The resulting drugs have
significantly improved lifexpectancy for people with HY and reduced the capacity to transmit

the virus[62].

Antiretrovirals (ARVs) are divided into siferent classes depending on the target: Nucleoside
reverse transcriptase inhibitors (NRTIs), Mmtleoside reverse transcriptase inhibitors (NNRTIS),
HI\(1 protease inhibitors (P)s Integrase inhibitors, Fusion inhibitoend Chemokine recepto
antagonists Currently the recommended AIDS therapy uses a mixture of drugs from the different
classes in highly active antiretrovithlerapy (HAART). There are tEDA approvediI\f1 protease
inhibitors and the first one was introduced into clinical practice in 1833 The inclusion of\A1
protease inhibitors in therapy has resulted in prolonged viral suppression, control, reduced

morbidity and mortality for HIV infected peoplé4].

1.6.1. HI\\1 protease inhibitors

HI\:1 protease was selected as a drug targlue to its importance in the replication cycle of the
virus. If the HI\L1 protease activity is altered it leads to defective viral particles and reduced
infectivity [65, 66] Inactivating theHI\:1 protease leads to virus particles that are not infectiG@].
HI\:1 protease inhibitors werebased on structurdbased inhibitor designThe first generation of
HI\A1 protease inhibitors were peptidomimetic molecules with rceavablesosterespresentedto

the active site[68]. These inhibitors were deloped based on knowledge of renin and pepsin
aspartyl proteases. First generation inhibitors mimic the transition statbe natural substrate and
thus bind tightly to the enzymg9]. First generatiorHI\A1 protease inhibitors were designed with
polar groups that resemble those of the natural substrate peptide main chain and have a central
hydroxyl that interacts with the catalytic aspartatesidamimics the hydroxyl of a tetrahedral
reaction intermediate[64]. Thesecontain hydroxyethelene or hydroxyethylamine isosteref68].
Saquinavir was the first drug to be approved and indinavir réodavir (RTV)soon followed.Other

first generation inhibitors includeelfinavir and amprenavi(APV) First generation drugs suffered

13



short-comings due to their peptidéike structural €atures which resulted in poor bioavailability, low

metabolic stability, heavy pill burdeand debilitating side effectg0].
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Once drug resistance towardifi\£1 protease inhibitors emergedhe drug design strategy changed

to targeting drug resistant varian{§4]. The aim was to increase the drug resistabegrier and
crossresistance profiles of inhibitors, improve bioavailability and reduce drug toxicity. Second
generation drugs were designed with less peptide backbone features but eetadire central
hydroxyl groud71, 72] The peptiddike carbonyl in the earlidd|\L1 proteaseinhibitors is replaced

by sulbnamide[64]. Second generation drugs include lopinavir, atazanavir, tipranavir and darunavir.
HAART therapies currently recommend the use of thi##®‘1 protease inhibitors lopinavir,

atazanvir ad darunavir and thus these were focused on in this siiiigure 5)

1.6.2. Lopinavir

Lopinavir (LPV) is a second generation drug developed by ABBLPYV is the most widely used in
drug naive patients and is administered witlethoosterRT\[73]. RTV is used asbooster because

it enhances pharmacokinetfropertiesof LP\[74, 75]by binding and inhibiting the CYP34A enzyme
that is responsibléor metabolism of certain PI3he desigrof LPV was based on RTV but elates
the P3 isopropylthiazolyl group of RTAB]. Thiswas done to removéhe interaction withthe V82
residue, which is mutated to alanine in drug resistait\t1 proteases. Furthermorethe
thiazolylmethoxycarbonyl moiety was replaced wilie dimethylphenoxyacetyl groufr3]. The P1
PIpositions are still occupied by the same hydrethylene peptidomimetic as RTY3]. LPV/r is
the first choice PI for an antiretroviral regiméecaug it has a high genetic barrieorf resistance

and exhibits longerm efficacy.

1.6.3. Atazanvir

AtazanavifATV)was developed by Bristdllyers Squiblf76] and approved for use in 2003. It was
approved as an alternative option for initial-tdsed HAART. ATV was developed to have a higher
genetic barrier for resistance and greater bioavailability than first generatiogsdrATV is a-2
hydroxy1,3-diaminopropanetransition-state isostere with an azdipeptide core [77]. ATV has a
high potency against wittype protease with an inhibitory constarfk) of 10 pm[78]. The good
bioavailability of ATV idue to the pyridylbenzyl moiety76]. One advantage of ATV use patients

Ad A Gady dasiigd S

1.6.4. Darunavir

Darunavir (DRV) is the most recent Pl to be approved for use in HAART. It was developed by Tibotec

Inc. (now Johnson and Johnsdi@p] and was appoved for use in 2006. DRV design resulted from
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Lopinavir P

Atazanavir J) Y ‘
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Figure 5: Chemical structures of lopinavir atazanavir and darundwiages obtained from
PubChemHttps://pubchem.ncbi.nim.nih.gav
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structurebased design approachvhich focused on maximising interactions of the inhibitor with
most conserved domains tiie HI\A1 protease i.e. the backbon@0, 81] DRV is chemically related
to the first generation dug APV The sulbnamide isostereof APV was replacedith chiral bicyclic
bistetrahydrofuran pisTHF). ThéoisTHF moiety was incorporated to introduce additional polar
interactions with mairchain atoms on thédl\/1 protease dimer. DR¥fisplays a highfénity for HI\A

1 proteaseand a highk; (16 pM)[79]. DRV was designed to inhibit drug resistant strains and is
indeed a broaespectrum potent inhibitor against isolates contaigimultidrug resistant strains
[72]. In vitro selection of resistance appears to be sloveerd less frequent than otheHI\ 1
protease inhibitors andHI\t1 protease inhibitornaive viruses can escaplkug pressure via an

alternative Gag substratdased resistancg2].

1.7. Resistance
During the asymptomatic phase an individual infected with HIV, the viral loads in the plasma are

10%*-10° copies/ml[83]. The viral halfife of free and celassociated viruses are short meaning that
there is a rapid tenover of the viral populationlt has been estimated that ~YMew virions ag
synthesised each daj84]. Reverse trans@tion has a nucleotide miscorporation rate of
~1:10000 with no proof reading capacity83]. The genome size 18 k) means that the mis
incorporation rate allow one point mutaton each timethe HIV genomeis transcribed[85] and
combined with high viral turnover results in a high mutation rate. This leads to the existence of viral
guasispecies. The most common of which wouldHhewild-type virus as it wouldbe the mostfit

[86]. Under normal conditionsa quasispeciesvould be less fit than wildype but under drug
pressure the genetic flexibility allows the population to respond te tlifferent selection pressure
[82]. The population of infectious progeny harbouring mutation$iesvever, relatively small as the

majority of mutations would produce neimfectiousvirions[87¢89].

Mutations that occur are not a direcbasequence of drug action but arkue to viral refication
Antiviral drug resistance is selected through elimination of most drug susceptible viruseghieom
replicating pool leaving onlhe fittest viruses to survive in its presen{@0]. In the absence of ARVs
HIV shows genetic diversjtgspecially theHI\L1 protease gend91]. There are extensive mutations
that confer crosgesistance tadHI\A1 protease inlibitors [92]. More mutations are selected biyl\:1
protease inhibitors than by any other class of df64j. This is a particular problem because the drug
resistance to a partular HI\V1 protease inhibitor may lead to cross resistance to otliH¥k1
protease inhibitord64]. The degree of cross resistance depends on the mutations selected and the

number of mutationg93].
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1.7.1 Primary Mutations

Mutations that affect aminoacids directly involved in substrate binding are termed primary
mutations. These mutations have an effect on drug susceptifpdity 94] Primary mutations occur

in the binding site and do not involve residues involved in catalysis (e.g. Asp25) but do involve
residues that have direct interactions withe HI\A1 protease inhibitors. These mutations cause
conformational changes in the binding s{@5], which affect the drug/target interface by loss of
interactions or steric effects created by altered geometii@g, 97] Primary mutations cause an
enlargement of the catalytic active site which decreases binding to an inhibitqriraiparalel, the
natural substrate which could decrease viral replicati®100]. Primary nutations result in
several fold (two to fiviedecrease in susceptibility to one or mokH#\£1 protease inhibitorg101¢g

103] and generally initiate resistance tHIA1 protease inhibitors[42]. Primary mutations are
selectedfor early in the process of resistance mutation accumulation and tend to be specific for
each compound83]. The advantage of primary mutations is that thaye able to confer drug
resistance but are disadvantageous in that they have been known to impact enzyme function and
viral fithess[42]. Primary mutations decrease enzyme actijyit@1] and impair viral replicationn

vitro [98, 103%105] Rimary mutations are not natural polymorphisms as they would not be

advantageous to the virus in the absence of drug pressure.

1.72. Secondary Mutations

Mutations that occur distal to the substrate binding site are known as secondary mutdfi6hs
These mutations are natural polymorphisms and do not cause resistance indivifd&li03]
Secondary mutations occur after primary mutations and are compensft®§]. These mutations
individually haveittle effect on drug susceptibility and are generally accumulated to compensate for
reduced viral fitnes483]. Secondary mutations help restore original viral fithess by increasing
enzyme activity[42, 101, 102] Mutations, in subtype B,such as L63P and N88D restdié/1
protease activity, which is often diminished due to primary mutatifi®7]. However secondary
mutations are not able to fully restore the viral fitness as most #eéylel resistant viruses display
various degrees of fitness 10§89, 100, 105, 108]Secondary mut&ns are important fordrug
resistance because when they are accumulated they can cause a stepwise reduction in susceptibility
[103]. Theaccumulation osecondary mutations (220) can be responsible fone loss of inhibitor
potency, giving theseutations an additional role to compensatidor loss of activityf106, 109] In

combination with primary mutations, secondary mutations aréical for high levels of resistance.
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1.7.3 Insertion mutations

Amino acid insertions iI\A1 protease have been identified in patierderived HIV strains near
residues 18, 25, 36, 70 and §B610¢112]. Most insertions appear to be due to duplications o th
neighbouring genetic sequend&13]. This is caused by reverse transcriptase stalling and slippage
[114, 115] HIMA1 proteaseinsertions are very rardenfold less common than insertions in reverse
transcriptasd116]. The frequency of inserts betweéme years1999 and 2001 was 0.1P10, 111]
Insertions inHI\A1 protease are primarily located at externally exposed loops &mds, which
would be more likely to accommodate the extra resduby extending the aminacidsoutwards

from the molecule[113]. Ths also prevents extreme modification of the enzyme which would
decrease or destroy enzyme functighl3]. Recently the frequency of nsertions has increased,
especially between residues 32 and 42, the hinge reffiai]. Insertons have been associated with
HI\L1 protease inhibitorresistancewhen in combinabn with other welldescribedHI\A1 protease
inhibitor resistance mutationsoy imposing minor structural changes to the flap and substrate
binding cleft{118]. Insertions not only occur as a resultli\*1 protease inhibitor therapy, they can
occur even in treatment naive individudlsll, 116] In the casef treatmentnaive individuals the
presence of the insertion can persist for a long time, implying a selective advantage for the virus, and

canbe transmitted[116].

1.8. [ oy mbm[ DI NAI yi

The variant used in this study was found in an infant in Johannesburg. Thermabkeart of the
Prevention of Mother to Child Transmission programfi&9]. The mother wasHI\f1 protease
inhibitor naive but was exposed to reverse transcriptaseibitors. The variantcontained the
following subset of mutationK20R, E35D, R57K and M&2jure §. The only active site mutation is
the V821.The prevalence fothe mutations is shown inable 1.The variant also contains a double
insertion of Asn and Leu at position 3&ich is in the hinge region of the proteifiheprevalenceof

thesespecificinsertion mutatbns is not known.
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Wild-type POITLWKRPLVSIKVGGQIKEALLDTGADDTVLEE[LNI GKWKPKMIGGIGGEIK
L38T™NTL POITLWKRPLVSIKVGGQIREALLDTGADDTVLEDIIN GKWKPKMIGGIGGFIK
ok ok ok kK ok K Kk ok ok ok ok ok ok A s bk ke e ko ke ok k ok o A | E Kok ko ok ok kk ok ok koK kkokk kA |k

L38 MNP L YDOQILIEICGKKAIGTVLVGPTHINIIGRNMLTQLGCTLNE

Ahkhhkhkhkhhhhdhdhhdhhhrhhhhfo|hdkrhdhdrhhddhhhdk

Wild-type YDQILIEICGKKAIGTVLVGPT i IIGRNMLTQLGCTLNF

Figure6: | 2 Y2f 238 Y2RSt 2F [oymnbmn[ HNEprddase SonthinsR & S ¢
mainlyi -sheets (green) and orfe-helix per monomer (gold). The blue spheres on the structure and

the blue boxes on the sequence represent the relative positions of the subset of mutations, K20R,

E35D, R57K and V82l. The red spheres on the structure and the red box in the sequencenalignme
represent the double insertion of Leu and A3me homology modelwas generated using SWISS

Model using data from the Protein Data Bank (PDB ID: 3U#.figure was created using PyMol

(The PyMOL Molet¢ar Graphics System, Version B8hrodinger, LDCThe sequence alignment was

generated using the Clustal Omega tool (ENEBL).
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Table 1: Frequency of mutations withthe L38yNrpL protease as obtained from the Stanford

University HIV Drug Resistance Database (https://hivdb.stanford.edu)

Frequency of mutation (%)

Mutation Protease inhibitornaive Protease inhibitortreated
K20R 20 27
E35D 25 29
R57K 4.1 6.4

V82| 6.7 6.7



1.9. Aim and objectives

1.9.1. Aim

5SGSNXYAYS GKS AYLI OG 2F GKS [ othensblisgt of nytaiéhalli A 2 v
(K20R, E35D, R57K and V82l) on the structure and function el lghgtease subtype C.

1.9.2. Objectives

Express and purify both witype and L3&b m[ LINR (S| a6Blismga Ay 3 | ¢ NE
Perform molecular dynamic simulations of wijgel YR [ oy mb [ LINRGSF a$
Determine the steadgtate kinetic valuesVmax Kv, Keay Kead Km) Of L38h b [

Determine the 1€ values of both enzymes with LPV, ATV, DRV

a ~ w N e

Perform phenotypic assays in the presence of protease inhibitors
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Abstract

In recent years, various strategies have been used to overexpress and purifypktiiéase because

it is an essential drug target in amétroviral therapy. Obtaining sufficient quantities of the enzyme,
however, remains challengin@verexpression of large quantities is prevenfedzS (2 GKS Syl @
autolytic nature and its inherent cytotoxicity Escherichia cotiells. Here, we describe a novel HIV
protease purification method using a thioredodiexahistidine fusion system for the witgpe and

two variant proteases. The fusion proteases were overexpresseddherichia caind recovered by
immobilised metal ion affinity chromatography. The proteasesre cleavedfrom the fusion
constructs using thrombin. When compared to the standard overexpression and purification
protocol in use in our laboratory, the expression of the fusienived wildtype proteasewas
increased from 0.83 to 2Mmg/L of culture medium The e&pression levels of the two variant
proteases ranged from 1.5 @®mg/L of culturemedium. The fusiomild-type and variant proteases
were inactivebefore the cleavage of the thioredoxihexahistidine fusion tag as no enzymatic

activity was observed The poteases were, however, active after cleavage of the tag. The novel
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thioredoxinhexahistidine fusion system, therefore, enables the successful overexpression and

purification of catalytically active Hl¥/proteases.

Keywords

HI\A1; protease; Escherichiaolg metal ion affinity chromatography; fusion protein; hexahistidine
tag

Abbreviations

HIVAL: Human Immunodeficiency Virus type 1
PR: Protease

TRX: Thioredoxin

6His: Hexabhistidine

TCS: Thrombin cleavage site

bort ¢t YHIVV1 subtype C proteaseontaining asparagine 37 mutated to threonine; the
upward arrow indicates an insertion of valine at position 37

[ oy mb [ HN\1 subtype C protease containing leucine at position 38 followed by a double
insertion of asparagine and leucine

IMAC: ImmobilisedMetal lon Affinity Chromatography

1. Introduction

Human Immunodeficiency Virus (HIV) is the etiological agent of Acquired Immunodeficiency
Syndrome (AIDS). Globally, 35 million people are HIV positive, and 1.9 million people are infected
each year [1]. IV is problematic in suBaharan Africa because it is estimated that one in twenty

adults is living with the virus and this accounts for 69% of the total global statistic [1].

The HI virus was first isolated in 1983 [2] and, since then, it has been saxd@tsively. HIM is the
most common form of HIV and is further divided into groups and subtypes [3, 4]. Subtype B, the
most studied of the subtypes, is found in America, Western Europe and Australia [5]. Subtype C, of

interest to this study, is found pdominantly in southern Africa, the horn of Africa and India [6, 7].
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The homodimeric aspartyl protease, one of three enzymes produced by the HI virus, is essential for
the production of mature virions [8, 9], and is an important drug target-Hpvbteaseis expressed

as a Gadpol precursor from which it can free itself by autocatalysis after dimerisation [10]. The
catalytically mature enzyme then processes the Gag and Pol polyproteins to produce viral structural

proteins and reverse transcriptase and igtase enzymes [11, 12].

In-depth biochemical studies require sufficient amounts of protein.-HIpotease has previously

been synthesised chemically [13] and expressed in heterologous systems using recombinant DNA
technology [14]. Recombinant DNA techmgy permits the successful production of clinically
significant proteins in large quantities and is, therefore, of major importance [15]. However, many
expression systems do not yield adequate amounts of product necessary for specific downstream

analysesusch as isothermal titration calorimetry.

It is challenging to obtain HY protease in large quantities due to its cytotoxic effects when
overexpressed. Bacterial and mammalian cells are primarily affected by the cytotoxic naturelof HIV
protease [16]. n the past, various strategies have been investigated to acquire greater yields.
Purification strategies include production by autocatalytic processing of a larger precurseP@Gag

region), recovery by refolding d&. coliinclusion bodies, purification of a Hegged recombinant
LINEGSAYZ YR (KS dza$S -l&timafedgiufatBighe ttahsRiase and analtasezO K |
binding protein [14, 120].

“\\¢

This study aimed to improve the expression of the wyjde HIVV1 suliype C protease by using a
thioredoxinfusion protein system. Additionally, this method was tested on two variant proteases
under investigation in our laboratory. The amino acid insertions and background mutations in these
variant proteases were found irr@ease inhibitornaive (Phaive) patients and are not prevalent in

patients receiving Pl therapy or failing Pl therapy.

We, therefore, aimed to overexpress and purify four separate proteases; namely -RdGdgrived

wild-type protease as a nefusionO2 Y i NEf ONBFSNNBROI&GERSE B> (K S K02 N
fusion derived wildi @ LIS LINRP S aS o6 NBTSNNBRE i2 ¥R ukid? oF K& A S
RSNAOGSR GFINAFyGa O6APSd boT¢m:t YR [oymbmf 0 OCAS:
asparagine at position 37 was mutated to threonine and the upward arrow indicates a valine amino
FOAR 6l &4 AYaSNISR® ¢KS [oymbm[ LINRBISFAS NBLINBEAS

after position 38.
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N37TtV PQITLWEKRPLVSVEVEGQI K'EALLDTGADD'IVLEET-LSGKWKPKMI GGIGGFIKVRQ 59

Wild-type PQITLWKRPLVSIKVGGQIKEALLDTGADDTVLEEI--NLPGKWKPRMIGGIGGFIKVRQ 58
L38TNTL PQITLWKRPLVSIKVGGQIREALLDTGADDTVLED I.NLPGKWKPKMI GGIGGFIKVKQ 60
L R S T LR R T T R
N37TTV YEEVPIEICGKKAIGTVLIGPTPVNIIGRNLLTQLGCTLNF 100
Wild-type YDQILIEICGKKAIGTVLVGPTPVNIIGRNMLTQLGCTLNF 99
L38TNTL YDQILIEICGKKAIGTVLVGPTPINIIGRNMLTQLGCTLNF 101
koo Kkkkhkkhkhkhkhkhhk hhkk . hkkkkk hkkhhkk kK

Fig. 1A Homology models ofthe (@) N3 v+ YR 600 [oymbm[ LINRGISIF&aSao
elements of the homology models are rendered as ribbons. The relative positions of the amino acid
insertions (red spheres) are indicated by arrows. Yellow sphengthout arrows represent
backgroundY dzii G A2y a LINBSaSyid Ay SIOK @INAIyGd ¢KS bor
113V, G16E, 136T, P39S, D60E, Q61E, 162V, L63P, V77 and M89L. The background mutations in
[oymbm[ AyOfdzRS YHnwX 9o0p5% wpTY YR +ytheLd ¢KS
molecular visualisation software programme PyMOL, using data from the Protein Data Bank (PDB ID:
3U71). B The sequence alignment data shows the positions of the mutations. Thgpeilsubtype

C protease sequence is included as a reference. Thensdignwas performed using the Clustal

Omega tool (EMBEBI).
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This system has not been used on Hilgrotease before but has been used successfully with other
human proteing22]. In this paper, we demonstrate the successful overexpression and pudficati
of catalytically active wildype subtype C protease and two variants using a thioredoxin

hexahistidine fusion system.

2. Materials and Methods
2.1 Construction of the fusion plasmids

The genes coding for the fusion wildé LIS boT¢m+x YR [oymbmn] LINRGSI A
GenScript (Hong Kong) and cloned into three separatelfBTexpression vectors. The sequences

for the variant proteases were obtained from Professor Lynn MorreaHof the AIDS Research

Unit) at the National Institute for Communicable Diseases (NICD, South Africajyp#ilsubtype C

protease was generated previously in our laboratory and contained the following polymorphisms:

T12S, 115V, L19I, M361, R41K, H&8RM, and 193L [21]. Fusion protein sequences were confirmed

by Sanger DNA sequencing (Ingaba Biotech, South Africa). The protease sequences were aligned
using the Clustal Omega tool (EMBRBI) [22]. Homology models were generated with the molecular
visualsation software programme PyMOL, using data from the Protein Data Bank (PDB ID: 3U71)

[23].

2.2 Expression and purification

The control wildtype protease was purified using a standard protease purification system routinely
used in our laboratory [23]. Efly, E.coliBL21 (DE3) pLysS cells were transformed wipk®l1b
vector encoding the control wildype protease gene. The cells were induced for four hours with 1
mM IPTG, and the protease was recovered from inclusion bodies after cell disruptiorveReco
buffer contained 8 M urea, 10 mM T+#$Cl and 2 mM DTT (pH 9). The sample was incubated for one
hour in the urea buffer before recovery mentrifugation, 23000xg for 30 minutes at 29 . The
sample was dialysed (and refolded) against 10 sddium acetate (pH 5) and purified using -CM
Sepharose ion exchange chromatography with-A Bl NaCl gradient. The control protease was

included to measure the success of the new purification strategy.
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The three thioredoxin fusion proteases; namely, fosigildi @ LIS boT1¢mz YR [ oy mt

expressed by separately transformikg colBL21 (DE3) pLysS cells with a-pER expression vector

encoding each of the constructs. The fusion vilé LIS I YR boT¢m+x FdzaA2y LINEG S

insixlitresof LWSRAI 4 o1 ¢/ F2N T2 dzBhisgalaNdide (RIG)yadd M Ya

expression was induced when the culture media reached ago@D0.5. Cells were harvested by
centrifugation at 5000xg, resuspended in lysis buffer (20 mMHTE 1 mM Igozyme, 150 mM
NaCl, pH 7.5) and sonicated at 10 V for 10 cycles of 30 s.

The samples were separated into soluble and insoluble fractions by centrifugation at 24 000xg. The
insoluble pellets were washed twice with 20 mM THi€l buffer, pH 7.4, containirido (v/v) Triton
X-100. The proteins in the insoluble fraction were unfolded using 8 M urea, and the cell debris was

collected by centrifugation at 24 000xg. The urea concentration was decreased to 4 M by overnight

dialysis against 20 mM T#4Cl buffer (Bl 7.4). Fusionwild @ LIS | YR boT¢m+x LINRBGSI a

to a 5 ml IMAC column charged witt?Nind eluted with an imidazole gradient-00 mM).

Fractions containing the fusion wild@ LJS | YR boT¢m+ LINRPGSIF &ASa 6SNB
buffer (20 mMTrisHCI, 10% (v/v) glycerol, 150 mM NacCl, pH 7.4). The thioretiexahistidine tag

was cleaved from the protease using thrombin (1 U/ml of sample, overnight at 20 °C). Untagged
protease was collected and thrombin removed by passing the sample ovemblb®nzamidine

column (to which thrombin binds) connected in series to a 5 ml IMAC column (to which the cleaved
tag and any uncleaved proteins bind). The fiitnough, containing the untagged protease, was
incubated in 25 mM formic acid for one hour andlgised against 10 mM formic acid at 4 °C for 4

hours to precipitate any unwanted protein present. The pure protease sample was dialysed against

10 mM sodium acetate buffer (pH 5.0) at 4 °C overnight and storegDat until needed.

¢ KS [ oy mb mn[teade dzasioderexprieddd in six litres of LB media at 20 °C overnight using
1 mM IPTG. The cells were resuspended in 40 ml of 20 mMHOlibuffer (pH 7.4). The cells were
sonicated as described earlier and the soluble fraction was isolated by centrifugeti24 000xg.

The protease was purified from the soluble fraction using a 5 ml IMAC column and eluted using an
imidazole gradient (00 mM). Following thrombin cleavage (as described earlier), and 10 mM
formic acid precipitation, the sample was dialgssgainst 10 mM sodium acetate buffer (pH 5). The
sample was passed through a €&dpharose column to remove any unwanted protein. The protease
was eluted using a-0 M NacCl gradient and dialysed against 10 mM sodium acetate buffer (pH 5) at

4 °C overnighto remove any residual NaCl. The absence of the salt decreases autolysis (the ability
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to undergo autoproteolysis in solutionyhe purity of the protease was evaluated by a 16% tricine
SDSPAGE [24,25]. The final cemtration of pure protease was deternéd using the absorbance
value at 280 nm and the extinction coefficient of the protein according to the -Basbert
equation. The extinction coefficients used were: 25 480.dvi* for wild-type, 24 98aML.cm* for
boT ¢t 23¢MLcarhf 2 NJ [ o.Wnldr exfinction coefficients were calculated using the

following equation [26]:
- vuLva Yinporn Yoipuiam 0 wi

2.3 Structural characterisation

HI\L1 protease is functional in its homodimeric form and, therefore, it was essential to determine
the quaternary structure of all the proteases. Verification of size was determined byesthasion
high-performance liquid chromatography ($PLC) using a TSKgel SuperSW2000 column
equilibrated with 10 mM sodium acetate buffer (pH 5) containing 150 mM NacCl.

2.4 Functional characterisation

HI\A1 protease is prone to autolysis and, for this reason, it is important to quantify the concentration
of active enzyme in a purified sample. The percentage active protease was determined by
performing isothermal titrationcalorimetry (ITC) active site titration experiments using al™M®
Microcalorimeter (MicroCal Inc., Malvern Instruments, Malvern, Worcestershire, UK). Briefly, 200
MM acetyl pepstatin, a competitive inhibitor of HlVprotease, was titrated (6 pl injectishinto a
solution of 10 to 13 uM protease at 293.15 K. The percentage active protease in each sample was
determined from the binding stoichiometry {ialue) after subtracting the heats of dilution and
correcting baseline errors from the calorimetric datsing the Origin 7.0 software package
(OriginLab Corporation, Northampton, MA, USA). ThealNe is, therefore, used as a correction
factor for the concentration of active protease in a purified sample. The ITC data were fitted using an
algorithm for one st of binding sites because acetyl pepstatin binds to protease in a 1:1 ratio: An N
value of 1 is theoretically representative of 100% active enzyme in sample preparations, i.e. all the

protease molecules are in their active form and no-stdfvage hasazurred.

An enzyme assay was conducted during thrombin cleavage to determine whether the protease was
catalytically active. The increase in fluorescence intensity attributed to the cleavage of the

fluorogenic substrate: AbargValNle-Phe(NQ)-Glu-AlaNle-NH was measured. The sample was
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excited at 33/ m and the fluorescence emission monitored at 425 nm. The assay was performed on

a Jasco FB300 Spectrofluorometer.
3. Results
3.1 Construction of fusion plasmids

The fusion construct (THBHISTCSPR) cotained a thioredoxin (TRX) moiety followed by a
hexahistidine tag (6His), thrombin cleavage site (TCS) and protease (PR) (Fig. 2). A Q7K mutation,
known to decrease autolysis, was incorporated into the protease coding region of all three fusion
constructs[12].

3.2 Overexpression of fusion proteases

Figure 3 represents the whokzll lysates The gel shows the improved expression profile of the
fusion wildtype (Fig. 3, lane 2, ~25 kDa) compared to that of the controlwid protease (Fig 3,

lane 1, ~1KkDa).This is seen by a thicker band at ~25 kDa in lane 2 compared to the band at ~11 kDa
in lane 1, indicated by the arrowSamples were normalised before electrophoresis to ensure that
equal amounts of cell lysate were loaded onto each gel. The size of the-fursiduct corresponds

to the predicted size of the reduced, monomeric fusion protein 25.1 kDa (FiyureotParamadol,

http://www.expasy.ch/tools/protparam.html) [27].
3.3 Protease purification

The control wildtype was overexpressed and purified by ion exchange chromatography as
previously described by Naicket al. (2014) [28]. The three fusion proteases were ified by
immobilised metal ion affinity chromatography (IMAC). The steps involved in the purification of the
fusion wildli @ LISZ boT ¢+t | YR [reoshowb in,Figuedd® B &b &, 3eSpedtively
The last lane in each gel (IMAC 2 peak) shows the gleaved proteinThe amount of protein was

not normalised.

The insoluble cell fractions used in this study were incubated in buffer containing 8 M urea, 10 mM
TrisHCI and 2 mM DTT (pH 9). The cell debris was collected by centrifugation, and the tresultan
supernatant was diluted to a final concentration of 4 M urea before the first IMAC step. The dilution

gl & LISNF2NXYSR (2 LINBGSyYylG alLkRyialyS2dza ONRaGFffAZ
was purified from the soluble fraction by metal ion aitfin chromatography. The first

chromatographic step yielded high concentrations of all three fusion proteases. The final yield of
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free protease is represented in milligrams per litre of culture. The data are represented in Figure 5.
The vyield of fusion wildype increased 3dold compared to the control wildype. The N37V
expression yielded 2 mg/L cultureand b8 [ @A St RSR wmdp Y3IAk][ Odz G dzNB o

12,4 kDa 11 kDa
0.8 kDa

0.9 kDa

Fig. 2 Plasmid construct of TROHISTCSPR. The abbreviation TBKisTCSPR denotes the
thioredoxinlike moiety (TRX), hexahistidine (6His) tag and protease (PR) enzyme. A thrombin
cleavage site (TCS) is present between the hexahistidine tag and the protease. The size of each
constituent is shown and is represented in kilodalton. The entmestruct is ~25.1 kDa. The figure

was adapted from a figure in SnapGene® (GSL Biotech; available at snapgene.com).
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kba MW 1 2

Fig.3 Schagger Trgricine SDPAGE (16%) gel showitg overexpression of control wittype and
fusion wildtype. Whole lysates are shown. Transformed BL21 (DE3) BLgs&ells were grown to
early exponential phase and induced for six hours with 1 mM IPTG. MW: molecular weight marker,
lane 1: controlwild-type protease overexpression, lane 2: fusion wjlde overexpression. The
positions of the fusion wildype protease (lane 2, ~25 kDa) and the control sjlge protease (lane

1, ~11 kDa) are indicated by arrows
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Fig. 40verexpression profiles of fusion wilgbe and variant proteases from IPi@aluced cell

lysates. The purification steps, from cell lysis to final product, are shown from left to right. MW:

molecular weight marker. A Fusion wilgbe purification profile. boT ¢mt Fdza A2y LIzNR T
LINEFAESD® / [oymbm[ FdzAA2Yy LIZNAFAOFGAZ2Y LINRTAL SO
250 and analysed by 16% SDS polyacrylamide gel electrophoresis. The last lane in each gel confirms

the presence of pure proteader fusionwildi @ LISY boT ¢+t GFNARFYGd YR [0y
proteases, respectively
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Total protease (mg/L)

Fig. 5Quantity of fusionderived HIVL protease produced per litre of culture media compared to an
ion exchange purification method. Bar (a) 0.83 mg/L control-tyipe protease, (b) 2.5 mg/L fusion
derivedwildi @ LIS LINR 0SIF &aS> 600 H YImPp b¥IK[H+[ QINBD S| 3 SONE
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3.4 In vitro fusion protease processing

Thrombin cleavage trials were conducted on the -BRI6TCSPR construct to determine the
optimal time, temperature and amount of thrombin required for optimal cleavage (Fig. 6A). We
found that ideal cleavage occurred overnight at 20 °C with 1 U/ml thrombin. As thrombin cleavage
progressed, protease activity (Fig. 6B) was measured by conducting enzyme assays which followed
the cleavage of AbargValNle-Phe(NQ)-GluAlaNle-NH. This gptide mimics the cleavage site
between the capsid and p2 proteins of the @gl polyprotein. To assess whether the protease
samples possessed functional activitye monitored the activity of the proteases using linear
progress curvesThe fluorescence intensity increased witme as the fusion protein wasleaved

(Fig 6A) as seen by the linear progress curve i6Brifihe progress curve was expected to be linear

as the substratevasin saturating concentration.
3.5 Structural analys

The quaternary structures dhe cleavedfusion proteases were analysed using highiformance

liquid chromatography (refer to supplementary figureEhe size of fusion wild @ LIS boT ¢ px |
[ oy mbm[ LINE i Stedy an X ilNsBpplamefRarigire 1. Theresults indicate that the

dimeric sizes of the proteins were: 22 kDa, 23 kDa and 22 kDa for the fusigh &ilIS X b o T ¢ mpx |
[oymbm[ LINRPGSFasSarx NBaALISOGAOGSted ¢KSaAS aial Sa 021
homodimeric molecule

3.6 Enzyme activity determination

An active site titration was performed on each purified protease sample using -BFG/P
Microcalorimeter (data not shown). It is important to assess the percentage active protease in a
sample preparation because HIVprotease possesses autolytic activity [12]. This procedure,
therefore, allows the experimenter to correct the concentration of active protease in a sample.
Obtaining the concentration via absorbance spectroscopy at 280 nm and applying thbaBeeert
equaton is insufficient. Acetyl pepstatin is a naturally occurring weak inhibitor, and it was titrated
against each protease sample. Since the stoichiometry of acetyl pepstatin binding-topirtii¢ase

is known (1:1), it is possible to determine the concetira of active protease in a sample as a
function of the total measured protease concentration [29, 30]. Upon titration, the percentage of

each protease in the active conformation was; 13% fusion-wWilLJSY oH:>: boT ¢m: |

[ oy mbm[ @
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Fig. 6 A time-course thrombin cleavage assay of fusion wyijoe protease. B Fusion witgipe
protease activity over time. Protease activity was monitored during thrombin (1 U/ml) cleavage by
following fluorogenic substrate (Ab&rgVatNle/Phe(NQ)-Glu-AlaNle-NH,) processing at a
wavelength of 425 nm.
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4 Discussion

HI\L1 protease represents a major drug target in the treatment of HIV/AIDS. To study this enzyme, it
is important to obtain sufficient quantities for use in biochemical and biophlysitadies.
Heterologous overexpression of the viral enzyme does not occur readily. In faet, ptblease
exhibits cytotoxic effects when expressed in a variety of host cells, including bacteria, yeast and
mammalian cells. Due to the cytotoxic nature ofVHA protease, it is difficult to obtain large
guantities of the enzyme. In this paper, we describe the overexpression and purification of the wild
type and two variant HAL proteases using a thioredoxitexahistidine fusion system. A thioredoxin
moiety @upled with a hexahistidine tag successfully improved the overexpression of all three

proteases.

Plasmid inserts were designed to express each protease-fypitland two variant proteases) as a
fusion protease to reduce cytotoxic effects during host oglrexpression of the proteases. The
fusion construct contained a thioredoxin (TRX) moiety for enhanced expression by reducing
cytotoxicity [21]. This moiety was followed by a hexahistidine (6His) tag for ease of purification. A
thrombin cleavage site (B} was included after the Higg to allow excision of the protease
molecule from the TRBHisTCSPR construct.

Immobilised metal ion affinity chromatography was used to purify the fusion proteases from crude

cell lysates created from each clone. Humaaspia thrombin was used to cleave the T&tHs tag

from the protease, and this permitted the homodimeric assembly of the Hpvbotease molecules.

The acquisition of untagged protease from the FaR)s tag by thrombin cleavage yielded improved

amounts of pue protease. Gel analysis indicated that no autolytic activity occurred before the final
thrombin cleavage step. As the thrombin cleavage assay progressed, an increasing amount of
fluorogenic substrate was cleaved indicating that the dimeric proteaseepaa@s active.

The fusionwildi 8 LIS LIN2 GSIaS ¢l a SELINBaaSR Ay (GKS Ayazt dz
gl & SELINBaaSR Ay G(G(KS az2tdotsS FTNIOGAz2zYy 2F (KS O
expressed in roughly equal amounts in the stdudnd insoluble cell fractions. It would be beneficial

G2 GNIXyatsSNI GKS SELINBaaAazy 2F botv¢tm+: Ayidz G(GKS
overexpression conditions. Altering the expression profile may be achieved by varying the IPTG

concentation, induction time or temperature of the induction experiment [31].

The overexpression of the fusion proteases was notably greater than that of the contrelypald

protease, which was purified using ion exchange chromatography. Conventionallye &dtughe of
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culture media (683 L) is required to generate a yield of 0.83 mg/L of culture. In this paper, we
demonstrated that one litre of culture could produce 2.5 mg/L of fusion -tyiee, 2 mg/L of
bot¢mt YR mMdp Y3I 27F [ oy mbsieh porifidatimNinethaddtBefefore,L +  LINE
produced significantly higher yields of pure protease than our control method-P@hglerived

protease).

The quaternary structure of each protease was analysed by determining the relative hydrodynamic
volume usinghigh-performance liquid chromatography. An online tool was also used to predict the

sizes of the dimeric proteases for comparison. The predicted sizes of all the fusion proteases were
22kDa (ProtParam tool) [27]. HIV protease is an obligate homodimer canmust be
conformationally stable to function correctly. The experimentally determined sizes of the proteases

were as follows: fusion witd 8 LISE HH {1 5FT boT¢m+*t>E Ho {15F FyR [

correspond to the homodimeric size of the Hi\protease.

HI\A1 protease is autolytic. Therefore, it is crucial to determine the percentage of active enzyme in a
prepared sample. Active site titrations, determined using ITC, showed the percentage of active
enzyme in each protease sample and also verified thiathe enzymes possessed enzyme activity

[32]. Thirteen percent of the fusion wiHiype enzyme sample was active and available to the natural

f A3 YRT 6KSNBlFIaxX bot¢mz YR [oymbm[ KFER ow?3? | YyF
respectively. The low peentage of active proteases in the samples could be explained by high levels

of autolytic activity that often occurs when proteases are incubated for an extended period (e.qg.
thrombin cleavage). The observed autolytic activity is particularly interestiegause these
LINPGSFasSa O2ydGFAy | vty Ydzil dA2y GKFG &aK2z2dzZ R YA
the soluble fraction thus indicating that it was most likely active and able to undergo autolysis which

could have contributed to théower percentge of active protease in this sample. It is not clear

whether the low percentage active sites can be attributed to increased autolysis dubeto

mutationspresent in each protease or if it is due to other factors.

Other groups have investigated the effaginess of different HXL protease fusion expression
systems. In those systems, autocatalysis occurred despite the presence of the tags [34]. In our study,
we postulate that the relative size of the TBMisTCS moiety does not interfere with protease
dimer formation¢ dimerisation is essential for autocatalytic activity (removal of itself from the Gag

Pol polyprotein). The thioredoxin moiety, however, sufficiently mimics the structure of the Gag

protein from which HIM. protease cleaves itself. Here, ao&talysis (autoexcision from the GRgl
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precursor) must not be confused with autolysisvhich is the ability of a protease to undergo
autoproteolytic activity in solution. Our results are, therefore, different to the studies from others
[34]. In our casewe postulate that the TR&HiISTCS moiety and the protease form higher order
oligomeric states where steric hindrance effects inhibit the autocatalytic activity of the protease.
This postulation is demonstrated by the observed increase substrate cleasge function of
thrombin cleavage time as the protease is released from the@HiXtag (Fig. 5). The presence of
higher order oligomeric states could be determined using size exclusion chromatography, analytical

ultracentrifugation and static light sttaring.

To prevent autolysis after cleavage of the thioredoxin tag, the protease could be incubated in a
suitable concentration of inhibitor. Protease misfolding could also contribute to the presence -of non
functional enzymes. Unfolding the fusion proteasn 8 M urea, before refolding in an appropriate

buffer, would be expected to increase the percentage of active proteases in a prepared sample.

5 Conclusion

The procedure described in this study highlights a quick and easy method «f plidtease
purification. In addition to the smaller volume of culture media needed, the total-tyjpg protease

yield from this fusion system exceeds our control purification method by 250%. Because the fusion
proteases are autolytic, a suitable method of inhibitiorulkcbbe included during the purification

step so that higher yields of active protease are obtained. Although a subtype C protease was used

for this study, the system could also be applied to-HiMoteases from other subtypes.
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CHAPTER
MOLECULAR DYNAMICS

a2t S$0dz I NJ Reyl YAO &A Yidgfoledsd shofusired®cBd flapodynagbias,[ | L +

Alison Williams, Vijayakumar Balakrishnan, Ikechukwu Awhildeini Dirr and Yasien Sayed
Molecular SimulatiofUnderreview)

In this publication thedynamics of an HF protease containing a double insertion in the hinge
regionwas analysed. The flap regionld81NrpL protease was not as dynamic as the viyide and

is stabilised by a number of salt bridges. Indutiedocking of Lopinavir and Darawir to L38,NrL
showed reduced hydrophobic contacts and docking Atazanavir showed reduced hydrogen bonding.

Author contributions: Alison Williams performed and analysed the molecular simulations using
GROMACS, analysed the docking data and prepared the manuscript. Vijayakumar Balakrishnan
performed the docking using Glide Satlinger. Ikechukwu Achilonu assistiedexperimental design

and manuscript revision. Heini Dirr assisted in manuscript revision. Yasien Sayed supervised the
project and assisted in data analysis and interpretation.
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Abstract

HI\VAL infects 37 million people and most infections are due to the subtype C virus, the subtype of
interest in this study. The enzyme Hl\protease is essential for maturation of the virus and is an
AYLR2NIFYyG RNHA GFNBSG® ¢KS @GFENARFY(d aAGdzRASR KSNEB>
hinge region. Molecular dynamics simulations were conducted on thetyylel subtype C HIY

proteasel YR [oymbm[ dz2aAy3 Dwha! / {Ld N& KsfBe&F toNdd thdS I A 2 v 3
active site. These flaps curl and open to allow substrate to bind to the active site and then close
dzLJ2y &dzaGNJF S O0AYRAYy3Id ¢KS NI A dziotiad dydaiiz as$hR G K I G
wild-type and this is attributed to the presence of the stabilising salt bridges: Alsp®07, Asp62

Lys45 and Asp3BNBHAN AY [oymbm[® 2SS LINRPLR2A&S GKIFG NBRAG
mechanism to evade the binding of Hl\protea® inhibitors in this protease. The HilVprotease
AYKAOAG2NR f2LAYIFGANE FalFT FyF@ANI YR RIFNHzy I @A NJ
Lopinavir and Darunavir showed reduced hydrophobic contacts while Atazanavir showed reduced
hydrogen bondingtd oy b mp[ @ ¢ KS NBRdAzOGA2Y Ay (GKS ydzyoSNJ 2-

indication of reduced susceptibility to the HI\protease inhibitors.
Key words

HI\AL, subtype C, protease, hinge region, flap dynamics, molecular dynamics

1.1 Introduction

Human Immunodeficiency Virus (HIV) is a global health problem with 37 million people infected
worldwide [1]. HIV infection is associated with acquired immunodeficiency syndrome (AIDS), which

is the extreme suppression of the immune system.-HIi¢ genetially diverse and is divided into
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three groups [2]. The main group, group M, is divided into nine subtypes and a number of CRFs [2].
Subtype C is the most prevalent subtype occurring inSaifsaran Africa, the region with the highest
rate of HIV1 infectiors worldwide [3,4]. Subtype C is of interest for this study because the variant is

of subtype C origin.

HIV utilises three enzymes in its replication cycle; integrase, revensectiptase and protease. HIV

1 protease is important for the maturation of ¢hvirus as it cleaves the Gag and ®Gaj
polyproteins into their functional forms resulting in mature, infectious virions. Inhibition of this
enzyme results in immature neinfectious virions [5] making it an ideal drug target. Hlgrotease

is a dimericprotease consisting of two subunits, 99 amino acids each, which are noncovalently
associated [6]. It is an obligate homodimer and is inactive as a monomer[7]. It is an aspartyl protease
and the active site, formed at the dimer interface, consists of tharacteristic AsfrhrGly

sequence (catalytic triad). One catalytic triad from each monomer is contributed.

HMVm LINPGSFAS Aa O2YLRASR LINBR2YAYLFGSte@ 2rEh i &AKSS
i -hairpin structures (residues 438), termed he flaps [8]. Residues within the flap region form
numerous interactions with the substrate and thus the flap region plays an important role in
substrate binding [9]. This region is highly flexible and can undergo large conformational changes
during substate binding and release [10]. It has been shown by NMR that the flaps are highly mobile
and exist in open, serupen and closed conformations [11]. In the ajpom the flaps exist in an

open conformation 1214 A apart. Upon substrate binding, these flafise to approximately 5.9 A

apart [12]. Naicker, et al., [12] showed that the flaps of wylde subtype C protease are more
dynamic than those of wiltlype subtype B protease. The flap tips, residues46are dynamic but

move on a smaller time scale wi compared to the entire flap [11]. The flap tips are glygink

and this accounts for the increased mobility [11]. The flap tips have been shown to curl inward,
towards theactive site,before the flaps open [13]. This curling motion allows the peptitlain
enough space to access the active site. The movement and stability of the flaps is aided by the

presence of loops extending from residues 35 to 42 and are termed the hinge region.

The use of HAL protease inhibitors in antiretroviral therapy haaused mutations to occur in the
HI\:1 protease gene. The HIVprotease inhibitors approved by the FDA for use in patients are
targeted towards subtype B. This is problematic as many of the polymorphisms found in the subtype
C protease have been shown tause drug resistance. The wilgbe subtype C protease has a

reduced affinity toward HAL protease inhibitors [14]. Primary mutations mainly occur in the active
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site and directly affect substrate binding thus decreasing the affinity for the drug. Thesgions

are selected early and can be inhibitor specific [15]. Primary mutations decrease the efficiency of the
HI\:1 protease and render high levels of drug resistance. Secondary mutations are usually distal
from the active site and occur to compensate fbe loss of efficiency. Rarely-6lamino acids are
inserted in the region of residues 32, the hinge region. This is the region that contains many of
the naturally occurring polymorphisms in subty@such as E35D, M361, S37N, R41K and RBFK
Thehinge region aids the flaps to close upon substrate or inhibitor binding. Mutations in this region,
therefore, may contribute towards reduced binding free energy [16]. Some studies have suggested
a role for amino acid insertions in the drug resistancéHt®1 protease inhibitors [1§19]. Due to

the rarity of these insertions the effect on the dynamics of the protein have not been studied

extensively.

The variant protease in the current study contains an insertion of Asn and Leu at postion 38 resulting

in a monomer of 101 amino acids. We have a developed a nhomenclature to indicate the insertion
gAOGK GKS dzaS 27F dzZLW I NR I NNRga Ay GKS y2YSyoOf |
Achilonu, Protein Structur€unction Research Unit, University of the Witwatand, South Africa).

The variant also contains the following subsétpolymorphismak20R, E35D, R57K and V82l. This
dlidzReé RSIfa ¢6A0GK (GKS FfGSNBR FflF LI ReylFYAOa 2F [
02 [oymbm[ ®

1.2 Methods

1.2.1 Moleculadynamics simulation

I K2yY2ft23& Y2RSt 27F [ oy nbmgfel. Bhe Soutkd NicanisS8tiRped2a A y 3
protease structure (PDB code 3U71, resolved at a 2.7 A resolution [12]) was used as a template due
to its high homology. This template was chosenraséer subtype C structures because the variant

in this study is of South African origin and contains the correct polymorphisms. The homology model
was validated using PROCHECK [20,21]. The simulations were carried out using GROMACS version
5.07 [22,23] o an Intel core i7 5960x extreme edition (3.3 GHz, 20 M cache 16x cores) equipped
with GTX 750Ti graphics card, 32 GB DPRB8 MHz memory on a MSI X99 motherboard. The
AMBER99sb force field was used for both models [24,25]. The simulations were condiitted

explicit solvent in a cubic box universe. The loagge electrostatics were handled by the particle

mesh Ewald (PME) method [26]. The solvated systems were relaxed with energy minimisation to less

than 100 kJ/mol/nm followed by 5 ns of MD simulatiemder the NPT ensemble (constant number
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of particles (N), constant pressure (P) and constant temperature (T)). The temperature was
increased linearly from 1800 degrees Kelvin. The positional restraints were calculated and the
original values annealed telax the models and ensure stable temperature. The temperastable

models were subjected to 5 ns of simulation under the NVT ensemble (constant number of particles
(N), constant volume (V) and constant temperature (T)) where the pressure of each syatem
equilibrated. After equilibration the MD simulations were performed for 20 ns under a constant
temperature of 300 K with a Berendsen thermostat and an average pressure of 1 atm maintained by
ParrinelleRahman barostat algorithm [27]. Analysis of tmejéctories was carried out using the
scriptbased utilities in GROMACS version 5.07, Visual Molecular Dynamics [28] and the Chimera
package from the Computer Graphics Laboratory, University of California, San Francisco (supported
by NIH P41 R&1081) [29] Molecular graphics were generated using Chimera and PyMoL (The
PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC).

1.2.2 Induced fit docking

Ligand binding to an active site causes sitlain or backbone (or both) conformational changes in
proteins. These conformational changes allow the active site in the protein to conform closely to the
shape of the ligand. This process is known as flexible docking (IFD) and uses the Glide and Prime
modules (Schrddinger LLC, 2009, USA). The Glide softwarased to perform induced fit docking
and calculate binding free energies. The docking simulations were carried out on a Cerf8OS EL
workstation. The Schrodinger modules Glide, Prime, QSite, Liaison and MacroModel were used for
protein preparation. Each adel was modified by correcting bond orders while ionisable residues
were assigned a charge corresponding to a solution at pH 5 (experimentally determined optimal pH).
Models were subjected to energy minimisation until the average RMSD reached 0.3 Ardée t
HI\A1 protease inhibitors used in HAART in South Africa; Lopinavir (LPV), Atazanavir (ATV) and
Darunavir (DRV) were obtained from PubChem Compound database. Ligand energy minimisation
was done using the Ligprep tool (Schrédinger LLC, 2009, USA9pldgpverted 2D structures @D
structures, added hydrogens, bond angles and lengths, chose correct chirality and performed energy
minimisation. Tie Epik too was used to choose the lowest energy tautomers and ring structures.
Energy minimised withpe & R [ oy mbm[ LINRGSIF &S O02YL)X SESR 6AGK
loaded into the workspace and the ligand was selected to specify the active site. van der Waals radii
on nonpolar atoms of the HAL protease and the ligand were scaled by a factor of 0.502dhd
conformational poses were calculated (system default setting). The best conformation, based on
docking score, Glide energy and Gliden&del, was chosen for further analysis. The hydrophobic
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interactions and hydrogen bonds between the ligand and the-Hprotease were viewed using

Ligplot+ [30].
1.3 Results
1.3.1 Molecular dynamics simulation

¢tKS [oymbm[ K2Y2f23& Y2 R Smodebdndivalifladed lisihy FROCHEEK v 3 {
Ramachandran analysis showed 93.2% of residues were in the most favegredst; 6.8% were in

the allowed regions and 0% were in the generously allowed regions and disallowed regions.
Superimposing the variant model on the template (3U71) resulted in a root mean square deviation
(RMSD) of 0.097 A. Fig. 1 shows the superimpés@dNXzOG dzZNBa | yR (KS NB3IA2Y

model deviated from the template is seen in the hinge region (circled in red).

The root mean square fluctuations (RMSF) shows the fluctuations of each residue in the simulation,
Fig. 2. The residues with the gtest fluctuations (3%1) are represented in the red boxes in Fig. 2.
These residues correspond to the flap and hinge region of thelHikbtease as is seen in the
structure in Fig. 2. The greatest difference in RMSF was seen in residoes 352 ¥ [ ,avigialhb m|
differed (at its maximum) from wikype by 1.2 A in chain A and 1.1 A in chain B.

¢KS wa{5 @IfdzS RdzNAYy3I (GKS aAyvydzZ lGdA2y AYyFTSNA (K
structure. The RMSD remained stable for both wil@ LJS o m®y ) 0(2.4 Ay &ring thy mb m]
simulation (Fig. 3). The radius of gyration (Rg), which is an index if the compactness of the protein
structure, shows that both proteins maintained compactness during the simulation-tyypédbegan

the simulation more compact (Rgoffln Yy Y0 GKFYy [oymbm[ FYR RSONBI a
an Rg of 1.68 nm at 5.5 ns but increased to an average of 1.77 nm for the remainder of the
AAYdzZ  GA2Yyd [oymbm[ 0S3lFyYy GKStypa IRy ddf 1:88 Ard) yandf S a &

decreased to an avege Rg of 1.74 nm for the remainder of the simulation (Fig. 3).

The distance between the lle50 residues were measured to determine when the flaps open during

the simulationas these residues occur on the tips of the flapee distance between lle52 residues

AY [oymbm[ 6SNB YSI&adzZNBR a GKSAS |-ty Thekvld NB & A R
type protease is initially in the serniosed conformation and then the flaps open, at 6 ns until 15 ns,

and close at 154> SyYRAYy3 GKS aAAYdzZ A2y Of2aSR o0CA3I®D
simulation in an open conformation and then proceeded to the selmsed position (B ns). The

flaps then adopted the closed conformation and remained closed for the rest ofrthéagion (Fig.
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4). To determine the distance between the flaps in the open and closed conformations the distance
0SGi6SSy LtSpn Ay SIOK OKIFIAYy oO0LftSpH AYy [oymbm[U
wider (20.8 A)

Figure 1 Superimposition ofemplate (blue) and L38NryL (green) protease. The hinge region is
circled in red and is the region where the model deviated from the template. The RMSD for the

superimposition is 0.09A. Figure generated using PyMol (The PyMOL Molecular Graphics System,
Version 1.8 Schrodinger, LLC).
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Figure 2 The RMSF of wili @ LIS YR [oymbm[ Ay OKIFIAY ! FyR OK
greatest fluctuations are boxed in red and represented in the structure in red. Molecular graphic
generated using PyMol (EHPyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC).
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Figure 3 The RMSD and radius of gyration of both the miil@ LIS I YR [oymbm[ LINRGSI

20 ns simulation. The RMSD remained stable for both proteins during the simulations. The radius of
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53



Closed conformation

— L38 M NL
20 — Wild-type

-
L]

C

Distance (A)
=)

(3]

(=]

T T 1

0 5 10 15 20
Time (ns)

Figure 4 The different conformations of the wid @ LIS YR [ oy mbm[ LINRGSIE a8
between the 1le50 residues (Wil & LISO | YR Lt SpH NBaARdzSSa 602 NNBaLR
measured shown (C)Yhe open conformation (A) and closed conformation (B) are represented.

Figure generated using ChimdRettersen et al., 2004) [29]
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than the wildtype protease (15.4 A) but in the closed positon the flaps were the same distance
apart (4.3 A).

The curling of the flap tips triggers the flaps to open. The angles between three adjacent alpha
carbon atoms (termed the Ftih | y3fS& 0 Ay GKS FEl LI GALI 61 & YSI
flap curling. The i b | y3f S& Ay NB a AeBUubvildtypd, @rrbgtiEchains, dverep | Y R
YSI&ad2NBR YR GKS O2NNBAaALRYRAY3I NBaARdIZSAE AYy [ oy mt
Gly51 and lle52). Wiltype showed greater fluctuations of curling in (~115°) and curling out (~145°)
GKFY GKS LIN®YisBb B[S oCAId p/ YR 50 [/ KFEAY . 2F [ c
flap curling (100145°) than Chain A, which remained in the curled out conformation (~145°) Fig. 5C

and D.

1.3.2 Sakbridges

A saltbridge is considered formed when the distarmtween the positively charged and negatively

charged residue is 4 A or less. Due to the insertions in the hinge region corresponding residues in
[oymbm[ 6Aff KIFEBS I RAFFSNBY(G ydzYoSNI I FGSNI NBaa
[ oy imb my[ | bé ihdicatek fafter a forward slash. Several -baitiges are found in the hinge

region and the flap region of the two proteases. These include Akp885/47 (47 indicates the
LR2aAdArAzy 2F (GKS [@& AY [oymbm[ 0 4roydfo ndEALNRL S2 @
than the wildtype protease, shown in Fig. 6A. The GH3§57 (wildtype) or Asp38.ys59

0 [ oy mb msbridge, &ip. 6, exists longer inthe willd® LIS LINRP G Sl &S GKFIYy GKS [
and exists in wildype chain B almost throughouh¢ entire simulation. The sdttridge Asp6€.ys43

(wild-type) or Asp6d € anp O6[oymbm[ 0 200dzNE (NI} yaiASyidte Ay
YEAYOGlFAYySR 0S6SSy mn YR mp Yya -Arg20 €Kbdridggonly 2 F [
foomsinchan2F [oymbm[ FTYR 2yte G4 wmn ya 2F GKS aiayd
Glu34Lys20 (wilelype) saltbridge existed for the first 8 ns of the simulation in chain A but only

exists transiently in chain B. The corresponding-@atA R3S A Y IU3sArged deokes not D

form in either chain.
1.3.3 InducedFit docking

The inhibitors currently in use in South Africa, LPV, ATV and DRV, were docked to both-tiyeewild
FYR [oymbmn[ LNRBISIF&SP dmkdel ami2Ghde sofras ade Ceprbiirz Df A R
Table 1. The interactions between the wilde LIS | YR [ oy mbmp[ |IINJRotedse &S | Y F

N>

inhibitors are represented in Fig. 7. The hydrophobic contact of thelHik6tease inhibitor made
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with the protein are represented by half moon circles dahd hydrogen bonds are represented by a
R2GG4SR 3INBSYy tAySed | NBRdAOiUGAZ2Y Ay KeRNRLK26AO O

two
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Figure 5 The curled forms of wiltype (blue) and L38Nm,L (green) protease. Figure 5A represents

the curled outforms of wildtype and L3 NmL and B represents the curled in forms. Thedlri

angles of Gly4&ly491le50 of wildi @ LIS FyR G(GKS O2NNBalLRyRAy3I NBa;
measured for the entire simulation for chain A (C) and Chain B (D). Molecular graphics generated

using Chimer@Pettersenet al., 2004) [29]
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Salt-bridge

Figure 6 Saltbridges found within the hinge and flap region of chain A and B ofiw&dLJS
protease. The first panel shows the dalidges formed within 48 A y
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second and third panels show the distances between the two residuekaim A and chain B of each

protease respectively for the entire simulatiofthe residue after the forward slash represents the

mutations or altered position in L&Nm,L. Saltbride graphic generated using ChimgRettersen et

al., 2004)29].
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Table 1: The dockirggores, Glide-Bhodel, and Glide energy of LPV, ATV and DRV docked typeld
FYR [oymbm[ LINRGSIFAS

Inhibitor Docking Scorgkcal/mol)  Glide Emodel (kcal/mol) Glide energy( kcal/mal)

Wild-type L38yNpL  Wild-type [ oy mb iy Wildtype L38HNm,L

LPV -12.286 -14.368 -135.386 -160.989 -84.988 -87.513
ATV -11.589 -10.141 -84.815 -124.038 -140.329 -81.178
DRV -10.187 -8.282 -108.784 -86.512 -70.780 -60.442
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hydrophobiccontacts were lost but there is an addition of hydrogen bonds between the side chains

2T I NHy>X !&aLMd YR !'&allon FYyR [t+®d [oymbm[ FYyR !
hydrogen bonding between the side chains of Arg8 and Asp30. There was af loaly one
KERNRLIK20AO O2y il OG F2NJ [oymbm[ .INyIBss& imteractof Ry 2
0SGsSSyYy (KS OFdGlFrtftedAO NBaARdIZSa 6! alkMpl @1 a4 20388

protease inhibitors.
1.4 Discussion
1.4.1 Molecular dyamics simulation

The hinge region of HIY protease contains many of the naturally occurring polymorphisms in
subtype C and mutations in this region may reduce binding free energy dif piidtease inhibitors

[16]. Sometimes amino acids are inserted irstfegion and this may play a role in drug resistance to
HI\:1 protease inhibitors [1719]. The dynamics of Hproteases containing these insertions have
y2iG 0SSy SEGSyarpgSte aidzRASR® |1 SNB ¢S Y2RStt SR
Asnand Leu at postion 38 as well as the following subset of mutations: K20R, E35D, R57K and V82I.
A homology model was generated by SWi&fslel using the subtype C template PDB: 3U71. This
template was chosen because of its high homology to the variant. 8hplate and the variant are

both of subtype C origin and thus contain the polymorphisms present in the South African subtype C
protease. Validation of the model showed that the residues were all in allowed conformations.
Superimposition of the model and ¢itemplate (Fig. 1) resulted in an RMSD of 0.097 A, indicating a
good fit. It shows that the subset of mutations did not affect the overall structure of the model. The
region that deviated in postion was the hinge region; this is unsurprising as theiamseft two

amino acids occurs here.

The residues that showed the greatest RMS fluctuations were those that occur in the hinge and flap
regions of the proteases (residues-85). This confirms that these regions are the most flexible

within both enzymes. fe RMSD values of both enzymes (Wilé LJISY wmMdy ) YR [ oy mt
remained stable throughout the simulation although more fluctuation was seen in thetyyitd

protease. This is due this structure being more dynamic in the simulation. The radiustafrggfay.

o0 2F [oymbm[ oOomM®dTn YYO atypd(l.a7Yim) ThiSidbedntse tyie flapk | (1 2 -
2F [oymbm[ R2 y20 2 LIy prdiease gig.045 Vi ortled for (a Kubstratehor R
inhibitor to bind to the HIVL protease the flapg SSR (2 2LISy® ¢KS Of 2adz2NB 2 7
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may be a mechanism for HIVprotease to evade binding HIVprotease inhibitors. It has been

shown that the flaps are

Wild-type L38PNPL

LPV

e

Gl,;g
m

ot
Nes1

ATV

DRV
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Figure 7 Interaction of LPV, ATV and DRV with both-wild LJS I YR [ oy mbm[ LINRBGSI &
circles represent the hydrophobic contacts between the drug and the protease. Figure generated
using Ligplot{Laskovgki andSwindells 2011) [30].
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necessary for efficidrcatalytic activity of the HAL protease [31]. The extended period of closure of

GKS FfFLA 62dd R NBadZ G Ay | NBRdAzOGA2Yy 2F GKS
demonstrated this to be true in vitro (manuscript in preparation). This findongrasts Perrymaret

al., [32] who showed than mutations can cause a shift in equilibrium from closed toogmEmi
conformations, although these mutations did not occur in the hinge region. Zondagh, [33]

showed that mutations in the hinge region caause the rate of flap opening to increase and

insertions in this region cause the flaps to open to a greater extent. This confirms the finding here
GKFG GKS FtlLld 2F GKS [oymbm[ LINRGSFAS | NB FdzN
compared to wildtype (15.4 A).

Flap curling is an important process because it buries the conserved lle50 residue, which ensures

that opening of the flap is thermodynamically favourable. The residues of the flap tipstyp&dand
[oymbm[ 0 OdzNI A Y 4 le MiRflag cpens goofifming atseivationSritageNdy Scott

and Schiffer [13]. Curling that is more frequent would suggest more flap opening. The flap tip curling
fluctuates more in the wildi @ LIS LINP GSIF &S GKIYy GKS [oymbm[ LINERI
eXxJ  AYSR 0& GKS Tl LA Ay [oy-tyempteage2 i 2LISYyAy 3 | &

1.4.2 SaMoridges

The Asp3Lys45/47 satbridge occurs between the hinge (Asp30) and the flap (Lys45/47) region of

the HIVA1 protease. It exists transiently in both chainstiké wildtype protease throughout the

AAYdzZ I GA2Y O6CATD c! 0 D -blidge ekisisytragiienfly atltbeBefisningddthe (1 K A &
simulation but is maintained in chain A betweeil® ns and chain B 1 ns. This is the time scale
whentheflagik. 2F [oymbm[ LINRPGSFAS FNB Ay GKS Of2aSR Lk

may play a role in stabilising the closed structure.

The Asp60/62.ys43/45 (Fig. 6C) sdltidge exists transiently during the closed stage of the
[ oy b [ LINZEhisSrayafo He ¢ factor in stabilising the closed structure. Thibridde
is only formed at the beginning of the simulation for wiyghe and never forms again because this

structure does not remain closed for most of the simulation.

The Glu34.ys20saltbridge seen in chain A of wildle LJS 6 CA3I®d c90 A& y20 LINB
LINPGSFaAaS FYR Y@ 6S RAANHzZLIISR o0& GKS Ywunw Ydzil GA
mutations found within the variant. The K20R polymorphism occurs in 20%igingive and 27% of

drug treated patients infected with subtype C and is not associated with drug resistance

(http://hivdb.stanford.edu/index.html). The Glu3dys20 salbridge is, however, replaced by the
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saltbridge Asp35Arg20 (Fig. 6D) in chain A offLB,b [ @ ¢bid§e isinbt présent in wikype
FYR 2yfteé FT2N¥a Ay [oymbm] 6KSYy GKS FflLBA NB A

possibly aid in maintaining the closed conformation.

In the wildtype protease, the Glu3Brg57 salt bridge isrpsent in both chains. The E35D mutation
F2dzyR AY [oymbm[ A& I 02YY2y LR{E@Y2NLIKAAY Ay &
patients and 29% of drug treated patients infected with subtype C
OKGGLIYKKKADBRO PAGF YT 2NROSR Az Ing a RE7#4 kniitafiond Theset kS [ o y 1
mutations effectively knockut the saltbridge Glu38Arg57 as can be seen in Fig. 6B. Liu et al.,

showed that the flap tips exhibited diminished motion due to the E35D mutation [34] which is also
aSSy Ay (UKS [eamyitybmgns clobéd forSriost of the simulation (Fig. 4). We show

here that the saMbridge, Glu3BArg57, is eliminated for most of the simulation, which is in
agreement with Liu et al., [34]. It was proposed by Liu et al., that this elimination is osatpe for

by interactions between Asp35 and Pro79 and Gly48 and interactions between Lys57 with Val77

[34].

1.4.3 InducedFit Docking

Conventional rigid body docking assumes that the receptor is rigid when in reality receptors often

alter their conformdion to bind the ligand. Induced fit docking considers all the possible binding

modes and associated conformational changes that occur between the ligand and protein upon

ligand binding. This would more accurately predict the binding of a ligand to atoecepit more

closely mimics what would be occurring in vivo. The docking results (Table 1) show that the drugs
[t+X 1 ¢+ YR 5w+ R2 Fff O0AYyR (G2 [oymbm[ ® ¢KS DI
binding and is composed of a combination o§th L)2 8 SR f A3FyR Yy R NBOSLIi 2 NJ
Glide energy score 6B4.988 kcal/mol for LPV compared 87.513 kcal/mol for wildype. This
RAFFSNEYOS: K246SOSNE Aa y2G O2yaARSNBR (G2 0SS 4&aa
shows reducd binding free energy to ATV and DRV and this could be due to loss of hydrophobic

contacts as seen in Fig. 7.

The majority of the amino acids forming the substrate binding site are hydrophobic with the
exception of Asp25 and Asp29 which form hydrogen Isowith the peptide main chain groups as

well as Arg8, Asp30 and Lys45 which are able to interact with polar side chains [15]. Due to the
active site being mainly hydrophobic the Hi\protease inhibitors are also mainly hydrophobic. A

loss in hydrophobicantacts is seen in many drug resistant mutants [15] and so the reduction of
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KERNRLIK26AO O2yidl Ota aSSy ¢oAGK [oymbm[ FYR [tz |
NBRdAzOSR RNMHzZ a4dzaOSLIWiAoAfAGE o0dzi R2SantgodsinotA yRA Ol
contain any major drug resistant mutations as confirmed by the Stanford HIV datab&a88].36he

variant, however, does contain the secondary mutation V82| [39]. The docking results show that all

the drugs bind to the variant protease and $ostminor mutation has no impact. This is not unusual

because secondary mutations by themselves have very little effect on drug resistance and are
selected for to compensate for viral fitness [40]. The ability of the variant protease to bintl HIV
protecaseA Y KAOAUG2NB A& dzy FFSOGSR o6& GKS AyaSNIAzy
protease remains susceptible to the inhibitors and will be inhibited. We will discuss, in a forthcoming
manuscript, how drug binding of the variant protease is affectgdh® presence of the Gag and

GagPol regions.

Ly &adzYYFINERIZ (GKS [oymbm[ LINRGSFAS adK26a NERAzZOSR T
subtype C protease. This is due to the existence of Akp887, Asp6Rys45 and Asp3Brg20 sakt

bridges, which stabf A &S GKS Of 2aSR Ffl L) LRRadAz2y Ay [oymbi
dynamics is a possible mechanism in which this enzyme can evade binding-1o pritéase
AYKAOAUGUZ2ZNRE® [txX !¢+ |yR 5wt gSNB &dz00SaatdzZ @
indicated that binding occurs. There were, however, reduced hydrophobic contacts made to LPV and

DRV, which could be indicative of the beginning of reduced drug susceptibility. The insertion of the

amino acids in the hinge region do not appear to affentgdbinding but as a result of these

insertions multiple satbridges form which hinder the movement of the flap region resulting in

reduced flap dynamics of this variant protease. Further studies, to be investigated in our laboratory,
include crystallisig this variant to determine if it resembles the homology model. As well as

crystallising the variant in the presence the Hliyrotease inhibitors.
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CHAPTER
DRUG SUSCEPTIBILITY

Double trouble? Gag in combinatiowith double insert in HIV1 protease contributes to reduced
DRV susceptibility

AlisonWilliams AdriaanBasson]kechukwuAchilonu, HeinDirr, LynnMorris and Yasieisayed
Manuscript to be submitted

In this publication the drug susceptibilitf L38nNmL proteasdo LPV, ATV and DRV, is assessed in

the presence and absence of a Gag sequence using a phenotypic assay and an enzyme assay.
L38LNmbL was less catalytically efficient and with its associated Gag displayed reduced replicative
capacity. Phenotypic assays slea L38,NpL had reduced DRV susceptibility.
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Abstract

The use of comibed antiretroviral therapy hasadea significant contribution to increasing the life
expectancy and quality of life in people living with HIV -Hpvotease is essential for processing the

Gag polyprotein to produce infectious virions and is a major target in antiretroviral therapy.
Howewer, due to the error prone neerse transcriptase, resistanessociated mutations can
accumulate inthe HI\V1 protease. We have identified an unusual HIgubtype C variarprotease

that contains insertions ofeucine andad LJ- NI 3Ay S 6 [ oy miegiph of prbtgaselakK S KA y
LRAAGAZ2Y oy® LA2GKSNXEFE GAGNI GA2Y O dirRilskedS G NBE &
activity (80%) comparetb wild-type subtype C proteas@®0%), with £50% reduction K and keat.

There was a 42% reduction of specifitivaty for the variant using thesubstrate AbzArgVakNle-
Phe(NQ)-Glu-AlaNIe-NH. Although theVmax2 ¥ [ 0y b m[-type weke similarf tRe variant

showed a 1€fold reduction in catalytic efficienckdy/ Kv). Anin vitro phenotypicdrug susceptibility

assayto determine the phenotypic consequences of amino acid changes in Gag afdoHiMdase

was conducted. BK2 6 SR (KS [oymbm[ LINRGSFAS (2 06S adzaoS
darunavirin the presence of wild-type subtyg CGag. However, in the presence of the related Gag,

[ oy mbm[ &K 2 ¢ SskeptiNiyRalzar8ravimiizremaining susceptible to lopinavir and
atazanavir. Furthermore, a reduction in viral replication capacity was observed in combination wi

the related Gag. The reduceslisceptibility to darunavir and decrease replication capacity may be

due aduplication of the proline rich domain within p6 that is responsible for recruiting Tsg101

PTAPHn the related Gag.
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Introduction

HIV remains a global hehltproblem wih 36.7 million peopldiving with HIV globally [1]. HIV is
particularly a problem in Africa as 52% of people living with HIV are from southern Africa and 45% of
all new infections occur in this region [1]. It was estimated that 13% of the South African population
in 2016 wasiving with HIV. However, there have been great improvements in treatment in Africa,
particularly South Africa. In 2015 South Africa had 3.4 million people on treatment, more than any
other country. There arghowever, still populations within South Africhkat are at a high risk of HIV
infection; these include sex workers, people who inject drugs, transgender people, prisoners, gay
men and men who have sex with men. In 2015 these populations accounted for 20% of all new

infections insub-Saharan Africa [1].

HIV is divided into two types HiVand HIV2 with HIVV1 being the main type. HiV is divided into

groups M, N, O and P. Group M is the main group and is further divided into subtypes A, B, C, D, F, G,
H, J, and K [2]. Subtype C is found inSaharan fica, India, Brazil and China [2] and accounts for
approximately 50% of global infections [$he variant in this study is of subtype C origihegreat

diversity among HIV is attributed to the high replication rate as well as the low fidelity of eevers

transcriptase [4].

HI\A1 protease, a homodimeric aspartyl protease, cleaves the Gag andP@agolyproteins to
produce three enzymes (reverse transcriptase, integrase and protease) and the structural proteins
(capsid, matrix, nucleocapsid, p6, gpl2@ ayjp41) needed for capsid assembly [5]. The secondary
structure of HIVILINR G ST &S O2 ya K& $d a Y hhéiRde@ngddmer.iThe active site
contains the characteristic ASplyThr sequence of an aspartyl protease [6]. The structurdl®fl
protease and the position of the Asp25 residues are shown in Figure 1. The hydrophobic active site is
02 @S NB R -tars, teiimed the flap region, which open up to allow substrate to bind to the
active site and then close upon substrate binding. Theammant of the flaps is aided by the hinge
region (residues 322) of the protein, a region known to contain several polymorphisms in subtype

C.

HI\L1 protease plays a critical role in viral replication since failure to cleave the Gag afeblGag
polyproteirs results in immature virions that are namfectious [7]. This vital step is one of the drug
targets of secondine antiretroviral therapy (ART) that makes use of a ritonavir fRod3tedHI\ 1
protease inhibitors (PIs) backbone of lopinavir (LPV), ataza(ATV) or darunavir (DRY),addition

to two nucleot(s)ide inhibitors (NRTIs) [8]. HIV is notorious for the development of drug resistance
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to the antiretrovirals (ARVS). Resistance to Pls is no exception. Resistance to Pls is a result of amino
acidsubstitutions in the substratbinding sites as well as distal sites [9]. These substitutions directly

or indirectly alter the interactions between the inhibitors and tH&/1 protease which reduces the

affinity for the enzyme [10]. Rarelgmino acidrnsertions in theHI\t1 protease gene are selected for

during antiretroviral therapy. Insertion mutations are not unusual in reverse transcriptase [11] but
are rare inHI\A1 protease (approximately 0.1%) [12]. Most insertions arise due to duplications of
neighbouring DNA sequences due to primer/template slippage during reverse transcription.
Resistance mutations iAI\A1 protease have been well characterised [13]. However, little is known

about the effect of amino acid inseotis in the hinge regioan drugbinding

TheHIA1 protease variant in this study (Figure 1) was isolated from an infant whose mother was

part of the Prevention of Mother to Child Transmission programme in South Africa [14] artdlwas

1 protease inhibitor naive. This sequence is a gpbtC sequence and the variant contaihg t

following subset of polymorphism¥20R, E35D, R57K and V82| as veeh d@ouble insertion of

leucine and aparagine at position 38. The variaftA f £ 06 S NBFSNNSBHe upivard I & [ 0
arrows indicatethe insertion of two amino acids at position 38he present study showa

comparison ofthe drug susceptibility2 ¥ G KS [oymbm[ LINRPGSIFaAS 6A0GK
sequence and the wild type protease with Gag to LPV, ATV and DRV.

Methods
Expression and Purification

The wildi 8 LIS &adzodeL)S / YR [oymbm[ LNRBGSFAS &Sl dsSyCc
Morris (AIDS Virus research Unit, NICD of Johannesburg, South Africa). Fh&bpgasmid

encoding the HIML wildtype subtype C proteaseas previously generated in our laboratory [15].
ThepEWmml LI FaYAR O2ydFAyAy3a GKS [oymbm[ 3ISYyS 41 &
plasmids containingthe wtd @ LIS I YR [ oy mbm[ &S| dzSyEScBerichia bbb dzd SR
BL21 DE3) pLysS dnEscherichia coliRosettd" cells, respectively. The proteases were
overexpressed by the addition of 1 mM IPTG at-tog phase (&onm = 0.6). Overexpression was

allowed to continue for 4 hours forwild @ LJS | Yy R ¢ K2 dzNE3 .fTReN:kll§ wey b my[ |
pelleted by centrifugation at 800xg and resuspended in Buffer A (10 mM Tris, 5 mM EpPHARA).

The bacterial cell membranes were digpted by sonication, 12 V for 10x 30 s intervals. The cell

lysaies were centrifuged at 23 0Qf for 40 min to separate the soluble and insoluble fractions. The
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insoluble fractions were resuspended in buffer A+ (10 mM Tris, 2 mM EDTA and 2% -Lo@matX
pH 8).This was centrifuged at 23 09
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Hinge region

Cantilever\ | Fulcrum region

region
Dimer interface
Wild-type POITLWKRPLVSIKVGGQIKZALLDTGADDTVLEE IF-NLPGKWKPKMIGGIGGFIKVRY
38 MNP L  PQITLWKRPLVSIKVGGQIRZALLDTGADDTVLEDINLNLPGKWKPKMIGGIGGFIKVKQ
KAAAKAKRIAIAIAKIA AR IR IAAxAR :*************9« : PR b b b b b b b b b b b b b b b b : *
Wild-type YDQILIEICGKKAIGTVLVGPTPVNIIGRNMLTQLGCTLNE

L38 T NTPL YDOQILIEICGKKAIGTVLVGPTPINITGRNMLTQLGCTLNE

KAAAAKRKERAAAAAKRKRAAFAARARERKR s kA AR I AF AR AR AR * K

CAIdz2NBE mMd | 2Y2f238 Y2RSt 2F [oymbm[ LINRGSI &S
HIVL1 protease is a homodimer and contains mairigheets and oné -helix per monomer. There art
five regions defined within the structure: the flap region (green), the hinge region (red)fulcrum
region (cyan), the cantilever region (violet) and the dimer interface (orange). The catalytic Asp25 re
are shown in the active site (blue). The yellow spheres and the yellow boxes on the sequence re|
the relative positions of the st of mutations, K20R, E35D, R57K and V82I. The red spheres «
structure and the red box in the sequence alignment represent the double insertion of Leu anc
PyMOL was used to generate the homology model using data from the Protein Data BahR:(BOBL).

The sequence alignment was generated using the Clustal Omega tool-EBWBL
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for 30 min and the process was repeated. The proteases were recoveradnfttusion bodies by re
suspending the pellet in buffer B (8 M urea, 10 mM Tris, 2 mV] BH § and incubating at 28 for

an hour. The unfolded protses were centrifuged at 23 04f and efolded by dialysing against
10mM formic acid containing 10% glycerol (v/v) for 4 hours & 4The proteases were then
dialysed against Buffer D (10 mdddium acetate, 2 mM DTT pH 5) overnight and purified using a
CMSepharose column. Elution was perf@thusing a salt gradient oD M NacCl. Finally, the
protease was dialysed against 10 mM sodium acetate (pH 5), and the purity assessed using a 16%
Tricire gel [16]. The carentration of the proteases wadetermined using te molar extinction ce
efficient25480M1.cnt! from absorbance spectra obtained on a Jasé@8V spectrophotometer. The

purified proteasesvere aliquoted and store aB0 C until used.
Active site titration

To assess the percentage activity of the proteases, isothermal titration calorimetry (ITC) was
performed. Acetyl pepstatin (200 uM), an inhibitor of aspartyl proteases, was titrated against 17 pM
wild- @ LIS LINRB GSI &S I yRteameyin 10 al irfjeotipns, bt 1293.8 KJusing a Nam
instrument (TA Instruments, Delaware USA). The heat due to the dilution of acetyl pepstatin was
subtracted from the data set and the baseline adjusted using NITPIC [17]. The changes in heats were
integrated and fitted using ITCsy [17]. The percentage of active sites was determined from the

stoichiometry value, with a vaé of 1 indicating activity df00%.
Steadystate and Inhibition Kinetics

The kinetic parameterdu, kea, keaf Ku and the specific activity were determined in separate
experiments Ky and Vmax were determined using a hyperbolic plot, linear plots were used to
determinekca, keaf K @and the specific activity. All plots were fitted using SigmaPlot (Systat Software,
San Jose, CAYhe hydrolysis of the HiY protease fluorogenic substrate ABzgVatNle-Phe(NQ)-
GluAlaNle-NH was monitored.The substrate used represents a conserved cleavage site capsid/p2
within Gag. For all kinetic measurements, an excitation wavejth of 337nm and an emission
wavelength of 425 m were used at 1 min measeement intervals during steadstate. All activity
assays were perfmed in 50mM sodium acetate buffer containingM sodium chloride (pH.0) at

203 . All kinetic experiments were performed in triplicate using a Jase€iB8B@ spectrofluorometer
(Easton, MD, USA).

An active enzyme concentration of 50 nM and substrate concentrations ranging & gM was

used to determine thd&v. To determine thé.a/ Kv, a substrate concentration ranging frordl® pM
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was used and an active enzyme concentration ohB0 The specific activity and thiea: were
determined using active enzyme amounts ranging fromOlpmol and a constant substrate
concentration of 50 uMThe FDAapproved drugs (LPV, ATV and DRV) competitively inhibil HIV
protease with dissociation constaniis the nanomolarange[18]. The inhibition constants)() for

LPV, ATV and DRXére determined using the equatidor tight-binding inhibitors 19]:

R ©)
oo —
C
~
o P
E - active enzyme concentration (50 nM),
S - substrate concentration (5QM)

IGo - concentration of inhibitor at which there is hatfaximal activity of theHI\f1 protease. 16
values were determined using inhibitaroncentrations ranging from-R00 puM. A final
concentration of 2% (v/v) dimethgulfoxide was used duringsi&@leterminations for inhibitor

solubility.
Construction of expression vectors

The vector p8.9NSX containing the wiygpe subtype GGagand proteasegene (p8.9MJI4AGP) was

digested using Not | (cleavage site upstrean@af) and Xho | (Cleavage site downstream of-HIV

protease gene). The reaction mixture was incubated as 3or two hours and heat inactivated at

653 for 15 minutes. Successftgstriction was confirmed by 0.7% agae gel electrophoresis at

100V for 1.5 hours. An uncut control plasmid was included. The restricted p8.9MJAGP was purified

from the agarose gel using PureLink Quick Gel Extraction Kit (Life Technologies, Geromadif)gac

to the Y I y dzF | CpiotixdalS ThEZagand HIVL proteasegene to be riserted into p8.9MJAGP

was previously isolated from RNA and reverse transcribed into cDNA. The insdigated into

p8.9MJ4AGP and the vector dephosphorylated using the RaNil Dephos and Ligation Kit (Roche,

. asStx {6AGT SNILFYyROO® ¢CKA& NBadzZ 6SR Ay | @S0OG2N
resultant pseudovirion was termed L38NL. A schematic of this process is shown in Figure 2. The
vector encoding wildype subype C Gag was created by restricting p8.9MJ4GP with Apa | (upstream

of protease) and Xho I. Theo y rpbgeyje was ligated into the restricted p8.9MJ4AGP vector using

the Rapid DNA Dephos and Ligation Kit (Roche, Basel, Switzerland). This resulted in a vector
encodingwildi @ LJS DIF3 YR [oymbm[ O6CAIdZNE HOP ¢KS NBAd
L38NL.
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™

p8.9MJAGP — p8.9 L38NL

p8.9MJAGP

p8.9MJ4GP p8.9 WTGAG L38NL

Figure 2: Cloning of thgag and proteasegenes into the p8.9MJ4GP expression vectBestriction enzymes (Not
and Xhd) were used to digest p8.9MJ4AGP and allow for clonirigeofutatedGagand L381LNrpL generesulting
in the p8.9 L38NExpression vector. Restriction enzymes (Apa | and Xho I) were used to digest p8.9MJ4
allow for cloning of thé_ 38N Lgeneresulting in the p8.9 WTGAG L38NL expression vector.
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Phenotypic assessment of protease inhibitor susceptibility

A phenotypic assay using a single infection event per virion was conducted as previously described
[20]. Briefly HEK293T cells were trdasted with 300 ng of plasmiggMDG (encodes for vesicular
stomatitis virus G protein for entry), 500 ng of plasmid pCSFLW (encodes for firefly luciferase for
guantification) and 300 ng of the HIV expression vectorcg¢des HNL gagpol: p8.9MJI4GP, p8.9
L38NL, p8.ONTGAG L38NlLusing 3.3 ug polyethylenimine (PEI, Polysciences, Inc., Warrington, PA,
USA). The transfected cells were harvested after 18 hours and seeded in the presence of serially
diluted LPV (60 nM 3 pM), ATV (40 nM 2 pM) and DRV (60 nl3 pM). Thesupernatants were
transferred to corresponding 9éell culture platesthat contained fresh HEK293T cells after 24
hours. The degree of infection was determined 48 hours later by measuring the expression of firefly
luciferase using a BrightGlo luciferasssay system (Promega, Madison, USA) on the Victatti-

label plate reader (PerkinElmer, Waltham, USA). For eachpdegdovirus combination, the 4C

was calculated using Microsoft Excel (Microsoft, Redmond, USA). A pseudovirus is only able to infect
in a single round. The phenotypic susceptibility was expressed as the fold change ig te&tie

to that of the wildtype pseudovirus (wildype subtype C Gag and protease). The assay specific fold
change cubff value for each drug was determined ugithe 99" percentile of the average $6for

the wildtype pseudovirus assessed in multiple repeat screens for each drugwaywanalysis of

G NRAIyOS 0! bh+! 0 -esf Rere. uged ToSdeMi gignificant diffarandes inolC
values betweenwild-type (wildtype subtype C Gag and protease), L38NL (mutated Gag and

[ oy mb pdtease) and WTGAG L38NL (vwyide subtype C Gag and o y myb mpfotease)
pseudoviruses. The p8.MJ4GP viiide pseudovirus contained the gagl of an HIVL subtype C
refererce isolate while the p8.L38NL contained the -gpagtease from L3&NmL. The WTGAG
L38NL pseudovirus contained the MJ4-4&8vNmyL protease. The drug resistant control consisted

of an insert of a &g and protease sequence found within a patient failing thgrand contained

many drug resistance mutationgall protease mutations present: L10l, K20R, E35D, M46l,
154V,Q61H, 162V, L63P, T74S and V82A).

Replication capacity

To assess the replication cagig (RC) of each of the pseudovirions,pda4 enzymdinked
immunosorbet assay (ELISA) was used according to Aalto Bioreagents (Dublin, Iral@&dyvell
plate was coated with p24 antibody and incubated overnight. The plate was blocked with 2% BSA for

1 hour and washed with TBS. Caltmtaining pseudoviriongenerated in the absence of HIV
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protease inhibitors were disrupted using 2% Empigen in. T@ernatants were submitted in
triplicate forp24 ELISAnd incubated for 3 hours. The plate was washed three times with TBS and

the conjugate (EH12AP, 20% shesgpum, 0.05% Tween) was applied. The plate was washed with
TROPIX buffer and TROPIX Sapphire Substrate was added. The plate was incubated for 45 minutes
and the ratio of relative light units (RLW)-p24 was calculated. The percent replication capacity

(YRC) was calculated relative to the wijghe control.
Sequencing of Gag and Protease genes

Sequencing was performed using BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
California, USA). The primers used for the-HBag and proteasegenes ae shown in Table 1 and

Figure 3 The sequence reaction was plated in a MicroAmp Optical€bReaction Plate (Applied
Biosystems, China) sealed with Microseal plate coversRBi) UK). The reaction was performed

using a GeneAmp 9700 thermal cydlApplied Biosystems, Carlsbad, CA). The following programme
was used, initial denaturation for 1 minute at 96 35 cycles of 10 s at 86 for denaturation, 5 s at

503 for annealing, 4 minutes at 60 for extension and a final hold at4.

Results
Expession and Purification

Thewildi @ LIS &adzodGel)lS / YR GKS [oymbm[ LINRGSIkaSa ¢SI
fraction as shown in Figure 8oth proteases were purified to >95%irjty and a yield 2.7 mg per
28¢ ofwet cell weightof E.colwada 20 GF AY SR F2NJ [oymbmn[ LINRGSFASO

Steadystate and Inhibition Kinetics

HI\1 protease has the ability to autolyse. The peptides produced contribute towards the
concentration determined spectroscopically but are not catalytically active. Therefore, to determine

the percentage activity of each of the proteases, isothermal ttitra calorimetery (ITC) was

conducted. Acetyl pepstatin was titrated against each protease. The stoichiometry of binding was

used to determine the percentage aeti sites. Since a binding ratiof 1:1 is expected, a
stoichiometry of 1 wouldepresent a samle that is 100% activ8.he percentage of active protein in

each sample preparation was 90% and 80% for-WikILJS ' yR [oymbrm[ I NBA&LL

percentage was used to adjust the concentrations obtained spectroscopically.
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Table 1: Primers used to seguce thegag and proteasegenes

Primer name Sequence ppM U
GagNot GCGGCGGCCGCAAGGAGAGAGATGGGTG(
GaglF TTAGACAAGATAGAGGAAGA
Gagl.5F TCTATCCCATTCTGCAGC
Gag2F ATGATGACAGCATGTCAGGG
DuGaglin2 ACATGGGTATTAGCTCTGGGCT
ProXhoR2 CTGGTACAGTCTCGAGRGGACTRATKGG
Gag5F CTTTAAGAGCTGAACAAGCT
Gag6R AAAATGGTCTTACAATCTGG

BKTO3 5 ProOutR
. ’ ProXhoR2
Gag 1F " Gag S5F >
Gag 1.5R «G3ag6R
Gag 2F .
DuGagin2 e

Figure 3 Diagram of positions of the primers used for sequencif@rward primers shown in orange
and reverse primes shown in purple
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Figure 4 SDS PAGE showing the purification profilg&f wild-type protease and (B) L3§NryL protease.

The molecular weight is shown in the first lane of each gel. The purification steps, from cell lysis to final

product, are shown from left to right.

82



Using a fluaogenic substratAbzArgVakNle-Phe(NQ)-Glu-AlaNle-NH,) that mimics the capisl/p2
cleavage site, the steaeitate kinetics of eaclprotease was determined (Tablg. Z'heKy, specific
activity andkea: for L38nNmL was approximately half that of the witdpe while theVinaxwas similar
between the two enzymes. The catalytic efficienky/iv) of the L38 N L protease is 1fold less
than that of the wildtype protease. The LB§NmbL specific activity is approximatelyf@d lower
than that of the wildtype. 1Go values were sed to calculate the inhibitiononstants for each drug
(Table 3. Thek for L38yNmyL for LPV was Hold less than the wildype protease and -8old less
for DRV. The& for ATV was, however, thrdeld higher for L3 NmpL than for the wiletype

protease.

Phenotypt Susceptibility and Replicatioapgacity

A phenotypic viral assay was conducted to determine the susceptibility ofNG{d. to protease
inhibitors in the presence of a Gag sequence. It was found that thesN8§L protease was
susceptible to LPV (L38NL: £0.8 nM and WTGAG L38NL: 4.4.2 nM) and ATV (L38NL: 42
0.7nM and WTGAG L38NL: 4:40.4 nM) with either the mutated or wildype subtype C Gag
sequences. Thigas due tahe IGo not being2.9-fold greaer than the wildtype (LPV and ATV: 1+4
0.5 nM) (Figure b The L38,NryL protease showed reduced susceptibility to DRV with botd-wil
type and mutated Gag (Figurg. 3n the presence of the mutated Gag b8y L protease was less
susceptible to DRV than wh in the presence of the wiltype subtype C Gag. The DRY fGr
L38NL (1.& 0.2 nM was 5fold higher than wiletype (0.3+ 0.05 nM), above the 1:®ld cut off.
WTGAG L38NLsiGor DRV (1.&: 0.2 nM) was Jold higher than wileype. The resistantantrol
showed higHevel resistance (FC>10) for all three Pls. Anyaisabf the RC (Figurg¢ showed the
L38NL pseudovirion to have a reduced RC (24%) while the WTGAG L38NL pseudovirion showed an
increased RC (120%) when compared to the-tyilee sampleThe drug resistant control showed the

lowest RC (13%).
Analysis of L3 NrpL Gag

The accompanying Gag of ID3RHL was sequenced to determine if there were any drug resistance
mutations presentThe following mutations were found in the cleavage sites: T3MBX4V, R376G

in the p2/NC cleavage site, E424G in the NC/pl cleavage site and N448S in the pl/p6 cleavage site. A
duplication of the PTAPP motif, was seen downstream of pl/p6 cleavage site. Multiple

polymorphisms were also observed in the Adravagesite regions as seen in Figure 7
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Table 2: Theteady-state kinetic parameters determined for wildype and L38 NryL protease

Parameter Wild-type PR [ oy mb |
Kv (LM) 14 p¥ 7 TR
Vimax(mol.min?) 0.01 0.0003 0.01 T8t
Specific activity 210 1.1 121 1.1

(Mmol.mint.mg?)
Keat (s?) 7.7 04 45 04
Kead Ku (S*.uM™?) 12.2 0.48 1.0 0.004

Table3: Thek (nM) values obtained for wildtype and L38& NmyL protease against the drugs LPV, ATV
and DRV

Protease LPV ATV DRV
Wild-type 2.1+0.2 1.2+0.1 1.4+0.2
L38pNrpL 0.2+0.02 3.5+0.7 0.4 +£0.02
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Figure5: Phenotypic susceptibility of pseudoviruses to approved protease inhibitors.

The phenotypic susceptibility of the witgdpe control, L38NL sample with the I§BILL protease and the
accompmnying Gag sequence (L38Nhg L38yNmmL protease with a wildype subtype C Gag (WTGA
L38NL)and drug resistant controlpfotease mutations110l, K20R, E35D, M46l, 154V,Q61H, 162V, L
T74S and V82Ais shown. ***p<0.001, ****p<0.0001, ns = natignificant.
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Figure 6 Relative replication capacity (RC) of the pseudovirions
The relative replication capacity of each pseudovirus was compared to theywdd The L38NL
pseudwirus showed a reduction in replication capacity of 76% while WTGAG L38NL showed an

increase of 20%. The drug resistant control had a replication capacity of 13%.
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Wild-type MGARASILRGGKLDKWEKIRLRPGGKKHYNMKHLVWASRH ERFALNPGLLETSEGCKQI

L38pNmL MGARASILRGEKLDKWEKIRLRPGGKKHYI\!LKHLVWASRELERFALNPSL LETAEGCEQI
*** *** *%
Wild-type IKQLQPALQT GTEELRSLYNTVATLYCVHEKIEVRDTKEA LDKIEEEQNK SQQKTQQAKA
L38pNmL MKQLQPALQTGTEELRSLFNTVATLYCVHKGIDVRDTKEALDRIEEEQNKSQQKTQPAKA
********* * *kkkkkk ** *kkkkkk *kkkkk kkk
MA/CA
Wild-type ADGKWBQNYRVQNLQGQMWOQAISPRTLN AWVKVIEEKAFSPEVIPMFT ALSEGATPQD
L38pNmL ADEK\EQNYP IVOQNAQGQMIHQAISPRTLN AWVKVVEEKASPEVIPMFT ALSEGATPSD
*% k% *kkkk *kkk **** *kkkkkkkkk ***** *kkk *
Wild-type LNTMLNTVGGHQAAMQMLKDINEEAAEWDRLHPVHAGPIAPGQMREPRGDIAGTTSTL
L38uNmL LNTMLNTVGG—|QAAMQMLKEEINEEAAEWDRLHPVHAGPVAPGQLREPRCSDMAGTTSTL
**** *kkkk ** *kkkkkk
Wild-type QEQIAWMTSNPPIPVGDIYK RWIILGLNKI VRMYSPVSIL DIKQGPKEPFRDYVDRFFKT
L38,NmL QEQIAWMTANPPIPVGDIYK RWIILGLNKI VRMYSPVSIL DIKQGPKEPFRDYVDRFYKT
* * * * * * * * * * k%
CA/p2
Wild-type LRAEQATQDWNWMTDTLLVQNANPDCKTILRALGPGATLEEMMTACQGGGPSHKHARVL
L38uNmL LRAEQCTQD\KNWMTDTLL\QNANPDCKII LKGLGPGASLEEMMTACQGGGPSHKARVL
***** *kkk * ***** * *kkkkkkkkk *kkkk *kkkk
p2/NC
Wild-type AEANSQANNT NIMMQRSRK GPKRIVKCFNCGKEGHIARNCRAPRKKGCWCGKEGHQMK
L38uNmL AEANBQANNA NIMVQGSRK GPRRIVKCYNCGKEGHIAKNCRAPRKKGCWCGKEGHQMK
*kk%k *kk%k *: ***:* ** ** **:*****:* ********:* * * *% *k%k *
NC/pl pl/p6
Wild-type DCTEERQANFLGKIWPSH G RPGNFLONREPTAPPAE  ----- SFRFE ETTPAPKQEP
L38,NmL DCIsRQANFLGKIWPSHKGM&®PGNFLQSREPTAPPART APPAESFRFE EATTAQRQEQ
*% *kkkkk *kk kkkk * *******.** *kkkkkkk *kkkk *:* * :**
Wild-type KDR EPLTSL KSLFGSDPLSQ
L38,NmL KEREQPLISL KSLFGSDPFQK

* * ** *% ********

Figure 7 Alignment of Gag sequences of witgdpe Subtype C and the LB§NmL variant The
cleavage sites are indicated in red and PTATPPAE insertion indicated in blue. The sequence

alignment was generated using the Clustal Omega tool (EREB).
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Discussion

Use ofHI\A1 protease inhibitors has greatly improved the response to ARV regimes. However,
resistance toHI\A1 protease inhibitors is a problem. Mutations occur rapidly due to reverse
transcriptase lacking proof reading capabilities. Mutations occuirindj\:1 protease may be major
(occurring at the active site), minor (occurring in regions distal to the active site) or may be
insertions of 1¢ 6 amino acids. Insertion mutations occur rarely and thus have not been well
characterised, especially in subtype C viruséere we show the drug susceptibility of a subtype C

protease containing a double insertion.

¢ KS [ oy mb niypelpytRases wereRexpressed and purified from inclusion bodies, with an

80% and 90% activity, respectively. An analysis oKihiedicatedlii K & G KS [ oy mbm[ @ NI
increased affinity forthe substrate mimicking theCA/p2 cleavage site Although the maximum

velocity ¥may Was approximately the same #wat of the wildtype protease, the turnover number

was approximately2old less. TRa A Y RA OF (1 S& { Kifold legs supsuayper s€ddné | &S a
than wildtype. The catalytic efficienckt/Kkn0 2 T [ oy mHaig[lessdharithanf wild-type

and shows a smallgroportion of substrate being converted to product when compared to wild

type. This confirms the findings of Kozistlal. (2008)[12], who showed that amino acid insertions

in the hinge region oHI\A1 protease reduce the catalytic efficiency. A mectaireason for the

reduced efficiency could be due to the flap region remaining closed fonger period than the

wild-type, as shown by molecular dynamicsiglations studies (manuscript under revigwrhis, in

turn, would hinder substrate binding andksult in decreased product formation. The reduced
ALISOATFTAO OGA@AGE 2F (GKS [oymbm[ O2yFANNA GKI G
compared to wildtype.¢ KS F FFAYAOGASE 2F [t+ YR 5wx gSNB Ay
the decrease iinhibitory constant K). However, in the presence of ATV,-oRl decrease in affinity

gra 20aSNBSR F2N) GKS [oymbm[ I FfGK2dzAK GKAA g1 2
indicates that theseHI\f1 protease inhibitors would inhibit variant prease without a Gag region

present.

Resistance to Pls occurs with the accumulation of mutations in thel bdtease, which may lead

to a reduced replication capacity of the virus as the affinity for its natural substrate has decreased [9,
20, 21]. There @, however, mutations that occur in Gag that will partially restore the replicative
capacity of the virus and thus Gag mutates to compensate for mutations i pidtease [20, 22].
These mutations can occur in cleavage sites or elsewhere [20]. Resig@andI\V1 protease

inhibitors is not only due to the HIY protease itself but also due to amino acid substitutions in the
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Gag cleavage sites [20, 2Bowever, when patients are failing therapy, drug resistance mutations in

Gag are typically not considet.

I LKSy2G8LIA0 Faale glFa O02yRddzOGSR (2 RSUGSNXYAYS i
the in vitrodrug susceptibility to Pls. This was performed in conjunction with an unrelatedypitd

control Gag, as well as the related Gag, to assespltheotypic impact of @g on drug susceptibility

Ay GKS O2yGSEG 2F GKS [oymbm[ Anfigas NHuktidrif divgdzld | G A 2 y
susceptibility was observed for either GAR y i F AyAy3d @GSNERAZ2Y 2Few@KS [ oyn
for DRV, bthGagO2 y i AYyAy3d GSNBAZ2Y 2F [oymbm[ LINRGSIFAS a
in DRV susceptibility relative to the wilghbe. A reduced susceptibility to DRV for an insertion

mutation at pogtion 35 was also observed [12]. Furthermore, the decreadeRV susceptibility was

signifcantly greater for the related @O 2 y (i I A Y A Yy Jrotdase thaybfor fhe untelated &8y

containingf oy mb m[ LINR G S| & as acontriliutbrQdwérdsydaig rBsistance in the
O2yGSEG 2F G(KS [ oymbhis[undédrlyies ghaliinpotafice Bfdmillidingi the Gag

region in Pl resistance screening, as was also shov@dndhariet al. [24].

Mutations in Gag cleavagstes have ben linked to drug resistece [23] andseveral cleavage site
mutations were obserwve in the related Gag sequence, including mutations in the p2/NC, NC/p1 and
pl/p6 cleavage sites. Mutations in the naleavage site regions of Gag have also been linked to
drug resistancethese includeH219Q and R409K [25] and K437V and K436E [26]. Ttaiona
reported here, to our knowledge, have not been reported to be linked with drug resistance. The
PTAPP motif within pGag is a proline rich domain that is responsible for recruiting Tsg101, a cellular
factor involved in budding of the virus. The PPAduplication, a common polymorphism in Gag, is
more common in subtype C viruses [27]. This could be due to the absence of thindiing YPXnL
motif in p6gag, which aids in budding and so a duplication of the PTAPP is a compensatory
mechanism for virabudding [28]. The Alix motif is mutated in more than 95% of subtype C viruses
[29]. PTAPP duplications are selected for in viral isolates from HAART treatment [30] and PTAPP
duplications accumulate in subtype C isolates with a smaller numbeét\éL protease inhibitor
resistance mutations as compared to subtype B [28]. It has been suggested that PTAPP duplications
may play a role in subtype C virus susceptibilitlte*1 protease inhibitors due to its position close
to the cleavage site as it may be pessible for an important secondary structure conferred by
proline residues [28]. The PTAPP duplication has been linked to poor virological response to the PI
amprenavir (APV) [31]. The loss of susceptibility to PIs, or any ARV drug, may be due to enhanced
budding in the presence of drugs [31].
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The reduction in viral fithess is not uncommon in viruses that are evolving to escape drug pressure

[21, 32]. The selection for drug resistance mutations inHpfotease often results in a loss of
replication capcity, which is then compensated for by the selection of additional compensatory
mutations in Gag [33]. Waave observed a reduction in the relative replicative capacity of the
[oymbm[ LINRGSFAS Ay GKS Ozyal ©608) [12Hso shdwedhaB f | ( SR
HI\A1 protease containing amino acid insertions in the hinge region display reduced replicative
capacity in the presence of a mutated Gag. It is unclear whether the mutations/polymorphisms
observed in the related Gag were selected faral 02y aSljdzSyO0S 2F GKS [ oy mb
in the HIVA1 protease, especially since our RC studies have shown a debilitating effect of the related
DF3 2y GKS NBLXAOFGAZ2Y OF LI OAGEe 2F (GKS [oymbm
OKIFIy3aSa Ay GKS NBfIFGSR DIF3 200doNigtien. hfad®® 8haSy RSy i
been shown that mutations can develop in Gag without any mutatia@iagbpresent irthe HI\A1

protease [26].

InsummaryOF GFf @dAOFtte | OGADBS [oymbm[ GFNRARIFYG LINRGS
have reduced efficiery when compared to wiltypeproteaseP [ oy mb [ LINRPGSF aS A a
LPV, ATV and DRV without a Gag sequence present. Phenotypic assays with a Gag sequence showed
GKIFIG GKS [oymbm[ @FNAFYyG KFd NBRdJdzOSR & dzasOSLJIG A 0
susceptible to DRV when the mutated Gag was present indicttisigGag plays a role in drug
susceptibility here. Tén duplication of the PTAPP mfothay play a role. The mutated Gag lowered

the replication capacity indicating mutations may have occuiiredhis region before theHI\:1
proteaseinsertion mutations possiblyimplicating an alternative mechanism for drug resistance

developing in this patient.
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CHAPTER
GENERADISCUSSION

5.1 Overepresionand purificatiorof HI\L1 protease using T#Mis

tag
The use of protein and peptide tags are very popular for purifying recombinant progdfiraty tags

have the following features; a orstep adsorption purification, minimal effect on tertiary structure
and biological actity of the recombinant protein aneéasy ad specific removal of the tgd20]. A
tag can be a small peptide such as palg, FLAG polyHis, cmyc, S, or Strep Htag. The
advantage ofhe small peptide tag is that undeertain condiions it is notnecessary to remove the

tag.

A polyhistidine tag (Hitag) is widely useth the purification of recombinant proteins. Immobilised
metal affinity chromatography (IMAC) is used to purify thetegged protein. IMAC is based the
interaction between a transition metal (commonly ZoN?*) immobilised on a matrix and the
histidine side chain as it exhibits the strongest interaction. The electron donor groups of the histidine
ring form coordination bonds with the immobilised transit metal.Once bound to the immobilised
transition meta) the tagged recombinant protein can be eluted with the use of imidazole. A
disadvantage of using imidazole is that it can influence NMR experiments, competition studies
crystallographic trials anils presence may cause protein aggregatjp@l1]. The placement of the
Histag, on the Nor Gterminus, is dependent on the function of protein and can be placeslther

end. The success of this tag is seen in the multiple expression systems it has bewiitlusethich

include; bacteria, yeast, mammalian cells, baculoviinfscted insect cellgL20].

In cases where solubility is a problem, as with-HIpotease, a fusion protein may be used to
improve solubility. These include maltose binding protdi22], thioredoxin (Trx) [123] or
glutathione Stransferase[124]. It is unclear how these proteins enhance solubility but several
hypotheses have beeproposed[125]. These include the fusion protein acting as an electrostatic
shield and reducing aggregation by electrostatic repulsion between highly charged soluble
polypeptide exensions[126]. It has been proposed that the fusion proteins are chaperone magnets

and that solubility results from interactions with endogenous chapesj127]. Solubility enhancers
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may also have an innate, passiebaperonelike quality that manifests itself by intramolecular
binding to the fusion partner in a manner that prevents their-ssl$ociabn and aggregatiofl28¢

131] The presentstudy used arrx fusion proteinto improve solubility and reduce toxicity of the
HI\:1 protease. Both improvement in the solubilignd a reduction in toxicityas observed by
increased expressiomere seen for L3&NmL, which was expressed in the soluble fractOmerall,

a reductionin toxicity was observed as there was a great improvement in expression from the
previous expression systerwhich involved expression of the HI\protease as part of a gaupl
construct and purification using ion exchange chromatografine amount of wid-type protease
purified was increased from 0.83 to 2mg/L of culture medium and 1.5 mg/L of IL8BIHL was

obtained.

Commonly fusion tags need to be removed to carry out desimeam processes such as
crystallography. The most common proteases thisused for cleavage of the tag are ent&moase,
tobacco etch virusthrombin, and factor Xa. The protease utilised in this study was thrombin.
Thrombin cleavage can be carried out betweer3Z0C. Tirombin cleavage results in the retention
of two amino acids on the @erminal side of the cleavage site of the recombinant protein. The
thrombin can be removed from the target protein by affinchromatography usingédizamidine
Sepharosé™. A minimum concentration oft150 mMNaClis required to prevent nospecific binding

of the HI\A1 protease to the BnzamidineSepharosé", which provedproblematic for this study
HI\A1 protease activity is increasedith increased ionic strengtfil32¢134]. Polgr et al. (1994)
showed that the activity of HFY protease sigificantly increased (old) from 31 M NaCl[132] and
Hylandet al., (1991)showed that thiseffect with N&Cl is not saturablfs0]. This increased activity of
the HI\L1 protease may be attributed to the increased stability that the NaCl provides the enzyme
[133, 134] Therefore, incubationof the fuson protease with thrombinin a buffer containing

150mM NaClesultedin enhanced autgtic activity due to the presence of the NaCl.

Determining the concentration offl\\1 protease active sites byisothermaltitration calorimetry
showed that theproteases purified using thieisionmethod had a lav percentage of active sites, 9%
for L38,NmpL and 186 for wildtype. This is attributed to thevernightincubation in150mM NacCl
during thrombin cleavagewhich would increaséHl\*1 protease activity ad, therefore, increase
autolytic activity. Although a Q7HKnutation was intuded to reduce autolyti@activity [135], it does
not entirely knock this process oW possible solution is to include the followisgbstitutionsin the
HI\A1 protease L33l and L63Thesehave shown to reduce aulgtic activity while still maintaining
the functionality of theHI\A1 protease[136]. Mildner et al., showed that after incubain of the
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Q7K/L331/L63I mutant at room temperature for 11 days at pH(&.pH at which thédI\:1 protease
is most activelhere was no loss of activity and minimal loss of protein due to autolysis as opposed

to wild-type which lost 40% of its activif¥36].

5.2 Molecular Dynamics and Induekddocking

Molecular dynamics simulations have been vital in our understanding of proteins as dynamic
structures rather than rigid stictures The first molecular simulain of a proteinwas published in
1977 [137] and in the last @ years the technique has advancgteatly due to the increase in
computing power. Molecular dynamics simulations have become an important tool in studying
proteins.Regions of proteins that may be difficult to view using crystallograptigh as loopsanbe
modelled using molecular dynamicBhe movement of proteins in solution can be modelled and the
movement of flexible regions for examplthe flap region in HAL protease can be viewed.
Molecular dynamics, however, cannot replapevitro studies andtiis important to confirm results

foundin silico,in vitro.

The dynamics of many proteins have been studied using simulations antl ptbfease is no
exception. The flap region has been of particuilaterest [138¢142] due to its importance in
substrate binding: the flaps opén allow substrateto bind and closeupon substrate bindingl39].

In the apeform the flaps can exist in three conformations; open, sepen and closed140]. The
dominant conformatiorin solutionis thought to be the serbpen[140]. There are different ways of
measuring the opening and closing of thapftegion the distance betweeitwo lle50residues (one

in each flap tip can be measuredndthe distancebetween the catalytic residue (Asp25) and 1le50
[141].

The distance between lleS@sidues[141] in the flap tipsis measured to determine whether the

flaps are in the open or closed conformation. This residue is chosen because it is highly conserved
and occur®n the tip of the fap. The distance between the P25 and lle50 can be chosen instead of

the distance betwer 1le50 residues du¢o flap curling that occurgl41]. A comparison of the
difference between these two approachessieen in lgure 7A (distance between 1le50 residues) and
Figure 7B (distance between Asp25 and lle5The flaps need to curl in order to open. Curling
however, does not have to occur synetrically and one flap may curl more than the other. This ca

be seen in Figure@. The flap of chain B in both wilgtpe and L3& NmL curls inward(~115) more
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than the chain Alap and so the distances between 1le50 and Asp25 in chain Brhare variedthan

that of Chain A.
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For this reasonthe distances between 1le50 residues in each residue was chosen to detesmmname

the flapsare in theopen and closé conformations

Theflap region of L38 b myfwas foundto be lessdynamic tharthat of the wild-type proteaseand
remaired in the closed conformation (A apart) for most of the simulation. It has long been thought
that the flap regions of HRY protease remain in the semi open conformation in solution when not
bound to an inhibitor. Upon inhibitor binding the flap regioadopts and remairs in the closed
conformation. This closed conformation is maintained due to the Righrgy barrier theHI\:1
proteasewould have to overcome to open the flafis43]. Recently, it has been shown usiNyIR
studies that inhibitofree HI\A1 protease can adopt a closed conformation in solutida4],

confirming the finding shon here by molecular simulation.

Docking ligands to protein active sites is an important tegh@iin drug discovery. It aids in the
identification of novel compounds that may possibly bind to the target without the expenge of

vitro testing. However, it cannot be used in isolatiand in vitro testing must still occur. It is
advantageousn that it will minimise the number of compounds that need to be tested and so only

the best hits are used. Traditionalgjocking was performed using a flexible ligand that is positioned

into a rigid binding site. The main reason for the rigid protein is duemapcitational feasibility. This

method of docking is representative of the leakdkey model of ligand binding to a protein
suggested by Emil Fischer in 1890. This, however, is not a true representation afoshigin vitro.

Proteins and ligands are dgmic in solutiom andhave to be modelled as such. It has become clear

that protein flexibility is crucial to the receptdigand complex formation and must be considerad

silico[145, 146] Inducedfit docking has the benefit of including the mat® of both the protein and

ligand. This is representative of the indueidmodel of ligand binding to a protein. Inducéid

docking is more representative of what is occurringvitro and thus is a preferred methodf

docking drugs to a proteifdockid 2 F GKS RNMXz3a [t+3X !¢+ YR 5w+ (2
in the number of hydrogen bonds formed and hydrophobic contacts made. Two hydrophobic
Oz2yiGl Ota ¢oSNB fz2ald o0SisSSy [t+x YR [oymbm[ 0dzi
between the side chas of Arg8, Asp29 and Apand LP¥ [ oymbm[ YR !¢+ 3
hydrophobic contacts and lostydrogen bonding between the side chains of Arg8 and Asp30. There

was a loss of onlyone hy@ilJK 2 6 A O 02 y (i I O DRV andlo[lossyofippdrgfien hogdRg.

The pattern of hydrogen bonding is shown in Figure 8.
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Future work resulting from thesén silico experiments would be using ITC to determine the
thermodynamic parameters anddissociation constant for each of the drugs to 38,L. To
confirm the flap dynamics observetlydrogendeuterium exchange mass spectrometry can be used
as was done previously in our laboratdd47]. NMR studies can be performed suak Louis and
Roche (2016)143], who showed that binding of HIY protease inhibitors traps the enzyme in an
energy minimum of the closed pton . Importantly, a crystal structure of the variant needs to be

obtained in the apeand drugboundforms.

5.3. Drug susceptibility

The challenge faced by treatment of HIV and AIDS is the occurrence of drug redi$t8jcgVHO
estimates that half of the people infected with HIV are on tipgr|L49] and this means many more
people will be faced with réstance to drugs than in the pasthere are two ways of determining
drug resistance, genotyping and with phenotypic assays. The phenotypic assagrisiex and time
consuming as it involves measuring replicatiof the virus (with clinicaltiderived RNA)n the
presence of different drugsGenotyping, which is more efficient, involves sequencing the viral
genome and identifying mutations that have beassociated with drug resistancA. list of all
mutations that cause drug resistance has been compiled and is regularly uddatd Databases
such as the Stanford University HIV Drug Resistance Databaseaisual tools for identifying
whether a given sequence contains a drug resistance mutdti&ic153] Upon analysing the
protein sequencing of LB§NmL, using theHIV Drug Resistance Databagevas found that there
were no drug resistant mutations present. This datah&ssvever, does not include any amino acid
insertions for HIVL protease and so it is important to determine what effect the presence of these

insertions may have on drug resistance phenotypically.

The functionality of LA NmHL was analysed usingichaelisMenten steadystate enzyme kinetis
L38HNmbL displayed a loweky, which normally would be indicative of a greater catalytic efficiency
but this was not the case. The cayét efficiency of L3 Nm,L was 1Zold lower thanthe wild-type
protease This confirms the findings dfoziselet al., (2008)[118] and Saskovéet al., (2014)[154]
and also explains the reduced replicaticapacity of thepseudwirus as a less efficienenzyme
would result in reduced infectivity of the virul the variant protease is nots efficient as the wild

type proteasethe virus will not be able to replicate as efficiently as a wijge virus. The low
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catalytic efficiency could be attributed to the reduced flap dynamics seen byNGg.. If the flap

regions remairpredominantly in the closed conformatighe HI\A1 proteasewill not be able to bind

the substrate.The inhibitory constant for L3§Nm,L in the presence of LPV, ATV and DRV was
determined and it was founthati KSa4S RNHzA& 62dZ R AYKAOAG [ oy mbm

Using phenotypic assays, it was shown tlatvirus containing the L38NmL prdease was
suseptible to LPV and ATWith or without a mutated GagTheL38bNmyL 1Go values for LPV and
ATVwere both increasedrom wild-type |G valuesbut were not significantly different to indicate a
reduced susceptibilityThe virus containing LB§NHL showededuced susceptibility to DRV high
was not expected because thfe K valuedetermined in the absence of a Gag sequerides finding

impliesthat the Ga region may play a role reduced DRV susceptibility that was seen.

The importance of th Gag region to drug susceptibility was highlighted bystimall but significant
increase iNDRVIGo when the mutatedGag(IGo =1.6 + 0.2 nM, 5fold higher than wiletype), as
opposed to the wildype Gag(IGo= 1.0 + 0.2 nM, 3fold higher than wileype), was present.
Mutations in Gagleavage site$42] and noncleavage site positiong155, 156]can contribute to
HI\A1 protease inhibitor resistancaJpon evaluation of thevariant Gagsequencejt was foundnot

to include any mutations in the cleavage sjtesd elsewhergthat are known to cause drug
resistancelt does, however, contain a duplicated PTAPP regidre PTAPP méis within p6 and is
responsible for recruiting Tsg101, a cellular factor involved in budding of the Viissregion has
been contentious in the drug resistance debate. Some suggest that this region does contribute to
drug resistancg157¢161] while others report that this is a common polymorphism in difar
subtypes[162¢164]. PTAPP duplication is common to subtype C viruses and this is attributed to the
deletion of the Alixbinding YPXnL métin p6, whch aids in buddingl159, 165] Roor vimlogical
response to APVWias been linkedo the PTAPP duplicatiofi58]. It cannot te discounted as the
reason for the decreased susceptibility to D&&€n here but neither can lite confirmed. The PTAPP
motif mayresult in a loss of susceptibility tdl\+1 protease inhibitors due to enhanced budding in

the presence of drugd 58]

Replicative capacity of the pseudovirus containingrb®R&,L and its associated Gag waseatly
diminished.Koziseket al., (2008 [118] also showed tht a HI\A1 protease containing amino acid
insertions reduced replicative capacity in the presence of a mutated Gag. However, it was not shown
what the effect of thisHI\1 protease alone had on replicative capacity by gsinwildtype Gag

sequence. The psentstudy showed that replicative capacity was restored when the-tyii Gag
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was presentThis finding makes it difficult to suggest théi\+1 protease acquired mutations before
Gag and that the mutations found in Gag occurred to compensate for muotain HIVL protease.
However, it doessuggest that Gag may have acquired mutations beforelHpvotease and that
HI\A1 protease mutated to compensat&his is not unusual as it has been shown that Gag can

acquire mutations without any mutations beinggsent inHI\A1 protease[156].

Genotypic analysis of ldI\A1 protease sequence is not engh to determine ithe virusis resistant
or displays reduced susceptibility tdl\f1 protease inhibitors.This is because @toes not consider
mutations in regions other than reverse transcriptase, integrasetflivll protease. The importance
of considering the Gag region when lookiggdrug resistances not only highlighted in this study
but also by Giandhaet al [166]. Future work would include phenotypic analysis of thetated
Gag sequence with a wilgipe HI\A1 protease to determine whether theeducedDRVsusceptibility

observed is solely due to the Gag sequence
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CONCLUSIONS

L38nNmL and wildtype protease were both successfutlyerexpressed and purifiegsing a TrHis tag
fusion sytem. This fusion systemeduced cytotoxicity duringverexpression and improved yield during
purification. Molecular dynamics showed that the flap region offbB&,L was less dynamic thahat of
wild-type protease This reduced movement could be a possible mechanism to evadeug binding.
Inducedfit docking showed that the drugs LPV, ATV and DRV would bimgNI8B albeit witha
reduction in hydrogen bondsnd hydrophobic contacts. This finding was confirmed by determiningsithe
of eachdrug bindingto L38n,NmpL, which indicated that all drugs would inhibit B38mpL. Catalytic
efficiency of this variant was reduced and may be attributed to the extended tim#8dpeegion of this
HI\:1 protease spends in the closed conformation as showmblecular dynamicsThe associated Gag
region of L3&NmyL possibly contributes to reduced DRV susceptibility seen in phenotypic assays. The
replication capacity of a pseudovirus containing is385L and its associated Gag was greatly reduced.
Upon replacemenof the Gag with a wildype Gag, replication capacity was restored. This implicates Gag
as having mutated first and then thidI\:1 protease mutating to compensatétor the mutated Gag

substrate
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