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Abstract

The HIV-1 integrase (IN) enzyme is an integral part of the viral replication cycle
and has no known human homologues, making it an ideal target for antiretroviral
therapy. To date, only one inhibitor of IN strand transfer activity (Raltegravir,
Isentress ™) is available for human use. However, the inevitable emergence of
antiretroviral drug resistance requires ongoing research into new/novel therapies.
There are currently no assays to screen for IN inhibitors against HIV-1 subtype C
in South Africa (and worldwide), therefore, the overall objective of this study was to
generate and characterize locally relevant, soluble, functional recombinant HIV-1
subtype C IN proteins for use in strand transfer assays. Recombinant integrase
genes, including a soluble HIV-1 subtype C mutant (05ZAFV6 with C56S, C65S,
W131D, F185D and C280S) and HIV-1 subtype C Y143C mutant (05ZAFV6
soluble with Y143C) were designed, generated and cloned in frame into pET15b.
Optimal bacterial expression conditions for the expression of these constructs as
well as an HIV-1 subtype C wild type (05ZAFV6), subtype B wild type (NL4-3), and
subtype B soluble (NL4-3 with F185K and C280S; as controls) IN, in E.coli BL21
cells were determined. All five recombinant IN were successfully purified using
nickel affinity chromatography, and subsequently used to establish a strand
transfer assay to assess their activity and their response to two well-known
integrase inhibitors, L-Chicoric acid and Raltegravir. All five recombinant IN
proteins were found to be biologically active, with INY143C (116.67%) showing
equivalent activity to INBWt (117.37%), while INCs°! (52.96%) was the lowest. The

ICs0 values of L-Chicoric acid were higher than the expected values for all five



recombinant IN, with the subtype B and C IN solubility mutations contributing to an

increased resistance to inhibition by L-Chicoric acid.

The dose responses to Raltegravir for INC"tand INBs°! were as expected, with
ICs0’s in line with published data, and the INY'43C mutant (known mutation
conferring resistance to Raltegravir) was resistant to inhibition of strand transfer

activity at all Raltegravir concentrations tested except the highest (50 pM).

Finally, methods to complex the INY'43C mutant to thiolated-DNA were evaluated,
however definitive data could not be obtained. Future work should focus on
optimization of the purification and characterization of the IN-DNA complexes.
Overall, this study has led to the establishment of functional strand transfer assays
based on HIV-1 subtype C recombinant IN proteins, and established a framework

for screening of novel HIV-1 subtype C IN inhibitors.
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1.1 Human Immunodeficiency Virus and the Global Epidemic

Acquired Immune Deficiency Syndrome (AIDS) was initially described following a
Centres for Disease Control and Prevention, USA (CDC) Morbidity and Mortality
Weekly Report (MMWR) outlining several cases of Pneumocystis carinii
pneumonia (PCP) in young “previously healthy” homosexual male patients in 1981
(1-3). Infection with Human Immunodeficiency Virus type 1 (HIV-1) was later
defined as the causative agent of AIDS (4). The virus is a primate lentivirus of the
family Retroviridae, and was discovered simultaneously by two groups in 1983
(5,6). Gallo et al. (1983) originally designated HIV as part of the Human T-cell
Leukemia Virus (HTLV) group (5), while Barré-Sinoussi et al. (1983) termed the
virus a Lymphadenopathy Associated Virus (LAV) (6), but it was eventually termed
HIV (7) in a 1986 letter to Nature. HIV quickly spread amongst the heterosexual
population (initially via intravenous drug users and hemophiliacs receiving infected

blood transfusions).

HIV targets human CD4+ T-cells (8,9), macrophages and dendritic cells (10), and
results in a severe attenuation of the immune system due to destruction of CD4+ T
cells, which ultimately leads to AIDS (11). A variety of opportunistic infections
ensues and ultimately cause the death of the patient. HIV is often not detected
early as initial symptoms are non-specific (12) so the move to test a patient relies
heavily on clinical suspicion founded by a history of possible exposure, but more
often only following the presentation of AIDS symptoms late in disease
progression (particularly in a resource limited setting). More recently, there has

been a move to perform HIV testing regardless of any clinical indicators, resulting
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in the early detection of more infections. A variety of antibody, antigen and nucleic
acid based HIV diagnostic tests are available. Infection is due to transmission by
bodily fluids (blood, semen or breast milk) and infection is most likely to occur
when transmission occurs at a mucosal surface (13), especially during sexual

intercourse.

The disease burden on the world is significant - over 33.3 million people were
living with HIV infection by the end of 2009 (14), while over 36 million people have
died of AIDS since the beginning of the pandemic. While the pandemic is globally
important, nowhere is it so pertinent as in Sub-Saharan Africa: according to the
Joint United Nation Programme on HIV/AIDS (UNAIDS), Sub-Saharan Africa has
the highest number of HIV-1 infections in the world (over 22.5 million people living
with HIV infection, representing 67% of the worlds infections), while South Africa
holds the ominous distinction of having the highest number of infections in a single
country: 5.7 million people (14). During 2009, there were at least 1.8 million deaths
worldwide attributed to AIDS, the vast majority of which (1.3 million) were in sub-

Saharan Africa.

1.2 The Biology of HIV

1.2.1 HIV Genetic Diversity

There are two types of HIV in circulation, HIV type 1 (HIV-1) and HIV type 2 (HIV-
2). HIV-1 originated following zoonotic transmission of the Simian

Immunodeficiency Virus (SIV) from the common Chimpanzee (Pan troglodytes
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troglodytes) (15). HIV-2 occurred similarly by zoonosis from the Sooty Mangabey

monkey (Cercoebus atys) (16).

HIV-1 is of greater importance due to its higher virulence and infectivity, and
reduced immune control (16). HIV-1 originated in West Central Africa, and is now
the dominant HIV type globally. HIV-2 remains prevalent mostly in West Africa
(16). HIV-1 can be further subdivided into groups M (Main), O (Outlier) (17), N
(New, Non-M or Non-O) (18) and P (19). Group M is the collective term for the
various subtypes A — F (but not E) (20,21), G — J (but not I) (22-25), and K (26).
Subtype E was found to be a recombinant between other subtypes (21,27-29), as
was subtype | (30,31). Further, there are currently 49 circulating recombinant
forms (CRF's) (Figure 1.1) (32). The different subtypes may show up to 30%

difference in their amino acid sequence (33).
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M-B western Europe late 19705/1980s Thailand ~1980s

M-B USA 1972/~1970s

M-F Argentina 1991

M-CRFO1 AE (A)

Congo river basin

HIV-1 group M HIV-2 groups A and B HIV-1 M subtype C HIV-1 subtype B HIV-1subtype B Common ancestor of
common ancestor’ common ancestor’ common ancestor®® introduced into Haiti? introduced into USA Thai subtype E7
from Haiti*?

1908 1920 1930-35 1950 1958 1963 1966 1971 1972 1985 1984-86

HIV-1 group O HIV-1 M-B (D) starts HIV-1group N HIV-1 sub-subtype F1 HIV-1subtype B’
common ancestor® todiverge in human common ancestor’® introduced into introduced into Asia®
beings? South America®

Figure 1.1: Chronology and geographical distribution and evolution of main HIV types, groups and
subtypes. Main epicenters are enlarged. Copied from: Tebit and Arts (2011) (34).

1.2.2 The Structure of the HIV-1 Virus

The structure of HIV-1 consists of a cone shaped core of capsid (CA/p24) protein,
which encloses two identical single stranded HIV-1 ribonucleic acid (RNA)
molecules (plus strand) (35). Also contained within the p24 core is reverse
transcriptase (RT/p51), integrase (IN/p32), protease (PR/p15) and RNase H
(RNH/p66) (36). PR is involved in viral maturation (37), whilst IN, RT and RNH are
all involved in the early steps of viral infection (38). Nucleocapsid (NC) protein p7
binds to viral RNA (constituting the ribonuclear portion, RNP) to prevent
degradation by RNH whilst in the virion (36). The viral core is surrounded by the
matrix (MA/p17), which forms a 7nm thick shell immediately inside of the lipid
membrane (39). The lipid membrane is derived from the host cell, and also

contains the exposed trimeric viral envelope surface glycoprotein (SU/gp120) and
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membrane associated glycoprotein gp41, which are responsible for host receptor

binding and fusion (36).

1.2.3 Genome Organisation of HIV-1

HIV-1 encodes 9 genes, flanked by identical long terminal repeat (LTR) regions
(approximately 9.7 kilobase (kb) genome) - this remarkable efficiency in gene
expression from a small genome is achieved through the use of multiple
overlapping reading frames, resulting in the transcription of the genes gag, pol,
env, tat, rev, vif, vpr, vpu and nef (32). The gag gene encodes p55 which is
processed by viral proteolytic cleavage into p17 (MA), p24 (CA), p7 (NC) and p6
(40). The pol gene codes for the gag-pol precursor protein which, when cleaved by
the viral protease, results in the proteins p15 (PR), p51 (RT), p66 (RNH) and p31
(IN) (32). The env gene codes for the precursor viral glycoprotein gp160, which is
processed by host proteases into gp120 and gp41 (41) and which subsequently
interact with each other and form a non-covalently bound gp120-gp41 trimer on
the viral envelope surface (41). The gag, pol and env genes together encode the
structural proteins of the HIV-1 genome. The tat and rev genes encode the
regulatory factors Tat and Rev that control HIV-1 gene expression (42). Rev is
encoded from the 3’ end of the tat gene, although in an alternate reading frame.
Viral Infectivity Factor (Vif), Viral protein R (Vpr), Viral Protein U (Vpu) and
Negative Regulatory Factor (Nef) are the accessory proteins and are all encoded

from individual genes, and alternate reading frames are employed here too.
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1.2.4 The HIV-1 Life Cycle

HIV-1 executes its life cycle in a fairly systematic manner, and various steps in the
process have been identified as antiretroviral (ARV) drug targets. These steps
include fusion and entry, reverse transcription, integration, transcription and
translation, assembly, and budding and maturation. Initially viral gp120 binds to
the CD4 receptor on the surface of host cells, and gp41 mediates fusion of the
viral membrane with the host cell membrane following the sequential binding of
gp120 to the co-receptor CCR5 or CXCR4 (38). Strains of virus designated R5 are
able to use the CCR5 co-receptor, which is present on dendritic cells at the sites of
mucosal infection (12,13) (as well as T cells, macrophages and microglia cells
(43)) and thus are more prevalent during the early acute stages of infection. R5
viruses are commonly termed “macrophage tropic” (12,44). X4 virus strains utilize
the CXCR4 co-receptor (12,44), are considered “T cell tropic” and subsequently

predominate during the later chronic stages of infection (44).

Upon entering the CD4+ T cell, the HIV-1 p24 core antigen disassembles, allowing
reverse transcription of the viral RNA genome to complementary deoxyribonucleic
acid (cDNA) by the viral RT enzyme (45). Immediately following this, the viral
cDNA assembles together with a number of associated viral and cellular proteins
into a preintegration complex (PIC) (45), and moves to the nucleus. There, the PIC
facilitates the integration of the viral cDNA into the host chromosome, forming a
functional provirus. This integration event is defined by two key processes: 3’ end
processing and strand transfer (see Section 1.3.3). Viral proteins are transcribed

from the integrated proviral cDNA, and assemble into new immature virions which

21



bud out of the host cell. During the budding process, these immature virions
mature into infectious virions when the Gag proteins are cleaved by the viral PR

(37).

1.3 HIV-1 IN Structure and Function

1.3.1 Structure and Domains on the HIV-1 IN Monomer

The HIV-1 IN enzyme, a 32 kilodalton (kDa) protein made up of 288 amino acids,
performs two vital functions within its role in the viral life cycle; it processes the
viral deoxyribonucleic acid (DNA) before integration and facilitates strand transfer,
thereby establishing a provirus. IN is also capable of disintegration, wherein it
facilitates the reversal of the strand transfer process, although the cellular
relevance of this process is still unknown (46). Some authors have also found a
requirement for IN in the RT nucleoprotein complex, suggesting an indirect role for
IN in viral DNA replication (47,48). IN exists as a homodimer in solution, and it is
proposed that larger functional tetramers are formed in vivo and in vitro (49,50), as

well as other non-functional higher order complexes.

The enzyme can be divided into three domains, the amino terminal domain (NTD),
the catalytic core domain (CCD) and the carboxy terminal domain (CTD). The NTD
(residues 1-50) contains the HHCC motif (histidine 12, histidine 16, cysteine 40
and cysteine 43), and a zinc finger motif which chelates a single zinc atom (51,52).
This zinc atom serves to stabilize the NTD, which in turn is required for IN-IN
interactions (53-55). The CCD (residues 51-212) contains the universally

conserved catalytic triad or DDE motif (aspartic acid 64, aspartic acid 116 and
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glutamic acid 152), a negatively charged motif which coordinates the divalent
magnesium ions at the active site by means of the carboxylates of these residues
(56-58). These divalent metal ions have been shown to be required for IN enzyme
activity (59). The CCD is responsible for binding the viral DNA ends in a sequence
specific manner (60-64). The CTD is the least conserved of the three domains
(49), and is responsible for nonspecific binding to the host DNA by means of a
motif that shows homology to SH3 DNA binding motifs. Mutational studies of
residues in this domain have shown that IN-IN interactions involving the CTD

influence integration efficiency (65).

1.3.2 Models of the HIV-1 IN Tetramer

As yet, no crystal structures of the full length HIV-1 IN protein or any multimers
have emerged. There are, however, several single domain (52,66-68) and two-
domain structures (69,70) available, and a proposed tetramer has been
assembled from this information (Figure 1.2). Complementation studies (wherein
IN enzymes with different domain mutated to be defective were subsequently
rendered active by mixing them together) showed that the functional IN enzyme
was multimeric (49,58,71,72). Since the IN enzyme processes and integrates two
viral ends, one can envision that two active sites are required to achieve this feat.
Mu transposases, which are functionally and structurally homologous to HIV-1 IN
(73), occur as functional tetramers wherein only two of the four active sites are
reactive (74,75). IN dimers assemble and associate with the viral DNA ends
(Figure 1.2 C), and these dimers are responsible for the 3’ processing reaction

(76-79). These dimers then associate to form a tetramer (Figure 1.2 A and B,
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where the blue and pink subunits are reactive) which is considered the functional

form and is capable of performing full strand transfer (65,80).

CcCcb

A o g% 5
Figure 1.2: Comparison between IN models. A and B are adapted from Wang et al. (2001) (70) (PDB
ID 1K6Y) and the colouring was changed for clarity. C is copied from Alian et al. (2009) (81). The
blue and yellow subunits in A and B are analogous to the blue and yellow subunits in C, although for
clarity the CTD regions have been omitted in A and B. The pink and green subunits in A and B
represent a second dimer, making up a tetramer. DNA binding is not shown in A and B.

Most recently, the structure of the prototype foamy virus (PFV) tetramer in complex
with its cognate DNA substrate was resolved by X-ray crystallography (82) (Figure
1.3), and this is thought to bear significance for the HIV-1 tetramer due to
structural, functional and sequence based homology between these two IN
enzymes. The model suggests a significantly different structure to that proposed
by other groups: an asymmetric tetramer consisting of two dimers is predicted, and
within each dimer the inner monomer (shown in green and blue in Figure 1.3)
binds DNA, while the outer monomers (both yellow in Figure 1.3) stabilize the
structure, contribute to activity and participate in host DNA binding (the NTD’s and
CTD’s of the outer monomers did not resolve on the electron density map). The
CCD-CTD linker is extended and occurs parallel to the NTD-CCD linker, and
together these “truss” the complex together (indicated by arrows in Figure 1.3).
While HIV-1 IN has shorter inter-domain linkers, it is thought that these can extend

to allow a similar structure in HIV-1 IN. The inner subunits in this model appear to
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control the catalytic function of the enzyme as well as tetramerization, whilst the

outer subunits have a supporting structural role.

) .

\ 30 :%‘\f(“
3 giu .«\1.‘“
\a2) S

Interdomain
linkers

7

Figure 1.3: Model of the prototype foamy virus integrase tetramer with viral DNA ends. Inner
monomers are coloured blue and green, DNA is coloured purple ad orange, outer monomers are
coloured yellow (amino terminal and carboxy terminal domains did not resolve). Arrows indicate
interdomain linkers. Source: Adapted from Hare et al. (2010) (82).

Several models for the IN-DNA interaction have been proposed (70,82-86), and in
general they agree on a few key factors. First, IN dimers bind to each of the viral
DNA ends (Figure 1.2 C), and then these come together to form an IN tetramer
(Figure 1.2 A and B, DNA not shown, Figure 1.3). Second, models for this tetramer
are constrained by the 5 base pair (bp) spacing between the integration events.
Thus the active sites that bind the DNA (one from each dimer) must be in the order
of 20 A apart in the tetramer. Third, known interactions must be accounted for,
such as the non-specific contacts between the CTD and the viral DNA (60,62) and
interactions between the CCD and the host DNA. IN has a propensity to form

higher order oligomers without bound DNA, but it has been shown that DNA
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binding induces a dissociation of these DNA-free oligomeric forms before re-
association into a tetrameric DNA complex (76). In fact, the tetrameric form cannot
bind DNA but rather must form after dimers have associated with DNA already
(78). Indeed, this characteristic has been employed in an attempt to inhibit IN
function by shifting the equilibrium towards the tetrameric form and thus inhibiting
DNA binding (87). This specific order of events has also been suggested to play a
role in substrate specificity, because the functional tetrameric complex (and hence
an integration event) will only form in the presence of two viral DNA ends which
must first associate with IN dimers specifically (79). The model of PFV IN (82)
shows elaborate IN-DNA interactions, with as much as 10 000 A2 of molecular
surface being involved, with extensive interaction taking place in the terminal
nucleotides of the viral DNA within the active site (where the DNA is shown to
diverge considerably from the native helix form). The CTD appears to make
contact with the DNA molecules associated with both dimers, which acts to

stabilize the tetramer.

1.3.3 The HIV-1 Integration Reaction

The integration reaction itself is carried out in two discrete steps (Figure 1.4). As
mentioned before first the IN enzyme dimer performs 3’ processing wherein IN
recognizes specific conserved LTR’s in the viral DNA and cleaves a GT
dinucleotide from these termini, leaving 2 bp CA dinucleotide overhangs with
exposed 3’ reactive hydroxyl (OH) groups (88,89). Subsequently, the IN tetramer
coordinates the nucleophilic attack of the host DNA by the reactive 3’ ends of the

viral DNA and ligates the viral DNA to the host DNA. Insertion of both ends (double
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end transfer) occurs at a 5 bp stagger on the host chromosome, and host DNA
repair mechanisms are relied upon to join the viral and host strands and seal the

nicks (90-94).
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Figure 1.4: Schematic representation of the in vivo strand transfer reaction. Copied from: Merkel et al.
(2009) (95). Top, the 3’ processing reaction is represented, showing the 5’ termini as filled circles. The
position of the dinucleotide cleavage is indicated by arrows. The G and T nucleotides (grey) are
removed leaving the highly conserved CA dinucleotide (in black). Bottom, the strand transfer reaction
is shown: the 3’ ends of the viral DNA are inserted into the host chromosome, and the resulting 5bp
gap is repaired by the host DNA repair mechanisms.

1.3.4 The Preintegration Complex

Following 3’ processing, the IN dimer remains bound to the viral DNA and
associates with the IN dimer on the other terminus of the viral DNA to form a
tetramer. Various viral and host proteins associate with the tetramer to form the
PIC, which serves as the functional unit for the strand transfer reaction described

above (96). The complex consists of IN and viral DNA, as well as barrier to



autointegration factor-1 (BAF) (97), heat shock protein 60 (HSP60) (98), IN
interactor 1 (INI1) (99), high mobility group protein A1 (HMG-A1) (100-102) and
lens epithelial derived growth factor (LEDGF/p75) (103-105). Viral proteins present
in the PIC are MA, Vpr, NC (p7) and RT (101). The PIC forms in the cytoplasm
and by its association with LEDGF (104) and MA (106) it moves into the nucleus
(Figure 1.4). LEDGF also plays a role in tethering the PIC to host DNA (103,107-

109).

1.4 Antiretroviral Therapy

1.4.1 Disease Progression

Following infection with the HIV-1 virus, individuals undergo disease progression
to AIDS over time (Figure 1.5). Phase | is know as the Acute Primary Infection
phase, and lasts from a couple of weeks to six months. Patients sometimes
present with flu-like symptoms, although this so called “seroconversion iliness” is
not often properly diagnosed. Patients in this phase typically have high viral loads,
as the virus is allowed to replicate uncontrolled, and there is extensive depletion of
the CD4+ T cells. Phase Il is known as the Clinically Asymptomatic Infection
phase, wherein the patient displays no outward symptoms of disease. The viral
load lowers to a “set-point” and the CD4+ T cells recover to a more normal level.
This phase may last up to 10 years, and there is a gradual decline in CD4+ T cell
numbers during this time. Phase lll is the Symptomatic HIV infection and AIDS
phase, and is characterized by a variety of opportunistic infections and cancers

associated with a decline in immune function and depletion of CD4+ T cells to
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below 20 cell/pl. Without treatment, it is unlikely that an AIDS patient will survive

for more than two years (110).

Course of HIV infection

Primary infection AIDS_ )
Seeding of lymphoid organs (O_FJPOFFUHISUC .
Dissemination infections) | 10
1000 1 +—> Clinical latency l )
d » 5
5 - ” 10° ©
= =
% 750 = 3
< - 10° §
5 <
3 500 = s Z
< ~0.1 log per year =10 €
8 rise in HIV load 2
250 1 10% >
0 /1

0 3 6 9 12 ! 12 3 4 5 6 7 8 9 10 11 12
Weeks Years

Figure 1.5: Schematic of HIV infection, Showing CD4+ T Cell Count and Viral Load as a function of
time. Source: Stevens and Papathanasopoulos (2009) (110).

1.4.2 Current Treatment Options

ARV therapy or HAART (Highly active antiretroviral therapy) has proven
successful in treating HIV-1 infected patients, and reducing the morbidity and
mortality associated with AIDS. However, the development of viral drug resistance
to ARV drugs has meant that many of the therapies are no longer effective for
treatment experienced patients (111). Further, many of the ARV therapies have
significant side effects and complex treatment strategies which affect patient
compliance to the regimen (111). HIV replication is primarily driven by three
enzymes: RT, protease and IN, and the common ARV therapies used today are
mostly small molecule inhibitors of RT and protease. There are ten protease
inhibitors (PI's) (eg. Saquinavir) (112), eight nucleoside RT inhibitors (NRTI’s) (eg.
AZT or zidovudine) (113), four NRTI combination drugs (eg. Combivir) (114,115),

six non-nucleoside RT inhibitors (NNRTI’s) (116, 120,121), two entry inhibitors;
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one co-receptor antagonist (Maraviroc) (117) and one peptidic inhibitor of viral
fusion (Enfuvirtide) (118), and one multiclass combination consisting of two NRTI’s
and one NNRTI (Atripla) (119). Because IN has no known human homologue, it
was identified as an ideal drug target. However, to date there is only a single FDA
approved drug available that inhibits IN function (Raltegravir, Isentress™). Thus,

IN is an attractive target for ongoing ARV drug discovery.

1.4.3 ARV Therapy Regimens

The current World Health Organization (WHO) guidelines for HIV treatment are as
follows: treatment commences when the CD4+ T cell count is below 350 cells/uL,
unless the patient is diagnosed with a condition from the clinical stage 3 or 4 in the
WHO Clinical Staging of Disease outline (see Appendix A), has a co-infection with
Tuberculosis (TB) or Hepatitis B Virus (HBV), or is pregnant (122). The commonly
used first line regimen consists of either zidovudine or tenofovir (both NRTI’s) in
combination with a second NRTI (either lamivudine or emtricitabine) and an
NNRTI (efavirenz or nevirapine; efavirenz is not indicated for use in pregnant
women during the first trimester). The second line involves a switch from tenofovir
to zidovudine (or vice versa based on the original regimen), maintenance of
lamivudine and emtricitabine and the addition of PI’s (azatanavir or lopinavir, in

combination with ritonavir).

In South Africa the approach is different (123): treatment generally commences
when the CD4+ T cell count is below 200 cells/pL, although in the case of co-
infection with tuberculosis (TB) or pregnancy this is adjusted to <350 cells/pL.

Further, treatment begins irrespective of the CD4 count if the patient presents with
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any condition from stage IV AIDS (see Appendix A). The current first line regimen
consists of tenofovir (unless the patient is already on a stavudine regimen) or
zidovudine (in the case of contraindication to tenofovir) in combination with a
second NRTI (either lamivudine or emtricitabine) and a NNRTI (efavirenz or
nevirapine). If the patient experiences virologic failure on a stavudine/zidovudine
regimen, the second line regimen consists of tenofovir, lamivudine or emtricitabine,
and a combination of PI’s (lopinavir and ritonavir). If the patient failed treatment on
a tenofovir regimen, the above second line therapy is used exchanging tenofovir
for zidovudine (123). Only a handful of countries employ Raltegravir in their
treatment strategies (for example Botswana and Mexico both use Raltegravir as a
third line therapy) (124), and only the United States includes Raltegravir in their
first and second line therapies (125). Raltegravir only obtained Medicines Control
Council (MCC) approval for use in South Africa in May 2011 (F Venter, Pers

comm), so it is expected that it will soon be incorporated in treatment regimens.

1.4.4 HIV-1 IN as a Target for Inhibition

IN and the strand transfer (ST) process have been deemed difficult targets for
inhibition because only two events are required to take place in every cell in order
for successful integration to occur (i.e. the integration of the two viral ends). This is
not the case for other targets, such as reverse transcription where thousands of
enzymatic reactions take place in order to carry out the viral life cycle (126). It is
known that the strand transfer reaction is the primary target in order to halt the
viral lifecycle, and not the 3’ processing reaction (127). Pommier et al. (2005)

describes four characteristics of a ST inhibitor (STI) in a 2005 review (94): firstly
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the compound should be active at the appropriate point in the viral lifecycle, which
gives a 4-16 hour window post infection. Secondly, following treatment there
should be an accumulation of 2-long terminal repeat (2-LTR) circles, which arise
when a build up of unintegrated viral DNA is circularized by host enzymes. Third,
integration and the subsequent measurable amount of proviral DNA should
decrease. Lastly, treatment should result in the selection of resistance mutations in
the IN gene, which confer lower susceptibility when induced into recombinant IN

and tested in vitro.

There are several published platforms to screen for integrase inhibitors (128-133).
PICs isolated from infected cells have been shown to catalyze 3’ processing and
the integration of two viral DNA ends into target DNA, but they are notoriously
difficult to isolate and work with. An alternative is the use of recombinant integrase.
In solution, recombinant integrase exists as monomeric, dimeric, tetrameric and
oligomeric structures (78,134). Only the tetramers are active for 3’ processing and
complete strand transfer in vivo, while dimers are capable of carrying out 3’
processing and half site integration in vitro. Furthermore, integrase exhibits low
solubility and so a combination of high salt buffers during the purification
procedure and a variety of mutations to reduce surface hydrophobicity have been
employed to enhance the yield. Unfortunately these high salt concentrations
interfere with DNA binding, making it difficult to assess the activity of integrase

when bound to DNA (81).
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1.4.5 The Development of HIV-1 Strand Transfer Inhibitors

Early attempts at identifying STI’s looked at ribozymes (135,136) and triple helix
forming oligonucleotides (137) amongst others, although none of these concepts
were tested beyond the basic science arena due to high levels of in vitro cellular
toxicity. In 1994 a breakthrough was made at the MERCK laboratories when
Hazuda et al. (1994) developed a sensitive, high-throughput, in vitro assay to
assess strand transfer (132). This allowed for high throughput screening of
potentially inhibitory compounds against recombinant IN using a shotgun
approach. This led to a host of discoveries around IN: the contributions of specific
domains to IN function, the identification of specific catalytic residues (such as the
DDE motif) and most importantly for this research, the first small molecule

inhibitors. Indeed, this assay is still in use today in the IN drug discovery pipeline.

1.4.6 Strand Transfer Assays

The first strand transfer assay to emerge was a simple electrophoretic assay (138-
140), wherein a short radio labelled donor DNA (which mimicks the viral ends) is
incubated with IN, target DNA and the required metal cofactors. The IN protein
then joins the donor DNA to a target DNA and the resulting products are resolved
on a polyacrylamide gel. If integration takes place, the products can be seen as
higher molecular weight bands. The advantage of this method is the ability to
directly visualize and quantify the substrates and products of the reaction. The
main disadvantages are the time and labour intensive nature of this assay and its

low sensitivity. Despite these disadvantages, this assay was the foundation for
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much early work in HIV IN and became somewhat of a gold standard in IN activity

studies, even today.

To monitor IN binding to DNA, surface plasmon resonance (SPR) (141) and
fluorescent anisotropy (76,134) were used. Several methods to assess DNA
processing were developed: monitoring the release of a radio labelled CA
dinucleotide (142), anisotropy using a fluorescent CA dinucleotide (77,143,144)
and the use of a fluorescent quencher on the 5’ DNA end adjacent to the
fluorescent labelled 3’ CA dinucleotide (145). Monitoring the joining reaction has
received the most attention, and the use of biotinylated DNA substrates has
proven a versatile tool in this respect. A streptavidin coated microplate (146) and
streptavidin coated magnetic beads (142) are employed to capture the reaction
products after denaturation, but this still relies on electrophoresis for quantification.
A scintillation proximity assay (SPA) was developed, wherein biotinylated anti-IN
antibodies are used to capture IN onto special SPA beads, and then radio labelled
drug compounds are screened; the SPA bead facilitates an increase in the
scintillation count due to the proximity to the drug when it is bound to IN (127). This
method is particularly amenable to high-throughput applications, although it relies
on radio active detection methods. Finally, a method was devised to measure the
amount of joining product formed without electrophoresis; using biotinylated donor
DNA immobilized on a microplate, target DNA labelled with either a radioisotope,
fluorescence or Digoxigenin (DIG) for detection using an enzyme linked antibody.

This forms the basis for the assay used in this study (described below).
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In the assay employed by (132): a 5’ biotinylated double stranded donor DNA
representing the viral DNA end is bound to a streptavidin coated microwell plate.
The biotinylated strand contains the CAGT motif at its 3’ end. Recombinant IN is
added to the microwell and binds and processes the 3’ end of the donor DNA,
resulting in the removal for the terminal GT dinucleotide, leaving behind the highly
conserved CA dinucleotide (Figure 1.6 A). Next, a labelled target DNA is added
(representing the random fragment of human DNA into which the virus can
integrate its own DNA) and by action of the IN enzyme the strand transfer reaction
takes place (Figure 1.6 B), integrating the bound donor DNA into the free target
DNA. Using an enzyme or fluorophore conjugated antibody to detect the labelled
target DNA, the amount of strand transfer can be quantified using various
calorimetric or fluorescent detection methods. In order to assess how drug
candidates may abrogate this process, compounds are added in a step before the
target DNA is added. A drop in observed strand transfer activity indicates inhibition

by that particular drug candidate.
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Figure 1.6: Schematic representation of the in vitro strand transfer reaction. Grey circles represent
streptavidin coated surface of microwell. Purple circle represents biotin label on donor DNA, with the
CA dinucleotide shown. (A) shows the first step, where the donor DNA is allowed to bind to the
surface of the plate. In (B) the integrase enzyme (green) has bound to the donor DNA, and the target
DNA has been added (molecular labels on target DNA shown as red circles). In (C) strand transfer has
taken place. Enzyme conjugated antibodies (blue and orange, D) bind to the labelled ends of the
target DNA and allow for quantification of strand transfer.

1.4.7 Early STI's and the Development of Raltegravir and Elvitegravir

Using the method described above, Robinson et al. (1996ab) studied a range of
dicaffeoylquinic acids, which showed promising results against ST (147,148). Of
these, L-Chicoric acid showed the greatest potency, with a 50% inhibitory

concentration (ICsp) of approximately 0.6 pg/ml (0.126 uM) (147). Modelling work
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with this inhibitor suggested binding took place at the active site in the catalytic
core domain (148) and it was later found that the G140S mutation conferred
resistance, further suggesting that binding occurs near the catalytic triad (149).
Other early IN inhibitors contained the B-diketo acid (DKA) motif (126). Shionogi
discovered 5-CITEP (150) and S-1360 (151) (licensed to GlaxoSmithKline as
GSK-1349572) initially, the former being the first compound crystallized in complex
with the IN CCD and the latter being the first compound to enter human clinical
trials, although neither went beyond phase 2 testing. It was later suggested that
this early model of 5-CITEP in complex with IN was not an accurate representation
(152). At Merck, L-731,988 and L-870,812 were found, but again neither went to
human clinical trials (153). L-870,810 (MERCK) was taken to phase 2 but
hepatotoxicity observed in dogs ended further development (154). In 2007 MERCK
attained FDA approval for the first IN inhibitor (an STI), Raltegravir (MK-0518,
known commercially as Isentress™), for use in treatment experienced patients
(155). In June 2009, they received FDA approval for Raltegravir as a first line
therapy (126) based on early results from an ongoing phase 3 trial (156). Shortly
after the FDA approval of Raltegravir Merck developed another lead, MK-2048,
which holds promise as a second generation IN inhibitor (157), and shows good

activity against at least four Raltegravir resistant IN mutants (158,159).

Japan Tobacco discovered another STI, JTK-303, which was subsequently
licensed to Gilead Sciences (under the name GS-9137, also known as Elvitegravir)

and has been in clinical development since 2005 (126). Phase 1 and phase 2 trials
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showed clinical promise (160,161), and phase 3 trials are currently underway

(126).

1.4.8 Modeling the IN drug interaction

In the PFV IN model by Hare et al. (2010) (82) (Figure 1.7), a proposed
mechanism of action is put forward for Raltegravir and Elvitegravir since it has
been shown that PFV is susceptible to these drugs (162). In this work it is evident
that oxygen molecules in the drug structure interact specifically with the divalent
metal ions within the active site and that the halobenzyl group common to both
drugs displace the 3’ terminal adenine of the viral DNA (Figure 1.7, panels B and
C). The drugs have intimate interactions with the 3’ CA dinucleotide of the viral
DNA and with several highly conserved amino acid residues within the active site.
Together, these effects disarm the active site of the IN enzyme and inhibit strand

transfer.

o,

Figure 1.7: Surface models of the Prototype foamy virus active site, showing the divalent metal ions
as grey spheres and drug molecules as stick models. (A) shows the active site without a drug present,
(B) shows the active site with Raltegravir (MK0518) present and (C) shows the active site with
Elvitegravir (GS9137) present. In (B) and (C) the oxygen molecules of the drug are shown in red. The
halobenzyl group projects backwards into the active site. Copied from Hare et al. (2010) (82).

1.4.9 Non-Typical Strand Transfer Inhibitors

Other more unusual strand transfer inhibitors have also been developed. Typically,

inhibitors are expected to be highly specific for their target, although several
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inhibitors exist that target both IN and RT, such as V-165 (163-165), B-thujaplicinol
(166-168) and Madurahydroxylactone and hydroxyisoquinalone derivatives
(169,170). A range of peptide based inhibitors have been studied, including the
hexapeptide HCKFWW (171-173), EBR28 (174), Integramides A and B (175,176),
Indolicidin (177-179) and Pep1 (180). The mode of action and level of efficacy of
these peptide based inhibitors varies, with the most effective in this list being the
lysine linked tetramer of Indolicidin, which inhibits both 3’ end processing and ST

with an ICsp of 0.6 uM (178).

Developing peptidic inhibitors based on the IN sequence yielded several strong
inhibitors, such as INH1 and INH5 which are based on the a1 and &5 helices of
the IN monomer (ICso’s of between 60 nM and 85 nM) (181) and K159 which was
derived from the a4 helix of IN (182,183). Following this, an antibody against the
K159 region of the IN monomer was developed with an ICsp of between 16 nM and
25 nM (184). Peptidic inhibitors based on other viral or host cellular proteins were
studied: the S6 fragment of INI1 (185-187), the IN binding domain of LEDGF (188)
and a small molecule (CHIBA-3003) that interferes with LEDGF-IN interaction
(189). Screening of a library of peptides derived from the viral genome yielded
several short peptides which have STI activity: 4268 and 4321 from RT (190),
Rev13-23 and Rev53-67 (191) and Vpr61-75 (192), of which the Vpr derived
peptides showed the greatest STI activity. Antibody based inhibitors were further
explored, following the generation of a library of monoclonal antibodies against
HIV-1 IN (193). The antibody mAb17 (194) and mAb33 (195,196) showed similar

inhibition properties, while mAb32 was around 10 fold less effective (197). Several
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oligonucleotide IN inhibitors have also been developed, with the most promising
being those that mimic the viral U5 LTR and containing 6-oxocytosine substitutions
(198,199). Unfortunately none of the compounds mentioned have progressed
significantly through clinical trials, and most have been abandoned due to low

efficacy, toxicity or the potential for side effects.

1.4.10 ARV Drug Resistance and STI’s

Unfortunately as is the case for all previous ARVs, IN inhibitors are susceptible to
the emergence of ARV drug resistance. HIV-1 uses an inherently low fidelity RT
enzyme for viral replication, and thus the incidence of mutations within the viral
genome is alarmingly high. For this reason, it is relatively easy for the virus to
acquire mutations that confer resistance under the selective pressure of ARV

treatment.

The mutations associated with resistance to IN inhibitors can be classified as
primary or secondary. Primary resistance mutations occur within the CCD of the IN
enzyme, and the three most commonly reported resistance pathways for
Raltegravir are Q148H/R/K (with or without G140A/S) and N155H (with or without
E92Q) and Y143C/R (without or without T97A) (200). All of these mutations are
relatively near the active site of the protein. There is incomplete cross resistance
with Elvitegravir, where for example Y143R/C/H mutations have no effect on
Elvitegravir susceptibility but T661 shows high Elvitegravir resistance and has no
effect on Raltegravir susceptibility (201). Secondary mutations include T66I/A/K,
S153Y and R263K for Elvitegravir resistance, F121Y, E138A/K, G140A/S and

S147G for both Elvitegravir and Raltegravir (although the latter has a greater
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impact on Elvitegravir resistance), and Y143H for Raltegravir resistance (201).
Secondary mutations do not always confer high levels of resistance on their own,
although they contribute to resistance when they co-occur with the primary

mutations.

The primary and secondary mutation combination of Q148H with G140S shows
the greatest fold resistance (greater than 1000 fold against Raltegravir and
Elvitegravir) (126). Due to the success of Raltegravir in the clinical setting and the
inevitable emergence of drug resistant strains, there is intensified global interest in
the identification of novel IN inhibitors, especially those that do not exhibit cross

resistance with Raltegravir and Elvitegravir.

1.5 HIV-1 IN-DNA complexes

A fundamental problem facing all research into IN inhibitors is the ability to
accurately model the native IN molecule within an in vitro system. As Alian et al.
(2009) (81) proposed, the IN tetramer adopts a different conformation when bound
to viral DNA. This conformational change may affect the properties of the drug
interaction, and thus may negatively influence a drug’s affinity for IN.
Consequently, the screening assays used in this study may be identifying too
many compounds that will only bind weakly in the native cellular system and thus
fail out of cell based assays, and perhaps more importantly drug candidates that
bind weakly to the non-native structure may be missed, but would be more

effective in a cell based assay which they never reach.
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As for the study of IN bound to its viral DNA, this has been greatly hampered by
the proteins low inherent affinity for DNA. Furthermore, the low solubility of the
protein requires that it be purified under very high salt conditions (1 M), which
disrupts the IN-DNA interaction and makes it impossible to purify IN-DNA
complexes. Recently work has emerged that explored the possibility of disulfide
crosslinking of proteins with DNA, by incorporating cysteine mutations within the
protein that interact with a thiolated-DNA. This technique was first explored by
Huang et al. (202) when they generated disulfide crosslinked RT-DNA complexes,
which were subsequently resolved by X-ray crystallography. Gao et al. further
explored the technique (83) but only in 2009 was it used to properly crosslink IN
with DNA for biochemical analysis (81). In this work, the authors generated an

HIV-1 IN cysteine mutant capable of covalently crosslinking with thiolated-DNA.

The HIV-1 IN construct generated in their work contained four mutations previously
shown to reduce surface hydrophobicity (69): C56S, W131D, F185D and C280S.
Interestingly, C65S was added to reduce potential reactivity with thiolated-DNA in
an unwanted manner outside of the active site. The authors then identified several
clusters of residues known to interact with or be in close proximity to the viral DNA
end within and near the active site. Their work revealed Y143C (a primary
resistance mutation) as the most promising candidate due to the high proportion of
complex formation compared with other mutations, strong strand transfer activity
and its ability to complex with blunt ended DNA as well as preprocessed DNA. The
ability to purify this IN-DNA complex allowed for strand transfer analysis in the

context of a functional IN-DNA interaction to take place, as well as other
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biochemical analyses on IN-DNA complexes. This IN-DNA complex forms stable
tetramers, catalyzes the strand transfer step, and can bind strand transfer

inhibitors.

1.6 Aims of the Study

While there is considerable effort internationally to identify novel integrase
inhibitors, those efforts have been primarily focused on HIV-1 subtype B. Local
research conducted into HIV-1 subtype C IN has been limited: research into this
field falls considerably behind international efforts and numerous assays that are
routinely practiced internationally have not yet been attempted in South Africa.
Thus the development of assays to allow for the identification of novel integrase

inhibitors is urgently required in South Africa.

Previous work conducted in our laboratory showed that expression and purification
of wild type HIV-1 subtype C IN resulted in a non-functional, predominantly
insoluble recombinant protein. It is suspected that the limited solubility of the
protein is impacting on its activity, and thus mutations which increase the solubility
of the wild type IN would simplify and enhance the purification process as well as

potentially increase the activity.

Thus, the overall aim of this study was to generate and characterize a locally
relevant, soluble, functional recombinant HIV-1 subtype C IN cysteine mutant

(INY143C) which can form disulfide bonds with thiolated-DNA for use in strand
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transfer assays to allow for the identification of novel IN inhibitors. This will be

achieved by the following objectives:

1. To generate HIV-1 subtype C IN mutant constructs containing five solubility
mutations as well as the described cysteine mutation Y143C.

2. To express and purify the HIV-1 subtype C recombinant IN.

3. To characterize and compare the functional activity of HIV-1 subtype C
recombinant IN to HIV-1 subtype B recombinant IN.

4. To assemble the IN-thiolated DNA complexes, and test their ability to

catalyze the strand transfer step of integration.
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2 METHODS
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2.1 Reagents Used in this Study

In our laboratory, pET-15b expression vectors (Novagen, Germany) encoding the
following three constructs were available: HIV-1 subtype B wild type IN (Bwt,
pINDS.His, National Institutes of Health (NIH) AIDS Research and Reference
Reagents Program catalogue number 2957, contributor Dr. Robert Craigie), HIV-1
subtype B soluble mutant IN (Bsol, pINSD.His.Sol, NIH AIDS Research and
Reference Reagents Program catalogue number 2958, contributor Dr. Robert
Craigie) and HIV-1 subtype C wild type (GBCwt, previously cloned in our
laboratory), which were used to transform Escherichia coli (E.coli) HB101, DH5«x
and BL21 cells. The Bwt IN sequence is from the HIV-1 NL4-3 isolate (203). The
Bsol is the same sequence as the Bwt with F185K and C280S mutations (203).

The GBCwt sequence is derived from the HIV-1 subtype C 05ZAFV6 IN (204).

Protein for positive controls in SDS-PAGE and Western blot experiments was
either HIV-1nL4-3 IN protein (F185H/C280S) (NIH AIDS Research and Reference
Reagents Program catalogue number 9420, contributor Dr. Robert Craigie), or

INCWt protein (available in our laboratory).

The antibodies used in the western blot experiments were mouse anti-HIV-1 IN
Monoclonal Antibody (8G4) (NIH AIDS Research and Reference Reagents
Program catalogue number 7375, contributor Dr Robert Craigie) and HisProbe-

Horseradish Peroxidase (HRP, Thermo Scientific, USA).

All oligonucleotides used in this study are listed in Table 2.1.
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Table 2.1: Oligonucleotides used in the Strand Transfer Assay and Complexation
experiments

Name Sequence Experimental use

Donor(biotin) 5’-Biotin- ACC CTT TTA GTC Strand Transfer
AGT GTG GAA AAT CTC TAG CA-
3!

5’'-ACT GCT AGA GAT TTT CCA
CAC TGA CTA AAA G-3'

5'-TGA CCA AGG GCT AAT TCA

Target(FITC) CT— FITC—3" Strand Transfer
5/-AGT GAA TTA GCC CTT GGT
CA-FITC-3'

Target(DIG) gT:ggg_g?A AGG GCT AAT TCA Strand Transfer
5/-AGT GAA TTA GCC CTT GGT
CA-DIG-3'
5'-Thio-6C-linker-ACT GCT

Thiolated-DNA AGA GAT TTT CCA CAC TGA CTA Complexation
AAA-3'

5'-Biotin-ACT GCT AGA GAT
TTT CCA CAC TGA CTA AAA G-3’

5'-Thio-6C-linker-ACT GCT

Short Thiolated-DNA AGA GAT TTT CCA CA_3’

Complexation

5'-Biotin-TGT GGA AAA TCT
CTA GCA-3'

Donor(biotin) and Target(FITC) were synthesized by Ingaba Biotechnical
Industries, South Africa. Thiolated-DNA and Short Thiolated-DNA were

synthesized by IDT, USA.

All oligonucleotides were ordered as single stranded DNA oligonucleotides (as
shown in Table 2.1). The lyophilized oligonucleotides were resuspended in Duplex
Buffer (Appendix B) to a concentration of 100 yM, and combined in equimolar
amounts for annealing. Annealing was performed using an Eppendorf
Mastercycler gradient PCR thermocycler with the following protocol: 95°C for 2
minutes, followed by 12 steps of 10 minutes each starting at 68°C and dropping by
5°C each step, and finally cooling to 4°C before storing the annealed

oligonucleotides at —20°C until required.
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The inhibitors used in the strand transfer assay included: L-Chicoric Acid (Sigma
Aldrich, Germany) and Raltegravir (NIH AIDS Research and Reference Reagents

Program catalogue number 11680, contributor Merck & Company, Inc.).

2.2 Generation of Recombinant IN Constructs

2.2.1 Design of GBC Mutant Constructs

The mutations (C56S, C65S, W131D, F185D, C280S) described in the literature
(81) were incorporated into the 05ZAFV6 subtype C wild type IN sequence using
Sequencher 4.8 software (Gene Codes, USA) to design the GBCsol construct.
Furthermore, a second construct with these same mutations as well as the Y143C
mutation was created, designated GBCY143C. The constructs were provided in
lyophilized form, cloned into pET-15b in frame with the N-terminal His-Tag with a
start codon inserted at position one to facilitate translation. Synthesis was done by
GeneArt (Germany) and the nucleotide sequences were codon optimized for

bacterial expression.

2.2.2 IN Protein Modeling

The co-ordinates for a model of an IN monomer (INBwt) interacting with the viral
DNA end were generously obtained from Miss T. Traut (Mintek, South Africa). The
IN model was manipulated using the PyMOL Molecular Graphics System (Version
1.3, Schrédinger, LLC). The amino acid differences between HIV-1 subtype B and
subtype C IN were incoporated into the model and highlighted, and the solubility
mutations of the various mutant constructs were also incorporated and highlighted.

The Y143C mutation was incoporated into the GBCsol construct, and the distance
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between the terminal 5’ adenine of the viral DNA and the C143 residue was

measured.

2.2.3 Transformation of E.coli BL21 Cells with HIV-1 IN constructs

The Bsol mutant was available in E.coliHB101 cells, so a plasmid preparation
(see 2.2.3.1) was performed to transform chemically competent E.coli BL21 cells
(see 2.2.3.3) for expression. The lyophilized HIV-1 subtype C mutant constructs
GBCsol and GBCY143C were resuspended and chemically competent E.coli BL21
cells were immediately transformed with this construct upon reconstitution (see
2.2.3.3). The Bwt and GBCwt constructs were both already available in E.coli

BL21 cells.

2.2.3.1 Plasmid Preparation

The Bsol expression plasmid was obtained from the NIH AIDS Research and
Reference Reagents Program as E.coli HB101 stocks. Recombinant plasmid was
extracted from these cells in order to transform E.coli BL21 cells for purification
purposes, as follows (205): overnight cultures were made by inoculating 10 pl of
bacterial stock into 10 ml of Luria Bertani (LB) medium containing 1X Ampicillin
(concentration 100 pg/ml; Appendix C) and incubating for 16 hours in a 37°C
shaking incubator. Glycerol stocks of these cultures were made for long term
storage as described in section 2.2.3.4. Recombinant plasmid was extracted from
the remaining culture using a GenElute Plasmid Miniprep Kit (Sigma Aldrich,
Germany) as per the manufacturer’s instructions. Briefly, two 1 ml aliquots of each

bacterial cell stock were centrifuged at 12 000 xg for 1 minute and the supernatant
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discarded. The cells were lysed, and the alkaline pH of the lysis buffer ensured the
plasmid remained in solution while a neutralization step precipitated the genomic
DNA and other cellular debris (which was removed by centrifugation). The plasmid
DNA in solution was purified using the supplied column and eluted with distilled
water following washing. The corresponding samples were combined and
quantified using a NanoDrop ND1000 spectrophotometer (Thermo Fisher

Scientific, USA).

2.2.3.2 Generation of Chemically Competent BL21 Bacterial Cells

Chemically competent E.coli BL21 and E.coli DH5x cells were prepared as follows
(206); an overnight culture of each was prepared by inoculating 10 pl of E.coli
BL21 or E.coli DH5x glycerol stock (available in our laboratory) in 10 ml LB
medium and incubating for 16 hours in a 37°C shaking incubator. A 1 in 40 dilution
of this overnight culture was made in LB medium and incubated in a 37°C shaking
incubator until the optical density (OD, measured at 600nm) was approximately
0.25 (measured on a Biowave S2100 Diode Array spectrophotometer, Biochrom,
United Kingdom). Once they were at the correct OD, the cultures were centrifuged
at 1500 xg for 10 minutes at 4°C. The supernatants were discarded and the cells
were re-suspended in 10 ml of Transformation Buffer each (Appendix C) and
incubated on ice for 30 minutes. The cells were then centrifuged at 1000 xg for 10
minutes at 4°C. The supernatants were discarded and the cells were re-
suspended in 1 ml of Transformation Buffer, from which 100 pl aliquots of each

were prepared and subsequently frozen at -80°C, until use.
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2.2.3.3 Transformation of Chemically Competent E.coli BL21

Chemically competent E.coli DH5x and E.coli BL21 cells were transformed with
each plasmid by the addition of 5 pl plasmid (using 5 pl distilled water as a
negative control and 5 pl native pET-15b vector as a positive control) to a 100
aliquot of chemically competent E.coli cells of each strain. These were mixed
gently and incubated on ice for 30 minutes. The cells were heat shocked at 42°C
for 90 seconds and spread plated onto LB agar plates containing 1X Ampicillin
(and additionally 1X Chloramphenicol for BL21 cells, Appendix C). The plates were
incubated at 37°C for approximately 16 hours. A single isolated colony of
transformed E.coli BL21 or E.coli DH5x cells was removed using a sterile
inoculating loop and subsequently used to inoculate 50 ml of LB medium
(containing both 1X Ampicillin and 1X Chloramphenicol for the former, and only 1X

Ampicillin for the latter).

2.2.3.4 Generation of recombinant E.coli bacterial cell stocks

Stocks of all recombinant E.coli cells were made as follows: 800 pl of bacterial
culture and 200 pl of sterile glycerol (Saarchem, South Africa) were mixed

thoroughly and frozen slowly at —-80°C, until used.

2.3 IN Protein Expression

2.3.1 Small Scale Induction and Optimization of HIV-1 IN Protein Expression

An overnight culture for each of the five E.coli BL21 cell stocks was made by

inoculating 10 ml of 1X Ampicillin 1X Chloramphenicol LB medium with 1 ml of
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each particular bacterial cell stock, and incubating in a 37°C shaking incubator for
approximately 16 hours. Four 1 in 40 dilutions of each overnight culture were
made, each in 20 ml of LB medium (containing 1X Ampicillin 1X Chloramphenicol),
and incubated in a 37°C shaking incubator and the OD (measured at 600nm) was
monitored (measured on a Biowave S2100 Diode Array Spectrophotometer,
Biochrom, United Kingdom). Isopropyl B-D-1-thiogalactopyranoside (IPTG,
Calbiochem, Germany) was added over a range of optical densities and the
cultures were further incubated in a 37°C shaking incubator. Expression was
optimized for various optical densities (0.4, 0.6 and 0.8), various IPTG
concentrations (0.4 mM, 0.7 mM, 1.0 mM, 1.25 mM, 1.50 mM, 1.75 mM and 2.0
mM), various harvest times (3 hours, 6 hours and 24 hours post induction) and
various temperatures (20°C and 37°C). Samples of each small scale induction
were taken for Sodium dodecyl sulfate (SDS)-Polyacrylamide Gel Electrophoresis
(PAGE) and western blot analysis. Uninduced cell cultures grown at the equivalent
temperatures and harvested at the corresponding time points were used as a

negative control.

2.3.2 SDS-PAGE

Samples were prepared for SDS-PAGE by combining a 1:1 equal volume of
induced and uninduced bacterial culture and 2X Loading Buffer (Appendix C) and
heating to 70°C for 15 minutes. Twenty microliters of prepared sample was loaded
per well, with the exception of the molecular weight marker and the positive
control, where 10 ul were loaded. The molecular weight marker used in all SDS-

PAGE experiments was the Prestained Protein Marker, Broad Range (7-175 kDa)
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(New England Biolabs, USA). The positive control was the HIV-1 NL4-3 IN Protein

(F185H/C2808S).

SDS-PAGE was carried out with a 1.5 mm 12.5% acrylamide resolving mini-gel
and a 4% acrylamide stacking mini-gel (see Appendix C) according to the
discontinuous gel method described by Laemmli (207). The Mini-PROTEAN 3 Cell
system (Bio-Rad, USA) was used to cast and run the gels. Samples were resolved
at a constant current of 10 milliamps (mA) per gel (using an EPS301
Electrophoresis Power Supply from Amersham Biosciences, United Kingdom) until
the samples had entered the resolving gel, whereupon the current was adjusted to
20 mA per gel. Gels were resolved in duplicate, where one was stained with
Coomassie Brilliant Blue staining solution (Appendix C) overnight followed by
soaking in destaining solution 1(Appendix C) for 30 minutes and destaining
solution 2 (Appendix C) until destained (208). The Coomassie images were
captured using a GelDoc (Bio-Rad, USA). The duplicate gel was used for western

blotting.

2.3.3 Western Blot Analysis

Proteins on the unstained SDS-PAGE gels were transferred using a Trans-Blot SD
Semi-Dry Transfer Cell (Bio-Rad, USA) according to the manufacturer’s
instructions. Briefly, gels were equilibrated in Transfer Buffer (Appendix C), and
then transferred onto Hybond-C Extra nitrocellulose membrane (Amersham
Biosciences, United Kingdom) at 40 mA for 50 minutes. Membranes were then
blocked with 10 mg/ml Bovine Serum Albumin (BSA) Fraction V (Roche

Diagnostics, Germany) in Tween-TBS (Appendix C) overnight at 4°C.
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A 1:10000 dilution of the HisProbe-HRP (Thermo Scientific, USA) was made in
Tween-Tris Buffered Saline (T-TBS), and 50 pl/cm?2 applied to the membrane. The
antibody was incubated statically on the membrane for 60 minutes at room
temperature. This was followed by five 7-minute washes with approximately 150
ml of T-TBS each, shaking. SuperSignal West Pico Chemiluminescent Substrate
(Pierce Protein Research Products, Thermo Scientific, USA) was used as per
manufacturer’s instructions: equal parts of the peroxide solution and
luminol/enhancer solution were combined and 50 pl/cm? was added to the
membrane and incubated statically for 15 minutes at room temperature. Western
blot images were captured using the GelDoc (Bio-Rad, USA) imaging system,
using the Live Acquire mode (60 exposures of 30 seconds each) in the

QuantityOne (v4.6.1 build 055) software (Bio-Rad, USA).

2.3.4 Large Scale Expression

Large scale expression of each of the IN recombinant proteins was undertaken
using the conditions optimized in section 2.3.1. An overnight culture for each of the
five E.coli BL21 cell stocks was made by inoculating 10 ml of LB medium
(containing 1X Ampicillin 1X Chloramphenicol) with 1 ml glycerol stock of each
particular bacterial cell stock and incubating in a 37°C shaking incubator for
approximately 16 hours. A 1 in 10 dilution of each culture was made to 1000 ml in
the same medium and incubated in a shaking incubator at 37°C until the OD
reached approximately 0.8 (measured on a Biowave S2100 Diode Array
Spectrophotometer, Biochrom, United Kingdom). IPTG was added to each culture

to a final optimized concentration of 1.0 mM and the cultures were incubated for a
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further 3 hours. Samples of the culture were resolved on SDS-PAGE in order to

confirm expression of the protein.

2.3.5 HIV-1 IN Protein Purification Protocol

Upon confirmation of IN expression from the large scale cultures, the cells were
harvested by centrifugation at 2744 xg for 30 minutes (using a JA-10 rotor in a
Beckman Optima centrifuge), and re-suspended in 10 ml Re-suspension Buffer
(Appendix C). The cells were freeze-thawed twice, and homogenized using a
Bandelin Sonopuls Ultrasonic Homogenizer HD3100 at 80% amplitude for 6 cycles
of 1 minute (1.0 second pulse, 0.5 second pause) each. The homogenized
suspensions were centrifuged at 40000 xg for 30 minutes at 4°C. The clarified

supernatant was collected for purification of the expressed recombinant IN protein.

The proteins were purified using an AKTAprime Plus purification system (GE
Healthcare Life Sciences, United Kingdom). Purification conditions were optimized
individually for the constructs expressed in 1 | of culture (GBCwt, Bwt and Bsol)
and those expressed in 9 | of culture (GBCsol and GBCY143C). Only the wash
durations were altered for the different starting culture volumes. Briefly, the
supernatant was loaded onto a 5 ml HisTrap HP column (GE Healthcare Life
Sciences, United Kingdom) at a flow rate of 0.5 ml/min with a maximum pressure
of 0.3 mega pascals (Mpa) using the AKTAprime Plus. The column was
subsequently washed with either 6 or 30 column volumes (approximately 30 ml or
150 ml) of Binding Buffer (Appendix C) respectively. A step gradient of Binding
Buffer (5 mM imidazole, see Appendix C) and Elution Buffer (600 mM imidazole,

see Appendix C) was subsequently employed to wash the column with either 6 or

56



30 column volumes each at imidazole concentrations of 60 mM, 100 mM, and 125
mM. All washes were performed at a flow rate of 5 ml/min, with a maximum
pressure of 0.3 Mpa. The protein was eluted using an imidazole gradient that
ranged from 125 mM (the final wash) to 600 mM (Elution Buffer, Appendix C) over
45 ml, collecting 3 ml fractions (all at 3 ml/min, 0.3 MPa). UNICORN v5.20
Software (Build 500) (GE Healthcare Life Sciences, United Kingdom) was used to
monitor the ultraviolet (UV) absorbance at 280 nm of the elution in order to identify
which fractions contained the protein. The HisTrap column was washed as per

manufacturer’s instructions between each use.

2.3.6 Analysis of Eluted Protein Fractions

Fractions that contained the recombinant IN protein (as determined by UV
absorbance monitoring during the purification process) were analyzed by SDS-
PAGE and western blot analysis in order to assess the purity of the fractions. All

fractions that did not contain aberrant bands were pooled and concentrated.

2.3.7 Recombinant HIV-1 IN Protein Concentration

The pooled fractions for each recombinant IN protein were concentrated using an
Amicon Ultra-15 Centrifugal Device (Millipore, USA). The filter was prepared by
adding 15 ml of Phosphate Buffered Saline (PBS, Sigma Aldrich, Germany) and
centrifuging at 3000 xg for approximately 5 minutes (until the PBS had run through
the filter). Fifteen ml of the pooled fractions was added to the filter and centrifuged
at 3000 xg for approximately 10 minutes, whereupon the flow through was

discarded and the process repeated until all the pooled fractions had been added.
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In order to exchange the buffer, five 15 ml changes with Storage Buffer (Appendix

C) were performed (also at 3000 xg, times varied).

The concentrated protein was quantified using a NanoDrop ND1000
Spectrophotometer (Thermo Fisher Scientific, USA). The molar extinction
coefficients and molecular weights were calculated using the Peptide Calculator
(v1.00) at the Center for Biotechnology, Northwestern University

(www.basic.northwestern.edu/biotools/proteincalc.html).

The percentage purity of each recombinant IN was determined by densitometry
analysis of SDS-PAGE experiments stained with Coomassie Brilliant Blue. IN
samples were diluted at a range from 100% to 65%, and combined at a 1:1 ratio
with Loading Buffer (Appendix C). Samples were resolved on Mini-PROTEAN TGX
Precast gels (4-15%, 10 wells, 30 pL, Bio-Rad, USA) as in section 2.3.2. The gels
were stained in Coomassie Brilliant Blue Staining Solution (Appendix C) overnight,
and destaining was standardized across the experiment as follows: 30 minutes in
Destaining Solution 1 (Appendix C) and four and a half hours in Destaining

Solution 2 (Appendix C).

Images were captured using a MiniBis Pro Gel Imager (DNR Bio-Imaging
Systems, Israel) and GelCapture Acquisition Software (Version 5.8, DNR Bio-
Imaging Systems, Israel). Densitometry analysis was performed using GelQuant
Pro (Version 4.1, DNR Bio-Imaging Systems, Israel) as follows: Lanes and bands

were automatically detected using software presets, and the densitometry data for
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each lane was totaled. The percentage purity of the IN sample was expressed as

the densitometry value for the IN band as a percentage of the entire lane:

% Purity = (IN density)/(sum of all densities) X 100

The specific concentrations (in mg/ml and pM) were calculated for each protein

using the following formula:

Specific concentration = % Purity X Concentration

2.4 Strand Transfer Assay

2.4.1 Functional Strand Transfer Assay

Two variations of the standard strand transfer assay were conducted using two
different labeled target DNAs, and the differences are indicated where appropriate.
The assay was performed as follows: Donor(biotin) DNA (table 2.1) was added to
each well of a streptavidin coated microplate (R&D Systems, USA) at a
concentration of 0.14 puM (100 pl per well) and incubated while shaking at 150 rpm
at 22°C for 1 hour. The wells were aspirated and washed briefly three times with
350 pl PBS. Each recombinant IN protein to be tested was diluted to a
concentration of 1 uM using Reaction Buffer (Appendix B) and 100 pl was added
per well and incubated while shaking at 150 rpm at 22°C for 30 minutes (using
reaction buffer only as a no-protein negative control). The protein was aspirated
and the wells were washed twice with 200 pl Reaction Buffer, while shaking at 150

rpm at 22°C for 5 minutes each. Ninety microliters of Reaction Buffer was added to
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each well, and Target(FITC) DNA or Target(DIG) DNA (10 ul at 2.5 uM diluted with
Reaction Buffer, Table 2.1) was added to bring the final volume to 100 pl and
incubated at 37°C for 1 hour. The wells were aspirated and washed three times
with 300 pl 2X SSC buffer (Appendix B) incubated while shaking at 150 rpm at
22°C for 10 minutes each. The monoclonal anti-FITC Alkaline Phosphatase (AP)
antibody produced in mouse (Sigma Aldrich, Germany) or the monoclonal anti-DIG
(poly) fab fragment antibody (Roche Diagnostics, Germany) was diluted 1 in 10000
in Stabilzyme AP (Surmodics, USA) and 200 pl added to each well and incubated
on the bench for 1 hour and then overnight at 4°C. Following incubation the
antibody solution was aspirated and the wells were washed three times with 300 pl
TBS (Appendix C) incubated while shaking at 150 rpm at 22°C for 10 minutes
each. BluePhos Microwell Phosphatase substrate (KPL, USA) or 1-Step Ultra
TMB-ELISA (Thermo Scientific, USA) substrate was prepared as per the
manufacturer’s instructions, and 100 pl was added per well and incubated while
shaking at 150 rpm at 37°C for 1 hour. Absorption was read at 620 nm (for
BluePhos) and 450 nm (for TMB) using an xMark microplate spectrophotometer

(Bio-Rad, USA) and Microplate Manager 6.0 Software (Build 2.2.7, Bio-Rad 2008).

All experiments were carried out in triplicate in order to verify the assay and
confirm functionality of the proteins. In each experiment, the average absorbance
of the no-protein control was subtracted from the experimental data to normalize
against the background signal. Each experimental value was then calculated as a
percentage of the positive control (INBs°! available in our laboratory, confirmed to

be active) using the following formula:
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% Activity = (Experiment/INBs) x 100

2.4.2 Inhibition Strand Transfer Assay

The strand transfer assay was performed as described in section 2.4.1 except
following the removal of IN and washing with Reaction Buffer, the drug compounds
were added in 90 pl Reaction Buffer (final drug concentration was calculated using
the 100 pl final volume) and incubated while shaking at 150 rpm at 37°C for 30
minutes. Following this incubation, target DNA was added as before and the assay

was continued as normal.

Single dose responses to 10 uM L-chicoric acid diluted with Dimethyl sulfoxide
(Sigma Aldrich, Germany) (in reaction buffer, Appendix B) were carried out in
biological duplicate and experimental triplicate. After normalizing the results
against the background signal as before, the average activity for each protein was
compared with the average activity for the drug-free control to calculate a

percentage inhibition as per the following formula:

% Inhibition = [1-(drug/control)] x 100

The ICs0, defined as the concentration at which activity is inhibited to 50% of the
no drug control, was determined using a drug concentration range from 0.1 uM to
25 pM for L-Chicoric acid and from 0.1 nM to 10 pM (and 50 pM for INY143C) for
Raltegravir, comparing each experimental value to the drug free control as before
and averaging the biological duplicate. Dose ranges were selected to include a

range of concentrations on either side of the expected ICs0. A dose response
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curve was constructed (as described in section 2.6) from the average of the

experimental duplicate data, and an ICsg value was extrapolated from the curve.

2.5 HIV-1 IN-DNA Complexes

The thiolated-DNA to be used in complexation studies was annealed as described
in section 2.1. The reactivity of the thiol groups on the terminal adenine of the DNA
was increased by modification using reducing agents. The disulfide form was
present following synthesis, and was reduced to the more reactive sulfhydryl form
by treatment with Dithiothreitol (DTT). The thiolated-DNA (in Duplex Buffer,
Appendix B) was desalted using an lllustra ProbeQuant G-50 Micro Column (GE
Healthcare, United Kingdom), as per the manufacturer’s instructions. This column
contains G-50 Sephadex DNA grade F gel, which allows for the purification of
large biomolecules (in the case of this product, larger than 20 bases) and buffer
exchange into the buffer with which the column is equilibrated. Briefly, the column
was equilibrated by passing three exchanges of 250 pl each of Activation Buffer 1
through the column using a Hettich Mikro 220 Centrifuge (Hettich Industries, USA)
at 590 xg for 1 minute each. Next, 50 pl of thiolated-DNA was added to the
column, followed by a centrifugation at 590 xg for 2 minutes to elute the thiolated-
DNA in Activation Buffer 1 (Appendix B). This solution was then incubated at 37°C

for 16 hours.

The sulfhydryl form of the thiol group on the DNA was further reduced by 5,5'-
dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma Aldrich, Germany) to yield the most

reactive DTNB-modified form. The thiolated-DNA and Activation Buffer 1
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(Appendix B) was desalted using the same procedure as before, substituting
Activation Buffer 2. This solution was incubated at room temperature for 1 hour.
Finally the thiolated-DNA was desalted again, using Complexation Buffer
(Appendix B) to equilibrate the column. The eluted DTNB-modified thiolated-DNA

was used immediately.

The complexation reaction was carried out as follows: approximately 5 pg INY143C
(in 10 pl Storage Buffer, Appendix C) was added with 4 pl freshly prepared DTNB-
modified thiolated-DNA (50 uM stock) and 23 pl Complexation Buffer (Appendix
B), and 4 ul 100mM MnCl> stock (added last). The reaction was incubated for 1
hour at room temperature. The entire reaction was combined with an equal volume
of Loading Buffer (containing no B-mercaptoethanol, Appendix C) and heated to

70°C for 15 minutes before analysis by SDS-PAGE and Western Blotting.

2.6 Data Handling and Statistical Analyses

All strand transfer assay results were captured using Microsoft Excel for Mac 2011
(Version 14.0.0, 100825). Average values and standard deviations for all biological
replicates were determined, and percentage activity or percentage inhibition for
each protein was calculated and compared between experiments. A two-tailed
two-sample unequal variance (heteroscedastic) students t-test was carried out
between all possible pairs of proteins to determine if there were significantly
different results for the drug free, single dose and dose response assays for all

drugs tested. A significance level of 95% was used, indicating that a p value of
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less than 0.05 was significant. ICsg values were calculated using Prism for

Macintosh (GraphPad Software, Inc., version 4.0b).
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CHAPTER THREE

3 RESULTS
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3.1 Design of HIV-1 Subtype C IN Mutant Constructs

An amino acid sequence alignment showing the introduced mutations in the HIV-1
subtype C mutant constructs (as well as the HIV-1 subtype B constructs from the
NIH and GBCwt) is shown in Figure 3.1. The in frame His-Tag is not shown in this
alignment. The initial methionine residue was added to the constructs to allow
expression because the IN protein is natively expressed as a polyprotein, and is
not shown in the figure. The Bwt and Bsol constructs differ from each other only in
positions 185 and 280 (the solubility mutations), and differ from the GBCwt
sequence in 20 other positions (~6.9% amino acid difference). Of these
differences, more than half are significant changes in amino acid properties (such
as a change of charge or hydrophobicity) and only one represents a significant

change in the size of the amino acid side chain (G284R).
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Figure 3.1: Alignment of integrase amino acid sequences used in this study. The amino terminal
domain is represented in green, the carboxy terminal domain is represented in blue and the catalytic
core domain is represented in red. Dots indicate the same amino acid as the GBCwt sequence,
variations are shown.

Modeling of INBso! with DNA bound shows the overall structure similar to that of
other models (81,209) (Figure 3.2). Residue 185, the site of the solubility
mutations F185K/D, is visible on the surface of the CCD. The CTD is attenuated
by 18 amino acids as these failed to resolve in the original crystallography
experiments and thus are not included in the model. Consequently, the C280S

mutation is not visible in this model.

67



Figure 3.2: Front (left) and back (right) view of DNA binding by INBsO! monomer (Miss T. Traut,
personal communication). The carboxy terminal domain is represented in green, the amino terminal
domain is represented in blue and the catalytic core domain is represented in red. Grey spheres in
front view (left) are magnesium ions co-ordinated by the DDE motif in the active site of the catalytic
core domain. The viral DNA ends (3’ processed) are shown in yellow. The yellow motif visible in the
back view (right) is residue 185.

The natural variations between the INC" and INB"t amino acid sequences are
highlighted in yellow in Figure 3.3. The variations present in the terminal region of
the CTD are not shown as this region is not present on the model. Several of the
mutations are buried within the tertiary structure of the protein and so are not

visible in this figure.
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Figure 3.3: DNA binding by INCWt shown from four different angles (90 degree left rotation).

Domains and features are coloured as in Figure 3.2. Amino acid differences between INBWEand

INCWt are shown in yellow.

The active site of INY'43C js shown in Figure 3.4. The residues shown in white are
the solubility mutations specific to INCs°! and INY'43C, A distance of approximately
7.1 A between the terminal 5’ adenine of the viral DNA (with attached thiol group)
and the C143 residue was calculated. The C65S mutation (white) is near the
active site of the protein, in close proximity to the 5’ end of the viral DNA. The
solubility mutations C56S and W131D are visible in the figure, while F185D is on
the other side of the protein (not visible in the figure), while residue 280 did not

resolve in this structure.
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Figure 3.4: The active site of HIV-1 subtype C INY143C_ Domains and features are coloured as in
Figure 3.2, except the magnesium Il ions are represented as orange spheres. Solubility mutations
specific to the subtype C IN proteins are shown in white. The Cysteine at position 143 is shown as a
purple stick model. The thiol group (not depicted) is attached to the 5’ adenine present in the active

site, and the distance to C143 is indicated by a dashed line (~7.1 A ). Co-ordinates obtained from Miss
T. Traut.

A plasmid preparation of the Bsol construct was obtained, and successfully
transformed into E.coli BL21 cells for expression studies. The resuspended
GBCsol and GBCY143C constructs were also transformed into E.coli BL21 cells
(results not shown). Both Bwt and GBCwt were already available in E.coli BL21

cells.
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3.2 Recombinant IN Expression

3.2.1 Small Scale Recombinant IN Expression

Optimal expression conditions were determined for all five recombinant IN proteins
in E.coli BL21 cells. Both INBWt and INC"t expressed well at 1 mM IPTG induced at
an OD of 0.8. SDS-PAGE and western blot experiments of INC%t (Figure 3.5)
showed a band at 0.7 mM IPTG at the correct molecular weight (~34 kDa), but
detection was not possible by Western blotting. At 1.0 mM IPTG, a band at the
correct molecular weight was observed by SDS-PAGE and Western blotting,
confirming the expression of the desired protein. The differences in molecular
weights seen between the positive control IN and the recombinant IN proteins
expressed in this study are attributed to the in-frame expression with the His-Tag

(2.18 kDa).
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Figure 3.5: Coomasie stained SDS-PAGE gel (left) and corresponding Western blot (right) analysis of

small scale expression of INCWE IPTG concentrations used are listed at the top of the lanes. Molecular
weight marker sizes are indicated on the left. Arrows indicate the positive control (HIV-1NL4-3 IN

protein, bottom arrow) and His-tagged INCWt (top arrow). The negative control lane contains E.coli
BL21 not transformed with the expression vector. The mouse anti-HIV-1 IN Monoclonal Antibody
(8G4) was used in the Western blot experiment.

Representative SDS-PAGE of INBWt and INBs°! expression are shown in Figures
3.6 and 3.7 respectively. INBWt and INBs° were expressed well at 1.0 mM IPTG

concentrations and were of the expected size (~34 kDa).
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Figure 3.6: Coomassie stained SDS-PAGE analysis of a representative small scale induction of INBWE
The IPTG concentrations used are listed at the top of each lane. Molecular weight markers are
indicated on the left. Arrows indicate the positive control IN protein (HIV-1NL4-3 IN protein, bottom

arrow) and the His-tagged INBwWt (top arrow). Negative control lane contains E.coli BL21 not
transformed with an expression vector. IN bands were observed at the correct molecular weight
(~34kDa) at 0.4mM, 0.7mM and 1.0mM IPTG concentrations.

Figure 3.7: Coomassie stained SDS-PAGE gel of a representative small scale induction of INBso! The
IPTG concentrations used are listed at the top of each lane. Molecular weight markers are indicated
on the left. Arrows indicate the positive control IN protein (HIV-1NL4-3 IN protein, bottom arrow) and

the His-tagged INBsol (top arrow). The negative control lane contains E.coli BL21 not transformed
with an expression vector. At 1.0mM IPTG an IN band was observed at the correct molecular weight
(~34kDa).
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IN bands were not observed on Coomassie stained SDS-PAGE in either raw
culture, concentrated cells or supernatant (Figure 3.8) for both INCs©! and INY143C,
however IN expression was confirmed by western blot (Figure 3.9). After extensive
optimization efforts, no appreciable difference in expression levels at the various
IPTG concentrations (Figure 3.9) or temperatures (results not shown) tested were
noted for these two constructs, and thus expression parameters of 1.0 mM IPTG
induced at an OD of 0.8 and incubated at 37°C were used, with a corresponding

scale-up in culture volumes to account for low expression levels of IN®s°' and

|NY14SC_
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Figure 3.8: Coomassie stained SDS-PAGE analysis showing culture, concentrated cells and

supernatant from a representative small scale induction of INCSOl. The IPTG concentrations used are
shown at the top of each lane. Molecular weight markers are indicated on the left. Arrows indicate
the positive control IN protein (HIV-1NL4-3 IN protein, bottom arrow) and expected position

(~34kDa) of His-tagged INCsol (top arrow). The negative control lane contains £.coli BL21 not
transformed with an expression vector. No IN bands were visible by Coomassie staining in any

fraction. Similar results were achieved for INY143C
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Figure 3.9: Western blot analysis of a representative small scale induction of INCs©! over a range of

IPTG concentrations (indicated at the top of each lane). The positive control is the previously

NCWt

expressed | protein. The arrow indicates the position of the IN bands. The antibody used for

detection was the HisProbe-HRP antibody, allowing for the detection of the INCWt positive control.

Similar results were achieved for INYT43C,

Overall, optimal recombinant IN protein expression conditions of all 5 constructs in
E.coli BL21 cells included induction of protein expression with 1 mM IPTG when
the cell growth had reached an OD of 0.8, followed by three hours incubation at
37°C with shaking. These conditions were subsequently used for all large scale

recombinant IN protein expression.

3.2.2 Large Scale Recombinant IN Expression

Expression of the IN recombinant proteins was upscaled, and the INCWt INBWt gnd
INBsol recombinant proteins were routinely expressed in 1 | cultures, while INCs©!
and INY143C recombinant proteins were expressed in 9 | cultures to obtain enough
bacterial cells for the subsequent purification protocols. Large scale recombinant

protein expression was repeated as required.
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3.2.3 Recombinant IN Purification

For INBWt INBsol and INCW, one litre of culture was processed as described in
section 2.3.5, whereas for INCs°! and INY143C 9 | of culture was processed in the
same manner to establish a purification protocol. After several attempts, an
optimal purification protocol for the soluble IN fraction using a Nickel Il charged
column was established (refer to section 2.3.5 for details). Wash volumes were
adjusted on a purification to purification basis, by monitoring the UV absorbance
levels of the eluent coming off the column. From previous studies in our laboratory
it was known that the IN protein elutes at imidazole concentrations of around 200
mM and higher, so incremental washes were carried out at lower imidazole
concentrations. During each wash, an early absorbance peak was generally
observed corresponding to non-specifically bound proteins. Once the absorbance
reading leveled off, the imidazole concentration was increased using a step
gradient. This process was repeated 4 or 5 times at concentrations between 60
mM and 150 mM imidazole. The volume required to effectively wash the column of
unwanted protein varied between INBW |NBsol and INCWt which were purified from
1 1 of culture and INCs° and INY143C which were purified from 9 | of culture, with the
latter requiring larger volumes. Recombinant IN was then eluted using a linear
imidazole gradient from 150 mM to 600 mM over a volume of approximately 50 ml,
collecting 4 ml fractions. The recombinant IN began eluting off the column at
approximately 160 mM imidazole and peaked at approximately 320 mM imidazole.
A representative elution profile of INBY is shown in Figure 3.10. A symmetrical bell

shaped UV absorbance elution profile was obtained with corresponding SDS-
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PAGE (Figure 3.11) and Western blotting (Figure 3.12) analysis confirming

purification of the recombinant IN.

i 7 3 | 5 | 6 | 7 | 8 | ° | o | m |12 | 13 | 14 | 15 |16 | 17 |18 |
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Figure 3.10: Representative elution profile from large scale purification of INBWE The green line
represents the imidazole concentrations, starting at 20mM on the left and moving in a gradient over
45ml to 600mM imidazole on the right. The blue line represents UV absorbance.
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Figure 3.11: Coomassie stained SDS-PAGE analysis showing purification fractions from a

representative INBwt large scale purification experiment. Arrows indicate the positive control IN
protein (HIV-1NL4-3 IN protein, bottom arrow) and the expected position (~34kDa) of His-tagged

recombinant INBWt (top arrow). Fraction numbers are indicated on the top of each lane and
molecular weight markers are indicated on the left.
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Figure 3.12: Western blot showing purification fractions from a representative large scale purification

experiment of INBWE The arrow indicates the expected position (~34kDa) of the His-tagged INBW
Fraction numbers are indicated on the top of each lane. Molecular weight markers are indicated on
the left. The antibody used for detection was the HisProbe-HRP antibody, thus the positive control

protein HIV-TNL4-3 IN could not be detected.

The highest concentration of IN was found in fractions 10 and 11, while IN was
present (as determined by SDS-PAGE, Figure 3.11) in fractions 5-19, although
fractions 15-19 appear to contain several contaminating bands. Western blot
analysis (Figure 3.12) showed that IN was present in fractions 7-17 but based on
SDS-PAGE results only fractions 7-13 were pooled and concentrated. Similar

results were obtained for the other four recombinant IN proteins.

3.2.4 Recombinant IN Concentration

Protein concentration and buffer exchange using the Amicon Ultra-15 Centrifugal
Device yielded between 0.5 ml and 1.5 ml of concentrated IN. Densitometry
analysis of SDS-PAGE experiments was carried out to determine the percentage

purity of the IN proteins. The results are summarized in Table 3.1.
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Table 3.1: Recombinant IN protein properties and concentrations

Concentration : Concentration : Molar Molecular Percentage : Specific
(mg/ml) (M) Extinction Weight purity concentration
Coefficient = (kDa) (mg/ml | pM)
(g, m2/mol)
INCWt 1.68 49.191 52070 34.282 72.22% 1.21135.39
INCsol 0.81 23.73 46020 34.130 15.52% 0.1313.68
INY143C  0.46 13.50 44860 34.070 18.82% 0.08712.54
INBWt 0.75 21.73 50790 34.522 50.81% 0.38111.03
INBsol 5.86 170 50670 34.487 83.4% 4.891141.78

A representative SDS-PAGE of the percentage purity experiments is shown in

Figure 3.13.
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Figure 3.13: Coomassie stained SDS-PAGE of concentrated INCWt at various concentrations. The

arrow indicates the expected position (~34kDa) of the His-tagged INCWE The percentage
concentration of IN is indicated at the top of each lane. The molecular weight marker used was the
Precision Plus Protein Unstained Standard (Bio-Rad, USA), and the weights are indicated on the left.

All five concentrated recombinant IN proteins were subsequently used in the

strand transfer assays, and the INY143C mutant was used in complexation

experiments.
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3.3 Strand Transfer Analysis

3.3.1 Activity Studies

The strand transfer assay was set up using FITC or DIG labelled target DNA. After
several attempts, it was established that the Target(FITC) and anti-FITC antibody
combination showed a higher sensitivity and yielded more reproducible results as
compared to the Target(DIG) and anti-DIG antibody, so this version of the strand

transfer assay was used in all subsequent experiments.

Strand transfer analysis was carried out on all five recombinant IN proteins using
the INBsO! as the positive control reference protein (therefore arbitrarily designated
at 100% activity). The percentage activity of the remaining four recombinant IN
proteins relative to the INBsC! js shown in Figure 3.14. Activity ranged from ~53% to
~117% for INCs9 and INBW! respectively. INY143C and INBY had higher activity than
the INBsO! while INCWt and INCs©! had lower activity. Similarly, the INCs°' had lower

activity than the INCWL,
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Figure 3.14: Recombinant IN activity as measured by strand transfer assay. Activity is expressed as a

percentage, relative to INBsO! (indicated above each column on the graph). The error bars indicate the

standard deviation over 3 separate experiments (n=9). Statistically similar results are indicated by
brackets, with the p values given above.

Statistical analysis (by means of a student’s T-test) of the data from three
experiments provided evidence that the activities of both INC¥! and INBs°! were not
statistically different (p=0.105, 95% confidence) and the activities of INY143C and

INBWt were not statistically different (p=0.752, 95% confidence), while all other

combinations were determined to be significantly different (p<0.05).

Overall, all five recombinant IN proteins were shown to be functional and capable

of facilitating strand transfer.

3.3.2 Single Dose Studies

The established strand transfer assay was subsequently used to determine the

effect of selected IN inhibitors on the activity of all five recombinant IN proteins.
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The response to single dose administration of 10 pM L-Chicoric acid was
measured for all five recombinant IN proteins and the percentage inhibition is
summarized in Figure 3.15. L-Chicoric acid inhibited the strand transfer activity of
all five recombinant IN proteins, with inhibition values ranging from between 87%

(INCsY and 96% (INBsoly.

10uM L-Chicoric acid IN Activity
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Figure 3.15: Recombinant IN activity with TOUM L-Chicoric acid, normalized against the no inhibitor
control. The percentage inhibition is indicated above each column pair on the graph. The error bars
indicate the standard deviation over 3 separate experiments.

Statistical analysis (by means of a students T-test) showed that inhibition of INCs°!
and INBso by 10 uM L-Chicoric acid were significantly different (p=0.006, 95%
confidence) and there was no evidence of a significant difference between the

level of inhibition of any other recombinant IN proteins (p>0.05).

3.3.3 Dose Response Studies

The dose responses to Raltegravir and L-Chicoric acid were determined for all five

recombinant IN proteins, and an ICsg value for each was calculated.
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The combined dose curves for all recombinant IN proteins in response to L-

Chicoric acid is shown in Figure 3.16. The ICsg values are summarized in Table

3.2.
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Figure 3.16: Combined dose response curves for all five recombinant integrase proteins in response
to L-Chicoric acid. The error bars indicate the standard deviation over two separate experiments.

Table 3.2: 1C5q values for all five recombinant IN proteins in response to L-Chicoric

acid

INCWt INCSOl INY143C INBWt INBSO|
ICs0 0.5378 pM 1.198 uM 1.495 uM 07202 uM  2.519 uM

Typical dose response curves to Raltegravir were obtained for INC"t and INBs!

(Figure 3.17), allowing for the estimation of ICsg values (Table 3.3). Because the

percentage inhibition of strand transfer activity for INB"t was not higher than 50%

at the highest Raltegravir concentration used, accurate ICsp values could not be

extrapolated. The INY'43C mutant was generally resistant to inhibition of strand

83



transfer activity by Raltegravir, with the exception of the highest concentration

used.
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Figure 3.17: Combined dose response curves for INCWE INBWE g INYT43C i response to
Raltegravir.

The ICs0 values for these proteins in response to Raltegravir are summarized in Table

3.3.

Table 3.3: ICso values for INCWt, INBWt and INY'43C in response to Raltegravir

IC50 21.35 nM =50 nM 247.5 nM 8.72 nM

3.4 Complexation

The complexation experiment was performed several times with INY'43C, using
INCsol g5 the control. However upon destaining of the SDS-PAGE gel, several

contaminating bands were noted in both the test (INY'43C) and control (INCs°))
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lanes, and this made confirmation of IN-DNA complexes impossible. Thus, the

results were inconclusive (data not shown).
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CHAPTER FOUR

4 DISCUSSION

86



HIV-1 IN performs the task of integrating the viral DNA into the host chromosome,
an obligate step in the lifecycle of the virus. For this reason, IN was identified as a
potential drug target and the search for inhibitory compounds began. Using an
assay to assess the strand transfer activity of IN, many inhibitors have been
identified but to date only one has progressed past FDA approval and onto the
shelf. In this study, five HIV-1 IN proteins were expressed and purified for use in
one such assay: they are three subtype C proteins (which are unique to this study)
and two subtype B proteins (both from the NIH AIDS Research and Reference
Reagents Program). The HIV-1 subtype C wild type protein (INC*!) was cloned in
our laboratory from the 05ZAFV6 sequence, and the two subtype C mutants
(INCso! and INY'43C) were generated using the wild type 05ZAFV6 sequence and
inserting specific mutations from the literature (see section 1.6 and below). Strand
transfer analysis was carried out on these proteins to assess their functionality,
and their response to two well-known IN inhibitors was measured. It was found
that all of the IN proteins in this study were functional, although INCs° exhibited
lower than expected functionality while INY'43C showed higher than expected
functionality. The single dose and dose response data with L-Chicoric acid and
Raltegravir were in-line with previously published data for all proteins in this study.
The Y143C mutation present in INY'43C is intended to allow stable complex
formation with thiolated-DNA, such that IN bound natively with it’'s DNA substrate

can be purified for use in strand transfer experiments.

Alian et al. (2009) (81) list four solubility mutations in their paper: C56S, W131D,

F185D and C280S (81), which serve to reduce surface hydrophobicity of the IN

87



protein and thus increase solubility of the protein (see Figures 3.1 and 3.4).
Indeed, modeling of the IN protein revealed that all of these mutations are present
on the surface of the protein. The original solubility mutations established for HIV-1
subtype B IN were F185K and C280S (Figures 3.1 and 3.2) (203), and are widely
accepted as the standard solubility mutations for IN. Later C56S and W131D were
added (69). While F185K is one of the original mutations found in the Jenkins Bsol
mutant (203), Alian et al. (2009) (81) used F185D instead and do not supply a
reason for this change. The original F185K mutation replaces the hydrophobic
phenylalanine residue with a positively charged lysine residue (shown in yellow on
Figure 3.2), whilst Alian et al. (2009) (81) (and this study) use a negatively charged
aspartic acid residue. A 1999 paper suggests that the solubility of these two
different mutations (F185K and F185D) are similar (210). Additionally, the C65S
mutation serves to preclude potential unwanted reactivity with thiolated DNA and
protein modeling reveals that this residue is present near the active site in close

proximity to the viral DNA end (Figure 3.4).

These mutations were introduced into the GBCwt sequence and designated
GBCsol. A second construct, additionally containing the Y143C mutation was
generated and termed GBCY143C. This Cysteine mutation occurs near the active
site of the functional IN protein (Figure 3.4), and allows for the formation of
complexes with thiolated DNA. The covalent disulphide bond between the thiol
group on the DNA and the sulfur on the Cysteine has been shown to withstand
high salt conditions, allowing for the purification of IN-DNA complexes (81). It

should be noted that this Y143C mutation is an established Raltegravir resistance
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mutation, as discussed in section 1.4.10, and that it impacts negatively on IN

activity in the absence of any strand transfer inhibitors (discussed below).

Modeling of the protein structure reveals the locations of the various amino acids
within the context of the tertiary structure of the protein, and allows for several
conclusions to be drawn. Of the 20 amino acid differences between INC%t and
INBWt 16 could be visualized using the available model, while the remaining four
occur within a region of the CTD not contained in the model. Subsequently, it was
determined that all of the mutations present in the NTD are on the surface of the
protein, although only M50T is a significant change in amino acid properties (a
hydrophobic amino acid is replaced with a polar uncharged residue). Amino acid
changes that alter the overall surface hydrophobicity or charge of the protein are
expected to hold consequences for protein solubility or dimerization (if present on
the dimer-dimer interface), however the NTD is not catalytic, rather serving
dimerization functions and thus changes here are not expected to influence protein

functionality to any great degree (53-55)

There were 10 mutations present in the CCD, and four of these were on the outer
surface of the protein. 1151V is of particular interest because it is within the active
site (Figure 4.1 B), and occurs immediately adjacent the Glutamic acid residue that
makes up part of the DDE motif. This motif is responsible for co-ordinating the
magnesium Il ions (shown in light blue in Figure 4.1), and is highly conserved in
HIV-1 IN. The Isoleucine to Valine change is not expected to incur serious
consequences as there is no significant change in amino acid side chain

properties or size.
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Figure 4.1: Comparison between the model presented by Alian et al. (2009) (81) (A) and the INCsol
model used in this study (B). In A, IN - monomers are shown in blue and yellow. The domains and
features in B are coloured as in Figure 3.2, except the magnesium Il ions are shown as light blue
spheres. The mutations K136Q, 1151V, T184A and T185A are indicated in B with arrows. The
monomer in B is analogous to the blue monomer in A.

The T184A and T185A mutations are also on the surface of the protein (Figure 4.1
B), and in this instance INCY! [oses two polar side chains for hydrophobic side
chains. Based on the IN dimer model presented by Alian et al. (2009) (81) (Figure
4.1 A), the position of these mutations does not appear to be on the dimer-dimer
interaction surface so will not likely interfere with this interaction, although they

would be expected to affect protein solubility.

Neither K136Q (Figure 4.1 B) or V201! (on the reverse side of the protein in Figure
4.1 B, not visible) are expected to have any serious consequences for the protein,
as neither are near the active site or present significant amino acid side chain
property changes. The remaining five mutations in the CCD are buried within the
protein so they are not solvent accessible, do not participate in dimer-dimer

interactions, and are also not near the active site.

There are three mutations within the part of the CTD contained in this model and

all are present on the surface of the protein, however only T218l is important as it
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is a change from a polar side chain to a hydrophobic side chain. The amino acid is
not present on the dimer-dimer interface predicted by Alian et al. (2009) (81), but it
may have implications for protein solubility. The remaining four mutations in the
CTD (namely R270K, D278A, S283G and R283G) are part of a region of the CTD
not present in the model, so no speculation can be made on the location and
effects of these mutations. It is worth noting, however, that all of these mutations

incur a change in amino acid side chain properties.

The six carbon thiol linker present on the terminal 5’ adenine of the Thiolated-DNA
is approximately 9 A in length (81), which is sufficient to make the crosslink
according to our model which predicts the distance between the terminal 5’
adenine and the C143 residue to be 7.1 A (Figure 3.4). Further, residue 143
occurs on a flexible loop (residues 139-150) within the CCD (66,81), which
suggests that this binding length need not be exact in order for a crosslink to
occur. The model also shows the proximity of the C56S mutation to the viral DNA,
supporting the inclusion of this mutation to reduce potential unwanted interactions

with the thiolated DNA.

For the expression of all recombinant IN constructs, a bacterial expression system
was selected due to the low cost, ease of operation, simple scale-up amenability,
rapid culture time and high yield attained with this method. The primary
disadvantages with this type of system include decreased protein solubility, a
complete lack of post-translational modification and the possibility of impaired
folding (211). While these disadvantages are overcome with the use of

mammalian expression systems, the benefits are negated by the slow culture
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times, high cost, reduced yield and complicated technique (88). Indeed, most
publications involving IN expression, beginning with the first reports in 1990 and
continuing to present day, describe the use of bacterial expression systems and

report on the functionality of the protein produced.

IN is known to have a low solubility in vitro and so Sherman et al. (1990) (88)
developed the method that would become the standard for all future work: the
bacterial cells are harvested by centrifugation and lysed under high salt conditions
in order to solubilize the IN protein (88,203,212). Indeed, this technique has been

used successfully before in our laboratory.

Several publications describe the use of the pET-15b vector system for the
expression of recombinant HIV-1 IN (49,61,203,212,213), and this vector has also
been successfully used to express functional HIV-1 IN in our laboratory. The IN
nucleotide sequence was inserted downstream of the T7 promoter and the lac
operator in the pET-15b vector for all five IN constructs. The T7 promoter is only
recognized by the T7 RNA polymerase, thus facilitating expression using the
bacterial E.coli BL21 (DE3) expression system. These cells have been transduced
by the A bacteriophage T7 and thus contain the T7 RNA polymerase necessary to
transcribe the messenger RNA from a gene under control of the T7 promoter. This
particular RNA polymerase has high promoter specificity, RNase activity
(necessary for high fidelity transcription), is not dependent on other protein factors
to initiate transcription and has a higher rate of transcription than other E.coli RNA
polymerases (214) and so this promoter has become popular for expressing

recombinant proteins (215). The lac operator is a regulatory element which
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enables temporal control expression; it is bound by the lac repressor (Lacl) which
interferes with binding on the RNA polymerase and subsequently prevents
transcription (216). Lacl is displaced by lactose, or in this case the lactose
analogue IPTG (which cannot be metabolized by E.coli and thus remains at a
constant concentration), and transcription and subsequent translation are allowed
to take place. E.coliBL21 (DE3) contains the lacl gene, and so is capable of
repressing expression of genes under control of the lac operator in the absence of

IPTG.

The IN constructs expressed in this study are located in frame with a His-Tag,
which results in expression of a fusion protein with a His-Tag at the amino terminal
(N-terminal) of the protein. As a result, purification by immobilized metal affinity
chromatography (217) was possible. The Histidine amino acids that comprise the
N-terminal His-Tag form a strong interaction with the immobilized metal ions
(Nickel Il in this study) on the matrix, and thus recombinant IN is bound to the
matrix (218). The His-Tag contributes approximately 2.18 kDa to the molecular
weight of the recombinant IN with which it is fused

(http://www.basic.northwestern.edu/biotools/proteincalc.html).

Small scale inductions were carried out to ascertain whether recombinant IN was
being expressed by the expression vectors. Optimization efforts demonstrated that
an IPTG concentration of 1.0 mM IPTG induced at an OD of 0.8 and incubated for
3 hours resulted in high levels of expression for constructs Bsol, Bwt and GBCwt.
Unfortunately the GBCsol and GBCY143C constructs did not express to the same

degree, although these same induction conditions were used (with a scale up in
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culture volume to account for reduced expression). Induction for 24 hours
appeared to make little impact on expression levels and yielded low molecular
weight IN bands on western blot indicative of protein degradation (results not
shown). There does not appear to be any leaky expression, as confirmed by the

absence of bands in all negative control lanes (Figures 3.5, 3.6 and 3.7).

GBCsol and GBCY143C did not show this same high level of expression under
these conditions (see Figure 3.8). Initially, IN bands were not distinguishable on
Coomassie stained SDS-PAGE, so the induction conditions were optimized in an
effort to maximize protein expression for these constructs. It was found that
expression was best when induced at an OD of 0.8 (results not shown), although
IPTG concentration appeared to have little or no impact on expression levels as

shown by western blot analysis (Figure 3.9).

Previous experiments with GBCwt had resulted in good yields when expression
was scaled up to 1 | volumes, and as such this was done for Bwt and Bsol. Due to
the lower levels of expression for GBCsol and GBCY143C, expression was scaled

up to 9 | for these constructs.

Following large scale expression, the recombinant IN was purified from the soluble
cellular fraction. The washing steps contained low concentrations of imidazole to
displace weakly bound Histidine containing proteins. Imidazole has a similar
chemical structure to that of Histidine, and thus competes with Histidine-containing
proteins and His-Tagged proteins for binding to the Nickel Il charged resin in the

column. An excess concentration of imidazole was finally used to elute the His-
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Tagged IN protein from the column. The characteristics of this affinity column
mean that other bacterial proteins that might contain several Histidine residues in
close proximity may also bind to the column and co-elute with the recombinant IN,
and for this reason an imidazole gradient was employed and small elution fractions
were captured in order to minimize the degree of contamination from proteins of

this nature.

Wash volumes were adjusted on a purification to purification basis, by monitoring
the UV absorbance levels of the eluant coming off the column. From previous
studies in our laboratory it was known that the IN protein would elute at imidazole
concentrations of around 200 mM and higher, so incremental washes were carried
out at lower imidazole concentrations. During each wash, an early absorbance
peak was generally observed corresponding to non-specifically bound proteins.
Once the absorbance reading leveled off, the imidazole concentration was
increased using a step gradient. This process was repeated 4 or 5 times at
concentrations between 60 mM and 150 mM imidazole. The volume required to
effectively wash the column of unwanted protein varied between INCWt, INBWt and
INBso! which were purified from 1 | of culture and IN®s° and INY'43C which were
purified from 9 | of culture, with the latter requiring larger volumes. Recombinant IN
was then eluted using a linear imidazole gradient from 150 mM to 600 mM over a
volume of approximately 50 ml, collecting 4 ml fractions. The UV absorbance
profile clearly indicated when the IN protein was being displaced from the column
(Figure 3.10). SDS-PAGE and western blot analysis confirmed the presence of IN

in these fractions (Figures 3.11 and 3.9).
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The His-Tag used for affinity chromatography in this study contains the Thrombin
cleavage site, which allows for the removal of the His-Tag using Thrombin. There
is evidence in the literature that the removal of the His-Tag has no influence on IN

activity, so the His-Tag was not removed in this study (219).

The percentage purity was determined by densitometry analysis, and the results
are summarized in Table 3.1. A representative SDS-PAGE of the percentage
purity experiment is shown in Figure 3.13. In this figure it is clear there are several
contaminating bands of both higher and lower molecular weight. This finding was
consistent for all the protein purified in this study, although the degree of
contamination varied between proteins. IN®s°' and INY143C show the lowest purity,
and these two proteins also exhibited low expression levels. Because of the low
expression levels, the culture volumes for these two proteins were scaled up, and
this presumably caused the increase in contaminating protein during the
purification process. While the wash steps were scaled up, the amount of protein
that elutes at or near the imidazole concentration at which IN elutes was increased

proportionately, resulting in this significant drop in purity.

As described in the section 2.4, two distinct sets of reagents were evaluated for
the strand transfer assay. It was found that the reaction using FITC-labelled target
DNA and subsequent detection using monoclonal anti-FITC AP antibody yielded
more sensitive and reproducible results. AP has a lower rate constant than HRP
and so substrate turnover occurs more slowly. Also, there is no substrate inhibition
of AP so the reaction can continue for long periods of time, and observes a nearly

linear development profile (220). Consequently the absorbance values of the
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assay were read after 1 hour and 2 hours at 37°C, and then again after spending
the remaining 24 hours at 4°C. It was found that the results after 1 hour at 37°C
were satisfactory (results not shown), so all subsequent experiments were

incubated for this amount of time.

In order to assess the functionality of the constructs purified in this study, drug free
strand transfer assays were carried out. All constructs were compared to an INBs°!
protein already established to be functional in our laboratory. This INBs°! protein is
widely accepted as the control IN protein, and is used extensively in the literature

(48,53,60,76,221-236) in in vitro studies on HIV-1 IN (203).

The assay was performed in biological and experimental triplicate, and the data
from these experiments confirm the activity levels of the proteins. The standard
deviations of the raw absorbance readings did not exceed 5% of the mean for any
experiment and no outliers were detected or excluded, indicating there was no
significant variation within each experiment. With INBs°! arbitrarily designated at
100% activity, the relative activity of the other constructs was determined
individually for each of the three experiments (Figure 3.14). The standard deviation
for the mean activity of each construct over the three experiments was less than

5% in all cases.

A two-tailed two-sample unequal variance (heteroscedastic) students t-test was
carried out to determine if the mean activities between each possible pair of IN
proteins in this study were statistically similar. It was found that only INC%tand

INBso! (p=0.105, 95% confidence) and INY'43C and INBW! (p=0.752, 95%
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confidence) were statistically similar, whereas all other proteins showed

significantly different levels of activity.

These results show clearly that INY143C and INB"! have significantly higher activity
than that of INBS°! (while not being significantly different from each other). In the
case of the HIV-1 subtype B IN proteins, one expects the wild type protein to have
a higher activity than that of the soluble mutant due to the absence of any artificial
mutations. HIV-1 is a highly mutable virus due to the low fidelity replication
afforded it by RT, and as such the virus undergoes evolution at an extremely rapid
rate. Because of this, one expects the virus to have the most efficient version of
the IN protein already available to itself. The solubility mutations introduced into
Bsol by Jenkins et al. (1996) (203) were designed in silico so as to reduce the
surface hydrophobicity of the protein in order to increase yields and facilitate
crystallization, and were selected on the basis that they incurred the lowest
reduction in IN activity. These results, however, do not align well with the data
published in 1996; Jenkins et al. (1996) (203) found no significant difference

between the activity of the soluble mutant and the wild type protein.

The hypothesis that the soluble mutant should have lower activity than the wild
type protein is supported by subtype C proteins in this study. We find the activity of
INCs°l to be 38% lower than that of the INCY, and no previous data exists
comparing these two proteins. The INC°' mutant contains a different set of
solubility mutations than those of INBs9! (see Figure 3.1) and the strand transfer

activity of this set of solubility mutations was not originally assessed (69). When
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Alian et al. (2009) (81) added C65S and changed F185K to F185D in their work,
they found the activity to be approximately 80% of the wild type protein (81). Thus,
in light of the evidence supplied by Alian et al. (2009) (81), we expect the activity

of the INCs°! mutant to be lower than that of the wild type.

It is interesting to note that there is no significant difference in activity between
INCWt and the INBSO! mutant protein. No previously published work on HIV-1
subtype C wild type IN is available, and no studies have specifically explored the
difference in activity between subtype B and subtype C proteins. The data
presented here shows clearly that HIV-1 subtype C IN functions at a reduced
efficiency when compared to HIV-1 subtype B IN, particularly for the wild type
proteins but as discussed this result is complicated by the different mutations
present in the soluble mutants. It is apparent that the additional mutations imposed
on the INCs°! construct (hamely C56S, W131D, F185D and C65S) have a

detrimental effect on IN activity.

A particular curiosity in this data is INY143C_ In light of the fact that the mutations in
INCsol appear to abrogate functionality to some degree, it remains to be explained
why the Y143C mutation should restore the functionality of the protein back to that
of the subtype B wild type level (p > 0.05). The literature states that infectivity of
the Y143C virus is only 10% of that of the wild type and that there is a 10 fold
reduction in the amount of integrated viral DNA (measured in cell culture based
experiments) (237). In vitro data from this same study revealed that the Y143C

mutant IN showed only 21% of the wild type strand transfer activity (measured

99



using a gel based strand transfer assay). Since the Y143C mutation exists within
the context of the other solubility mutations used in this study, the most accurate
representation of the expected result would be that provided by Alian et al. (2009)
(81), where they mention that the activity of the various cysteine mutations was
between 64% and 90% of the wild type enzyme, although this was carried out in
HIV-1 subtype B IN. It is worth mentioning that both Delelis et al. (2010) (237) and
Alian et al. (2009) (81) used a gel based assay to measure strand transfer activity
while the data presented in this study is based on an electrophoresis free assay

(132).

A low percentage purity implies that there is a considerable amount of
contaminating protein present in the IN solution. It is interesting to note that the
percentage purity of INCs? and INY143C are comparatively low (~15% and ~19%
respectively, Table 3.1), although this does not appear to influence the
functionality of the proteins: INCS° does show the lowest activity (see Figure 3.14)
which could be attributed to its lower purity but INY143C has particularly high activity
despite also having a low purity. INY'43C has a statistically similar level of activity to
INBWt which has a much higher purity (~50%) comparatively. Similarly, the
susceptibility of these proteins to L-Chicoric acid is not compromised by the purity
as seen in the dose response curves Figure 3.16. Taken together these results
suggest that the amount of impurities in the IN protein solution does not affect the
activity. Similarly, the reduced concentration of the IN protein does not seem to
have any bearing on the activity of the protein: the percentage purity of the IN

proteins affects the specific purity of each protein, with the net result that the
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actual concentration of IN present in the strand transfer assay is not what is
expected. This is due to the fact that contaminating proteins will also absorb UV
light at a wavelength of 280 nm, and this will subsequently result in over-reporting
of the concentration by the spectrophotometer. This is the case for all the proteins
used in this study, where the specific concentration of IN used in the assay is
between 15% and 83%, however as mentioned before there seems to be no

correlation between the percentage purity and the activity of the protein.

According to the literature, a percentage inhibition in the region of 90% is expected
for L-Chicoric acid at 5 pg/ml (147). In our studies, a single dose of 10 uM (4.74

ug/ml) L-Chicoric acid inhibited INBYt and INBSO! by ~94% and ~96% respectively.

Following analysis by a two-tailed two-sample unequal variance (heteroscedastic)
students t-test on all possible pairs of IN proteins, it was found that only INCs°! and
INBsol gre significantly different (p=0.006, 95% confidence) with respect to their
susceptibility to L-Chicoric acid. According to this statistical data, at a 95%
confidence level all the proteins responded in the same way to L-Chicoric acid with
the exception of the INBs and INCs°!. As discussed before, the solubility mutations
in these two constructs are not identical and so direct conclusions about the
differences between subtype B and subtype C responses to L-Chicoric acid cannot
be made. It is worth noting that at 87.03%, INCs° showed the lowest sensitivity to
L-Chicoric acid whilst INBs! showed the greatest sensitivity at almost 97%
inhibition, giving a range of only ~10% across all the recombinant IN variants

tested in this study.
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The typical ICsq value for L-Chicoric acid is reported to be between 0.104 uM and
0.210 puM (147), although the data generated in this study appears to be much
higher; ranging from a 2 fold increase (INC"t, 0.538 pM) all the way to a 10 fold
increase (INBs 2,519 uM). Robinson et al. (1996) (147) use the same HIV-1
subtype B wild type protein as used in this study, although the 1Cso value obtained
in this study was 3-4 fold higher. This is believed to be due to variations between
batches of purified protein, specifically in terms of concentration and purity. Also,
Robinson et al. (1996) (147) performed an electrophoresis based assay for IN
activity, and the inherent differences between that assay and the one used in this

study may account for these differences in ICsp values.

The maximum percentage inhibition achieved by the highest concentration of L-
Chicoric acid is marginally higher for INC%t and INB! than for the other
recombinant IN proteins tested in this study (Figure 3.16), and the ICso values are
similarly lower than the other proteins. Thus, the solubility mutations (namely
F185K and C280S for the subtype B protein, and F185D, W131D, C56S and
C280S for the subtype C proteins) appear to contribute mildly to resistance to L-
Chicoric acid. Interestingly, the Y143C mutation present in INY143C does not
contribute to L-Chicoric acid resistance to the degree expected. Furthermore, the
HIV-1 subtype B proteins both contain the G140S mutation (see Figure 3.1) which
has been shown to confer resistance to L-Chicoric acid by 600 fold in tissue
culture based experiments (149), although this same level of resistance is not
seen in biochemical assays. These findings warrant further investigation, and open

the door to future work to determine the impact of residue 140 on L-Chicoric acid
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resistance in vitro using HIV-1 subtype B and subtype C recombinant proteins, and
how these translate to actual resistance in a clinical setting. The findings
presented here indicate that the solubility mutations appear to have the greatest
effect on resistance to this compound, and indeed this has been noticed for other
IN inhibitors; a paper by Marchand et al. (2003) (238) describes the resistance

profiles of F185K and C280S double-mutant IN proteins.

The ICsp values for INCWL INY143C INBWt gnd IN Bsolin response to Raltegravir are
summarized in Table 3.3. According to published data, Raltegravir has an ICsq for
strand transfer of approximately 15nM (155). The HIV-1 subtype C recombinant IN
appears to have a slightly higher ICsg in response to Raltegravir, which is as
expected (239). Bar-Magen et al. (2010) (239) found that HIV-1 subtype B and

subtype C exhibited differential resistance profiles in response to IN inhibitors.

By contrast, the INB" has a much higher ICso than expected (~250 nM), while
INBsolis slightly below the published values with an ICsg of 8.72 nM (Table 3.3).

The G140S mutation present in the subtype B IN proteins is expected to result in

an increase in the ICsg to approximately 30 nM (240), whereas the result in this

study is approximately 10 fold higher for INBWt,

There appeared to be a low level of inhibition of INY143C strand transfer activity
(~20%) across the range of Raltegravir concentrations, with the exception of the

highest concentration (50 uM, Figure 3.17). Subsequently, no ICsg value could be

obtained for INY'43C, However, this is to be expected and the data shows clearly
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that the Y143C mutation is capable of conferring a high level of resistance to

Raltegravir. The implications for drug screening using this protein are significant -
if candidate molecules are found that inhibit this protein it implies these molecules
do not share cross resistance with Raltegravir and Elvitegravir, and could possibly

replace these drugs upon failure of therapy due to resistance.

Despite optimization attempts, SDS-PAGE analysis of complexation experiments
was inconclusive, and consequently these results were not included. Future work
should focus on optimizing the experiments in order to fully characterize the IN-
DNA complexes. Larger volumes of protein and DNA substrate may also
contribute to the success of the experiment. Increasing the percentage purity of
the INY'43C will help to reduce the presence of contaminating bands and allow for
easier interpretation of the results and western blot analysis should be performed
to verify the results; using an enzyme linked streptavidin molecule or anti-Biotin
antibody to detect the DNA substrates will confirm the presence of complexes if
the bands coincide with the approximate location of the IN protein. Further, this
method will allow for detection of uncomplexed DNA as well. Of particular interest
in these experiments will be whether higher molecular weight IN dimers and
tetramers can be detected by non-reducing SDS-PAGE, especially in complex with

thiolated-DNA.

Following confirmation of complexation, purification of the IN-DNA complexes will
be necessary to allow for further characterization. Alian at al. (2009) (81) purified
their complexes by size exclusion chromatography although a simpler method

using Amicon Ultra-15 Centrifugal Devices to buffer exchange may remove excess
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thiolated-DNA (which would be allowed through the filter due to its smaller size),
and this would be sulfficient for strand transfer analysis. When analyzing the strand
transfer abilities of the IN-DNA complex, the first step is the addition of the IN-DNA
complex as the thiolated-DNA has biotin on its distal terminus for attachment of
the whole complex onto the streptavidin coated plate. The removal of the excess
thiolated-DNA is critical, as it would bind to the plate. Excess (uncomplexed) IN
protein is not likely to be problematic in a strand transfer experiment as it would

not bind and would be removed during the washing step.

Overall, this study is the first to report on the expression and purification of
functional recombinant IN from South African HIV-1 subtype C, and a comparison
with established HIV-1 subtype B IN proteins. These can all serve as reagents for
further research into the discovery of novel IN inhibitors. The basis for
complexation experiments involving a thiolated-DNA and INY143C has been
established, and this area of research holds promise for the future study of HIV-1

subtype C IN in complex with viral DNA.
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Appendix A: WHO Clinical staging of HIV disease

Clinical stage 1

Asymptomatic Persistent generalized lymphadenopathy

Clinical stage 2

Moderate unexplained weight loss

Recurrent respiratory tract infections (sinusitis, tonsillitis, otitis media, pharyngitis)
Herpes zoster

Angular cheilitis

Recurrent oral ulcerations

Papular pruritic eruptions

Seborrhoeic dermatitis

Fungal nail infections

Clinical stage 3

Unexplained severe weight loss (over 10% of presumed or measured body weight)
Unexplained chronic diarrhoea for longer than 1 month

Unexplained persistent fever (intermittent or constant for longer than 1 month)
Persistent oral candidiasis

Oral hairy leukoplakia

Pulmonary tuberculosis

Severe bacterial infections (e.g. pneumonia, empyema, meningitis, pyomyositis,

bone or joint infection, bacteraemia, severe pelvic inflammatory disease)
Acute necrotizing ulcerative stomatitis, gingivitis or periodontitis

Unexplained anaemia, neutropenia and/or chronic thrombocytopenia
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Clinical stage 4

HIV wasting syndrome
Pneumocystis jiroveci pneumonia
Recurrent severe bacterial pneumonia

Chronic herpes simplex infection (orolabial, genital or anorectal of more than 1

month’s duration or visceral at any site)

Oesophageal candidiasis (or candidiasis of trachea, bronchi or lungs)
Extrapulmonary tuberculosis

Kaposi sarcoma

Cytomegalovirus disease (retinitis or infection of other organs, excluding liver,

spleen and lymph nodes)

Central nervous system toxoplasmosis HIV encephalopathy
Extrapulmonary cryptococcosis including meningitis
Disseminated nontuberculous mycobacteria infection
Progressive multifocal leukoencephalopathy

Chronic cryptosporidiosis

Chronic isosporiasis

Disseminated mycosis (histoplasmosis, coccidiomycosis)
Recurrent septicaemia (including nontyphoidal Salmonella)
Lymphoma (cerebral or B cell non-Hodgkin)

Invasive cervical carcinoma

Atypical disseminated leishmaniasis

Symptomatic HIV-associated nephropathy or HIV-associated cardiomyopathy

Source: Antiretroviral therapy for HIV infection in Adults And Adolescents: Recommendations for a
Public Health Approach (122).
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Appendix B: Strand Transfer Assay and Complexation Reagents

20X Saline Sodium Citrate (SSC) Buffer

300mM NaCl (Sigma Aldrich Germany)
300mM Sodium Citrate (BDH Chemicals, England)

pH 7.0

Reaction Buffer

10mM MnClz (Sigma Aldrich, Germany)

10mM MgClz (Merck, Germany)

20mM Hepes (Sigma Aldrich, Germany)

75mM NaCl (Sigma Aldrich, Germany)

2uM ZnCl (Associated Chemical Enterprises, South africa)
1% v/v Glycerol (Saarchem, South Africa)

pH7.3

Filter sterilized

Annealing Buffer

10mM Tris (Merck, Germany)
100mM NacCl (Sigma Aldrich, Germany)
pH 8.0

Filter sterilized

200mM Phosphate Buffer (pH 8.0)

0.1884% w/v Monosodium phosphate, monohydrate

4.994% w/v Disodium phosphate, heptahydrate
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Activation Buffer 1

170mM Phosphate Buffer (above)
40mM DTT (Sigma Aldrich, Germany)
1% Glycerol (Saarchem, South Africa)

Filter sterilized

Activation Buffer 2

100mM Phosphate Buffer (above)

1mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma Aldrich, Germany)

Complexation Buffer

50mM Tris (Merck, Germany)
500mM NaCl (Sigma Aldrich, Germany)

1mM MnClz (only added at the final step from 100mM stock) (Sigma Aldrich,

Germany)

pH 8.0
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Appendix C: Protein Expression and Purification Reagents

Transformation Buffer

100mM CaClz (Merck, Germany)
10mM PIPES (Boehringer, Germany)
15% v/v Glycerol (Saarchem, South Africa)

pH 7.0

1000X Ampicillin

10%w/v Ampicillin Sodium Salt (Melford Laboratories, England)

50%v/v Ethanol (Merck, Germany)

1000X Chloramphenicol

10% w/v Chloramphenicol (Calbiochem, Germany)

100% Ethanol (Merck, Germany)

Luria Broth Agar

1%w/v Pancreatic Digest of Casein (Tryptone powder) (Merck, Germany)
1% w/v Yeast Extract (Merck, Germany)

0.5%w/v NaCl (Sigma Aldrich, Germany)

1.5% w/v Agar (Sigma Aldrich, Germany) - For solid media only

autoclaved before use

4X Stacking Buffer

0.5M Tris(hydroxymethyl)-aminoethane (Merck, Germany)
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pH 6.8

4X Running Buffer

1.5M Tris(hydroxymethyl)-aminoethane (Merck, Germany)

pH 8.8

4% Stacking Gel

1.3ml Monomer Solution (30% Acrylamide, 50% Bis-Acrylamide) (Sigma Aldrich,

Germany)

2.5ml 4X Stacking buffer

100pL 10% w/v SDS (Merck, Germany)

5.9ml dH20

100pL 10% Ammonium persulfate (Sigma Aldrich, Germany)

10pL N,N,N,N’-Tetramethylethylene diamine (TEMED) (Sigma Aldrich, Germany)

12.5% Running Gel

6.25ml Monomer Solution (30% Acrylamide, 50% Bis-Acrylamide) (Sigma Aldrich,

Germany)

3.75ml 4X Running buffer

150pL 10% w/v Sodium dodecyl sulfate (Merck, Germany)
4.7ml dH20

150pL 10% Ammonium persulfate (Sigma Aldrich, Germany)

10pL N,N,N,N’-Tetramethylethylene diamine (TEMED) (Sigma Aldrich, Germany)

2X Loading Buffer

25% v/v 4X Stacking Buffer
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40% v/v 10% Sodium dodecyl sulfate (Merck, Germany)
20%vV/v Glycerol (Merck, Germany)
1% v/v B-Mercaptoethanol (Sigma Aldrich, Germany)

0.001% w/v Bromothymol Blue (Merck, Germany)

5X Tank Buffer

125mM Tris(hydroxymethyl)-aminoethane (Merck, Germany)
967mM Glycine (Merck, Germany)

17mM Sodium dodecyl sulfate (Merck, Germany)

Destaining Solution 1

40% v/v Methanol (Merck, Germany)

7% viv Acetic Acid (Merck, Germany)

Destaining Solution 2

7% viv Acetic Acid (Merck, Germany)

5% v/v Methanol (Merck, Germany)

Coomassie Brilliant Blue Staining Solution

0.025% w/v Comassie Brilliant blue R250 (Merck, Germany)
40% v/v Methanol (Merck, Germany)

7% viv Acetic Acid (Merck, Germany)

Transfer Buffer

20% v/v Methanol (Merck, Germany)
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20% v/v 5X Tank Buffer

TBS

1% w/v NaCl (Sigma Aldrich Life Science, St Louis, USA)
3% w/v Tris(hydroxymethyl)-aminoethane (Merck, Germany)
0.2% w/v Potassium chloride (Calbiochem, USA)

pH 7.4

autoclaved before use

For T-TBS, 1%v/v Tween 20 (Saarchem, South Africa)

Re-suspension Buffer

1M NaCl (Sigma Aldrich, Germany)

20mM Tris(hydroxymethyl)-aminoethane (Merck, Germany)
5mM Imidazole (Sigma Aldrich, Germany)

10mM MgCl> (Merck Chemicals, South Africa)

0.25% v/v Triton-X (Merck, Germany)

1mM PMSF (Sigma Aldrich, Germany)

1000U Benzonase Nuclease (Novagen, Germany)

pH 7.9

Washing Buffer

20mM Hepes (Sigma Aldrich, Germany)
1M NaCl (Sigma Aldrich, Germany)
20mM Imidazole (Sigma Aldrich, Germany)

pH 7.5
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Elution Buffer

20mM Hepes (Sigma Aldrich, Germany)

1M NaCl (Sigma Aldrich, Germany)

600mM Imidazole (Sigma Aldrich, Germany)

pH 7.5

Storage Buffer

1M Nacl (Sigma Aldrich, Germany)

20mM Hepes (Sigma Aldrich, Germany)

0.1mM EDTA (Boehringer, Germany)

1mM Dithiothreitol (DTT) (Sigma Aldrich, Germany)
1% Glycerol (Saarchem, South Africa)

pH 7.5
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