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Abstract

Human immunodeficiency virus type 1 (HIV-1) integrase (IN) catalyses the irreversible
integration of the viral genome into the host genome with the aid of the host co-factor lens
epithelium derived growth factor (LEDGF/p75). LEDGF/p75 protects HIV-1 IN from
proteasomal degradation, facilitates transport and directs DNA binding. Allosteric IN
inhibitors (ALLINIs) were discovered in 2010 by Christ et al and then several research
groups followed suite. ALLINIs were found to cause aberrant multimerisation of HIV-1 IN
and have a profound effect on virion maturation. In previous studies lovastatin and cefdinir
were identified to be inhibitors of the HIV-1 IN-LEDGF/p75 interaction. In this study, the aim
was to characterise the interaction of both compounds in comparison with a known ALLINI,
CX05168 with HIV-1 IN, and determine their modes of action. After the expression and
purification of the recombinant proteins, the compounds were screened through an
AlphaScreen assay to assess their ability to inhibit the HIV-1 IN-LEDGF/p75 interaction. All
three of the compounds: lovastatin, cefdinir and CX05168 inhibited the interaction with 1Cso
values of 1.97 + 0.28 uM, 4.05 + 0.18 uM and 1.33 £ 0.5 5uM for subtype B HIV-1 IN and
1.98 £ 0.28 uM, 5.22 + 0.92 uM and 1.79 = 0.63 uM for subtype C HIV-1 IN, respectively.
The AlphaScreen was then adjusted for the addition of donor DNA. This caused a reduction
in the potency of CX05168 and cefdinir but had no effect on lovastatin. The ICso values for
cefdinir and CX05168 increased to 52.02 £ 1.82 uM and 20.46 + 0.76 uM for subtype B
HIV-1 IN and 41.87 + 0.95 pM and 21.28 + 0.52 pM for subtype C HIV-1 IN, respectively.
This was the first indication that lovastatin had a different mode of action. With the findings
that ALLINIs cause HIV-1 IN to aberrantly multimerise follow up tests included the
compounds in two separate assays to determine if they caused multimerisation. The first
assay was a cross-linking study and the second was differential light scattering assay. The
only compound shown to have the ability to cause aberrant multimerisation was CX05168.
Follow up tests were conducted to determine if the compounds had any stabilising effect
on the HIV-1 IN enzyme. In agreement with the multimerisation assay only CX05168
showed any effect on the stability of HIV-1 IN. In this assay a difference in the potency of
CX05168 on the subtype C HIV-1 IN was seen, where less stabilisation occurs. Hydrogen
deuterium exchange mass spectroscopy was used to determine binding sites or allosteric
changes to HIV-1 IN. Overall visual allosterism on HIV-1 IN subtype B and C was seen with
CX05168. Lovastatin had clear binding areas that differed from CX05168, whereas cefdinir
showed few areas of binding or similarities. This indicated that all three compounds
displayed different binding models and in combination with the other assays confirmed their
different modes of action. Surface plasmon resonance was used to determine the binding

kinetics. The noise to signal ratio for lovastatin and cefdinir proved to be too high to obtain



usable results indicating a possible poor binding ability. CX05168 showed good binding in
agreement with our previous results but once again a difference in binding the subtype B
HIV-1 IN and subtype C HIV-1 IN could be seen. We finalised our tests with cellular
screening. Lovastatin proved to be too toxic to the mammalian cells to test antiviral
efficiency. Cefdinir and CX05168 showed viral inhibition with CX05168 being less potent
against the HIV-1 subtype C as opposed to the HIV-1 subtype B viruses. In conclusion, this
study found that the three compounds (lovastatin, cefdinir and CX05168) inhibit the HIV-1
IN-LEDGF/p75 interaction in different ways. Results highlight that CX05168 functions as a
LEDGF/p75 IN inhibitor by causing aberrant IN multimerisation, however, it is less potent
towards HIV-1 subtype C, which is the predominant subtype circulating in South Africa.
Lovastatin and cefdinir inhibit the direct interaction of HIV-1 IN-LEDGF/p75 without
multimerisation which decreases the antiviral potency. The compounds of most value are
those causing aberrant multimerisation of HIV-1 IN as they have potent downstream effects,
lovastatin and cefdinir in their current chemical structure are not promising ALLINI’s, and

require structural modifications to fulfil their promise.
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Chapter 1



1. Introduction
1.1 HIV epidemiology

Human immunodeficiency virus (HIV) infection is responsible for a worldwide pandemic,
with an estimated 36.7 million people living with the virus. There has been a steady decline
in deaths associated with HIV with an estimated 1 million people dying in 2016 down from
1.9 million in 2005. This steady decline is possibly due to awareness or progress in access
to antiretroviral drug treatment (UNAIDS fact sheet, "Latest statistics on the status of the
AIDS epidemic”, July 2017). Eastern and Southern Africa are most severely affected by
HIV where in 2016 it was estimated that 19.4 million people were living with HIV (UNAIDS
fact sheet, "Latest statistics on the status of the AIDS epidemic", July 2017). With increased
efforts to fight the pandemic new infections decreased to 790 000 in 2016, a reduction of
29% from the period 2010-2016, however this amounts to 2164 new infections every day
in the region. Southern Africa makes up 64% of all new HIV infections (UNAIDS fact sheet,

"Latest statistics on the status of the AIDS epidemic”, July 2017).

HIV can be subdivided into two types, HIV-1 and HIV-2, where HIV-1 is the predominant
type. HIV-1 has high heterogeneity that is caused by several factors including the error
prone proof reading ability of reverse transcriptase (RT) (Op de Coul et al., 2001; Roberts
et al., 1988), the high turnover rate of HIV in vivo (Ho et al., 1995), selective immune
pressures in the host (Michael, 1999) and recombination during the replication cycle
(Temin, 1993). Due to these influences HIV-1 is further divided into four main groups; M
(Major), O (QOutlier), N (Non-M and Non-O), and P (Pending the identification of further
human cases) (Buonaguro et al.,, 2007). These four groups come from a zoonotic
transmission of simian immunodeficiency virus (SIV). Of the four groups, M is the
predominant group found worldwide and is responsible for the current HIV pandemic (Sharp
and Hahn, 2011; Hemelaar, 2012). Group M is further subdivided into 11 subtypes from A-
K. Subtype B is the predominant subtype in Europe, America, Japan and Australia whereas
subtype C is predominant in Southern Africa, Eastern Africa, India, Nepal and parts of
China. With these countries accounting for most of the infections, subtype C is the most
widely spread subtype in the world (Buonaguro et al., 2007). Groups N, O and P are less
common where group O accounts for approximately 5% of the infections in several western
and central African countries and is very rare outside of these regions (Buonaguro et al.,
2007). HIV infection is no longer deadly but is now considered a chronic and manageable
disease thanks to the improvements in antiretroviral drug therapy. However, with an

increase in drug resistant HIV strains there is a constant need for novel drugs and targets.



1.2 HIV virion and genomic organization

The HIV-1 genome contains 3 open reading frames (ORF) gag, pol and env, these 3 ORFs
encode for 9 genes which encode for at least 16 proteins vital to the functioning and survival
of the virus. Figure 1.1 shows the genomic organization and the resultant protein for each
gene (Simon et al., 2006).

Genomic Organisation HIV-1

gpal

Coat proteins

Figure 1. 1. Genomic organization of the HIV-1 genome displaying the three main
structural, catalytic and envelope genes gag, pol and env flanked by two identical long
terminal repeats. The gag gene codes for matrix protein, capsid proteins and nuclear
cytoplasm. The pol gene codes for protease, reverse transcriptase and integrase proteins
and the env gene codes for gp120 and gp41 proteins. Arrows point from the proteins
towards the virion particle indicating which part of the particle they form. The figure includes
regulatory genes tat and rev, and accessory genes vif, vpr, vpu and nef, needed for
permanence of the virus. Picture adapted from

www.stanford.edu/group/virus/retro/2005gongishmail/HIV.html.

The resultant proteins assemble to form different parts of the virion as seen in Figure 1.2.

The gag gene translates into structural proteins, whereas the pol gene is responsible for


http://www.stanford.edu/group/virus/retro/2005gongishmail/HIV.html

production of the enzymes vital to the replication process and the env gene forms the
protective coat glycoproteins (Simon et al., 2006). The virion is made up of two plus strands
of RNA each containing a copy of the 9 genes. The capsid, made up of p24, encloses the
RNA and is surrounded by the p17 matrix. The matrix is enclosed by a host derived lipid
bilayer where the glycoproteins gp120 and gp41 are embedded. The virion contains most

of the components needed to replicate in a host cell with the aid of host cofactors.

Surface envelope protein
glycoprotein120

(gp120)

Transmembrane
envelope protein
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(gp41)

Protease
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Matrix protein
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R Integrase (IN)
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Figure 1. 2: Representative figure of an HIV virion displaying structural and functional
proteins. The virion contains capsid protein (p24), matrix protein (p17), nucleocapsid (p7),
reverse transcriptase, integrase and protease, as well as envelope glycoproteins, gp120
and gp41. Picture adapted Hosseini and Mac Gabhann, 2012 (Hosseini and Mac Gabhann,
2012) .

1.3 HIV-1 Lifecycle
The HIV-1 lifecycle is a multiple step process consisting of six stages: viral fusion and entry,
reverse transcription, nuclear import, integration and transcription, translation and finally

viral particle assembly and budding as shown in Figure 1.3.



HIV virion

gp120
Fusion: viral core
O inserts into cell

HIV env protein binds
to CD4+ and
chemokine co-receptors
on cell surface

Budding of virus
from cell and
O

maturation

©  Virion processing
s and assembly

Chemokine
receptor

Translation
of viral
protein

Entry

inhibitors
Protease
inhibitors

Viral genomic

Reverse RNA

transcription of —
viral genome /

H\S\ Nucleus

Nuclear import

I =y -

()
Integration of provi '
DNA into host o
; Transcription
\ge”°m'° 2l of viral RNA

-

\  Hostcell

Reverse
transcription
inhibitors

Integrase inhibitors

Figure 1. 3: Lifecycle of HIV-1 showing the individual steps of entry, reverse transcription,
integration, transcription, translation, assembly and budding. The figure also points out the
current targeted steps for antiretroviral drug intervention in the lifecycle. Figure is adapted
from Rambaut et al, 2004 (Rambaut et al., 2004).

HIV-1 entry requires a cell that carries a CD4 receptor on the surface of the cell. The chain
of events begins when the HIV-1 trimeric gp120 binds to the CD4 receptor which triggers a
conformational change in the gp120 allowing for binding to the chemokine co-receptors;
CXCR4 or CCR5. The co-receptor binding facilitates viral fusion and entry (Deng et al.,
1996; Choe et al., 1996; Dragic et al., 1996; Mondor et al., 1998; Moulard et al., 2000). The
viral envelope fuses with the host cell membrane allowing entry of the viral capsid into the
host cell cytoplasm. The viral capsid contains the ribonuclease (RNA) genome, reverse
transcriptase (RT), RNaseH and integrase (IN). The capsid is disassembled and the RNA
genome is reverse transcribed into cDNA by RT. The RNaseH degrades the RNA in the
RNA-DNA hybrid (Craigie, 2001; Fouchier and Malim, 1999; Gallay et al., 1997; Krishnan
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and Engelman, 2012). Viral IN is responsible for 3’ processing of the cDNA, resulting in CA
overhangs. These overhangs act as nucleophiles for the strand transfer step. The cDNA is
then assembled into the pre-integration complex (PIC). The PIC consists of viral cDNA, RT,
IN, Vpr, capsid, matrix and host proteins such as lens epithelial derived growth factor
(LEDGF/p75) amongst other proteins. The PIC contains everything needed for nuclear
transport and integration of the viral cDNA into the host DNA (Bukrinsky et al., 1993;
Devroe, 2003). Viral cDNA is then transported into the nucleus via the PIC where integration
occurs. LEDGF/p75 is a chromatin bound protein that interacts with HIV-1 IN in the
cytoplasm or possibly even in the incoming viral particle and plays a role in determining the
specificity of the integration site. Once the cDNA associates with the host DNA, HIV-1 IN
catalyses the strand transfer reaction (Brown et al., 1987; Engelman et al., 1991; Fujiwara
and Mizuuchi, 1988) (HIV-1 integration will be discussed in more detail in section 1.5). Once
integration has occurred the integrated viral genome is transcribed and translated by
cellular enzymes, resulting is a newly synthesized viral RNA genome and polyproteins. The
Gag/GagPol and Envelope polyproteins are cleaved by viral or host proteases, respectively,
to form functional proteins. All the components assemble near the cell surface and budding
of an immature virion occurs from the infected cell. Viral protease completes the cleavage
of the GagPol polyprotein to form a mature virion. The new viral particles are then free to
infect nearby cells (Sundquist and Krausslich, 2012). Each of these steps in the replication

cycle is a potential target for drug intervention.

1.4 Mechanisms of HIV-1 inhibition and current antiretroviral drug
target(s)

Highly active antiretroviral therapy (HAART) is a combination of various mechanistically
different drugs targeting multiple steps in the lifecycle (Mocroft et al., 2003; Laskey and
Siliciano, 2014). Currently the United States Food and Drug Administration (FDA) approved
drugs that target entry, reverse transcription, integration and proteolytic
cleavage/maturation. Table 1.1 contains all the current United States FDA approved drugs

and their mode of action.



Table 1.1: FDA approved drugs for the treatment of HIV-1 infection with mode of action and approval date.

Mechanism of Action | Brand name | Active ingredient FDA approval date
HIV Fusion and Entry
Fusion Inhibitors
Binds to gp41 thereby preventing fusion of the viral
envelope to the host cell membrane Fuzeon Enfuvirtide 13 March 2003
Entry Inhibitors
Chemokine receptor antagonist preventing gp120 from
binding CCR5 Selentry Maraviroc 6 August 2007
Reverse Transcription
Nucleoside Reverse Transcriptase Inhibitors (NRTIs)
Retrovir Zidovudine 19 March 1987
Videx Didanosine 9 October 1991
Zerit Stavudine 24 June 1994
Epivir lamivudine 17 November 1995
Ziagen Abacavir 17 December 1998
Videx EC Dideoxyinosine, Enteric-coated 31 October 2000
Mimics dNTPs and compete for incorporation during reverse | Viread Tenofovir dioproxil fumarate 26 October 2001
transcription Emtriva Emtricitabine 2 July 2003
Non-Nucleoside Reverse Transcriptase Inhibitors
Viramune Nevirapine 21 June 1996
Intelence Etravirine 18 January 2008
Viramune XR Nevirapine extended release 25 March 2011
Allosterically bind to reverse transcriptase thereby modifying | Edurant Rilpivirine 20 May 2011
the enzyme active site Sustiva Efavirenz 17 September 1998
Integration
Strand Transfer Inhibitors
Isentress Raltegravir 12 October 2007
Binds to the active site of integrase preventing the strand Tivicay Dolutegravir 13 August 2013
transfer reaction Vitekta Elvitegravir 24 September 2014
Proteolytic Cleavage
Protease Inhibitors
Novir Ritonavir 1 March 1996
Crixivan Indinavir 13 March 1996
Prevents protease activity by binding to the active site Viracept Nelfinavir 14 March 1997
resulting in immature virions Reyataz Atazanavir 20 June 2003




Lexiva Fosamprenavir 20 October 2003
Aptivus Tipranavir 22 June 2005
Prezista Darunavir 23 June 2006
Invirase Saquinavir 6 December 1995
Pharmacokinetic Enhancers
Booster Tybost Cobicistat 24 September 2014
Combination HIV Medication
Odefsey Emtricitabine, rilpivirine & tenofovir alafenamide 1 March 2016
Complera Emtricitabine, rilpivirine & tenofovir disoproxil fumarate 10 August 2011
Atripla Efavirenz, emtricitabine & tenofovir dispproxil fumarate 12 July 2006
Trizivir Abacavir, lamivudine & zidovudine 14 November 2000
Kaletra Lopinavir & ritinavir 15 September 2000
Epzicom Abacavir & lamivudine 2 August 2004
Truvada Emtricitabine & tenofovir disoproxil fumarate 2 August 2004
Juluca Dolutegravir & rilpivirine 21 November 2017
Triumeq Abacavir, dolutegravir & lamavudine 22 August 2014
Stribild Elvitegravir, cobicistat, emtricitabine &tenofovir disoproxil fumarate 27 August 2012
Combivir Lamivudine & zidovudine 27 September 1997
Evotaz Atazanavir & cobicistat 29 January 2015
Prezcobix Darunavir & cobicistat 29 January 2015
Descovy Emtricitabine & tenofovir alafenamide 4 April 2004
Combination of FDA approved medications Genovoya Elvitegravir, cobicistat, emtricitabine & tenofovir alafenamide fumarate 5 November 2015




The first drug class as per Table 1.1, targeting entry, contains chemokine receptor
antagonists and fusion inhibitors. Maraviroc is a chemokine receptor antagonist that
prevents gp120 binding to the CCR5 co-receptor. Enfuvirtide is a fusion inhibitor that binds
gp41 thereby preventing the fusion of the viral envelope to the host cell membrane (Henrich
and Kuritzkes, 2013). The second, reverse transcription, is targeted by two classes of
inhibitors, including nucleoside/tide reverse transcriptase inhibitors (NRTIS) which mimic
dNTPs and compete for incorporation during reverse transcription, resulting in chain
termination, and non-nucleoside reverse transcriptase inhibitors (NNRTIS) which
allosterically bind to RT modifying the enzyme’s conformation (Sluis-Cremer et al., 2004).
The third target, integration, has integrase strand transfer inhibitors (INSTIs) that bind to
the IN active site preventing the strand transfer step of integration (Hazuda, 2012). This is
discussed in more detail in Section 1.5. The last FDA approved target as per Table 1.1, is
proteolytic cleavage/maturation with protease inhibitors (PIs) that prevent protease activity
by binding to the protease active site and result in immature virions (la Porte, 2009).

Although HAART has significantly reduced the morbidity and mortality associated with HIV
infection, HAART can fail due to toxicity, poor viral response or patient adherence to the
regimen which can lead to the development of antiretroviral drug resistance. Drug
resistance is also due to mutations caused by the high rate of viral replication, common
errors of RT and high rates of recombination. With the virus’s propensity to evade current
treatments, constant research is therefore needed to identify novel drug targets and new

drugs.

Dual mode inhibitors for reverse transcription and integration were discovered as early as
2003 (Bukrinsky et al., 1993). This area of research has expanded recently with more drug
discovery groups focusing on finding inhibitors with dual modes of action (Gu et al., 2016;
Meleddu et al., 2017; Paneth et al., 2017). This is possibly due to the discovery of allosteric
integrase inhibitors (ALLINIs) that have been shown to affect reverse transcription,
integration as well as virion maturation (F. Christ et al., 2012; Kessl et al., 2012; Jurado et
al., 2013; Kushol Gupta et al., 2014; K. Gupta et al., 2014; Deng et al., 2016; Gupta et al.,
2016). Due to these findings HIV-1 IN has come to the forefront in recent times as a target

for the identification of drugs with novel modes of action.



1.5 Integrase structure and function

1.5.1 Structure of HIV-1 IN

HIV-1 IN consists of three domains namely the N-terminal domain (NTD), the catalytic core
domain (CCD) and the C-terminal domain (CTD). The NTD (residues 1-46) is linked to the
CCD (residues 56-202) by a linker segment consisting of residues 47-55, whereas the CTD
(residues 220-288) is connected to the CCD by a flexible loop made up of residues 187-
194. Structural analysis indicates that each domain exists as a dimer (Cai et al., 1997; Dyda
et al., 1994; Eijkelenboom et al., 1997; Goldgur et al., 1998; Lodi et al., 1995). Crystal
structures have been determined for the CTD-CCD as well as CCD-NTD (Chen et al., 2000;
Wang et al., 2001). However the structure differs when NTD or CTD are crystallised in
isolation (Cai et al., 1997; Eijkelenboom et al., 1997). The crystal structure of CCD-CCD
remains constant throughout various constructs indicating the protein-protein contacts will
remain in a fully functional nucleoprotein complex (Chen et al., 2000; Dyda et al., 1994;
Goldgur et al., 1998, 1998; Wang et al., 2001). Residues 1 - 46 make up the NTD, a helix
bundle, which is responsible for Zn?" binding through a histidine (HIS) cysteine (CYS)
(HHCC) motif. This Zn?* binding increases catalytic activity and also contributes to the
oligomerisation of IN (Zheng et al., 1996). If mutations occur in the HHCC motif such as
H12N/C or H16N/V there is a loss in 3’ processing as well as strand transfer activity in vitro
with resulting low level infection in cells (Bushman et al., 1993; Zheng et al., 1996; Cai et
al., 1997; Goldgur et al., 1998; Hare et al., 2009a). Recent studies have shown the NTD-
CCD interactions prompt HIV-1 IN tetramerisation where a mutation of K14A at the NTD-
CCD interface causes a destabilisation of the tetramers and in turn compromises catalytic
activities (McKee et al., 2008). Residues 56-186 make up the CCD which adopts an
RNaseH-like fold and contains a catalytically active triad made up of the three amino acids
D46, D116 and E152 (known as the DDE motif). The D64 and D116 co-ordinate 2 Mg?*
ions which are crucial for catalytic activity. The DDE motif mediates both strand transfer
and 3’ processing with mutations of D64N, D115N and E153Q resulting in the enzyme
losing catalytic activity (Bushman et al., 1993; Dyda et al., 1994; Jenkins et al., 1996;
Goldgur et al., 1998; Chen et al., 2000). All three of the domains of HIV-1 IN contribute to
the IN-DNA interaction either directly or indirectly. The same catalytic site is used for both
3’processing as well as strand transfer activity and as such the CCD is likely to be the
binding site for both viral and target DNA (Beese and Steitz, 1991; Lins et al., 2000; Yang
et al., 2006). Figure 1.4 shows the ribbon structure of the CCD dimer further magnified to

show the area where the DDE motif occurs.
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Figure 1. 4: The basic layout of HIV-1 integrase with the ribbon structure of the Catalytic
Core Domain. The figure shows the formation of the DDE triad motif made up of D64, D116
and E152. Ribbon structure adapted from Protein Data bank 5KRT with use of Maestro
11.2, Schrodinger, 2017.

The final domain which consists of residues 220-288 is known as the CTD. The CTD has
Src homology 2 SH3 like fold and is responsible for both host DNA and viral cDNA binding.
Mutations of R262G, L234A, V260E, L241A and L242A result in the loss of DNA binding
and show a reduction in in vitro catalytic activity (Eijkelenboom et al., 1995, 1997; Chen et
al., 2000). Mutations L241A and L242A also cause a disruption in the dimerization of IN
(Lutzke and Plasterk, 1998). The correct folding of HIV-1 IN is crucial to the correct
functioning of the enzyme as part of the HIV-1 replication cycle.

HIV-1 IN functions as a multimer, where in in vitro assays IN is found as a mix of monomer,
dimer and tetramers when DNA is absent (Jenkins et al., 1996; van Gent et al., 1991,
Vincent et al., 1993), however, when DNA is present the interactions of these components
are stabilised (Li et al., 2006). Various experiments have been conducted to determine the
exact binding points of viral DNA with IN. It has been determined via time resolved
fluorescence anisotropy that two separate IN monomers bind to each viral DNA end (Delelis
et al., 2008; Deprez et al., 2004). Chemical cross-linking studies showed that CCD residues
K159, Q148 and Y143 tether nuclear analogues that were incorporated into the terminal
section of viral DNA. K159 forms part of the helix containing E152 and potentially directly
binds with viral DNA (Esposito and Craigie, 1998; Jenkins et al., 1997) whereas Q148 and
Y143, found in the flexible loop, could be involved in the correct positioning of viral and
target DNA (Jenkins et al., 1997). In addition to the CCD amino acids some CTD residues

have been identified by cross-linking studies to interact with the LTR (Esposito and Craigie,
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1998; Gao et al., 2001; Heuer and Brown, 1998, 1997). It should be noted that there is
evidence to suggest that IN undergoes conformational change when DNA binds (Zhao et
al., 2008). The viral cDNA forms part of the pre-integration complex (PIC). All components
of the PIC are not yet known, however thus far it is known to contain cDNA, IN, matrix,
nucleocapsid, RT, viral protein R, barrier to auto integration factor, high mobility group
chromosomal protein A1 and lens epithelium derived growth factor (LEDGF/p75) (Bukrinsky
et al., 1993; Gulizia et al., 1994; Devroe, 2003). LEDGF/p75 plays an important role in the
IN-DNA interaction which is discussed in section 1.6. The viral cDNA is associated with the
PIC until integration is complete (Bukrinsky et al., 1993).

The crystal structure of full length HIV-1 IN has not been resolved due to poor solubility.
However, the crystal structure of the full length Prototype Foamy Virus (PFV) intasome was
determined in 2010 (Hare et al., 2010a). This was considered a major breakthrough as it
was the only retroviral IN to be crystalized in full length. The sequence similarity of HIV-1
IN and PFV is limited as seen in Figure 1.5. When comparing the PFV structure with the
CCD of HIV-1 IN structure, the interface is the same where two dimers form a tetramer
(Chen et al., 2000). The viral cDNA makes contact with the inner subunits of each dimer as
well as the CTD and NTD. The CTD of PFV is a loop-helix-loop. PFV was found to interact
with the strand transfer inhibitor raltegravir (RAL) indicating possible structural similarity.
When looking at the structure bound with RAL, RAL has contacts with the cDNA ends
making the 3’ ends unavailable for nucleophilic attack, this is synonymous with HIV-1 IN
(Chen et al., 2000; Hare et al., 2010a).
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Figure 1. 5: Sequence alignment map comparing Prototype Foamy Virus (first line) and

HIV-1 integrase (second line). Where the matching residues are highlighted on the

second line. The sequence alignment was done using Maestro BioLuminate 11.2,
Schrodinger, 2017.

As discussed in Section 1.1 dealing with HIV epidemiology it was highlighted that HIV-1

group M has many different subtypes. As Europe and America are the leaders in drug

research the bulk of research is focused on subtype B. However the dominant subtype

worldwide is subtype C and in South Africa this is the subtype of HIV-1 that affects most

people. There are 21 amino acid difference between subtype B integrase and subtype C

integrase. Figure 1.6 shows the sequence alignment map comparing both subtype to one

another.
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Figure 1. 6: Sequence alignment map comparing Subtype B integrase (first line) and
subtype C integrase (second line). Where the difference in residues are not highlighted on
the second line. The sequence alignment was done using Maestro BioLuminate 11.2,
Schrodinger, 2017

1.5.2 Function of IN

The integration of the HIV-1 genome allows for permanence in the infected individual. The
process of reverse transcription forms blunt ended double stranded DNA with the long
terminal repeats (LTRs) at both the 3’ ends (Hindmarsh and Leis, 1999). HIV-1 IN catalyses
the permanent and irreversible integration of the vDNA into host DNA. The integration
process involves two spatially and temporally separate reactions but both occur within the
active site. In Figure 1.7 the process is displayed diagrammatically. Briefly, the initial
reaction known as 3’ processing where a di or trinucleotide is cleaved from each 3’ end
through hydrolysis occurs in the cytoplasm. This exposes the reactive hydroxyl groups that
act as nucleophiles for the step known as strand transfer, which occurs in the nucleus.
During strand transfer the 3° cDNA ends are used to nucleophilically attack the
phosphodiester bonds of the hosts’ DNA (Craigie, 2001). HIV-1 IN nicks the hosts DNA at
opposite strands that are 5 base pairs apart and synchronously joins the processed ends.
The single stranded gaps between the viral and host DNA are ligated by cellular enzymes,
thereby completing the process of integration (Craigie, 2001). One of the cofactors that HIV-
1 IN needs for full functionality is LEDGF/p75, which is detailed in Section 1.6.
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Figure 1. 7: Schematic representation of the HIV-1 integration reaction. In the first step (i)
tetrameric IN is bound to viral cDNA and LEDGDF forming the PIC and produces CA
overhangs during 3’ processing. During step 2 (ii) the PIC is transported to the nucleus
where strand transfer begins with binding to the host DNA. The penultimate phase (iii) is
where binding is followed by nucleophilic attack to form phosphodiester bonds leaving a &’
DNA flap. Finally (iv) the DNA is repaired by cellular machinery resulting in integration.
Diagram was drawn and altered from Bushman et al 1990 and Chen et al 2000 (Bushman
et al., 1990; Chen et al., 2000).
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1.6 Lens Epithelium Derived Growth Factor

LEDGEF is a chromatin bound protein that is expressed ubiquitously in humans. The initial
discovery of LEDGF was via micro sequencing of a co-purified transcriptional co-activator
positive cofactor protein (PC4) (Hui Ge et al., 1998). Subsequently it was isolated from a
mouse lens epithelium library as a cell protector from oxidative stress and was then coined
LEDGF (Singh et al., 1999). The protein has 2 isoforms expressed from the PC-4 and SFR5
interacting protein gene (PSIP1) which is alternately spliced to form the 2 variants
LEDGF/p52 and LEDGF/p75 as seen in Figure 1.8 (H. Ge et al., 1998; Singh et al., 1999).
Both variants share the NTD and as such they both contain the PWWP domain, AT hook
motif, nuclear localization signal (NLS) and conserved charged region. The PWWP domain
is a 70 amino acid sequence that is named so due to the central core consisting of Pro-Trp-
Trp-Pro, the domain is found in DNA binding proteins and functions as a transcription factor.
The PWWP domain binds methylated histones as well as DNA and has been found to be
associated with DNA repair, histone modification and DNA methylation. The NLS is
responsible for interacting with the nuclear import function of the cell, this means that it
allows PWWP proteins to access DNA (van Nuland et al., 2013).

P5IP1 || | B | I I N . |

LEDGF/pS2 | PWWP Jcm[]:[[ cnchna
LeDGF/p7s | PWWP Jcm” " CR2 cna] - |
DMA

i

Binding
Interactions -—
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Figure 1. 8: The PSIP1 gene showing the exons and introns indicated in black and white
respectively. Including the 2 splice variants LEDGF/p52 and LEDGF/p75 showing the
binding interaction on the proteins where chromatin, DNA and integrase. Both proteins

show the PWWP domain and LEDGF/p75 shows the integrase binding domain.

LEDGF/p75 differs from LEDGF/p52 as the CTD contains an additional 205 amino acids
which contain the integrase binding domain (IBD). It was named the IBD due to the
discovery of the interaction with HIV-1 IN, however it has now been found to interact with

other cellular partners such as MLL1 and 2/Menin complex, JPO2, POGz, CDC7-1 activator
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of S phase kinase complex and Spt6 (1WS1) (Cherepanov et al., 2004; Maertens et al.,
2004; Bartholomeeusen et al., 2007; Yokoyama and Cleary, 2008; Bartholomeeusen et al.,
2009; Hughes et al., 2010; van Nuland et al., 2013; Gérard et al., 2015; Tesina et al., 2015).
JPO2 binds c-Myc via the amino acid motif 213-235 and this binding contributes to the c-
Myc-mediated transformation in medulloblastoma (Huang et al.,, 2005). PogZ is a
transposase consisting of a DDE domain at the CTD. This is common in catalytic enzymes
for DNA cleavage followed by stand transfer reactions (Bartholomeeusen et al., 2009). In a
similar fashion to the PIC MLL1-menin, JPO2 and PogZ are tethered to DNA via
LEDGF/p75 (Bartholomeeusen et al., 2009, 2007; Maertens et al., 2006).

As more research is being done into understanding LEDGF/p75, more cellular roles are
found, for example it plays a role in transcriptional regulation, cell survival, cancer
pathogenesis as well as DNA repair and autoimmunity (Bowerman et al., 1989; Bukrinsky
et al., 1993; Esposito and Craigie, 1998). It has also been linked to gene regulation of
pathologic processes of myeloid leukaemia (Murai et al., 2014). LEDGF/p75 has been
extensively studied for HIV-1 IN integration, whereby HIV-1 integrase binds at the IBD of
LEDGF/p75. This domain is missing in LEDGF/p52 (Cherepanov et al., 2003).

1.7 HIV-1 IN- LEDGF/p75 interaction

LEDGF/p75 serves to protect HIV-1 IN as part of the PIC from proteasomal degradation in
the cytoplasm during the process of nuclear migration. As part of the PIC, LEDGF/p75 aids
in the transition from 3’ processing into strand transfer as LEDGF/p75 anchors HIV-1 IN to
viral cDNA. The interaction between cDNA, LEDGF/p75 and HIV-1 IN is reliant on the HIV-
1 IN dimer-dimer interface, an intact IBD and the AT hook motif (Cherepanov et al., 2003;
Busschots et al., 2005).

The binding of LEDGF/p75 to HIV-1 IN is achieved by spanning the CCD-CCD interface of
a single HIV-1 IN dimer and binding to the NTD of the second dimer. The binding of
LEDGF/p75 to HIV-1 IN is favoured when HIV-1 IN is in tetrameric form. In this formation a
V-shaped cavity is formed by the two CCDs and this cavity functions as the docking site for
LEDGF/p75, as seen in Figure 1.9. The IBD of LEDGF/p75 consists of 4 a helices that form
a right handed helical bundle connected by a fifth a helix (Cherepanov et al., 2005a; McKee
et al., 2008; Hare et al., 2009a, 2009b).
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Figure 1. 9: Protein data bank crystal structure 2J4B, https://www.rcsb.org/structure/2b4j,
of the two HIV-1 IN dimers interacting with LEDGF/p75. The central yellow area is that of
the HIV-1 IN CCD dimer and the 4 purple and blue ribbon structures are that of LEDGF/p75
where 4 LEDGF/p75 proteins interact with an HIV-1 IN dimer. The structure was drawn
using Maestro 11.2, Schrodinger, 2017.

LEDGF/p75 interacts with one dimer of HIV-1 IN via a hydrogen bond between Asp366 on
LEDGF/p75 and the Glul70 and His171 of HIV-1 IN. The second dimer interacts with
LEDGF/p75 through hydrophobic interactions of 1le365, Leu366, Phe406 and Val408. The
interaction between LEDGF/p75 and the NTD of the second dimer is through electrostatic
interactions (Busschots et al., 2007; Hare and Cherepanov, 2009). Figure 1.10 shows the
HIV-1 CCD interaction with LEDGF/p75 with magnification to see the interacting amino
acids.
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Figure 1. 10: The HIV-1 IN CCD dimer interaction with LEDGF/p75. Protein data bank
crystal structure code 2B4J, https://www.rcsb.org/structure/2b4j, with expansion of the
binding area showing the sites of interacting amino acids. Figure adapted from Christ et

al., and Cherepanov et al., (Hare and Cherepanov, 2009; Christ et al., 2010).

The interaction of LEDGF/p75 and HIV-1 IN is diminished if there are mutations at 11e365,
Asp366 or Phe406, with severe reduction in binding with a mutation at Val408. This
indicates the V cleft’s importance in the HIV-1 IN-LEDGF/p75 interaction (Cherepanov et
al., 2005b).

1.8 Modes of drug inhibition
1.8.1 Reversible inhibition

Drugs that fall into the class of reversible inhibitors bind to the enzyme via non-covalent
interactions such as hydrogen bonds, hydrophobic interactions and ionic bonds. A
combination of these interactions can result in a strong and specific bond. However, due to
the weak interactions and lack of chemical bonds to the enzyme the interaction forms
rapidly and dissociates rapidly. There are three types of reversible inhibition: competitive

inhibition, uncompetitive inhibition and non-competitive inhibition (Berg et al., 2002).
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1.8.1.1 Competitive inhibition

Competitive inhibitors compete with the substrate for enzyme binding. The inhibitor has an
affinity for the active site and is often similar in structure to the real substrate. The inhibition
can be overcome by increasing the concentration of the substrate so that it out competes
the inhibitor (Berg et al., 2002). These types of inhibitors can only bind to the enzyme and
not the enzyme- substrate complex. Due to this the enzyme kinetics are unchanged but the
Michaelis constant is increased due to the interference with the binding of substrate.
Competitive binding can also be allosteric provided the substrate and inhibitor cannot bind

the substrate simultaneously (Berg et al., 2002). Figure 1.11 shows competitive inhibition.

Inhibitor

Substrate

H NE @ can fit
00 i\ into
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active site
blocking the
docking of the
substrate

Figure 1. 11: Diagrammatical representation of the mechanistic binding of competitive

inhibition. Constructed using Adobe InDesign, 2017.

1.8.1.2 Uncompetitive inhibition

An uncompetitive inhibitor binds on the enzyme-substrate complex as the binding site for
the inhibitor is only formed once substrate and enzyme have interacted. This type of
inhibition stops the formation of the product. The binding of the substrate structurally alters
the enzyme forming a docking site for the inhibitor, both Vmax and Km are reduced in this

type of inhibition (Berg et al., 2002). Figure 1.12 shows uncompetitive inhibition.
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Figure 1. 12: Diagrammatical representation of the mechanistic binding of uncompetitive
inhibition. Constructed using Adobe InDesign, 2017.

1.8.1.3 Non-competitive inhibition

Non-competitive inhibitors bind to the enzyme at different places simultaneously altering
the enzyme’s active site thereby preventing substrate binding. This in turn stops enzyme
activity. No amount of increase in substrate will stop this inhibition and therefor Km is
unchanged but Vmax decreases (Berg et al., 2002). Figure 1.13 shows non-competitive
inhibition
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the
active
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T Empty
Allosteric site
Conformational change |

H

s
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due to allosteric site
conformational

change

Figure 1. 13: Diagrammatical representation of the mechanistic binding of non-competitive

inhibition. Constructed using Adobe InDesign, 2017
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1.8.2 Irreversible inhibitors

The types of inhibitors bind to an enzyme via covalent binds that cause chemical changes
to the enzymes active site which cannot be changed. The primary role of irreversible
inhibitors include modification of key amino acids needed for enzymatic activity.
Compounds commonly associated with irreversible inhibition contain aldehydes, alkenes

and phenyl sulphonates as functional groups (Berg et al., 2002).

1.9 HIV-1 IN as a drug target

1.9.1 Strand transfer inhibition

Integrase strand transfer inhibitors (INSTIs) are the only FDA approved drugs targeting HIV-
1IN, and the first INSTIs were reported in 2000 as diketo acids (DKA) (Hazuda et al., 2000).
The compounds were discovered as a result of screening a large compound library for
strand transfer inhibitors. 5-CITEP, a DKA was used as a template to design and develop
compounds that exhibited improved inhibitory profile including bioavailability and tolerability
(Lataillade and Kozal, 2006; Summa et al., 2008). Two variations of 5-CITEP, L-731988
and L-870812 were used to ultimately develop N-[(4-flourophenyl) methyl]-1, 6-dihydro-5-
hydroxy-1-methyl-2-[1-methyl-1-[[5-methyl-3, 4-oxadiazol-2-yl) carbonyl] amino] ethyl-6-
0x0-4-pyrimidine carboxamide monopotassium salt, commonly known as raltegravir (RAL).
Figure 1. 14 shows the progress from 5-CITEP to RAL. RAL progressed through clinical
trials to become the first FDA approved INSTI in 2007 (Cocohoba and Dong, 2008).
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Figure 1. 14: Development of raltegravir showing the steps from 5-CITEP to L-870812
through to raltegravir. Raltegravir is a potent inhibitor of the strand transfer reaction with an

ICso Of 2-7nM. Figure formulated with use of diagrams from Chemspider.

Due to difficulties in obtaining the crystal structure of full length HIV-1 IN, it could not be
used to determine the binding and mechanism of action (MOA) of RAL. However, the PFV
integrase has been crystalized, and considering that RAL is active against PFV in vitro it

was used to give a better understanding of the MOA (Hare et al., 2010b).
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Mechanistically it was found that the Mg?* ions were chelated by RAL oxygen atoms that
are positioned towards the DDE active site, as seen in Figure 1.15. Hydrophobic interaction
between RAL and amino acids Y212 aided by interactions with P214 caused the intasome
to be inactive. In addition DNA interaction was disrupted by RAL interaction with the CA
nucleotide on the viral cDNA (Hare et al., 2010b).
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Figure 1. 15: Mechanism of action of raltegravir showing the binding to the DDE triad and
the magnesium ions to the oxygen groups of raltegravir. Atoms labelled in red form part of
the heteroatom donor triad which co-ordinates to the active site magnesium’s chelating

rings A and B where A is blue and B is green. Diagram adapted from Agrawal et al (Agrawal
et al., 2012).

Although RAL was a major breakthrough, HIV-1 drug resistance strains have since
emerged. Common amino acid mutations in the HIV-1 IN that confer RAL drug resistance
include N155H, Q148K/R/H, G140S and E92Q as seen in Figure 1.16 (Blanco et al., 2011).
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Figure 1. 16 The catalytic core domain of integrase, magnified to show the amino acids

commonly associated with raltegravir resistance

DKAs were further optimized, which led to the discovery of a derivative of 4-4-quinoline-3-
glyoxylic acid which displayed promising inhibition and was used as a scaffold to develop
6-[(3-chloro-2-fluorophenyl)methyl]-1-[(2S)-1-hydroxy-3-methylbutan-2-yl]-7-methoxy-4-
oxoquinoline-3-carboxylic acid, commonly known as Elvitegravir (ELV, Figure 1.17) ELV
was FDA approved in 2012 as part of the combination pill Stribuld, however the genetic
barrier to resistance was comparable, and a high rate of dual resistance was soon seen
(Sato et al., 2006; Al-Mawsawi et al., 2008). Mutations in E92Q, Q148H/K/R and N115H
were all identified during clinical trials. Both RAL and ELV are first generation INSTIs.
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Figure 1. 17: Chemical structure of elvitegravir. Elvitegravir was co-developed by
GlaxoSmithKline and Shionogi Pharmaceuticals with an ICso of 16nM inhibition of strand
transfer activity. Copied from  Chemspider, www.chemspider.com/Chemical-
Structure.4441060, date accessed 22/3/2017.
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A second-generation drug known as dolutegravir (DTG) was developed by GlaxoSmithKline
and Shionogi Pharmaceuticals. The development was undertaken to prevent cross
resistance with RAL and ELV resistant mutations and to develop a single dose drug. DTG
was FDA approved in 2013 and is active against the amino acid resistance strains N155
and Q148 (Johns et al., 2013). Figure 1.18 shows the chemical structure of DTG.

Figure 1. 18: The chemical structure of dolutegravir. DTG has strong strand transfer
inhibition as well as antiviral activity with an 1Csp of 1.07nM inhibition of strand transfer
activity. Copied from Chemspider, www.chemspider.com/Chemical-Structure.25051637,
accessed on 22/03/2017.

1.9.2 HIV-1 IN-LEDGF/p75 as a target

The interaction between HIV-1 IN and LEDGF/p75 has been found to be necessary for viral
replication as described above. When experiments were conducted whereby LEDGF/p75
was knocked down by RNA interference, the HIV-1 IN lost its association with chromatin

and was found in the cytoplasm (Vandekerckhove et al., 2006).

Due to the hydrophobic interactions between LEDGF/p75 and HIV-1 IN tetramers the
interaction poses a potential target for small molecule inhibition. As previously described
any alteration in amino acids Alal128, Gly170, GIn168, Tyr1l31 and Tyr132 has an impact
on the effective binding of LEDGF/p75 to HIV-1 IN. In 2010, Christ et al., published the
discovery of HIV-1 IN-LEDGF/p75 inhibitors after the virtual screening of a 200 000-
compound library which lead to a subset of compounds to be screened through an
AlphaScreen enzyme linked immunosorbent assay (ELISA) that requires no washing
between the additions of components. In the study, a compound labelled LEDGIN 3 was
found to have an ICsp 0f 12.2 + 3.4 uM for the direct protein-protein interaction of HIV-1 IN-
LEDGF/p75 and had moderate ECsp of 41.9 + 1.1 pM. With this compound they were able
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to obtain crystallographic data for the CCD of HIV-1 IN and further synthesised 3 new
analogues. The analogues showed increased activity with the best compound being
LEDGIN 6 also known as CX05168 with an ICs of 1.37 £ 0.36 uM and an ECso of 2.35 +
0.28 uM. This compound did not affect DNA binding and had a weak response to inhibiting
the catalytic activity. This was the first report of allosteric IN activity which was then coined
ALLINIs (Christ et al., 2010a).

Table 1.2 shows all the compounds, ranging from compound 3 to the final CX14442
compound. Modifications to CX05168 produced CX05054 with an ICso of 0.58 = 0.30 puM
and an antiviral ECso of 0.76 = 0.08 pM. Further modification and improvements resulted in
compound CX14442 with an ICso of 0.046 + 0.012 pM and an antiviral ECso of 0.069 + 0.003
MM. However at this point these compounds showed strand transfer inhibition with an 1Cso
of 573 nM for CX14442, and it was found that the strand transfer inhibition was incomplete
maximal inhibition. CX14442 also showed 3’ processing inhibition with an 1Cso of 739 nM.
Studies conducted with CX05168, CX5045 and CX14442 showed that these compounds
stabilized the HIV-1 IN dimer (F. Christ et al., 2012). Differential scanning fluorometry (DSF)
was used to show this stabilisation by determining at what point the protein was denatured
by melting. CX14442 showed the largest increase in melting temperature of the HIV-1 IN
from the untreated melting temperature of 48.1°C to 62.5°C when treated with CX14442.
This stabilization was seen to be concentration dependent. The mechanism of action was
still to be determined, but the crystallographic data obtained showed that CX05168 binds
in the pocket formed by two monomers of HIV-1 IN. The amide chain of Glu170 and His171
of HIV-1 IN binds to the carboxylic moiety of CX05168 (Christ et al., 2010a; Christ et al.,
2012).
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Table 1.2: Chemical modifications from ALLINI compound 3 to CX14442 showing the

improvement in efficiency. Table formulated from Christ et al (Christ et al., 2010a; Christ et

al., 2012).
Compound | Structure aCs0 ¢ (UM) PICs0° (UM) ECso? (UM) | CCso® (UM)
Compound 12.2043.40 ND 41.89+1.12 >150
3
CX05168 1.37+0.36 54.88+24.43 | 2.35+0.28 59.79+0.51
CX05045 0.58+0.30 5.88+0.10 0.76+0.08 72.16+5.51
CX14442 0.05+0.012 0.57+0.29 0.07+0.03 | 96.00+16.00

2HIV-1 IN-LEDGF/p75 inhibition with standard deviation (STD DEV)
bStrand transfer inhibition with standard deviation (STD DEV)

¢ 1Cs0, 50% inhibitory concentration. Calculated as the concentration of compound required to reduce the LEDGF/p75-IN
interaction by 50%.
9ECso, 50% effective concentration. Defined as the concentration of compound required to reduce HIV-1 replication by 50%.
¢ CCso, 50% cytotoxic concentration. Calculated as the concentration of compound required to reduce cell viability by 50%.

As further research was conducted on these compounds it was discovered that the small

molecule compounds were causing HIV-1 IN to aberrantly multimerise therefore preventing
LEDGF/p75 from interacting with HIV-1 IN, and not directly disrupting the HIV-1 IN-
LEDGF/p75 interaction (Christ et al., 2012; Kessl et al., 2012; Tsiang et al., 2012). Further

studies conducted using a transmission electron microscopy (TEM) showed that ALLINIs
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not only affect the integration step but downstream maturation was also affected (Kessl et
al., 2016a; Le Rouzic et al., 2013). Progeny virus was defective showing immature non-
infectious virus particles, where the genetic material was formed outside of the protective

capsid (Figure 1.19).

Infectious HIV-1 Non-infectious HIV-1
Without inhibitor Treated with allosteric
Integrase inhibitor (ALLINI)

Integrase +

Integrase ALLINI

RNA
Nucleocaspid

Figure 1. 19: Diagrammatical representation of a standard infectious virion and a defective
immature progeny virion formed after treatment with an ALLINI. Diagram altered from Kessl
et al., 2016 (Kessl et al., 2016a)

Quinolone compounds that have been found to have HIV-1 IN-LEDGF/p75 inhibition share
similarities in amino acid interactions. The compounds identified and derivatised by Christ
et al., are 2-(quinolin-3-yl) acetic acid derivatives. A generalised pharmacophore of a
quinolone compound is shown in Figure 1.20. Derivatives of the pharmacophore bind to
HIV-1 IN in a similar fashion and through crystallographic studies the amino acids
interactions with these molecules were discovered (Christ et al., 2012; Tsiang et al., 2012;
Jurado et al., 2013).
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Figure 1. 20: Diagrammatic representation of a generic quinolone compound. Where X
depicts an area for different functional groups. Drawn with use of Maestro 11.2,
Schrodinger, 2017.

The fused ring quinolone has a carboxylic moiety extending from position 3. This carboxylic
moiety forms hydrogen bonds with Gly170 and His 171. This relates to the LEDGF/p75
amino acid Asp366 interaction as seen in Figure 1.10. The carboxylic acid also forms an H-
bond with Thr174. The quinolone core interacts with Alal128, Thr124 and Thr125. Position
4 on the quinolone has a functional group that sits in the cleft made between dimer A
residues Thrl74, GIn168, Alal69 and Met178 and residues Leul02, Alal28, Alal29 and
Trpl131 of chain B. This means it is in contact with both CCD molecules (Christ et al., 2010a;
Kessl et al., 2012; Tsiang et al., 2012; Jurado et al., 2013). Figure 1.21 shows the protein
ribbon structure with CX05168, a quinolone compound, docked highlighting the possible

amino acid interactions for quinolone compounds.

Figure 1. 21 (A) Ribbon 3D structure of the CCD of HIV IN with a known quinolone
compound CX05168 docked indicating interacting amino acids. (B) 2D structure of known

quinolone CX05168 docked indicating interacting amino acids.
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Mutational studies have shown that HIV-1 IN mutations at Y99, L102, A128, H171 and T174
cause the enzyme to be resistant to ALLINIs. Of major importance is that when these
mutations occur, they affect the LEDGF/p75 binding pocket and not the active site, and the
HIV-1 strains containing these mutations remain susceptible to INSTIs. The development
of new ALLINIs have shown potencies in the range of 10-90 nM ECsos in an antiviral assay
(Christetal., 2010a; Kessl et al., 2012; Tsiang et al., 2012; Jurado et al., 2013). The antiviral
potency is based on both the early and late effects, it is clear the late effects is more potent
than the early effect when tested separately experimentally. However, the inhibition of a full
replication round is more effective than late effects alone, clearly demonstrating the
combination of both for inhibition. This effect contributes to the steep slope of inhibition.

Concurrent to the discovery of ALLINIs by Christ et al, Boehringer-Ingelheim screened a
compound collection in search for HIV-1 IN 3’ process inhibitors. Through screening they
had various hits and narrowed it down to a single hit they refer to as HTS hitl. Through
crystallographic screening it was found this molecule bound in the cleft of two CCD
molecules, the cleft where LEDGF/p75 would normally bind. Due to this, they termed these
molecules non-catalytic site integrase inhibitors (NCINIs). HTS hit 1 was then optimised
through a sequential process forming a further 25 compounds, with each round improving
or discovering the importance of a functional group to finally arrived at compound 26 now
known as BI224436. This set of compounds were also quinolones similar to that discovered
by Christ et al. After compound 13, ICsos were no longer determined and the antiviral effect
was rather monitored. BI1224436 was found to have an ECso of between 11-27 nM. In vitro
mutational studies where virus selected for mutations of A128T, A128N and L102F when
treated with BI224436 showed a drastic reduction in efficiency, however when screened
with mutations that confer resistance to INSTIs BI224436 remained active against these
mutations. After testing for absorption, distribution, metabolism and excretion (ADME) and
animal studies, B1224436 was advanced to Phase | human clinical trials (Simoneau et al.,
2011; Balakrishnan et al., 2013; Fader et al., 2014b). However, BI224436 phase 1 clinical
trials were abandoned presumably due to the enteropathic recirculation and no recent
updates have been published. Continued efforts in improvement of the drug focused on
biliary excretion. Boehringer-Ingelheim attempted scaffold hopping to improve the drug
which resulted in the discovery of a pyridine series of NCINIs as opposed to the quinolone
series (Figure 1.22). This pyridine series showed reduced biliary excretion and reduced
enteropathic recirculation. Boehringer-Ingelheim sold the licencing agreement for NCICls
to Gilead Sciences in 2011 for further development (Fader et al., 2014a; Fenwick et al.,
2014).
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Figure 1. 22: The development progress of NCINI compounds from the original hit from
library screening to the development of BI224436, through the scaffold jump to the new
compound 20 with improved enteropathic recirculation. Constructed from Fenwick et al and
Fader et al, (Fenwick et al., 2014; Fader et al., 2014a).

Recently Burlein et al., (2017) have reported the discovery of t-butylsulfonamides as a new
class of allosteric integrase inhibitors (Figure 1.23). These compounds share many
characteristics with ALLINIS, however there is strong evidence to suggest that these
compounds make different contact points with HIV-1 IN and interact with residues outside
the LEDGF/p75 pocket of the dimer cleft (Burlein et al., 2017).
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Figure 1. 23: Chemical structure of a t-butylsulfonamide discovered to have ALLINI

properties. Copied from Burlein et al (Burlein et al., 2017).

The group screened compounds through two biochemical assays to detect HIV-1 IN
multimerisation and secondly to screen for strand transfer inhibition. From this screening
the class of t-butylsulfonamieds were identified. With in-depth studies there were similarities
between the t-butylsulfonamides and the t-butoxy acids of ALLINIs, however the way these
compounds interact with HIV-1 IN appear to differ. When studying the t-butylsulfonamides
it was not possible to obtain a crystal structure. Added to this, computational studies failed
to find a binding model in the LEDGF/p75 pocket formed by the dimers of HIV-1 IN. They

further studied how the t-butoxy resultant mutations affected the t-butylsulfonamides with
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regards to viral and biological potencies. When studying A128T and T174l mutations which
are known to reduce ALLINI potency by 9-fold and 500-fold respectively, it was found that
the t-butylsulfonamides potency was reduced 3-fold with A128T. However in stark contrast
the T1741 mutation showed a 5-fold increase in susceptibility to t-butylsulfonamides. This
suggests that T174 has no significant binding to the t-butylsulfonamides. With these
findings the group hypothesised that compounds most likely bind with either the N- or C-
terminus of HIV-1 IN (Burlein et al., 2017).

Zhang et al., (2017) published the discovery of a di-hyroxybezamide scaffold compound
inhibiting both HIV-1 IN catalytic activity as well as the HIV-1 IN-LEDGF/p75 interaction.
They then used this study to develop a new novel class of 3-hydroxypicolinamide base
inhibitors (Figure 1.24), via scaffold hopping which is the same strategy used by Boeringer-
Ingelheim (Zhang et al., 2017).

OH O OH O

Figure 1. 24: Scaffold hopping of a 3-hydroxypicolinamide from a di-hydroxybenzamine
scaffold. Copied from Zhang et al, 2017.

The 3-hydroxypicolinamides block HIV-1 replication via HIV-1 IN multimerisation and
inhibition of the HIV-1 IN-LEDGF/p75 interaction, however they have no significant effect
on the 3’ processing and strand transfer activities. They found that HIV-1 replication was
inhibited in T-lymphocyte C8166 cell lines via multimerisation of HIV-1 IN and the inhibition
of HIV-1 IN-LEDGF/p75 interaction. Molecular modelling predicted hydrogen bonds and
hydrophobic interactions with Glul70, His171, Thrl74, Trp132 and Alal28 showing
LEDGF/p75 disruption. These compounds showed reduced activity in comparison to

ALLINIs but provide a new ally for compound development (Zhang et al., 2017).

Lovastatin an FDA approved statin drug for the control of cholesterol was previously
identified as an HIV-1 IN-LEDGF/p75 inhibitor within our laboratory (Harrison et al., 2014).
Statins have been reported to have antiviral effects on HIV-1 (del Real et al., 2004; Giguere
and Tremblay, 2004; Jain and Ridker, 2005; Ganesan et al., 2011) with these effects
attributed to the disruption of lipid rafts (Ganesan et al., 2011), effects on protein prenylation
(lyengar et al., 1998), disruption of CCR5 and RANTES expression (Nabatov et al., 2007),
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down regulation of RHO activity (del Real et al., 2004) and increased intracellular gag with
decreased virus release (Amet et al., 2008). The identification was part of the screening of
a compound library of previously FDA approved drugs that has been made available for
repurposing. Initially the NCC-202 library was screened through homology modelling and a
total of 12 compounds were identified as potential inhibitors. These compounds were
subsequently screened through an in vitro assay where lovastatin was found to have the
best inhibition. Moreover, lovastatin and CX05168 show structural similarities as seen in
Figurel.25. During these studies it was seen that lovastatin appeared to function differently
from CX05168 due to the lack of strand transfer activity with lovastatin.

Figure 1. 25: Structure of lovastatin shown in A and CX05168 shown in B to display the
similarities in compound structure. The compounds were drawn with use of Maestro 11.2,
Schrodinger, 2017.

In addition to this screening, a separate study was conducted in our laboratory where the
entire NCC library was screening for HIV-1 IN-LEDGF/p75 inhibition on an Alphascreen
assay and from this study cefdinir, an FDA approved cephalosporin antibiotic, as seen in
Figure 1.26, was identified to have a good inhibitory profile however lacked the structural
similarities to the quinolone compounds such as CX05168. Cefdinir showed no strand
transfer activity similar to lovastatin however the inhibitory profile of the Alphascreen assay
showed similarities to the curve of CX05168. Interestingly another cephalosporin antibiotic,

cefixime, has been identified as a strand transfer inhibitor (Abrahams et al., 2018).

H

N N S
H.N 4
2‘—<SI Ooj;?\%
CH

N
@)

nI
I

Figure 1. 26: Structure of cefdinir drawn with use of Maestro 11.2, Schrodinger, 2017.

All three compounds identified appeared to differ in mode of action. CX05168 shared a

similar dose response curve profile to cefdinir but not lovastatin. Lovastatin nor cefdinir
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showed any strand transfer activity unlike CX05168. With the identification of these
compounds as disruptors of the HIV-1 IN-LEDGF/p75 interaction and indication of different
modes of action, we proposed to elucidate their mechanism of action in comparison to the
known ALLINI, CX05168. Moreover, due to the prevalence of HIV-1 subtype C in South
Africa (Venner et al., 2016) comparisons of the compounds activities with the widely studied

subtype B virus was conducted throughout the project.

1.10 Objectives of the study

The overall objective of the study focused on determining the discrepancies in the binding
of a known allosteric integrase inhibitor, CX05168 and the identified HIV-1 IN-LEDGF/p75
inhibitors lovastatin and cefdinir to the binding site of LEDGF/p75 on the catalytic core

domain dimer interface of HIV-1 IN. The following aims were accomplished:

1. To determine the binding sites for CX05168 in comparison to the identified HIV-1 IN-
LEDGF/p75 inhibitors, lovastatin and cefdinir.
To evaluate the effects of inhibitor binding to the LEDGF/p75 binding pocket.
To determine cellular effects of CX05168 and HIV-1 IN-LEDGF/p75 inhibitors, lovastatin

and cefdinir.
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Chapter 2



2. Materials and Methods

2.1 Reagents used in this study

Escherichia coli (E coli) BL21 (DE3) pLysS competent cells (Promega, USA) were used in
transformation reactions with recombinant plasmids encoding for HIV-1 IN subtype B
(pINSD.His.Sol obtained through the NIH AIDs Reagent Program, Division of AIDS, NIAID
NIH catalogue number 2958), HIV-1 IN subtype C (from isolate 05ZAFV6, designed and
available within our laboratory) and pLEDGF/p75 (pFT-1 LEDGF, obtained through the NIH
AIDs Reagent Program, Division of AIDS, NIAID NIH catalogue number 11396).

Test compound CX05168 was purchased from HaoYuan Chemexpress, China (catalogue
number HY-10522). Lovastatin and cefdinir were purchased from Sigma Aldrich, Germany

(catalogue number 1370600 and C7118, respectively).

A set of control compounds was sourced for use as positive controls in various assays and
include; Raltegravir and Zidovudine (obtained through the NIH AIDs Reagent Program,
Division of AIDS, NIAID NIH catalogue numbers 11680 and 3485, respectively). Auranofin
was obtained from Sigma Aldrich, Germany (catalogue number A6733). All compounds

were above 95% purity, as specified by suppliers.

Mammalian cell line MT-4 (obtained through the NIH AIDs Reagent Program, Division of
AIDS, NIAID NIH catalogue number 120) was used in the cytotoxicity, antiviral and time of
addition (TOA) assays. Expanded and titrated HIV-1 NL4-3 subtype B virus was available
in the laboratory for use in antiviral and TOA assays. HIV-1 93IN905 subtype C virus
(obtained through the NIH AIDs Reagent Program, Division of AIDS, NIAID NIH catalogue
number 3040) was used for antiviral and TOA experiments.

2.2 The expression, purification and validation of recombinant
proteins

2.2.1 The expression and purification of HIV-1 IN subtype B and C

E. coli BL21 (DE3) pLysS (Promega, USA) cells were previously transformed with HIV-1 IN
subtype B and C plasmids and glycerol stocks were stored. Lysogeny Broth (LB) broth
supplemented with ampicillin and chloramphenicol (100 pg/ml and 35 pg/ml, respectively)
was inoculated with a glycerol stock and were grown overnight at 37°C with rapid shaking
(250 rpm). The cell culture was then inoculated 1:100 into fresh LB broth containing

ampicillin and chloramphenicol and incubated with shaking (250 rpm) at 37°C until the
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culture reached an optical density (OD) of 0.6 at 600nm. Once the desired OD had been
achieved the culture was induced to express the recombinant proteins by the addition of a
final concentration of 1mM Isopropyl 3-D-1-thiogalactopyranoside (IPTG) and grown for a
further 3 hours. The culture was then centrifuged at 3200 x g for 30 minutes to harvest the

cell pellets that were subsequently frozen at -80°C.

The cell pellets from the bacterial expression were then thawed on ice for 30 minutes. Cell
pellets were re-suspended in IN lysis buffer (1 M NaCl, 20 mM HEPES pH 7.2, 5 mM
imidazole, 10 mM MgCl,, 0.25% CHAPS, 1 mM PMSF). The cell lysates were then pooled
and homogenised for 1 minute. Aliquots of 1.5 ml were sonicated at 75% 0.6 cycles for a
total of 3 cycles for 30 second duration, allowing for a resting period between cycles. The
cell lysate was then centrifuged at 15 000 x g for 45 minutes to separate the cell debris and
supernatant. The supernatant was then collected for affinity chromatography (Jenkins et
al., 1996).

2.2.1.1 Purification of HIV-1 IN subtype B and C by affinity chromatography

A HiTrap™ HP (GE Healthcare, UK) affinity column was connected to an AKTAprime plus
(GE HealthCare, UK) and equilibrated with binding buffer (1 M NaCl, 20 mM HEPES, 1mM
DTT, 5 mM Imidazole). The supernatant was then loaded into the superloop and loaded
onto the column at a rate of 0.5 ml/min. Binding buffer was then allowed to pass through
the column for a total of 5 column volumes. The column was subsequently washed with 2
separate buffers with increasing imidazole concentrations of 60 mM and 150 mM,
respectively. A 50 ml concentration gradient was set up to elute the protein into fractions.
The imidazole gradient ranged from 150 mM to a final concentration of 600 mM imidazole.
Fractions of 2.5 ml were collected and subsequently loaded onto a 12% stain free SDS-
PAGE gel (Bio-Rad, USA) in reducing Laemmli buffer. The gel was visualized on the
ChemiDoc™ MP System (Bio-Rad, USA) to determine which fractions contained a purified

protein at the desired size.

The desired fractions were pooled and concentrated using an Amicon ultra filtration device
with a 10 kDa cut-off size (Merck, USA). The concentrated sample was then loaded onto a
PD-10 column (GE healthcare, UK) and buffer exchanged to a HIV-1 IN storage buffer (1
M NacCl, 20 mM HEPES (pH 7.5), 0.1 mM EDTA, 1 mM DTT, 10 % glycerol pH 7.4). The
fractions were read on a Spectrophotometer at 280 nm and the concentration calculated
using the extinction coefficient for each protein. Both recombinant subtype B and C IN were

expressed and purified using the above method (Jenkins et al., 1996).
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2.2.1.2 Confirmation of the purification of HIV-1 IN subtype B and C by western
blotting

To confirm that the desired recombinant protein was purified, samples from each
purification (subtype B and C) were run on a gradient SDS-PAGE reducing gel alongside a
purified HIV-1 IN obtained from the NIH AIDS Reagent Program, Division of AIDS, NIAID
NIH catalogue number 9420. The gel was transferred to a polyvinylidenedifluoride (PVDF)
membrane utilizing an iBlot 2 gel transfer system (Life Technologies, USA). Once it was
transferred the gel was visualized again with the ChemiDoc™ MP System (Bio-Rad, USA)
to ensure sufficient transfer. The PVDF membrane was then placed in blocking solution (5
% bovine serum albumin (BSA) Tris buffered saline solution containing Tween 20 (TTBS)
(50 mM Tris-HCI, 150 mM NacCl, 0.05 % Tween 20, pH 7.6) overnight. The PVDF membrane
was subsequently washed 3 times for 5 minutes in TTBS with slight agitation. The
membrane was then placed into a 2 000 x dilution of primary antiserum to HIV-1 IN
(obtained through the NIH AIDs Reagent Program, Division of AIDS, NIAID NIH catalogue
number 756) and incubated for 2 hours with slight agitation. The membrane was then
washed again as described above and placed into a 20 000x dilution of secondary goat anti
mouse antibody (Abcam, USA) and incubated for 2 hours with slight agitation. Finally, the
PVDF membrane was washed as described above and placed into a chemiluminescent
substrate (Bio-Rad, USA) for 5 minutes and viewed on the ChemiDoc™ MP System (Bio-
Rad, USA).

2.2.1.3 Strand transfer enzyme linked immunosorbent assay (ELISA) to confirm the
activity of HIV-1 IN subtype B and C

The strand transfer ELISA was utilized to test the activity of HIV-1 IN subtype B and C.
Biotinylated donor DNA (sequence to that of viral DNA) was ordered from Ingaba Biotech
(Biotin 5- ACC CTT TTAGTC AGT GTG GAA AAT CTC TAG CA-3’ and 5-ACT CCT AGA
GAT TTT CCA CAC TGA CTA AAA G-3’). Both DNA single strands were annealed for 1
hour at 95°C and then diluted to a working stock of 0.15 puM with 10 mM Tris-HCI, 0.1 M
NaCl pH7.2. From the working stock 100 pl was added to each well of a streptavidin-coated
micro ELISA plate (R & D Systems, USA) and incubated for 1 hour at room temperature
with slight agitation. The contents of the wells were subsequently removed and washed
three times with 0.01 M PBS solution. A final concentration of 1uM HIV-1 IN subtype B or
C made up in a dilution buffer (20 mM HEPES, 75 mM NacCl, 10 mM MgCl,, 2 pM ZnCl, 10
mM MnCl,, 1% glycerol) was added to the plate and incubated for 1 hour at room
temperature with slight agitation. The wells were subsequently washed 3 times with the
dilution buffer. Raltegravir was used as a control compound and a final concentration of 10

UM RAL made up in dilution buffer was added to 2 wells of the plate and incubated for 1
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hour at 37°C. Target DNA, sequence of human DNA, ordered from Ingaba Biotech Pty (Ltd)
(5-TGA CCA AGG GCT AAT TCA CT-3; fluorescein and 5’- AGT GAATTA GCC CCT TGG
TCA-3’ fluorescein) was made up to a final concentration of 2.5 uM and 10 ul was added
to each well and incubated at 37°C for 1 hour with slight agitation. The wells were then
washed 3 times for a total of 10 minutes with a sodium citrate buffer (0.03 M sodium citrate,
0.3 M NaCl pH 7). Monoclonal anti-FITC alkaline phosphatase solution, 1:10000 (Sigma
Aldrich, USA) was prepared in 50 mM Tris-HCI, 150 mM NacCl, 0.05 % Tween pH 7.4, to a
working ratio of 1:10 000 and 200 pl was added to each well and incubated for 2 hours at
25°C. The wells were washed with 50 mM Tris-HCI, 150 mM NaCl pH7.4 3 times for a total
of 10 minutes and finally TMB substrate was added and incubated for 30 minutes. The plate
was then read on a spectrophotometer at 620 nM (xXMARK™, Bio-Rad, USA).

2.2.2 The isolation and purification of recombinant LEDGF/p75

E. coli BL21 (DE3) pLysS (Promega, USA) cells containing the pLEDGF/p75 pET15b
plasmid were grown overnight in fresh LB broth containing ampicillin and chloramphenicol
at 37°C with rapid shaking (250 rpm). Overnight cultures were inoculated at 1:100 in fresh
LB broth containing antibiotics (ampicillin, 100 pug/ml, chloramphenicol, 35 pg/ml) and
incubated at 32°C with constant shaking until the OD was 0.8-0.9 at 600 nm. Once the
desired OD was reached the sample was induced with a final concentration of 1ImM ITPG.
The temperature was then dropped to 28°C and the culture grown for a further 4 hours with
rapid shaking (250rpm). The cell culture was then centrifuged at 3200 x g for 45 minutes
and the supernatant discarded. The pellets were frozen at -80°C overnight.

Cell pellets were thawed on crushed ice for 30 minutes and then lysed in lysis buffer (1M
NaCl, 25mM Tris-HCI, 0.5mM PMSF and 5mM Imidazole pH 7.4). Cell lysate was then
homogenised for 1 minute and aliquoted for sonication. Samples were sonicated at 75%
0.6 cycles; each tube was sonicated for 1 minute with 3 cycles. The sonicated cell lysate
was then centrifuged at 15 000 x g for 30 minutes at 4°C. The supernatant was pooled and

the pellet discarded (Bartholomeeusen et al., 2007).

2.2.2.1 Purification of LEDGF/p75 from bacterial culture using affinity
chromatography

A HisTrap™ HP (GE Healthcare, UK) affinity column was connected to an AKTAprime plus
(GE HealthCare, UK) and equilibrated with 5 column volumes of binding buffer (1 M NaCl,
25 mM Tris-HCI, 1 mM DTT, 5 mM Imidazole). The supernatant was loaded onto the column
and washed with wash buffer (1 M NaCl, 25 mM Tris-HCI, 1 mM DTT, 60 mM Imidazole).

Once the column had been washed, a 50 ml concentration gradient from wash buffer to
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elution buffer (1 M NaCl, 25 mM Tris-HCI, 1 mM DTT, 200 mM Imidazole) was set up to
collect 2.5 ml fractions. The fractions were subsequently run on a stain free reducing SDS-
PAGE gel (Bio-Rad, USA) to determine which fraction contained a protein at the desired
size and if the protein was pure. The fractions with the protein of interest were pooled and
concentrated down using an Amicon ultra-filtration device with a 10 kDa cut-off size (Merck,
USA). The concentrated sample was then loaded onto a PD-10 column (GE healthcare,
UK) and buffer exchanged to a sodium phosphate buffer (50mM NaH.PO4 pH 7.2)
(Bartholomeeusen et al., 2007).

2.2.2.2 lon exchange chromatography

The buffer exchanged protein was loaded onto a SP-Sepharose fast flow column (GE
Healthcare, UK) that had been equilibrated with sodium phosphate buffer containing no
salt. Fractions were then eluted over a 50ml| gradient from Sodium phosphate buffer with
no salt to elution buffer (50 mM NaH:PO,; and 1 M NaCl pH 7.2). The fractions were
collected and run on a reducing SDS-PAGE gel to determine which fractions contained a

protein at the desired size and the purity.

The fractions containing a protein at the desired size were pooled and concentrated down
using an Amicon ultra-filtration device with a 10kDa cut-off size (Merck, USA). The sample
was then loaded onto a PD-10 column and buffer exchanged to a size exclusion buffer (250
mM NacCl, 25 mM Tris-HCI, 2 mM DTT pH 7.4) (Bartholomeeusen et al., 2007).

2.2.2.3 Size exclusion chromatography

A Superdex 200 (GE Healthcare) size exclusion column was equilibrated at 0.5ml/min
overnight with buffer (250 mM NaCl, 25 mM Tris-HCI, 2mM DTT pH 7.4). The sample was
loaded onto the column and allowed to elute at 0.2ml per minute with fractions of 2.5 ml
collected. The fractions were run on a reducing SDS-PAGE gel to determine which fractions
contained the protein at the desired size. The desired fractions were pooled and
concentrated using an Amicon ultra-filtration device with a 50 kDa cut-off size (Merck, USA).
The concentrate was read on a spectrophotometer at 280 nm and the concentration

calculated using the extinction coefficient for the protein (Bartholomeeusen et al., 2007).

2.2.2.4 Confirmation of the successful expression of LEDGF/p75 through western
blot

To confirm that LEDGF/p75 protein was purified, a sample from the fractions containing the
protein at the desired size was run on a reducing SDS PAGE gel and the gel was transferred

to a PVDF membrane utilizing an iBlot 2 gel transfer system (Life Technologies, USA).
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Once it was transferred the gel was visualized again with the ChemiDoc™ MP System (Bio-
Rad, USA) to ensure adequate transfer. The PVDF membrane was then placed in a
blocking solution containing 5 % BSA in TTBS (50 mM Tris-HCI, 150 mM NacCl, 0.05 %
Tween 20, pH 7.6) overnight. The PVDF membrane was then washed 3 times for 5 minutes
in TTBS with slight agitation. The membrane was then placed into a 2000 x dilution of
primary anti PSIP1 antibody (Abcam, USA) and incubated for 2 hours with slight
agitation.The membrane was then washed again as described above and subsequently
placed into a 20 000x dilution of secondary goat anti mouse antibody (Abcam, USA) and
incubated for 2 hours with slight agitation. Finally, the PVDF membrane was washed as
described above and placed into a chemiluminescent substrate (Bio-Rad, USA) for 5
minutes and viewed on the ChemiDoc™ MP System (Bio-Rad, USA).

2.2.3 Removal of the histidine tag from HIV-1 IN subtype B and C by thrombin
cleavage

The HIS tags on both subtype B and C IN needed to be cleaved from the HIV-1 IN so that
untagged protein could be used in certain assays, and this was achieved by the use of
thrombin cleavage. A benzamidine column (GE Healthcare, UK) was charged with three
bed volumes of alternating high pH buffer (0.1 M Tris-HCI, 0.5 M NaCl, pH 8.5) and a low
pH buffer (0.1 M sodium acetate, 0.5 M NaCl, pH 4.5). The column was then re-equilibrated
with five bed volumes of binding buffer as described above. Thrombin (Sigma Aldrich, USA)
was made up in binding buffer with the addition of 25 mM CacCl; (Sigma Aldrich, USA) to a
final ratio of 123 units of thrombin per mg of protein. The protein was incubated with
thrombin for 4 hours with slight shaking at room temperature. The sample was subsequently
loaded onto the benzamidine column and eluted using binding buffer, the thrombin binds to
the column and so is removed from the solution. Collected fractions were run on a gradient
stain free reducing SDS PAGE gel (Bio-Rad, USA). The fractions containing HIV-1 IN were
pooled and concentrated using the Amicon ultra-filtration device with a 10 kDa cut-off size
(Millipore Merck, USA). The HIV-1 IN was buffer exchanged with a PD-10 column into an
HIV-1 IN storage buffer for future use. The remaining thrombin on the column was removed
with 0.05 M glycine, pH 3.5. Samples of uncleaved protein and of the cleaved protein were
run on a gradient stain free reducing SDS PAGE gel (Bio-Rad, USA), and transferred to a
PVDF membrane for Western blotting. The membrane was then blocked overnight with
blocking buffer and subsequently incubated in a 1000x dilution of primary monoclonal
mouse anti-HIS antibody (Abcam, UK) then into a 5000x dilution of secondary goat anti
mouse (Abcam, UK) to confirm the 6XHIS tag on the uncleaved protein and the absence of

a tag on the cleaved IN proteins.

-41 -



2.3 Biochemical screening of HIV-1 IN-LEDGF inhibitors
2.3.1 AlphaScreen

Alpha (amplified luminescent proximity homogenous assay) technology is an alternative to
the traditional ELISA. In this assay no wash steps are needed and is a bead based assay.
This type of assay can be used for an array of interactions but in our case will be used for
protein-protein interactions. Two types of beads are needed for each assay. The first bead
is known as a donor bead and contains phthalcyanine which is a photosensitiser that
converts ambient oxygen to a reactive form of oxygen when illuminated at 620nm. The
second bead is an acceptor bead and consists of a thioxene derivative that emits light. In
solution, when the donor and acceptor bead are brought in close enough proximity by way
of protein-protein interaction, the energy that is transferred from the singlet oxygen to the
thioxene derivative results in the production of light which is measurable. Figure 2.1 shows
a graphical representation of the assay principle.

Excitation Emission
680 Nnm 520 nm - 620 nm

Biotinlated
donor DNA

p=——y

LEDGF

00—

”= Subtype B
integrase

Figure 2. 1 Schematic representation of the HIV-1 IN-LEDGF/p75 interaction in an
AlphaScreen assay. The streptavidin donor bead links to the biotin labelled donor DNA-IN
complex which then interacts with the HIS tagged LEDGF/p75 bound to the nickel chelating

acceptor bead

2.3.1.1 AlphaScreen assay without DNA

An AlphaScreen assay previously described by Christ and co-workers was used to screen
the compounds (Christ et al., 2010). A stock solution of 1.5 uM histidine tagged HIV-1 IN
subtype B or C was made up in AlphaScreen assay buffer (150 mM NacCl, 25 mM Tris, 2
mM MgCl;, 1 mM DTT, and 0.01% Tween 20 and 0.02% BSA, pH 7.4). A final concentration
of 300nM was added to a ¥ area optiplate and incubated with each inhibitor at single doses

and then later in doses ranging from 200 uM down to 0.3 uM for 30 minutes at room
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temperature with gentle shaking. Subsequently 100 nM His-tagged LEDGF/p75 was added
and incubated for one hour at room temperature with gentle shaking. A final concentration
of 10 ug/ml nickel chelating acceptor beads (Perkin EImer, USA) and nickel chelating donor
beads (Perkin Elmer, USA) were added and incubated in the dark at 30°C with gentle
shaking. The plate was subsequently read between 520-620 nm on the EnSpire® plate
reader (Perkin Elmer, USA). The control ran on the plate to ensure accurate reading of the
compounds effects were: beads alone, HIV-1 IN subtype B or C alone, LEDGF/p75 alone,
HIV-1 IN subtype B or C and LEDGF/p75 alone, each protein in isolation with beads alone.
Once single dose inhibition by the inhibitor was determined, a dose response curve was
determined to obtain a half maximal inhibitor concentration (ICso) for all inhibitors under
investigation. The percentage inhibition for each dose was determined with use of the
controls and plotted against the log of the concentration. The data obtained was plotted on
a sigmoidal curve using Origin 8.1 (Origin Lab Corporation, UK) and an ICso and hills
coefficient was determined. Statistics were calculated using the SISA t-test found at,

http://www.gquantitativeskills.com/sisa/.

The original AlphaScreen was followed up by a second AlphaScreen containing donor DNA
to see if the presence of viral DNA prior to inhibitor addition had any effect on the inhibitory

profile of the inhibitor as was seen in studies (Frauke Christ et al., 2012).

2.3.1.2 AlphaScreen with DNA

Briefly, a stock concentration of 1.5 uM HIV-1 IN subtype B or C was incubated with 0.3 pM
biotinylated donor DNA for 45 minutes at room temperature with gentle shaking. For the
plate assay a final concertation of 300 nM biotinylated HIV-1 IN subtype B or C-DNA was
incubated with 100 nM HIS-tagged LEDGF/p75 for 60 minutes in AlphaScreen assay buffer
at room temperature with gentle shaking. For this assay the nickel chelating acceptor beads
(Perkin Elmer, USA) and streptavidin donor beads (Perkin Elmer, USA) were added to a
final concentration of 10 pg/ml and incubated at 30°C in the dark with gentle shaking. The
plate was subsequently read between 520-620 nm on the EnSpire® plate reader (Perkin
Elmer, USA). To once again ensure the response was due to inhibitor the following controls
were included; beads alone, HIV-1 IN subtype B or C-DNA alone, LEDGF/p75 alone, HIV-
1IN subtype B or C-DNA and LEDGF/p75 alone, each protein in isolation with beads alone.
Both single doses and a dose response curve were constructed as described above.
Statistics were calculated using the SISA t-test found at,

http://www.gquantitativeskills.com/sisa/.

As indicated in the introductory section, PogZ is a HIV-1 IN analogue because it binds to
LEDGF/p75 protein in the same spots HIV-1 IN does. This assay was then designed to
determine if the inhibitors of choice were binding to HIV-1 IN or LEDGF/p75.
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2.3.1.3 PogZ- LEDGF/p75 binding AlphaScreen assay

Biotinylated POGz was available within the laboratory from previous studies and used as a
positive control as POGz binds to LEDGF/p75 in the same way HIV-1 IN does. The stock
solutions of 1.5uM LEDGF/p75 and 500nM POGz for the assay were made up in assay
buffer as described above. A final concentration of 300 nM LEDGF/p75 was incubated with
each 100 pM of each inhibitor incubated at room temperature for 30 minutes and
subsequently 100 nM POGz was added and incubated for 60 minutes at room temperature.
Nickel chelating acceptor beads and streptavidin donor beads were added to a final
concentration of 10 pug/ml. The plate was then incubated at 30°C in the dark with slight
agitation and subsequently read between 520-620 nm on the EnSpire® plate reader (Perkin
Elmer, USA). To ensure the effects were being caused by the inhibitors the following
controls were used; beads alone, POGz alone, LEDGF/p75 alone, POGz and LEDGF/p75
alone and beads alone.

2.3.1.4 Strand transfer ELISA to determine the catalytic inhibition of HIV-1 IN subtype
B and C by the compounds

The strand transfer ELISA method described in section 2.2.1.3 was utilised to determine if
CX05168, lovastatin or cefdinir had any inhibitory effect on the catalytic activity of HIV-1 IN
subtype B and C. A final concentration of 100 uM of each inhibitor was added at the same
stage as RAL, a known strand transfer inhibitor, is added. The results were then analysed

and percentage inhibition was calculated.

2.3.2 Dimerisation assay
The published HIV-1 IN-LEDGF/p75 inhibitors known as ALLINIs show drastic effects on
the dimerization of HIV-1 IN. As such we ran two dimerization experiments to determine if

the inhibitors had an effect on the dimerization of HIV-1 IN.

2.3.2.1 Cross-linking studies

A final concentration of 1 uM HIV-1 IN subtype B and C with histidine tags and 100 uM
inhibitor were dissolved in assay buffer (50 mM HEPES pH7.1, 300 mM NacCl, 2.5 mM
MgCIl, 1 mM DTT). The compound and HIV-1 IN subtype B or C were incubated at a 1:1
ratio at room temperature for 1 hour. Once incubation was complete a final concentration
of 25 pM of bis(sulfosuccinimidyl)suberate (BS3) was added to the mixture and incubated
at room temperature for 15 minutes. The cross-linking reagent BS3 is an amine-to-amine
cross-linker, and reacts with lysines on the amine groups helping to stabilise the HIV-1 IN-

IN subunit interactions. To stop the cross-linking reaction, 1l of 1M Tris base was added.
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A reducing SDS-PAGE gel was run for each sample to determine the extent of
multimerisation the compounds caused. The gel was subsequently transferred to a PVDF
membrane and a western blot was then conducted with anti-HIS antibody as previously
described to better show the extent of multimerisation or lack thereof (Li et al., 2006;

Henriquez et al., 2013).

2.3.2.2 Dynamic light scattering (DLS) assay to show the multimerisation effects of
inhibitors

DLS is a techniques used to study particles in solution. The diffusion coefficient is said to
calculate the hydrodynamic radii and this is dependent on the shape and size of the
molecule in solution. A monochromatic beam is passed through a solution containing
macromolecules or in our case protein and inhibitors. As the light encounters the
macromolecules the light is scattered based on shape and size of the molecules. DLS
primarily measure the Brownian motion of macromolecules (Stetefeld et al., 2016). When
using this method to analyse protein and small molecule interactions it is imperative that
the small molecule is run in isolation first. Certain molecules can scatter light and this will
show up as a peak indicating a large molecule size, which is seen as a false positive.
Protein is also run in isolation and the peak should read around or below 1 as the size of
the proteins monomer, dimers or tetramers should not be seen by the technique. Once
protein and inhibitors have been added together and measured, if a sizable peak is

determined then this is due to aberrant multimerisation of the protein forming large particles.

On the day of testing, buffer (1 M NaCl, 2 mM MgCl,, 2 mM DTT and 50 mM HEPES 7.4)
was prepared and filtered twice and stored on ice. Each compound was initially run with
buffer alone on the Malvern Zetasizer Nano Series S90. A final concentration of 5 uM of
each compound was tested under size determination mode. Once the compound showed
no peaks past the one range it was tested with purified HIV-1 IN subtype B or C recombinant
protein. A concentration of 200 nM HIV-1 IN subtype B or C was prepared in 1 ml buffer
and allowed to equilibrate at room temperature for 30 minutes after which 5 uM compound
was added and placed in the Malvern Zetasizer Nano Series S90 on size determination
mode for 10 readings for a total of 30 minutes. The graphs were set to number distribution
and recorded (Kessl et al., 2016b). The concentration of compound was subsequently

increased for lovastatin and cefdinir to 100 pM.
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2.3.3 Stability testing

2.3.3.1 Differential Scanning Fluorometry (DSF) to determine the stabilising effect of
the compounds on HIV-1 IN subtype B and C

DSF also known as a thermal shift assay, is a rapid technique used to identify ligands that
bind and stabilise a protein. A fluorescent dye such as SYPRORED which has an affinity
for hydrophobic regions, is incubated with protein and ligand. As a protein unfolds more
hydrophobic regions are exposed allowing the dye to bind and increase fluorescence. The
melting temperature/ transition point can be calculated using a fitting procedure and this
then shows the degree of stabilisation a ligand has on a protein. The higher the stabilisation
the higher the melting temperature (Niesen et al., 2007).

Components for the following assay were diluted in assay buffer (10 mM HEPES [pH7.5],
500 mM NacCl, 1 mM MgCl, and 1 mM DTT). A final concentration of 1 uM HIV-1 IN subtype
B and C were separately mixed with 1x SYPRO red dye (Life Technologies, USA) and 3
UM of CX05168, cefdinir and lovastatin or the equal volume of DMSO for the control. Each
mixture was incubated for 5 minutes at ambient temperature and 25 pl was subsequently
added to 3 wells of a 48 well PCR plate. The plate was sealed and placed in an lllumina
Eco real time PCR machine.

DSF melting curves were obtained by increasing the temperature from 23°C to 95°C in
steps of 1°C.mint and the fluorescence emission recorded (excitation @575nm, emission

@625nm) at each step. The raw photon counts were analysed (Christ et al., 2012).

2.3.4 Molecular modelling

Molecular modelling was conducted to determine a theoretical fit of each inhibitor and
predict the quality of this fit. Indication of types of bonds can add value to see how strong
the compound will bind or alternately how easy the bonds will be broken.

All studied inhibitors were prepared using the CHARMM based force field function in the
BIOVIA Discovery Studio software package version 4. All possible sterecisomers and
conformations were generated. The CCD dimer interacting with LEDGF/p75 identified by
the PDB code 2B4J was prepared by removing LEDGF/p75 from the complex and the
model then prepared by the addition of missing loops, adding hydrogens, optimization of
the bond lengths and angles and bond order assignment. Previously identified LEDGF/p75-
HIV-1 IN inhibitors were used to train the model to ensure that the predictions are accurate.
Molecular docking was performed in the allosteric site prepared. LibDock protocol
generated many poses for each compound and Jain, PLP2 and LibDock were used to
analyse these poses. Further optimization was then conducted, and the best poses binding

energies were calculated.
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2.3.5 Hydrogen Exchange Mass Spectroscopy (HXMS)

Hydrogen/deuterium exchange mass spectrometry is a techniques used to determine
structural and dynamic aspects of a protein. The exposure of a protein tor peptides to
deuterium causes rapid exchanged between hydrogens and deuteriums. Areas that are
folded or protected by tight hydrogen bonds exchange slower than unfolded exposed
regions. Initially a peptide map is constructed using a pepsin column in the absence of
deuterium. This is done to obtain as many overlapping peptides as possible to increase the
coverage of the protein. Subsequently the process is repeated in the presence of
deuterium. The protein or peptides are run in isolation to determine the proteins structural
state without inhibitor. It is then run in combination with inhibitors to determine how these
inhibitors structurally effect the protein as well as determining the binding areas of these
inhibitors to the amino acids, this is possible as the area will be unavailable for deuterium
exchange (Konermann et al., 2011). The hydrogen exchange experiments were conducted

at the Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa.

2.3.5.1 Peptide map construction

A total of 150 uM of HIV-1 IN subtype B or C was diluted in labelling buffer (50 mM HEPES,
5 mM DTT, 1M NaCl) at a pH of 7.5 made with ultra-pure mass spec grade water and
subsequently quenched with quenching buffer (5 M urea, 50 mM TCEP and 1% TFA). The
protein was then passed through an immobilised pepsin column to digest the protein into
peptides at specific cleavage points. The peptides were then injected onto an Aeris
PEPTIDE 3.6 um XB-C18 reversed phased column (Phenomenex) at 0°C coupled to an
AB SCIEX QSTAR ® Elite Mass spectrometer via a 6 port switching valve. Peptides were
eluted at a rate of 300 ul/min from the reverse phase column with a 5%-95% B gradient (A:
0.1% formic acid, B: acetonitrile, 0.1% formic acid). The initial peptide identification was
carried out using Collision Induced Dissociation (CID) in information dependent acquisition
mode. All subsequent samples were analysed in MS mode (Fitzkee et al., 2011).

The undeuterated controls were analysed using PEAKS 6 (Bioinformatics solutions, USA)
to determine peptide coverage and peptide pool for HXD analysis. From the above method

a peptide map specific to the HIV-1 IN subtype was formed.

2.3.5.2 Hydrogen Deuterium exchange

150 pM HIV-1 subtype B or C was diluted in labelling buffer as described above however,
all components were made up in 100% D»0 at 20°C. At the appropriate time intervals (10
s, 20 s, 1 min, 10 min, 60 min for protein without compound and 10 s for compound

containing samples) hydrogen deuterium exchange was minimalised with a 1:1 dilution with
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quenching buffer and incubated at 0°C for 30 seconds. The HIV-1 IN subtype B or C with
and without compounds was digested by passage through a column with immobilized
pepsin (1 pg/ul). Following the digestion, 50 pl of sample was loaded on the Aeris PEPTIDE
3.6 um XB-C18 column as described above, followed by elution of peptides and analysis
as described above (Fitzkee et al., 2011).

The percentage back exchange that occurs once the hydrogen exchange (HDX) reaction
is quenched was determined using the fully deuterated control. HDX analysis was
performed using HDExaminer 1.2 (Sierra Analysis Inc, USA). Manual quality control was
performed on analysed peptides (high and medium confidence peptides only) to ensure
that theoretical and experimental profile matched.

2.3.6 Surface Plasmon Resonance (SPR)

All SPR experiments were carried out using the ProteOn ™ XPR 36- protein interaction
array system (Bio-Rad, USA) at 25°C. The GLH sensor chip was preconditioned using 50
mM NaOH, 100 mM HCI and 0.5% SDS. The system was then equilibrated with SPR buffer
(50 mM HEPES, 500 mM NaCl, 10 mM MgClz, 5 mM DTT, 0.05% Tween 20 and 0.0175%
DMSO). The chip was then activated with a 1:1 ratio of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (0.2 M) and sulfo-N-hydroxysuccinimide (0.05 M). After
activation, 200 ug of both subtype B and C HIV-1 IN was immobilized on 2 flow channels
per subtype on the chip made up in SPR buffer until maximum response units (RU) units
were reached.

High concentration stock solutions of inhibitors were made up in 100% DMSO so that the
final concentration of DMSO in the serial dilutions were below 0.1%. Serial dilutions of
inhibitors were made up in SPR buffer containing no DMSO. CX05168 was serially diluted
at concentrations of 10 uM, 5 uM, 2.5 uM, 1.25 uM, 0.625 uM and O pM. Lovastatin and
cefdinir were serially diluted at concentrations of 100 uM, 50 uM, 25 pM, 12.5 pM, 6.25 pM
and 0 uM. The compounds were allowed to flow over all 6 flow channels. The chip was
regenerated with 10 mM glycine pH 3 in 1% phosphoric acid between compounds runs to
remove the analyte (Vaisocherova et al., 2009). Ritonavir, a protease inhibitor, was used
as a control compound as this should not bind to integrase.

Data was analysed using the ProteOn manager software 3 (Bio-Rad, USA). The response
of buffer injections and response from the reference cell was subtracted to account for
nonspecific reactions. Experimental data was fitted using the Langmuir model (Bio-
Rad,USA).
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2.4 Screening of compounds to determine their effects on cell based
processes

2.4.1 Cytotoxicity

MT-4 cells were grown to high viability in 10 % RPMI media (Gibco, USA) (10% Foetal calf
serum, 100 uM Penicillin/ streptomycin, 100 uM Gentomycin , and cells were seeded at 1
x 108 cells per ml in a final volume of 100 pl to each well of a 96 well round bottom cell
culture plate. The plate was equilibrated for an hour at 37°C and 5 % CO,. During the
equilibration phase test compounds were made up in 10% RPMI solution in a serial dilution
from 200 uM to 0.39 pM. A final volume of 100 ul compound made up in 10% RPMI media,
as described above, was added to wells containing cells ensuring the solution was
homogeneous with cells. The plate was incubated at 37°C for 5 days with 5 % CO,. On the
final day, 10 pl of MTS solution was added and mixed to ensure homogeneity of the solution
with cells. The cells were incubated for a total of 4 hours taking a reading, 490nm, at 2
hours and 4hours, (xMARK™, Bio-Rad, USA.) The data was analysed and dose response
curves were constructed using Origin 8.1 with the log value of the concentration plotted
against the absorbance level to determine the maximal cytotoxicity CCso for compounds
(CCs0). Auranofin, a gold complex antirheumatic agent, was used as a control due to this

inhibitor being very toxic to the cells with a well-known dose curve for toxicity.

2.4.2 Antiviral screening

The day prior to the antiviral screening MT-4 cells were seeded at 2 x 10° cells per ml.
Subsequently the viability was checked and 2 x 10° cells per ml were incubated with HIV-
Inia-3 Stock or HIV 93IN905 subtype C expanded virus for 90 minutes. The MT-4 cells were
pelleted and virus removed and subsequently washed 4 x with 0.1 M PBS. A control set of
cells were incubated without virus and washed four times with 0.01 M PBS. A final volume
of 100 ul of cells were added to each well of a 96-Well U bottom cell culture plate. The plate
was placed into the 37°C, 5 % CO: incubator to equilibrate for one hour. During the
incubation, compounds were made up in RPMI media containing 10 % heat inactivated
foetal calf serum (FCS). The compounds were serially diluted from 200 pM to 0.3 pM. A
total of 100 ul of RPMI containing compound was added to the wells containing cells and
mixed to ensure homogeneity. The plate was placed into a 37°C, 5 % CO; incubator for five
days. Raltegravir, a known integrase inhibitor with low toxicity, was used as a control

compound to ensure the assay was functioning correctly.

A Bioelisa HIV-1+2 Ag/Ab kit (BIOKIT, Spain) was used to determine the level of HIV-1

present in the samples. Briefly 100 pl of diluent buffer was added to wells of the supplied
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Bioelisa plate and 100 pl of test sample or control was added. The plate was incubated for
60 minutes. Subsequently the plate was washed 5 times with wash buffer and 200ul of
conjugate 1 added to the wells. The plate was incubated for 30 minutes and subsequently
washed 3 times. Conjugate 2 was prepared according to manufacturer’s specifications and
200 pl added to each well with 30 minute incubation. Once incubation was complete the
wells were washed 5 times and 150 pl of TMB substrate was added to the wells. The
reaction was followed up to 30 minutes until sufficient blue colour had developed on controls
and 50 pl of stop solution was added to stop the reaction. The plate was then read at 450nm
and percentage inhibition was calculated.

2.4.3 Time of addition (TOA) assay to determine the time point in the viral
replication process when the compounds are effective

MT-4 cells were seeded at 2 x 10° cells/ml and HIV-1 -3 or HIV 93IN905 subtype C
expanded virus was added to the cells and incubated for 2 hours in the incubator at 37°C
and 5% CO.. The cells were then washed 4 times with 0.1 M PBS to remove any unbound
virus. Cells were then seeded into the 96 well plate. Known antiviral inhibitors, RAL and
AZT, were used as controls to ensure the assay was working correctly. CX05168 was
added at 30uM and cefdinir at 100uM at the following time point’s representative of hours:
TO, T2, T4, T5, T6, T7, T8, T9, T10, T11l and T24. TO indicates the addition of compound
at the incubation phase of assay. The p24 values were then calculated using the Bioelisa
HIV-1+2 Ag/Ab kit (BIOKIT, Spain) as described above.
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Chapter 3



3. Results

3.1 Recombinant protein expression, purification, and modification

3.1.1 HIV-1IN

Following large scale protein expression in E. coli, and nickel affinity purification, SDS-
PAGE gel analyses confirmed the successful purification and over-expression of a
recombinant protein correlating in size (approximately 32 kDa) with that of soluble subtype
B HIV-1 IN (Figure 3.1A) and subtype C HIV-1 IN (Figure 3.1B). The western blot analysis
for both subtype B and C (C) shows the successful expression of HIV-1 IN.
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Figure 3. 1: SDS PAGE gel and western blot indicating the expression and purification of
a protein at approximately 32 kDa correlating with that of recombinant subtype B HIV-1 IN.
(A) SDS-PAGE indicating the expression and purification of HIV-1 IN subtype B, Lane 1,
precision plus protein molecular weight marker (Bio-Rad, USA); Lane 2, flow through from
the nickel affinity column; Lane 3, wash 1 from the nickel affinity column; Lane 4 wash 2
from the nickel affinity column; Lane 5, wash 3 from the nickel affinity column after which
the protein was eluted via an imidazole gradient; Lane 6 lane containing concentrated
fractions of a protein at approximately 32 kDa; (B) SDS-PAGE gel indicating the expression
of a protein correlating with that of the recombinant subtype C HIV-1 IN. Lane 1, precision
plus protein molecular weight marker (Bio-Rad, USA); Lane 2, flow-through from the nickel
affinity column; Lane 3, wash 1 from the nickel affinity column; Lane 4, 5 and 6 containing
at protein at 32kDa; (C) Western blot analysis confirming expression of recombinant HIV-1
IN subtype B and subtype C. Lane 1, precision plus protein molecular weight marker (Bio-
Rad, USA); Lane 2, positive control recombinant HIV-1 IN obtained from the NIH AIDS
Research and Reference Reagent Program; Lane 3, subtype B protein from gel A; Lane 4
concentrated nickel affinity chromatography purified subtype C HIV-1 IN from gel B. Figures
6.1,6.2 and 6.3 (found in the appendix) are the standard curves used to determine protein

size marked with an X. for A, B and C respectively.
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3.1.2 LEDGF/p75

The successful purification of LEDGF/p75 following nickel affinity chromatography, cation
exchange and size exclusion chromatography is shown in Figure 3.2A, with the protein
migrating at a size corresponding to LEDGF/p75, approximately 75 kDa. Identity of the
LEDGF/p75 protein was confirmed through western blot analysis (Figure 3.2B).
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Figure 3. 2: SDS-PAGE gel showing the expression and purification steps of a protein
correlating with that of LEDGF/p75 and western blot proving the successful expression of
LEDGF/p75. (A) Lane 1, precision plus protein molecular weight marker (Bio-Rad, USA);
Lane 2, flow-through from the nickel afinity exchange column; Lane 3, concentrated protein
from the nickel infinity column; Lane 4, concentrated protein from the gradient fractions
cation exchange column; Lane 5, concentrated protein from the size exclusion column;
Lane 6, concentrated protein form the Amicon 50kDa cut-off; (B) Western blot analysis
confirming the expression of LEDGF/p75 with primary antibody anti-PSIP1. Lane 1,
precision plus protein molecular weight marker (Bio-Rad, USA); Lane 2, negative control
fraction from size exclusion chromatography; Lane 3, concentrated Amicon sample after
size exclusion chromatography purified LEDGF/p75. Figures 6.4 and 6.5 are the standard

curves used to determine protein size marked with an X for A and B respectively.

3.1.3 Modifications of recombinant proteins

3.1.3.1 Cleavage of 6X HIS TAG

The 6X His tag attached to both the HIV-1 IN subtype B and C was successfully cleaved by
thrombin for use in the AlphaScreen assay containing DNA. SDS-PAGE analysis showing
the size shift in protein before and after HIS tag cleavage for both subtype B and C (Figure
3.3A) and cleavage of the 6XHIS tag was confirmed by the absence of bands in the cleaved

samples by western blot analysis using Anti HIS antibody (Figure 3.3B).
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Figure 3. 3: SDS-PAGE gel of HIV-1 subtype B and C IN following thrombin cleavage of
the 6XHIS tag (A) and a western blot confirming cleavage of the HIS tag (B). (A) Shows
the SDS PAGE gel with cleaved and uncleaved HIV-1 IN subtype B and C, Lane 1, precision
plus protein molecular weight marker (Bio-Rad, USA); Lane 2, HIV-1 subtype B IN 6xHIS
tagged protein; Lane 3, fraction 1 of cleaved HIV-1 subtype B IN; Lane 4, fraction 2 of
cleaved HIV-1 subtype B IN Lane 5; HIV-1 subtype C IN 6XHIS tagged protein; Lane 6,
fraction 1 cleaved HIV-1 subtype C IN Lane 7, fraction 2 of the cleaved HIV-1 subtype C.
(B) Shows a western blot analysis of HIV-1 subtype B and C IN following thrombin cleavage
of the 6XHIS tag. Lane 1, precision plus protein molecular weight marker (Bio-Rad, USA);
Lane 2, HIV-1 subtype B IN 6xHIS tagged protein; Lane 3, cleaved HIV-1 subtype B IN;
Lane 4, HIV-1 subtype C IN 6XHIS tagged protein; Lane 5, cleaved HIV-1 subtype C IN.
Please note that image B has been split to remove a lane that was not needed on the blot.

Figures 6.6 and 6.7 are the standard curves used to determine protein size marked with an

X for A and B respectively.

3.1.4 Catalytic activity testing of HIV-1 IN subtype B and C

The activity of the two HIV-1 IN subtypes (B and C) was confirmed on an ELISA based
assay as described in section 2.3.1.4. As shown in Fig 3.4, the two INs were shown to be
active with high absorbance values once TMB was added (1.2 at 620 nm for both subtypes)
as opposed to the six-fold decrease in the RAL treated samples (0.2 at 620 nm).

-54-



14

1.2

=

0.8

0.6

Absorbance 620nm

0.4

0.2

o L_— i i

Negative Positive subtypePositive subtype RAL treated RAL treated
B C subtype B subtype C

Figure 3. 4: Bar graph depicting the strand transfer activity by ELISA of both subtype B and
C IN with and without addition 50nM raltegravir. The ELISA was run 3 times with duplicate
samples in each run. The error bars are shown for the difference in the experimental results
from each experiment. The positive samples are protein with no compound added and the

negative is the absence of protein from the well.

3.2 Biochemical screening of HIV-1 IN-LEDGF/p75 inhibitors
All assays and experiments were performed for both subtype B and C HIV-1 IN to show

relevance to the South African predominant subtype.

3.2.1 AlphaScreen assay

3.2.1.1 HIV-1 IN-LEDGF/p75 AlphaScreen disruption assay

A previously described LEDGF/p75 -HIV-1 IN AlphaScreen assay was performed to
determine the disruption of the interaction between LEDGF/p75 (Christ et al., 2010) and
HIV-1 IN in the presence of the three inhibitors. Firstly, dose response curves were
determined for CX05168, lovastatin and cefdinir. The dose response curves and the ICsg
values are shown in Figure 3.5A and Figure 3.5B for subtype B and C HIV-1 IN,

respectively.
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Figure 3. 5: Effects of lovastatin, cefdinir and CX05168 on the HIV-1IN-LEDGF/p75
interaction for HIV-1IN subtype B (A) and subtype C (B). The representative data of the
dose response of lovastatin (square), cefdinir (circle) and CX05168 (triangle) on the HIV-1
IN-LEDGF/p75 AlphaScreen assay. The average values from 3 independent experiments
are shown. The curves for each compound were plotted on the same graph for comparative

purposes showing standard error bars.
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The dose response curvature for CX05168 and cefdinir are similar in slope and steepness,
however cefdinir does not reach 100% inhibition. The dose response curve for lovastatin
does not reach 100% inhibition nor reduces to 0% inhibition in contrast to that of CX05168
and cefdinir. Additionally, only slight differences in the ICso was observed between the two
IN subtypes.

For CX05168 and lovastatin, the differences in ICso values for subtype B and C IN was not
statistically significant, with p-values of 0.20 and 1, respectively. By contrast, the difference
in 1Cso values for cefdinir was statistically significant with a p-value of 0.018.

3.2.1.2 HIV-1 IN-LEDGF/p75 AlphaScreen disruption assay containing DNA

Lovastatin, cefdinir and CX05168 were then tested in a second AlphaScreen assay where
donor DNA was incorporated to see if the donor DNA has any effect on the inhibitory profile
of the compounds. When lovastatin was tested in the presence of DNA no difference in
inhibitory profile was seen, indicating that DNA has no effect on inhibition. When CX05168
and cefdinir are run on the assay containing DNA a vast difference in ICso values was
observed compared to the absence of DNA. The dose response curves and ICs values are

shown in Figure 3.6A and 3.6B for subtype B and C IN, respectively.

When testing CX05168 in the presence of donor DNA, the increase in ICso was statistically
significant where the p-value was found to be 0 for subtype B and 0 for subtype C (Figures
3.6A and 3.6B). There was however no statistically significant difference between subtype
B and C IN activity when treated in the presence of donor DNA (p=0.79). In stark contrast
to CX05268 when lovastatin was tested with DNA, no statistical significance was seen with
the addition of DNA, clearly indicating that there is a mechanistic difference in the way
CX05168 and lovastatin inhibit the LEDGF/p75-HIV-1 IN interaction. Cefdinir showed a
profile similar to that of CX05168. The change in potency from the absence of DNA to the
presence of DNA was statistically significant with a p-value of 0 for both subtype B and C
IN. Once again in correlation to the non DNA assay, there was a statistically significant

difference between the subtype B and C IN responses with a p-value of 0.
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Figure 3. 6: Effects of lovastatin, cefdinir and CX05168 on the DNA-HIV-IN-LEDGF/p75
interaction of HIV-1 IN subtype B (A) and subtype C (B). Representative data of the dose
response on the DNA-HIV-1IN-LEDGF/p75 interaction AlphaScreen assay. The average

values for 3 independent experiments are shown. The percentage inhibition was calculated

for the experiment and was plotted against the log of the concentration.
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It must be noted that all compounds were cross tested with the HIV-1 IN analogue POGz
to ensure the compounds were interacting with HIV-1 IN and not LEDGF/p75. None of the
compounds inhibited the interaction between LEDGF/p75 and POGz as seen in Figure 3.7
thus confirming their interaction with HIV-1 IN.
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Figure 3. 7 Column graph showing the percentage fluorescence of the POGz-LEDGF/p75
interaction Alphascreen assay. Each inhibitor was run in triplicate. Full fluorescence shows
a strong interaction between POGz and LEGDF/p75.

A strand transfer inhibition ELISA was performed for both subtype B and C HIV-1 IN to
determine if the studied compounds has any effect on the catalytic activity of HIV-1 IN.
Compounds were tested at 100 uM as described in Section 2.3.1.4 to obtain a single dose
percentage inhibition. Lovastatin showed strand transfer inhibition of 6.23 + 4.18 % and
5.69 + 2.96 % for subtype B and C HIV-1 IN respectively and cefdinir showed strand transfer
inhibition of 12.6 £ 2.18 % and 11.29 + 1.22 % for subtype B and C HIV-1 IN respectively,
however CX05168 showed a moderately higher inhibition of 34.29 + 3.12 % inhibition at a
single dose of 100 uM for subtype B IN and 32.96 + 1.29% for subtype C HIV-1 IN.

3.2.2 Dimerization assay

3.2.2.1 Cross-linking studies

Cross-linking studies were performed with BS3 to determine if there is any increase in the
formation of dimers or tetramers when treated with each of the compounds. HIV-1 IN
subtype B and C was incubated with BS3 and then incubated with DMSO or compounds,
respectively. Figure 3.8A and 3.8B show the results for subtype B and subtype C. In both

cases treatment with DMSO, cefdinir and lovastatin show no change in monomer to dimer
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or tetramer whereas a decrease in concentration of HIV-1 IN monomers is seen in addition

to the formation of two higher order bands when treated with CX05168.
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Figure 3. 8: Western blot study showing the cross-linking studies with HIV-1 subtype B IN
(A) and subtype C IN (B). (A) Show the western blot of subtype B HIV-1 IN where Lane 1,
precision plus protein molecular weight marker (Bio-Rad, USA); Lane 2, HIV-1 subtype B
IN 6xHIS tagged protein with no compound; Lane 3, HIV-1 subtype B IN 6xHIS tagged
protein with Cefdinir Lane 4, HIV-1 subtype B IN 6xHIS tagged protein with lovastatin and
Lane5, HIV-1 subtype B IN 6xHIS tagged protein with CX05168. (B) Shows the western
blot study showing the cross-linking studies with HIV-1 subtype C IN where Lane 1,
precision plus protein molecular weight marker (Bio-Rad, USA); Lane 2, HIV-1 subtype C
IN 6XHIS tagged protein with no compound; Lane 3, HIV-1 subtype C IN 6xHIS tagged
protein with Cefdinir Lane 4, HIV-1 subtype C IN 6xHIS tagged protein with lovastatin and
Lane5, HIV-1 subtype C IN 6xHIS tagged protein with CX05168. Figures 6.8 and 6.0 are
the standard curves used to determine protein size marked with an X, circle or triangle for

A and B respectively.

3.2.2.2 Differential light scattering studies

DLS studies were conducted as per method of Kessl et al (Kessl et al., 2016b) to confirm
the multimerisation effects of each compound on 200 nM HIV-1 IN subtype B and C. A total
of 10 measurements were taken in a 30 minute period to see if the compound had any
effect on multimerisation. After 30 minutes, the only compound showing multimerisation,
determined by the protein peaks at varying size estimates, measured as the diameter Z
average (d.nm), was CX05168 corroborating the cross-linking studies, the number
percentage is number distribution and is a measure derived from the mie theory, the optical
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properties of the particles are needed to determine this figure and number distribution is
used to report relative amounts of each peak. When setting the machine up number
distribution is chosen, this is due to each patrticle size differing due to monomer, dimer and
multimer. There is no homogeneity in the particle size Figures 3.9A and 3.9B show the

effect of the compounds on protein size for the HIV-1 subtype B and C IN, respectively.
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Figure 3. 9: Number distribution graph of the multimerisation effects of studied compounds
for subtype B HIV-1 IN and subtype C HIV-1 IN. Differential light scattering assay was
utilised to determine the number distribution of each protein treated with compound. (A)
and (B) show the number distribution graph for subtype B HIV-1 IN and subtype C HIV-1
IN respectively where the red peak is HIV-1 IN incubated with DMSO, the purple peak is
HIV-1 IN incubated with lovastatin, the green peak is HIV-1 IN incubated with cefdinir and
the pink peak is HIV-1 IN incubated with CX05168.
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Figure 3.9A and Figure 3.9B show the results for subtype B and C respectively. Any
readings below 1 are considered background noise, the protein in normal state of monomer,
dimer and tetramer under high ionic strength buffer is not large enough to be detected by
the Zetasizer. Poly dispersity index (Pdi) for protein with no compound was 0.287 and 0.298
for subtype B and C HIV-1 IN respectively. CX05168 had a Pdi of 0.215 and 0.312 for
subtype B and C respectively. The Pdi for lovastatin was determined to be 0.216 and 0.312
for subtype B and C respectively and lastly was 0.298 and 0.219 for cefdinir with subtype
B and C respectively. A control HIV-1 IN was incubated with DMSO and can be seen on
both graphs indicated by the red peaks and both fall below the 1 mark. Lovastatin was
incubated at 1 pM initially and no increase in multimers could be seen after a 30 minute
incubation for either subtype B or C, indicated by the purple peak. The concentration of
lovastatin was subsequently increased to 10 uM and 100 puM and still no higher order
particles could be seen. Cefdinir was initially tested at 1 uM and can be seen indicated by
the green peak. No multimerisation was seen for either subtype. The concentration was
subsequently increased to 10 uM and 100 uM with no effect. Once again in stark contrast
CX05168 showed an increase in particle size when incubated at a concentration of 1 pM
with HIV-1 IN and read over the 30 minute period. Over the course of the 30 minute period
a gradual increase in size can be seen until at the 30 minute mark, indicated by the pink
peak, HIV-1 IN with CX05168 can be seen between 100 -1000 d.nm™ for both subtype B
and C.

3.2.3 Differential scanning fluorometry

The stabilizing effects of CX05168, lovastatin and cefdinir on the protein was tested by DSF
using RT-PCR to show real time melt curves (Figure 3.10A and 3.10B show the melt curves
for the subtype B and C IN, respectively) and samples were subsequently checked on a
spectrophotometer to ensure no aggregation was occurring. The melting temperature of
HIV-1 IN subtype B treated with DMSO, lovastatin and cefdinir is 45°C and with HIV-1 IN
subtype C treated with DMSO, lovastatin and cefdinir is 42°C. When incubated with
CX05168 the melt curve shift and the melt temperature is 54.9°C and 50.1°C for subtype B
and C HIV-1 IN, respectively.
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Figure 3. 10: Analysis of the melting temperature of HIV-1 subtype B (A) and C (B) IN in
the absence of compound (blue), in the presence of CX05168 (red), lovastatin (grey) and
cefdinir (yellow). The dotted black line represents the melting temperature for the control,
lovastatin and cefdinir and the green dotted line represents the melting temperature for
CX05168.

3.2.4 Molecular modelling

The binding model of CX05168, lovastatin and cefdinir to the CCD-CCD dimer was
predicted by molecular modelling where the compounds were docked into the allosteric
HIV-1 IN site at the LEDGF/p75 binding area. The protein databank crystal structure 2B4J
was used with the removal of LEDGF/p75 from the CCD dimer interface. The docking area
had coordinates of 5.123,-14.656, -16.456 and a radius of 7.9A. Table 3.1 shows a list of
the in silico reaction of CX05168, lovastatin and cefdinir and the predicted binding site
amino acids. Amino acids highlighted in yellow depict corresponding amino acid bonds for
all inhibitors tested. The model was trained with known LEDGF/p75 integrase inhibitors to

ensure the model was accurate.
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Table 3. 1: Binding energies determined for the interaction of CX05168, lovastatin and

cefdinir with the predicted amino acid interactions.

Compound

Binding
energy A G
kcal/mol

Amino acid

interactions

CDOCKER
energy

kcal/mol

Jain scoring

function

LibDock
scoring

function

CX05168

-5.441

GIn95,

Alal28,
Alal29,
Trpl31,
Trpl32,
His171,
Thrl74

-18.55

3.33

82.242

Lovastatin

-24.0263

Ala9s,
Alal28,
Alal29,
Alal69,
Thrl74,
His171

4.1587

1.01

65.108

Cefdinir

-11.2891

GIn95,
Tyr99,
Alal28,
Alal29,
His171,
Thrl74

-8.905

1.93

87.016
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Figure 3. 11: Molecular model of the predicted binding of compounds to the HIV-1 IN dimer
interface where LEDGF/p75 would dock. (A) Shows the hydrogen bond interactions
between CX05168 and the LEDGF/p75 binding site were predicted to be at a relative
distance less than 3A. (B) The hydrogen bond interaction of lovastatin in the LEDGF/p75
binding site was projected to be at a relative distance of 2.88A. (C) Shows the hydrogen
bond interaction of cefdinir in the LEDGF/p75 binding site was projected to be at a relative

distance of 3A. These figures were generated using Maestro 11.2, Schrodinger, 2017.

The predicted model of CX05168 shows that the carboxylic acid group forms 4 hydrogen
bonds with His171 and Thr174 (seen with dark green and light green dashed lines in Figure
3.10A. The phenyl ring showed hydrophobic bonds and pi donor hydrogen contact with
GIn9+5, Ala98 and Alal29 (seen with pink dashed lines and light green, respectively). In
addition, the chlorine was predicted to occupy the hydrophobic pocket formed by Trp131
and Trp132 indicated by dashed pink lines. The predicted model for lovastatin showed the
carboxylic acid group of the tetrahydro-4-hydroxypyran-2-one moiety formed a hydrogen
bond with Thr124 of CCD chain A (indicated by green dashed line in Figure 3.10B). The
methyl butanoate moiety was projected towards the hydrophobic pocket of Alal69 and His
171 residue of CCD chain B (indicated by the pink dashed line). The hexahydronaphthalen-
1-yl ring has hydrophobic interactions with Ala98, Alal28 and Alal29 of CCD dimer chain
A (indicated with pink dashed lines)The molecular modelling for cefdinir predicted the
carboxylic acid group and the carbonyl group of the 2-thia-6-azabicycloct-4-ene showed 4
hydrogen bonds to Thrl74 and His171 (showed by green dashed lines in Figure 3.10C).
The hydroxyl group next to the oxime moiety shows 2 hydrogen bonds to Thr174 and GIn95
(showed by pink dashed lines). The thiazole ring shown to occupy the hydrophobic pocket
of amino acids Leul02, Ala128 and Alal29 of CCD chain A (shown in pink dashed lines).
Finally, the carbonyl group of the oxime moiety formed hydrogen bonds to the Try99 of CCD

chain A (shown in green dashed lines).
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3.2.5 Hydrogen exchange mass spectroscopy

Hydrogen amide exchange experiments were conducted with full length HIV-1 subtype B
and C IN. HIV-1 IN subtype B and C were initially digested on a pepsin column and passed
through a C18 column to form peptide maps for each of the IN subtypes (referred to as Apo
enzyme). Once the peptide maps had been constructed, HIV-1 IN was subjected to
deuterium amide exchange at duration times of 10 seconds, 20 seconds, 1 minute, 10
minutes and 60 minutes — thus allowing a full spectrum of exchange (Figures 3.12 and
3.15). For all heat maps, the red areas indicate high deuterium exchange, i.e. accessibility,
whereas the blue areas indicate that the site is restricted. No shading indicates areas with
no peptide coverage. Based on the heat map, the peptide coverage of the Apo enzyme of
subtype C IN was better than the subtype B. However, sufficient coverage was seen with
both proteins for appropriate analysis (Figs 3.12 and 3.15) and for comparison to compound
treated IN. It should be noted that although A128 and A129 were not covered by the subtype
B Apo protein, once treated with CX05168 or lovastatin the area was available for deuterium
exchange. All experiments were conducted in triplicate and the maps showing the best

coverage were used for analysis.

The subtype B HIV-1 IN Apo enzyme heat map showed some areas were restricted from
hydrogen exchange (Figure 3.12). The amino acids that are important with regards to
LEDGF/p75 interaction are Leu 102, Ala 128, Ala 129, Trp 131, GIn 168, Glu 170, His 171,
Thr 174 and Met 178 (Cherepanov et al., 2005b). The amino acid Leu 102 is restricted for
hydrogen exchange in the Apo protein as well as Ala 128, Ala 129 and Trp 131 had no
peptide coverage. Glu 170 and His 171 showed exchange between 60-70%, while Thr 174
showed high exchange of more than 90%. Met 178 showed exchange between 40-50%.

Subsequently, 10 second pulses were chosen as appropriate for the compound testing with
CX05168, lovastatin and cefdinir, and the generated heat maps were compared to those of
the two Apo enzymes. Overall, there were obvious visual differences between the Apo and
IN- CX05168 and IN-lovastatin heat maps, for both subtype B and C IN as seen in Figures
3.13 and 3.16. Comparison of the accessible/inaccessible sites between the Apo protein
and compound treated protein allowed for the identification of binding or structural changes
attributed to the presence of the compound. The heat map for subtype B IN incubated with
CX05168 showed there is restriction of exchange across a large portion of the protein.
Amino acids 95, 98, 170 and 171 showed little to no exchange occurring, and amino acids
128, 129, 173 and 174 showed minimal exchange. When subtype C IN was incubated with
CX05168, amino acids 95,128, 129, 170, 171, 173 and 174 showed little to no exchange

whereas amino acid 98 had high exchange occurring. When subtype B HIV- IN was treated
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with lovastatin, an increase in exchange was seen across the protein. Amino acid A128 and
A129 showed little to no exchange and E170 and H171 showed 50% exchange. Similarly,
when subtype C IN was treated with lovastatin, amino acids E170 and H171 also showed
50% exchange. Lastly, when HIV-1 IN subtype B and C was treated with cefdinir, as seen
in Figure 3.13C and 3.16C respectively, very little reduction in exchange was seen. No
reduction in exchange was seen with any of the key amino acids listed above. The
corresponding molecular modelling figures are shown in Figures 3.14 and 3.17, confirming
the accessible vs inaccessible sites.

For the IN used in this study, there are a total of 21 amino acid differences between subtype
B and C IN, namely Asp 10 Glu, Asp 25 Glu, Val 32 lle, Met 50 Thr, Leu 100 Tyr, Leu 101
lle, Thr 112 Val, Gly 123 Ser, Thr 125 Ala, Arg 127 Phe, Lys 136 Gly, Lys 156 Phe (this is
the solubilisation mutation), Val 201 lle, Thr 219 lle, Asn 233 Asp, Arg 270 Lys, Asp 279
Ala, Ser 281 Cys, Ser 284 Gly, Arg 285 Gly and Asp 287 Asn. Heat maps showing an
overlay of common peptides for deuterium exchange between subtype B and C IN with
different compounds were constructed; areas where an increase in exchange was seen in
subtypes C relative to subtype B are shown in red, areas where a decrease in exchange in
subtypes C relative to subtype B are shown in blue, and areas where little to no exchange
between subtypes B and C are shown in grey. Results clearly highlight the subtype
differences, generally attributed to an amino acid sequence difference between subtypes.

For example, in Figure 3.18 A where amino acid 120 is Thr in B and Val in C.
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Figure 3. 12: Hydrogen exchange heat map of HIV-1 subtype B integrase in absence of compound with deuteration for 10s, 20s, 1min, 10min
and 60 min. The N terminal domain and C terminal domain are labelled with the important amino acids of 128, 129, 170, 171, 173 and 174
highlighted for ease of analysis. Red areas indicate high deuterium exchange, i.e. accessibility, whereas the blue areas indicate that the site

is restricted. No shading indicates areas with no peptide coverage. The yellow lines indicate overlapping peptides.
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Figure 3. 13: Hydrogen exchange heat map of HIV-1 subtype B integrase with deuteration
for 10s treated with CX05168 (A), lovastatin (B) and cefdinir (C). The N terminal domain
and C terminal domain are labelled with important amino acids of 128, 129, 170, 171, 173
and 174 highlighted for ease of analysis. Red areas indicate areas of high exchange
whereas blue areas indicate restricted hydrogen exchange. The colour key can be found

on the right hand top corner.
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Figure 3. 14: Ribbon structure of the prepared binding site on integrase where the
compounds bind to elicit their effects. The purple globe highlights the binding site. The
deuterium exchange enzyme has been indicated with colour change depending on the rate
of exchange for each part of the enzyme in correlation to the hydrogen exchange maps.
The ribbon structure was compiled with the use of Maestro 11.2, Schrodinger, 2017. Figure
A is subtype B HIV-1 IN with no compound bound. Figure B is subtype B HIV-1 IN treated
with CX05168. Figure C is subtype B HIV-1 IN treated with lovastatin and Figure D is
subtype B HIV-1 IN treated with cefdinir.
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Figure 3. 16: Hydrogen exchange heat map of HIV-1 subtype C integrase with deuteration
for 10s treated with CX05168 (A), lovastatin (B) and cefdinir (C). The N terminal domain
and C terminal domain are labelled with important amino acids of 128, 129, 170, 171, 173
and 174 highlighted for ease of analysis. Red areas indicate areas of high exchange
whereas blue areas indicate restricted hydrogen exchange. The colour key can be found

on the right hand top corner.
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Figure 3. 17: HIV IN ribbon structure displaying the binding site for compound and the
respective deuterium exchange in the absence of a bound compound on different parts of
the subtype C HIV-1 IN enzyme (The ribbon structure of subtype B has been used as there
is no subtype C structure). The purple globe highlights the binding site. The deuterium
exchange has been indicated with colour change depending on the rate of exchange for
each part of the enzyme in correlation to the hydrogen deuterium exchange heat maps. The
ribbon structure was compiled with the use of Maestro 11.2, Schrodinger, 2017. (A) Subtype
C HIV-1 IN with no compound bound. (B) Subtype C HIV-1 IN treated with CX05168. (C)
Subtype C HIV-1 IN treated with lovastatin and Figure D is subtype C HIV-1 IN treated with

cefdinir.
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Figure 3. 18: HIV IN ribbon structure displaying the comparison of subtype B and C with the colours related to the deuterium exchange. The purple globe
highlights the binding site. The ribbon structure was compiled with the use of Maestro 11.2, Schrodinger, 2017. (A) Subtype B and C HIV-1 IN with no
compound bound. (B) Subtype B and C HIV-1 IN treated with CX05168. (C) Subtype B and C HIV-1 IN treated with lovastatin and Figure (D) is subtype
B and C HIV-1 IN treated with cefdinir.
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Figure 3. 19: Hydrogen exchange comparison heat map showing the deuterium exchange
differences between subtype B and C HIV-1 IN with CX05168 (A), lovastatin (B) and cefdinir
(C) treatment. The amino acid changes between subtypes labelled with a red X. Areas
where an increase in exchange was seen in subtypes C relative to subtype B are shown in
red, areas where a decrease in exchange in subtypes C relative to subtype B are shown in

blue, and areas where little to no exchange between subtypes B and C are shown in grey
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3.2.6 Surface Plasmon Resonance (SPR)

HIV-1 subtype B and C IN were bound to a GLH sensor chip in duplicate and CX05168 at
various concentrations was allowed to flow over the cell for a short contact time. The chip
was then regenerated and subsequently lovastatin and cefdinir were tested. When testing
CX05168, the duplicate results were comparable with one another and the chi squares for
subtype C were within the 10% range of the RU max whilst for the subtype B the chi squares
were just outside the 10% range. However, for both lovastatin and cefdinir, binding can be
seen but even at high concentrations the level of binding to noise ratio are unacceptable
for good readings. The resonance graphs for both subtype B and C can be seen in Figure
3.18A and 3.18B respectively.

Response (RU)

Response (RU)
s

-240 -200 -160 -120 -80 40 0 4 80 120 160 200 -240 -200 -180 -120 -80 40 0 <0 80 120 160 200
Time (s) Time (s)

Figure 3. 20: Surface Plasmon resonance graphs for CX05168 for concentrations 10uM,
5uM and 2uM for subtype B (A) and C (B) HIV-1 IN. The blue line represents 2uM, the
green line represents 5uM and the pink line represents 10uM.

The RU max, Kp values and Chi squares for each replicate and subtype can be seen in
Table 3.2. The subtype C IN was a better fit and the chi square falls within 10% of the RU
max for each run. The subtype B chi squares fall outside the desired 10% of the RU max

range, however results are still considered to be acceptable.
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Table 3. 2: The maximum response units (RU max), Chi square, association constant (Ka),
dissociation constant (Kq) and the equilibrium constant (Kp) of CX05168 for subtype B and

C IN.
RU max Chi square Ak, Ms™ Py s-1 Kb UM
Subtype B1* | 23.08%0.89 3832025 432x10°£041 | 2.08x10°%0.34 | 479 x 10°% 0.42
Subtype C1* | 6663464 | 4752042 327x10°£058 | 4.98x10°%0.19 | 1.57 x 10°% 0.23

*Subtype B is representative of 3 biological replicates and subtype C is representative of 3 biological

replicates.

aKa is @ measure of the speed at which the CX05168 associates with HIV-1 IN.
bKq is a measure of the speed at which CX05168 dissociates from HIV-1 IN.

3.2.7 Cellular screening

3.2.7.1 Cytotoxicity and Antiviral screening

The MT-4 cell line was used to obtain cytotoxicity and antiviral data for both subtype B and

C IN (Table 3.3). Lovastatin was found to have a CCsg value of 6.59 + 0.12 uM and antiviral
effects of 5.96 + 1.12 uM for subtype B and 5.65 + 0.22 uM for subtype C. CX05168 was
found to have a CCsp of 69.56 + 1.39 uM with ECses of 1.85 + 0.69 uM and 3.65 + 0.39 uM
for subtype B and C respectively. Cefdinir was found to be nontoxic at levels up to 200 uM
and has antiviral effects with ECsos of 45.29 + 10.30 uM and 52.62 + 7.62 UM for subtype
B and C, respectively. The basis of the MTS assay is a living cell will produce formazan

from the active ingredient in MTS and this is measurable at 490 nm.

Table 3. 3: Comparison of cytotoxicity and antiviral biological activity of CX05168, lovastatin
and cefdinir in MT-4 cells infected with HIV-1 NL4-3 subtype B and HIV-1 93IN905 subtype

C isolates.
Antiviral ECso (UM)
Compound Cytotoxicity CCso
(LM) Subtype B Subtype C

CX015168 69.56 + 1.39 1.85+ 0.69 3.65+0.39
Lovastatin 6.59 +0.12 596 +1.12 5.64 +0.22
Cefdinir > 200 45.29 + 10.30 52.62 + 7.62
Auranofin 1.15+0.1 ND ND

Raltegravir = 200 0.01 £ 0.00 0.02+£0.01
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3.2.7.2 Time of Addition screening

A TOA assay was then run. Lovastatin was considered too toxic to be tested in this assay.
In Figure 3.19A and 3.19B the results can be seen against HIV-1 subtype B and C,
respectively. CX05168 inhibited the virus up until time point 10 and then the viral p24
increased. Interestingly, the addition of cefdinir after 5 hours was not able to stop viral

production. This trend was seen against both subtypes.

Absorbance
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Time point in hours Time point in hours

Figure 3. 21: TOA results for the antiviral effects of cefdinir and CX05168 compounds at
specified time points for subtype B (A) and C (B) integrase. The blue line represents cefdinir
at 100 pM and the orange trend line represent CX05168 treatment at 30 uM. The
experiment for CX05168 was conducted in duplicate per experiment and 3 separate
experiments were conducted. Cefdinir was tested in duplicate per experiment and 12

separate experiments were conducted.

-78 -



Chapter 4



4. Discussion

The inevitable emergence of resistance to current anti HIV-1 drugs is a matter of huge
concern. Development of antiretroviral drug resistance has come to the forefront in research
and is contributed to by the error prone reverse transcription during viral replication, a
consequence of the failure to fully suppress HIV-1 replication, as well as poor patient
adherence to treatment regimens. With the surge in antiretroviral drug resistance, novel
targets for HIV-1 drug research have been investigated. One of these targets is the
interaction of HIV-1 IN with the host co-factor LEDGF/p75 (Christ et al., 2010a; Christ et al.,
2012; Kessl et al., 2012; Jurado and Engelman, 2013; Jurado et al., 2013; Le Rouzic et al.,
2013; Fader et al., 2014a; Fenwick et al., 2014).

LEDGF/p75 contains the IBD on the CTD (Llano et al., 2006; Turlure et al., 2006; Tsutsui
et al., 2011). The importance of LEDGF/p75 to the HIV-1 replication cycle has been found
to be protection of the PIC from proteasomal degradation as well as acting as a bifunctional
tether where LEDGF/p75 connects HIV-1 IN to host DNA at the correct point for successful
integration of viral cDNA into host DNA (Cherepanov et al., 2003; Busschots et al., 2005;
Llano et al., 2006).

Previously in our laboratory lovastatin (Harrison et al.,, 2014), a cholesterol lowering
medication and cefdinir, a cephalosporin antibiotic, were identified as HIV-1 IN-LEDGF/p75
inhibitors (Harrison et al., 2014). Cefdinir was of particular interest as cefixime, another
cephalosporin antibiotic, was found to have strand transfer inhibitory properties (Abrahams
et al.,, 2018). This study elucidated the modes of action of lovastatin and cefdinir, as
compared to the known ALLINI CX05168.

Prior to ligand binding and biophysical characterization studies, the recombinant HIS
tagged LEDGF/p75 and HIS tagged HIV-1 IN subtype B and C were expressed and purified
to sufficient levels for experimental use. The purification protocols for IN (Jenkins et al.,
1996) and LEDGF/p75 (Bartholomeeusen et al., 2009) had to be optimized further to ensure
greater purity, to prevent interference with subsequent assays. Following the original
protocols, several contaminating proteins were noted on SDS-PAGE and Western blot
analyses (results not shown). However, following several modifications of an additional
column and purification using an amicon with a cut off close to the protein of interest, fewer
contaminants were detected. The strand transfer ELISA (Figure 3.4) confirmed that both
purified recombinant subtype B and C HIV-1 INs were catalytically active and

conformationally intact since addition of RAL to the assay reduced activity.
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4.1 Allosteric inhibition of HIV-1 IN in the presence of DNA

The HIV-1 IN-LEDGF/p75 AlphaScreen assay showed a dose response to increasing
concentrations of CX05168, lovastatin and cefdinir, with some differences (Figure 3.5 A and
B). The CX05168 findings correlate to those of Christ et al , 2010 (Christ et al., 2010), who
showed an ICsp value of 1.37 + 0.36 pM in their Alphascreen assay in comparrison with the
ICso from our assay of 1.33 + 0.55uM, confirming the validity of our assay. However, it must
be noted that in our assay we used nickel chelating donor and acceptor bead which is
slightly unorthodox. This also opens the possibility to cross competition as HIV-1 IN is
known to multimerise and could therefore compete with LEDGF/p75 for the other bead.
Controls were in place to avoid this cross competition and as the result for CX01568 was
similar to the published findings we continued with the assay in the current form. When
viewing the slopes and inhibitory profiles, as seen in Figure 3.5 A and B, differences can
be seen between all three compounds. The use of the slope to determine clinical outcomes
is very important, for instance, if two drugs have similar ICsp values but differ greatly in
slope, the steeper the slope in protein-protein assays indicates aggregation or promiscuous
binding (Shen et al., 2008). By contrast, if a steep slope is achieved in inhibitory cell based
assays, it indicates the compound has a better chance at inhibiting the interaction at drug
concentrations that are clinically relevant (Rosenbloom et al., 2012). The steepness of the
curve is indicative of the cooperativity of the ligand binding the enzyme. The quantification
of this relationship is achieved by the Hill coefficient. The steeper the slope, the higher the
impact a small change in dose becomes (Shen et al., 2008; Rosenbloom et al., 2012). With
each drug class the slopes differ, for example NRTIs and INSTIs have Hill coefficient values
of 1. However, NNRTIs have a Hill coefficient of more than 1.7. It should be noted that Pls
can have slopes reaching 4.5, which is significant since Pls can be used as monotherapy
(with a high genetic barrier to resistance) unlike the other antiretroviral drugs (Shen et al.,
2008). ALLINIs have been shown to have slopes greater than 1 (Jurado et al., 2013; Kessl
et al., 2011).

CX05168 shows almost full inhibition of HIV-1 IN activity, with a steep slope with the Hill
coefficient determined with use of Origin 8.1 to be 3.63 £ 1.67 for both subtypes B and 3.76
+ 1.72 for subtype C IN (Figures 3.5A and 3.5B). With reference to a steep slope being
indicative of aggregation (Shen et al., 2008) this rings true for CX05168 as based on
previous research HIV-1 IN in the presence of ALLINIs initially have ordered aberrant
multimerisation that later becomes unordered aggregation. This Hills slope indicates a
potent inhibitor and full agonist. The lovastatin slope is vastly different - full inhibition was

never reached and the slope was less steep. The Hill coefficient for lovastatin was
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calculated to be 1.81 + 0.34 for subtype B and 1.98 + 0.37 for subtype C IN. A Hill co-
efficient of more than 1 indicates positive cooperativity, however the failure to reach full
inhibition is indicative of a weak inhibitor and partial agonist. Cefdinir like lovastatin failed
to reach full inhibition of HIV-1 IN activity, however, when the Hill coefficient was calculated
it was found to be 4.48 + 1.12 for subtype B IN and 4.67 + 1.53 for subtype C IN, which is
closer to the profile of CX05168 indicating possible aggregation or promiscuous binding.
Thus, the cefdinir profile indicates a potent inhibitor and partial agonist.

It was then decided to determine how the presence of donor DNA would affect the potency
of the compounds in the AlphaScreen assay. The recombinant subtype B and C HIV-1 IN
had to be cleaved of their HIS tags so that a streptavidin bead could be used for binding to
the biotinylated donor DNA ensuring that the HIV-1 IN would then bind solely to the DNA
and not an interfering nickel bead. Overall, a significant difference in ICso values was seen
in comparison with the AlphaScreen assay in the absence of DNA, with the exception of
lovastatin as seen in Figures 3.6 A and B. There is currently no published data for I1Cso
values of CX05168 in the presence of donor DNA in the inhibition of the IN-LEDGF/p75
complex. Christ et al, 2010, showed that the presence of donor DNA prior to the addition of
ALLINIs negatively affected the strand transfer inhibitory ability of compounds. This
decrease in potency can be explained by the discovery that ALLINIs cause the aberrant
multimerisation of HIV-1 IN in the absence of viral DNA (Christ et al., 2012; Sharma et al.,
2014; Shkriabai et al., 2014). Thus, results indicate that cefdinir and CX05168 potentially

cause multimerisation of HIV-1 IN.

With this stark contrast in HIV-1 IN activity between CX05168, cefdinir and lovastatin, we
wanted to ensure these compounds were interacting with HIV-1 IN and not LEDGF/p75.
For this we used an HIV-1 IN analogue known to bind to LEDGF/p75, POGz
(Bartholomeeusen et al., 2007; Tesina et al., 2015). This AlphaScreen assay showed no
inhibition for any of the compounds, confirming that the compounds tested were binding to
HIV-1 IN and not LEDGF/p75.

With data being published that ALLINIs also affect the catalytic activity of HIV-1 IN, we then
tested the compounds through the strand transfer ELISA assay (Christ et al., 2012; Tsiang
et al., 2012; Kessl et al., 2012; Jurado and Engelman, 2013; Le Rouzic et al., 2013). Low
levels of inhibition were found with all the compounds, however CX05168 was found to
have 34.29 + 3.12 % inhibition at a single dose of 100 uM for subtype B and 32.96 + 1.29%
for subtype C. The levels of strand transfer inhibition for CX05168 have been published as
much higher with 1Csq values of 4.2 + 0.6 uM (Christ et al., 2012; Kessl et al., 2012). This is
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possibly attributed to the finding that full potency of ALLINIs against strand transfer is only
achieved if the compounds are added to HIV-1 IN before the donor DNA is present (Frauke
Christ et al., 2012; Jurado and Engelman, 2013). In the current strand transfer ELISA, the
compounds were added after the addition of donor DNA. This too could explain the
LEDGF/p75-HIV-1 IN- DNA AlphaScreen results as the DNA was pre-incubated with HIV-
1 IN prior to compound addition. However, through the use of the current method we were
able to see a clear distinction that the mode of inhibition of LEDGF/p75-HIV-1 IN by
lovastatin is different.

4.2 The allosteric inhibition effects of CX05168, cefdinir and lovastatin

on HIV-1 IN multimerisation and protein stability

In early 2012, Kessl et al., published findings that illustrated the ALLINIs abilities to cause
aberrant multimerisation of HIV-1 IN (Kessl et al., 2012). In their study, they developed a
homogenous time resolved fluorescence (HTRF) assay to observe the HIV-1 IN-IN
interactions. The basis of this assay is that if a compound inhibits the HIV-1 IN-IN interaction
the HTRF signal would decrease. If the addition of a compound then stabilises the protein
subunits of HIV-1 IN, the HTRF signal would increase. They tested CX05168 and BI1001,
and found a dose dependent response, as indicated by the increase in HTRF signal,
whereas the RAL signal remained unchanged even with increasing doses. They also
evaluated the thermal stability of the interaction by monitoring the protein melting
temperature at increasing concentrations. Both CX05168 and BI1001 showed increases in
temperature with increasing doses of compound but the melting temperature remained the
same with RAL treatment. They deduced that ALLINIs increase the HIV-1 IN
multimerisation by stabilising the HIV-1 IN-IN subunit interactions. These findings were
confirmed with similar studies by Tsiang et al., and Christ et al., that displayed that although
these compounds bind allosterically they still have a profound effect on the catalytic activity
of the IN enzyme (Christ et al., 2012; Tsiang et al., 2012).

CX05168, cefdinir and lovastatin were tested in two separate HIV-1 IN multimerisation
assays. Using a cross-linking assay, it was evident that addition of lovastatin did not result
in the formation of HIV-1 IN dimers or higher order tetramers and there was no decrease in
the intensity of the HIV-1 IN band at 32kDa (both subtype B and C) as seen in Figure 3.8
A and B. Interestingly, when HIV- 1 IN subtype B was treated with cefdinir a light or faint
band was seen between 150 and 250kDa, however, there does not appear to be any
decrease in intensity of the band at 32kDa; if there are multimerisation effects they are

minimal at best. When looking at the results for subtype C HIV-1 IN, no higher order bands
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were visible nor any reduction in the intensity of the band at 32kDa. The difference between
subtype B and C IN-LEDGF/p75 was also seen in the ICsq values for cefdinir, however at
this point we cannot differentiate if there was multimerisation with subtype B HIV-1 IN. By
contrast, CX05168 displayed vastly different results, with both subtype B and C HIV-1 IN
displaying higher order bands seen between 50 and 75kDa as well as 100-250kDa, with
almost no monomers of HIV-1 IN seen at 32kDa. The intensity of the bands could also
indicate many higher order multimers that could perhaps not migrate through the SDS-
PAGE gel due to aggregation.

Because the cross-linking assay had not been used previously for HIV-1 IN multimerisation
assays, we performed a recently published assay to study the multimerisation effects using
a Malvern Nano series zetasizer (Kessl et al., 2016b). Each compound was also run in the
absence of protein to ensure that the increased size is not due to interference of the
compound and is correctly attributed to the multimerisation of HIV-1 IN. It must be noted
that when in the presence of an inhibitor that causes abberant multimerisation, the
multimerisation is initially ordered and then cascades into unordered aggregation. These
results confirm our findings from the cross-linking study that lovastatin and cefdinir have no
effect on multimerisation of HIV-1 IN whereas CX05168 causes HIV-1 IN to aberrantly
multimerise as seen in Figure 3.9. Christ et al utilised an AlphaScreen assay to determine
the multimerisation effects of ALLINIs on HIV-1 IN subtype B (Christ et al., 2012). In their
study they determined ICso values for each of their compounds showing improvement in
each change in structure. The ICso values were found to be 1,134 + 63 nM, 309 + 118 nM
and 123 £ 1 nM for CX05168, CX05045 and CX14442, respectively.

To determine the stabilisation effects of the compounds on HIV-1 IN we used a differential
scanning fluorometry (DSF) assay similar to Christ et al (Christ et al., 2012). We were able
to monitor the melting temperature of the protein in the absence and presence of the
compounds and determine if the compounds have any stabilising effects. If the compounds
stabilised the HIV-1 IN-IN subunit interactions the melting temperature would increase as
described by Christ et al. If the compound had no effect or destabilised the protein either
no change in melting temperature or decrease in melting temperature would be seen. When
the recombinant HIV-1 IN was incubated with DMSO in the absence of compound the
melting temperature was approximately 45°C and 42°C for subtype B and C HIV-1 IN,
respectively. As expected from our previous experiments, when lovastatin and cefdinir were
added no change in melting temperature was seen, even when we increased the compound
concentration to 30 pM. This was the case for both subtype B and C HIV-1 IN (Figures

3.10A and 3.10B). The results for lovastatin and cefdinir are similar to those of Kessl et al
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where RAL shows no effect on the melting temperature of the complex but it is known to
bind to HIV-1 IN By contrast, an increase in meting temperature was noted with CX05168
incubated with HIV-1 IN subtype B and C, with a 9.9°C increase from 45°C to 54.9°C, and
an increase of 8.1°C from 42°C to 50.1°C, respectively. This confirms the stabilising effects
that CX05168 has on the HIV-1 IN-IN interaction. This is also the first experiment where we
see a slight difference in the effects of CX05168 between these two subtypes where it
appears to have a slightly more stabilising effect on subtype B than C HIV-1 IN.

4.3 Allosteric integrase inhibitors induce distinct effects on the HIV-1
IN CCD

In 2005, Cherepanov and co-workers published the crystallographic data for the interaction
of the HIV-1 IN CCD dimer and LEDGF/p75 (Cherepanov et al., 2005). This data was
invaluable in determining the exact interaction points between the proteins and has enabled

researchers to develop small molecules to inhibit or abolish the interaction.

The crystal structure shows a CCD dimer interface and a pair of LEDGF/p75 proteins that
bind at the CCD-CCD interface (Figure 1.9). When determining which amino acids are
important for the interaction, the crystal structure shows that the lle 360 from LEDGF/p75
projects into a hydrophobic pocket made up of Leu102, Ala128, Ala129 and Trp132 of HIV-
1IN chain B and Thr174 and Met178 of HIV-1 IN chain A. Amino acids Phe406 and Val408
obstruct the solvent from accessing the Trp131 of the HIV-1 IN chain B. It was found that
the amino acid Asp366 of LEDGF/p75, which creates a hydrogen bond with the main chain
amide of Glul70 and His171 in IN chain A, is crucial for the binding of HIV-1 IN and
LEDGF/p75 (Cherepanov et al., 2005). If a mutation takes place here, the HIV-1 IN-
LEDGF/p75 interaction is completely abolished. The backbone amide group of [le365 forms
a hydrogen bond with the backbone carbonyl group of GIn168 in chain A and Thr125 in
chain B of HIV-1 IN. Several publications of mutational studies have identified crucial amino

acids to the functioning of ALLINIs, and these are discussed below, where relevant.

Molecular modelling was conducted on all three compounds with the use of BIOVIA
Discovery Studio 4.0 package. The CCD dimer-dimer interaction with LEDGF/p75 protein
data bank code 2B4J was prepared and enabled us to predict the interacting amino acids
for each compound. It also enabled us to gauge the tightness of the fit with use of the
CDOCKER energy scores. The modelling findings for CX01568 (Figure 3.11A) found that
the carboxylic acid group formed hydrogen bonds with His171 and Thr174, correlating with
the crystallographic data for CX05168 (Christ et al., 2010), confirming the accuracy of the
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model. The phenyl ring showed hydrophobic interactions with GIn95, Alal28 and Alal29.
The chlorine atom was predicted to occupy the hydrophobic pocket formed by Trp131 and
Trpl32. CX05168 was found to have a CDOCKER energy of -18.55 kcal/mol (Table 3.1).
The more negative a CDOCKER energy is found to be, the tighter the bind is. The
correlation of the molecular modelling findings and the crystallographic data for CX05168
gave us confidence in our model. During the molecular modelling studies common amino
acid linkages across all 3 inhibitors were found to be Alal28, Alal129, His171 and Thrl74.
Overall, the model predicted that CX05168 is the best binder to integrase, followed by

cefdinir and lovastatin with the lowest binding affinity.

Amide hydrogen exchange with deuterated water has been found to be a practical tool in
determining protein structure (Tadeo et al., 2007). Nuclear Magnetic Resonance (NMR)
has been used coupled with hydrogen exchange for short protein chains to measure the
proton exchange (Tadeo et al., 2007). Hydrogen exchange coupled with mass
spectroscopy allows for the study of larger proteins. Hydrogen exchange requires relatively
low amounts of proteins, it is also well suited to those proteins that are difficult to crystalize
(Mondal et al., 2016). When analysing the data obtained from hydrogen exchange careful
consideration is needed due to the fact that the exchange rate can be altered not only by
steric shielding but also by allosteric conformational changes (Konermann et al., 2014).
Another point to be considered is the possibility of increases in exchange in some areas
due to binding (Sowole and Konermann, 2014). Hydrogen exchange is well suited for the
discovery and analysis of allosteric inhibitors. Hydrogen exchange was previously used to
determine the long range conformational changed of the Hep C viral RNA dependent RNA
polymerase when inhibitors were introduced (Deredge et al., 2016). It was also used to
determine the ligand binding on estrogen receptor alpha that allowed for mechanistic
insights and further confirmed results obtained from crystallography (Srinivasan et al.,
2017). Hydrogen exchange was also used to determine the binding sites of ligands to IL-
17A 2 which showed a destabilization of the a-helical region which further explained why
the authors could not co-crystallise IL-17A with the ligand (Espada et al., 2016).

When comparing the molecular modelling findings with our hydrogen exchange data, as
seen in Figure 3.13A, GIn95 exchange is drastically reduced in contrast to high exchanges
without CX05168. Alal128, Alal29 show moderate exchange, and these amino acids do not
directly bind with CX05168, as CX05168 sits against these amino acids, however this area
was not available for exchange in the Apo protein thereby indicating a structural change
that allows this area to open for exchange upon CX05168 binding. Glul170 and His171
showed drastic reduction in exchange to almost no exchange when treated with CX05168

whereas in the ligand-free protein there was moderate to high exchange, which correlates
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with the molecular modelling data. GIn168 has low exchange in contrast to moderate to
high exchange in non-treated protein. These findings correlated with the crystallographic
data previously reported by Christ et al and therefore gave us confidence in our
methodology and research findings (Christ et al., 2010). The DDE triad is only affected by
a slight structural change from the Apo protetin whereby D64 is unavailable for exchange
whereas in the Apo protein there was low exchange and E152 increases to high exchange.
Other areas of interest that have reduced exchange in comparison to the Apo protein are
Glu29 - Asp4l, Asp55 — Leul02. This area contains the first aspartic acid of the DDE triad
active site motif showing binding or structural change to part of the catalytic site. Overall,
with all the changes taken into account it is clear that there are major structural changes to
the protein as a whole upon the addition of CX05168 indicating allosterism.

When HIV-1 IN subtype B was treated with lovastatin (Figure 3.13B), the same coverage
was seen as with CX05168, with two exceptions; lovastatin had coverage over Phel81 —
Phe224, and Lys273 — Asp288, whereas the CX05168 and Apo protein had no coverage
across the two areas. When comparing the hydrogen exchange maps looking at the
important LEDGF/p75 interacting amino acids, Glul170 and His171 show shows a slight
reduction from in exchange seen in the untreated protein which correlates with the
molecular modelling findings. These amino acids have been found to be crucial in the
published data for ALLINIs (Christ et al., 2010; Christ et al., 2012; Kessl et al., 2012; Le
Rouzic et al., 2013; Sharma et al., 2014). Hydrogen exchange at Ala128 is below 10%, and
in addition Tyr99 — Trp131 has low exchange, these two sites appear to be important for
lovastatin binding. The area spanning Alal04 — Asn120 in CX05168 shows high exchange
as well as in the Apo protein which is in contrast to lovastatin indicating that for lovastatin
this is direct binding or a structural change. Other areas of interest are single amino acid
interactions with very low exchange seen at Ala21, Asn27, Asp41 indicating these are direct
binding sites. The biggest area of interest is Tyr99 — Trp131 which includes the Aspl116
amino acid that forms part of the DDE triad, Tyr99 — Trp131 is completely reduced for
exchange indicating a possible structural change preventing deuterium exchange at this
point. Based on the hydrogen exchange heat maps it appears that the binding of lovastatin
differs from that of CX05168. Overall less reduction in hydrogen exchange was seen for
lovastatin, however a large amount of reduction was seen in comparison to the control
protein.

Cefdinir binding did not correlate with molecular modelling nor our other findings thus far.
The results were markedly different from both CX05168 and lovastatin (Figure 3.13C).
Overall, the level of hydrogen exchange reduction was very low, showing little to no binding

and the cefdinir heat map appears to mimic the Apo protein, and however there are some
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differences. This is possibly due to insufficient inhibitor addition or possibly needed longer
deuteration time than the 10 seconds that was used. Interestingly, the amino acids Phel121
— Alal33 have no coverage which is also seen with Alal05-Phel21, which is in contrast to
the Apo protein, CX05168 and lovastatin bound HIV-1 IN. Lys103 — Leul04, Phel81 —
His183, 1le208 and Phe223 show drastic reduction in exchange when compared to the Apo
protein indicating binding sites. None of the key amino acids seem to be affected with
cefdinir. The DDE triad is completely unchanged when cefdinir is bound or present
according to our HDX data

The unbound (Apo) HIV-1 subtype C IN showed similar deuteration as subtype B. All the
important amino acids for LEDGF/p75 interaction were available for analysis with the
exception of Trp132. Currently, there is no crystal structure of the HIV-1 subtype C CCD
with CX05168, and as such the results are compared with the findings for subtype B.
However, so far there have been indications of differences in the stabilising effect of
ALLINIs on subtype B and C HIV-1 IN.

When the subtype C HIV-1 IN is treated with CX05168, as seen in Figure 3.16A, there are
numerous differences between the Apo protein and the treated protein. Cys40 shows a
30% reduction in exchange as opposed to the Apo protein. This amino acid is in the NTD
and is part of the HHCC motif that coordinates the zinc atom for DNA binding. Asp65, the
first aspartic acid of the DDE triad active site motif has high exchange in contrast to the low
exchange in the Apo protein, indicating this region is then opened up. Arg107-Alal33 shows
complete reduction in the hydrogen exchange, which is in contrast to the control protein
with the important amino acids of Ala 128 and Alal29 found within this region as well as
Aspl116 of the DDE triad. Val150 - GIn177 exchange shows a vast reduction in exchange
where amino acids at Glu170, His171, Lys173 and Thr174 all show binding by CX05168 in
accordance to crystallographic data of subtype B HIV-1 IN. Asn181 — Gly197 and Ala205
- Glu212 both show high exchange in the control protein but very low exchange in treated
protein, this indicates that these areas have possibly undergone a structural change
causing an isolating of these areas. Overall the binding sites shown by the crystallographic
data of HIV-1 subtype B IN with CX05168 also correlate with HIV-1 subtype C IN. Where

structural changes in the protein are seen in correlation with allosterism.

Very few changes between subtype B and C were seen when treated with lovastatin, as
seen in Figure 16B, with the exception of Alal28 and Alal29 where in subtype B there was
little exchange in this area, in subtype C this area has high exchange and may be due to a

structural change with the amino acid change of Argl27 to Lys127 in subtype C. This
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correlates with the other finding where there was no statistical difference between the

subtypes under the influence of lovastatin.

When looking at the cefdinir data, as seen in Figure 16C, the region of Alal24 — Vall126
has 50% exchange where the untreated protein has high exchange. This is of interest as
amino acid Thr125 is changed to Alal25 in subtype C, this amino acid has been shown to
have an effect of the effectiveness of certain ALLINIs where some ALLINIs are unaffected,
some have increased potency and others have a reduced potency (Bonnard et al., 2018).
When comparing these results with the Alphascreen results containing DNA there was a
statistically significant increase in potency of cefdinir against the subtype C assay. It was
also seen that Ala38 — Asp41 showed a vast reduction in exchange in comparison to the
apo protein and subtype B treated protein with Asp64 lying in this region. The combination
of these two changes and the Alphascreen DNA data shows cefdinir has differences in
potency against the HIV-1 IN/LEDGF/p75 interaction between subtype B and C specifically
when DNA is present.

Looking at the comparison heat exchange map for CX05168 (Figure 3.20A), there are four
areas of vast reduction in exchange. These differences in sequence could be the cause of
the difference in binding or structure between the two subtypes. Overall, there are quite a
number of exchange differences between the two subtypes when treated with CX05168
which backs up the difference seen in the DSF assay where the stabilization of the protein
by CX05168 was reduced in the subtype C protein. When comparing lovastatin and cefdinir
heat maps little variance is seen between the subtype with exception to cefdinir that has

been explained above.

Overall, when comparing subtype B and C HIV-1 IN data the largest variance is found with
binding to CX05168, and this variance appears to be due to some of the amino acid
sequence differences found between the subtypes.

4.4 The enzyme kinetics of HIV-1 IN when treated with CX05168

SPR has been used to determine binding kinetics of ligand and protein for many years.
SPR allows us to monitor the rate at which a compound/ligand associates with the protein
as well as the rate at which it dissociates from the protein. These values allow us to then
calculate a Kp value for the interaction of protein with compound/ligand. Currently, there is
no published kinetic data available for IN binding to CX05168. We were only able to obtain
binding curves for CX05168 (Figure 3.21A and Figure 3.21B for subtype B and C HIV-1 IN,
respectively), since when testing lovastatin and cefdinir the noise to binding response was

too high for accurate readings - an indication of the low binding affinity for these compounds.
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This is backed up by the molecular modelling for lovastatin as well as the hydrogen
exchange for cefdinir, once again a much higher concentration is possibly needed to
determine accurate binding. For fitting purposes we used the Langmuir method. For
CX05168 -subtype B HIV-1 IN, the chi square values were outside of the desired 10% range
of the RU MAX, however we still considered these fittings to be acceptable. For subtype B
HIV-1 IN, the CX05168 Kp was then determined by dividing the association reaction by the
dissociation reaction and was found to be between 4.19 x 10 M and 5.12 x 10°® M (Table
3.2), which is within the range of the determined ICs values for our subtype B AlphaScreen
assay. The chi squared for subtype C IN- CX05168 were all within the desired 10% range
of the RU max indicating a good fit. The rate at which CX05168 bound to HIV-1 IN subtype
C was found to be between 2.66 x 10* Ms™ and 4.05 x 10* Ms™. The rate at which CX05168
dissociates from HIV-1 IN subtype C was determined to be between 4.73 x 10° s* and 5.19
x 10° s, This allowed for the Kp to be determined and was found to be between 1.25 x 10-
®> and 1.78 x 10° M which is quite different from the ICs, values determined in our
AlphaScreen assay, however they correlate with the HXD data that showed reduced
binding for subtype C IN. Overall, when looking at the HXD data and the SPR data there
appears to be a reduction in the binding of CX05168 to HIV-1 subtype C IN in accordance
to our findings in the DSF assay. Our inability to obtain SPR data for lovastatin and cefdinir
is perhaps an indication that the compounds bind with less affinity to HIV-1 IN which is also

in accordance with findings made in the molecular modelling and HDX.

4.5 Cytotoxic and antiviral effects of CX05168, lovastatin and cefdinir

Cellular studies of ALLINIs have shown the inhibition of HIV-1 replication through the
integration step and that the most potent effects are found in the later phases of the HIV-1
replication cycle (Christ et al., 2012; Le Rouzic et al., 2013). The ALLINI compounds cause
HIV-1 IN to multimerize internally which results in defective particle maturation (Christ et
al., 2012; Le Rouzic et al., 2013). The resultant progeny virus is then immature and is

defective for second round infection (Christ et al., 2012; Le Rouzic et al., 2013).

Cytotoxic testing is important to see how the test compounds affect mammalian cell lines
but is also very important to determine that any antiviral effects of the compound are wholly
due to the compounds effect on the virus and not due to cell death. All compounds were

tested in a dose response manner ranging from 200 pM to 0.3 pM.

In a previous study, lovastatin was found to be extremely toxic during in vitro studies - we

confirmed these results, as well as conducting antiviral testing against both subtype B and
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C viruses (Harrison et al., 2014). In agreement with previous findings, the CCs values for
lovastatin was found to be highly toxic in MT-4 cells (Table 3.3). Thus, the cellular toxicity

of lovastatin prevented us from pursuing further cellular studies.

CX05168 is well documented for cytotoxicity and viral inhibition data (Christ et al., 2010;
Christ et al., 2012). In our experiment the CCs data was found to be 69.56 + 1.39 uM and
the ECso for subtype B to be 1.85 +0.69 pM in agreement with previously published data
(Harrison et al., 2014). By contrast, the ECs for HIV-1 subtype C IN was 3.65 + 0.39 uM,
which correlates with our other findings where CX05168 does not appear to be as effective
against HIV-1 subtype C.

For cefdinir we have no previous data for comparison. In the current study, we found cefdinir
to be non-toxic at levels up to 200 uM. In the antiviral assay, cefdinir had an ECso of 45.29
+ 10.30 pM against HIV-1 subtype B and 52.62 + 7.62 uM against HIV-1 subtype C which
is the opposite of the Alphascreen assay with DNA as cefdinir was more potent with the
subtype C assay, however this finding is backed up by the hydrogen exchange data.
However, cefdinir proved to be problematic in the antiviral assays, as seen by the large
standard error values, the effects of cefdinir varied extensively, where some assay showed
no inhibition. The results reported here are from 12 independent experiments and two
statistical duplicates. Results correlate with the SPR data, which showed that cefdinir is a
poor binder, and this is likely attributed to a lack of specificity or the compound has solubility

issues.

Following the results of the antiviral assays, we decided to perform a TOA assay to see
where CX05168 and cefdinir elicit their antiviral effect. There is no TOA data available for
CX05168 but there is TOA data for the structurally improved compound CX14442 (Christ
et al., 2012). Mohammadi et al. (2013) did a time study for each phase of the viral lifecycle
to determine what steps in the replication process were occurring at what time point post
entry. It was found that early reverse transcription occurred from 3 hours until 22 hours, and
late reverse transcription occurred from 5 hours until approximately 14 hours. The LTRs
formed from a 7 hour point until the end of the 24 hours cycle with integration starting from
hour 8 and was estimated to go up to hour 34. Finally, new virion release was evident from
18 hours post infection (Mohammadi et al., 2013). During our tests CX05168 displayed a
similar pattern (Figure 3.22A and 3.22B) as the published data for the improved compound
CX14442 (Christ et al., 2012). The compound exhibited an inhibitory effect on the virus until
approximately 10 hours post infection, and then viral replication was evident when

compound was added after 10 hours of infection, in line with what is expected with an
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integrase inhibitor. Once again with cefdinir we did not obtain consistent results (6
independent experiments with two statistical duplicates) likely due to poor binding or
solubility problems. Nonetheless results show inhibition at two hours post infection, relating
to early inhibition of the reverse transcription step. A slight increase in viral replication is
seen when compound is added at four hours post infection, and then an increase in viral
replication is noted between 4-9 hours, relating to the end of the reverse transcription step.
This is followed by no/low viral replication when compound was added at 10 hours post
infection, correlating to the beginning phases of integration. The virus is then fully replicative
when compound was added at 11 hours post infection. This trend was consistent for both
subtypes and is indicative of a reverse transcriptase inhibitor. Overall, from the data we can
conclude that CX05168 behaves as a traditional ALLINI whereas cefdinir appears to
behave as a reverse transcriptase inhibitor. Lovastatin could not be studied further.

4.6 Conclusion

The known ALLINI CX05168 showed inhibition of the HIV-1 IN/LEDGF/p75 interaction in
both the assay including cDNA and the one without, however a marked difference in
inhibitory effect was seen in the presence of cDNA. The slope of the curve indicates
aggregation or promiscuous binding but us a potent inhibitor and full agonist. CX05168
shows moderate strand transfer activity inhibition in contrast to published literature. This is
due to the order of addition of components in the assay used. Where if DNA is present prior
to the addition of inhibitor the effects of the inhibitor are vastly reduced. It was clear that
CX05168 cause aberrant multimerization as seen in the cross linking studies as well as the
DLS data and was further confirmed when the DSF data showed the stabilising effects the
inhibitor has on the subunit interaction by an increase in melting temperature of the protein.
This finding was also backed up by the steepness of the slope in the protein-protein assay
which indicated aggregation of protein. It was clear at this point that CX05168 had a
reduced effect on the subtype C virus where the increase in melt temperature was not as
strong for the subtype C protein. HDX data obtained showed there was a difference in
binding between the 2 subtypes confirming the DSF results. SPR results correlated with
our AlphaScreen findings and once again corroborated the difference in binding between
subtype B and C with CX05168 showing a decrease in binding with the subtype C protein.
During the cellular studies it was found that CX05168 does have a decreased inhibitory
effect on the subtype C virus and with the TOA data this clearly indicates that CX05168
behaves as a traditional ALLINI in both subtypes.
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Lovastatin was unaffected by the presence of cDNA in the AlphaScreen assay and showed
good inhibition in both assays. The slope of the curve indicates cooperative binding but a
weak inhibitor and partial agonist. No evidence of multimerization effects were seen in both
assay and this was confirmed in the DSF assay where no increase in melting temperature
was seen in either subtype. Some differences were seen in the HDX data between the
subtype B and C but overall the binding was similar. However the binding areas were
different between lovastatin and CX05168 where definite binding can be seen by lovastatin
but there are less structural changes in the protein. SPR data was non-conclusive as the
noise ratio was too high to differentiate the protein inhibitor complex this confirms the
findings of the molecular modelling indicating that lovastatin was a weak binder. Cellular
data could not be obtained due to the high toxicity of lovastatin and therefore the
conclusions we can draw are based on few experiments. Lovastatin acts as a cooperative
binder to HIV-1 IN disrupting the HIV-1 IN-LEGDF/p75 interaction with no effects on
multimerization. No large differences are seen between the 2 subtypes studied.

Cefdinir showed a decrease in inhibitory effect in the Alphascreen with DNA present the
same as CX05168. This slope indicates aggregation or promiscuous binding but is seen as
a potent inhibitor but partial agonist. A difference in subtype B and C was seen where
cefdinir was more potent against the subtype C protein. However in contrast to CX05168
no effects on multimerisation or stabilisation could be seen in either subtypes. Hydrogen
exchange data showed very few spots of contact between cefdinir and the protein however
binding areas were seen but no structural changes were evident. Of interest was the
reduction in exchange where Thr125 lies specifically with the subtype C protein. This area
has been indicated in potency effects of various ALLINIs. In the subtype C protein position
125 is alanine, this change in amino acid appears to make cefdinir more potent in the
subtype C virus where more binding areas can be seen in the HDX data between subtype
B and C. The SPR data confirms the poor binding seen in the HXD data where it was not
possible to obtain SPR data for cefdinir. Cellular experiments highlighted a possible
solubility problem with cefdinir which may explain the poor binding found in HDX and SPR
experiments. Several rounds of viral assays were conducted to conclude that cefdinir has
antiviral effects but less potent with the subtype C virus than with the subtype B virus which
is in contract to the protein studies. The TOA data indicates that cefdinir is a reverse
transcriptase inhibitor. Overall, it can be concluded that cefdinir inhibits the HIV-1 IN-
LEDGF/p75 interaction with no effects on stability or multimerization and behaves as a
reverse transcriptase inhibitor in the TOA experiments opening the possibility of a dual

inhibitor, effecting both integrase and reverse transcriptase.
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Future work could focus on the development of second and third generation compounds
from lovastatin and cefdinir as they show promise in their respective results. Investigation
into the reverse transcriptase activity of cefdinir as well as TEM experiments to determine
if the compounds show any effects on virion maturation as is seen with ALLINI compounds
that exact a potent antiviral effect (Le Rouzic et al., 2013; Sharma et al., 2014; Kessl et al.,
2016a).

Overall, results from this study confirm that all three compounds (CX01568, lovastatin and
cefdinir), affect HIV-1 IN activity differently. CX05168 by typical ALLINI function, lovastatin
by direct inhibition of the HIV-1 IN-LEDGF/p75 interaction and cefdinir by disrupting the
HIV-1 IN-LEDGF/p75 interaction and possible reverse transcriptase activity. The difference
seen in this study between the subtype indicate that CX05168 and cefdinir have slightly
varied effects on the subtype C virus possibly due to specific amino acid changes.
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Figure 6. 1 Standard curve for SDS PAGE gel in Figure 3.1 A for the purification and

expression of HIV-1 subtype B integrase. The X indicates the migration of the band to
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Figure 6. 3 Standard curve for western blot in Figure 3.1 C confirming the expression of
subtype B and C integrase. The X indicates the migration of the band to calculate the
molecular weight
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Figure 6. 5 Standard curve for the western blot in Figure 3.2 confirming the successful
expression of LEDGF/p75. The X indicates the migration of the band to calculate the
molecular weight
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Figure 6. 13: Hydrogen exchange heat map of subtype c integrase with deuteration for 10s treated with CX05168. The N terminal domain and
C terminal domain are labelled with important amino acids of 128, 129, 170, 171, 173 and 174 highlighted for ease of analysis. Amino acids that

have changed from subtype B are in red.
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Figure 6. 14: Hydrogen exchange heat map of subtype C integrase with deuteration for 10s treated with lovastatin. The N terminal domain and
C terminal domain are labelled with important amino acids of 128, 129, 170, 171, 173 and 174 highlighted for ease of analysis. Amino acids that

have changed from subtype B are in red.
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Figure 6. 15: Hydrogen exchange heat map of subtype C integrase with deuteration for 10s treated with cefdinir. The N terminal domain and C
terminal domain are labelled with important amino acids of 95, 98, 128, 129, 170, 171, 173 and 174 highlighted for ease of analysis. Amino acids
that have changed from subtype B are in red.
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Figure 6. 16: Hydrogen exchange comparison heat map showing the deuterium exchange differences between subtype B and C HIV-1 IN with
CX05168 treatment. The N terminal domain and C terminal domain are labelled with the amino acid changes between subtypes labelled with a

red X.
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Figure 6. 17: Hydrogen exchange comparison heat map showing the deuterium exchange differences between subtype B and C HIV-1 IN with
lovastatin treatment. The N terminal domain and C terminal domain are labelled with the amino acid changes between subtypes labelled with a
red X.
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