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Abstract

Human immunodeficiency virus (HIV), a precursor for AIDS is still one of the most devastating
pandemics in history. In 2021 alone there were 650 000 deaths associated with the virus and the
number of people living with the infection was recorded to be 38.4 million globally. Sub-Saharan Africa
suffers the most burden of the virus with approximately 8.3 million people living with virus, HIV-1
subtype C is the main driver of the disease in South Africa and accounts for 46% of global infections.
Even with these alarming statistics this subtype is not the main focus point for the majority of HIV-1
research which mainly focuses on subtype B though it only accounts for 12% of infections globally.
There is no vaccine or cure against HIV; however, great strides have been made in suppressing the
virus. Viral suppression drugs have been developed to target different stages of viral replication such
as those targeting the three important enzymes (protease, reverse transcriptase and integrase). In this
study the focus will be on HIV-1 subtype C protease. This is a homodimeric aspartyl protease with 99
amino acids in each monomer. It plays a crucial role in the replication cycle of HIV-1 by producing
mature infectious virions through cleavage of the Gag and Gag-Pol polyproteins. The subtype C
protease differs from subtype B protease in that it has eight naturally occurring polymorphisms which
are substitution mutations, some occurring in different regions of the protease with some in the
fulcrum (T12S, 115V and L19I), others in the hinge region (M36l and R41K), with H69K and L89M found
in the loops and 193L in the a helix. In this study, structural and functional characterisation of HIV-1
subtype C protease was carried out. The secondary structure was characterised using far-Uv CD, which
is a technique that measures the difference in left and right circularly polarised light. The subtype C
protease was estimated to be predominantly B-sheeted, with spectra showing a maximum at 195 nm
and a minimum between 215-225 nm. Tertiary structure characterisation of protease was performed
using fluorescence spectroscopy. The maximum emission at 347 nm close to that of water (350 nm),
demonstrated that the tertiary conformation of the HIV-1 protease was conserved, and that the
tryptophan residues within the protease are solvent exposed. SE-HPLC was used to characterise the
guaternary structure of the protease and the homodimeric size was determined to be approximately
22 kDa. Steady-state enzyme kinetics to assess the catalytic activity of the subtype C protease was
performed using a fluorogenic substrate. The activity of the enzyme was confirmed, with the specific
activity of 24.22+1.72 umol. mint.mg? and the binding of the substrate to the HIV-1 protease was
demonstrated by the Ky value of 79.546+6.491 uM. This correlates to literature indicating that the
substrate was weakly bound and that a high substrate concentration will be required to reach the
maximum velocity (Vima), and Vimax was determined to be 0.036+0.003 pmol. mint. Enzyme kinetics

was coupled with displacement isothermal titration calorimetry for determination of thermodynamics



parameters using second generation Pls (atazanavir, darunavir and lopinavir). Thermodynamic studies
indicated that the HIV-1 protease has a high affinity for LPV (Ks = 1 nM), compared to ATV (Ks = 18.57
nM) and DRV (Ky=42.26 nM) and binding reactions were all spontaneous with AG values (ATV =-43.39
kJ/mol, DRV = -41.39 kJ/mol and LPV = -50.51 kJ/mol). The values also indicated that LPV complexed
with HIV-1 is more a stable complex. Also, all the binding reactions were exothermic as indicated by
the negative AH values of ATV = -45.54 kl/mol, DRV = -55.62 kJ/mol and LPV = -54.71 kl/mol. The
entropy of all the reactions were determined to be unfavourable with the -TAS of DRV = 14.23 kJ/mol
followed by LPV: 4.2 ki/mol and ATV: 2.15 kJ/mol. Overall this suggested that all the binding reactions
were enthalpically driven. Furthermore, the three-dimensional structure of the HIV-1 subtype C
protease was elucidated using X-ray crystallography. The three-dimensional structure the HIV-1 CSA
(PDB ID: 8Cl7) was solved at a 2.4 A resolution which is better than the 2.7 A (PDB ID: 3U71) initially
solved in our lab. The high-resolution three-dimensional structure of the protease will provide precise
information about the arrangement of atoms within the protease molecule, thus enabling the design
and development of protease inhibitors that will be specific for the subtype C protease. This study
emphasised the significance of investigating subtype C protease in the context of enzyme kinetics,

thermodynamics and detailed X-ray crystallography.
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1. Introduction

1.1 A brief view of HIV/AIDS

Human immunodeficiency virus (HIV) is one of the most devastating pandemics in human history (1).
This subclass of retroviruses was initially discovered in 1981, and arose due to transmission of simian
immunodeficiency viruses (SIVs) from primates to humans (2). The high mortality rates associated
with HIV through its progression to AIDS can be attributed to its mode of infection that primarily
targets infection-fighting human immune cells (CD4+ T cells) and macrophages. Due to their ability to
withstand the structural changes of the virus, the latter maintains and propagates viral infection for
longer periods of time (3). While CD4+ T cells are destroyed with a half-life of less than two days as a
result of a cell death signal that is induced during HIV replication (4, 5). Despite efforts to curb the
surge of HIV it remains a global crisis largely due to the wavering progress in treatment and prevention
worldwide. In 2021, the AIDS pandemic claimed numerous lives and new infections were taking place
more frequently. This led to 650 000 deaths with new infections amounting to 1.5 million and 38.4
million people were said to be living with the virus worldwide (5). Sub-Saharan Africa has the largest
HIV epidemic in the world accounting for ~ 70% of the global disease burden, with ~ 8.3 million adults

living with HIV in South Africa (5).

Two genetically distinct types exist for the AIDS precursor, HIV-1 and HIV-2, with HIV-1 being the most
prevalent consisting of various strains that have been divided into M (major), N (non-M, non-0), O
(outlier) and P (putative) categories (6, 7). The world’s infection burden is due to the M category
(Figure 1) and because of its diversity has been further classified into several variants which include
A-D, F-H, J-K clades with subtypes (A1-A4, F1- F2), circular recombinant forms (CRFs) and unique
recombinant forms (URFs) (7). Naturally occurring polymorphisms (NOPs) are what cause the
variances between the subtypes (8). Globally, subtypes A, B and C are the most widely distributed viral
strains, with subtype C being the primary cause of the pandemic in South Africa (Figure 1) and
accounting for 46% of global infections (9). Heterosexual transmission is the primary cause of this
pandemic in SA, females account for a high incidence rate (10). Subtype B, though accounting for 12%
of infections was the main focus of earlier research into antiretroviral therapy and prevention
strategies. This was due to subtype B being prevalent in the United States and Europe (Figure 1) (9),
which were the regions that provided a majority of resources and funding towards early research in

HIV/AIDS.
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Figure 1. A map showing prevalence of group M subtypes around the world. The percentage of each
circulating subtype within a region is represented by the pie graph with the pie size indicating the
number of infections and each region is colour coded. (Figure taken from Gartner et al., 2020) (9).



The discovery of HIV as a lentivirus in 1985 (11), shed light on some of the unique features of the virus.
The complex genomic structure of lentiviruses which includes numerous genes encoding proteins
associated with viral replication, immune evasion and host cell interaction distinguishes them from
other viruses (12). This virion ~ 100 nm is characterised by the spherical outermost portion, spicule-
studded appearance, and cone-shaped core (Figure 2). The HIV genome encodes an RNA and fifteen
crucial structural and non-structural proteins involved in the virus's life cycle (Figure 2). Three open
reading frames group specific antigen (gag), pol and envelope (env) are found from the 5'- to 3'-end
of long terminal repeats (LTRs). Structural elements include viral matrix (MA), capsid (CA),
nucleoprotein (NC) and p6 of the Gag and surface (SU) glycoproteins (gp) gp120 with transmembrane
(TM) glycoprotein gp4l of the Env proteins. Enclosed within the virus are enzymes reverse
transcriptase (RT), integrase (IN) and protease (PR) encoded by the pol gene and play a crucial role in
viral replication. The virus encodes three of the six accessory proteins, viral infectivity factor (Vif), viral
protein R (Vpr), and original negative factor (Nef), with transactivator of transcription (Tat) and
regulatory of viral protein expression (Rev) serving as regulatory genes. While two RNA molecules are
contained within the particles and viral protein U (Vpu) plays a role in virion assembly (13, 14). To date
HIV continues to be one of the most thoroughly reviewed lentiviruses, with its research providing

insights into the replication mechanism, immune evasion and pathogenesis of the virus (11).
1.2 HIV-1 replication cycle

HIV, like all viruses, cannot exist outside of a living cell because it is reliant on the replication apparatus
of the host cell to carry out self-replication (15). HIV transmission occurs when infected blood or bodily
fluids enter the host (16). HIV-1 though only encoding 15 mature proteins (Figure 2) can relentlessly
attack and impair the individuals innate and adaptive immune systems (17). It mainly targets the hosts
CD4+ helper T cells which have a crucial role in regulating both cellular and humoral immune
responses (15). Due to the complexity of the viral replication, it is divided into an early and late phase.
The virion's attachment to the cell surface and the integration of the proviral DNA into the host
genome are the first two stages of the early phase (Figure 3), while the late phase begins with proviral

transcription initiation and to conclude the process a fully infectious virion is released (15).

Host cell infection begins when the virus binds to CD4+ receptors via the glycoproteins (gp120 and
gp41) (17). Subsequent binding between the host cell’s CCR5 or CXCR4 chemokine co-receptors and
the virus allows fusion with the cell membrane through the formation of an irreversible
conformational shift, permitting the release of the of the viral core into the cytoplasm of the host (18,
19). The genomic viral RNA is reversed transcribed by the virions RT enzyme into DNA upon

destruction of the viral core (20). Due to the RT enzyme's lack of proofreading activity
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Figure 2. HIV genome and virion organisation. Long terminal repeats (LTR), matrix protein (MA), Capsid
(CA), Nucleocapsid (NC), assembly protein (p6), Protease (PR), Reverse Transcriptase (RT), Integrase
(IN), Regulatory of viral protein expression (Rev), Surface envelop glycoprotein gp120 (SU),
Transmembrane glycoprotein gp41 (TM), Transactivator of transcription (Tat), Viral infectivity protein
Vif), Viral protein R (Vpr), Negative regulatory factor (nef). (Figure taken from Frankel and Young 1998)
(14).
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particles that will bud out from the membrane are produced. (8) Virions mature and become

infectious through the action of the
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proteins respectively, and their involvement in each replication step. (Figure taken from Shukla et al.,

2019).



throughout the transcription process, several closely similar viral variants are produced. The viral IN
enzyme inserts the viral genome into the host genome after transcription. Many host nuclear proteins
facilitate the nuclear entry of pre-integration complex like the presence of lens epithelium-derived
growth factor. This integrase host binding factor is found in the host's chromosomal DNA (21). The
transcription machinery of the host transcribes the integrated viral and host DNA into many copies of
HIV RNA followed by the translation of mRNA outside the nucleus to proteins (22). The assemble of
new viral RNA copies and proteins at the cell membrane results in the formation of non-infectious HIV
virions which bud out of the cell (15). The lengthy protein chains are disassembled and reassembled
into mature infectious virions by the action of viral protease enzyme (15, 17). The newly formed
mature virions spread out and infect other CD4+ helper T cells, resuming the whole process of
replication again and infecting other cell types such as the macrophages, more resting T cell subsets
and immature dendritic cells. It is of significant interest to understand how HIV interacts with host
cells during replication as it gives insights on how to improve antiretroviral drugs and design strategies

to curb the virus (15).

Various antiretroviral drugs have been designed to target HIV at different stages of the viral replication
cycle, by inhibiting the protease role to produce mature virions which will prevent the virus from

binding to cellular receptors, preventing the action of RT enzyme and viral genome integration (17).
1.3 Antiretroviral therapy of HIV-1

Antiretroviral drugs have played a critical role in the reduction of HIV incidences, morbidity and
mortality associated with HIV, at the end of 2021 there were 28.7 million people globally on
antiretroviral therapy (ART). At present more than 30 drugs are being used for HIV treatment targeting
various stages of the replication cycle (17). There are currently six classes of ART drugs classified based
on their therapeutic mechanism of action. The advised AIDS highly active antiretroviral therapy
(HAART) regimen comprises at minimum with three drugs from two kinds of ART: fusion inhibitors,
non-nucleoside reverse transcriptase Inhibitor (NNRTIs), Chemokine receptor antagonists,
nucleoside reverse transcriptase inhibitor (NRTIs), protease inhibitors and integrase inhibitors
(23). The ART initiation for all individuals infected with HIV is still an ongoing struggle due to factors
such as lack of funding, effective infrastructure, treatment access, long-term adherence to ART and
weak indicators of HIV drug resistance (24). The accelerated development of drug resistance strains
creates a barrier to viral suppression and renders ART ineffective, 40-50% of patients who initially
experience viral suppression will subsequently succumb to failure of treatment (25). When a

frameshift mutation in the pol gene that encodes the protease led to the generation of immature,



non-infectious virions, the HIV protease was initially proposed as a druggable target in the HIV/AIDS

treatment resulting to it robust characterisation (26) and will be discussed in detail.
1.4 The structure and function of HIV-1 protease

Very early on during the HIV epidemic it was discovered that the viral genome encoded an aspartyl
protease within the pol region (27). The aspartyl protease contained a signature sequence
corresponding to a Asp-Thr-Gly sequence close to the N-terminus of one of the coding regions (27).
Pepstatin inhibition and the inactivation of the active site of the HIV-1 protease's aspartate (Asp25)
were used to confirm the existence of aspartic protease (28). It is known that large aspartic proteases
have two Asp-Thr-Gly sequences indicating that the two subunits of the molecule are the result of
gene duplication (27). Homology modelling techniques with the Rous sarcoma virus (RSV) PR structure

were used for the structural confirmation of the HIV-1 protease homodimeric aspartyl enzyme (28).
1.4.1 The HIV-1 protease structure

The protease (PR) has a homodimeric molecular weight of 22 kDa and was the first HIV-1 protein
structure to be described (28, 29). Each monomer of the C2 symmetric homodimer contains 99 amino
acids commencing at proline-69 and ending at phenylalanine-167 from the pol gene open reading
frame (30). Three major domains of the protease include the flexible flaps, dimer interface (DI) and
the active site with different elements (31, 32). According to the protease secondary structure (e.g.,
Figure 4A), each monomer contains one short helix (colors), and antiparallel sheet B strands
predominate the structure (33). The interaction of 8 amino and carboxyl terminal residues (residues
1-4 and 96—99) from each chain form the dimer interface. These residues make up the four-stranded
B-sheet protease, which has the hydrophilic side chains GIn2, Thr4, Thr96, and Asn98 on the outside
and the hydrophobic side chains Pro1, lle3, Leu97, and Phe99 inside the interface. The 96—-99 carboxyl
terminus of this periodic structure, four salt bridges, and 34 hydrogen bonds are all responsible for
the dimer's stability (34). 75% of the total Gibbs energy stabilizing PR comes from a DI (35). During
dimerization, a central active site made up of the triad residues Asp25-Thr26-Gly27 from the two
subunits is formed with both Asp25 having catalytic activity (33). Each monomer's Asp25 carboxyl
groups are nearly coplanar and many residues contributing to the formation of the active site are Arg8,
Leu23, Asp25-Thr-Gly-Ala-Asp-Asp30, Val32, lle47-Gly-Gly-1le50, Phe53, Thr80-Pro-Val82, and lle84.
These residues clearly show that the lining of this pocket is extensively distributed with negative and
positive charge in addition to hydrophobic structural features (27). The loop in which the active site is
positioned within receives its structural stability from a web of hydrogen bonds it forms with another
monomer's loop. These interactions of hydrogen called the "fireman's grip" contribute to the rigidity

of network (28, 36).



Figure 4. Three-dimensional ribbon representation of the HIV-1 protease structure showing different
conformations. Flaps (red/blue), flap tips (yellow), flap elbow/hinge (magenta), cantilever (green),
fulcrum (orange), DI (blue/cyan). (A) Upon inhibitor removal the protease returns to a semi-open
configuration with flap tips distance of about 4.3 A (PDB 1HHP). (B) In the closed conformation there
is approximately 5.8 A between the flap tips from each monomer (PDB 1HVR). Understanding the
open and closed conformations has an impact on understanding drug resistance mechanisms. (Figure
taken from Hornak et al., 2006) (37).



Each monomer has flaps that contain two antiparallel § strands connected through a 3 turn and form
a B hair pin loops that are flexible as they are glycine rich (27, 29). They form a protective roof over
the protein’s active site and their dynamics which are important for enzyme function and dictate the
volume and pocket size (38). The flaps have a crucial role in substrate/inhibitor binding and will
undergo structural changes depending on the presence or absence of this binding (39). The unbound
crystal structure of the protease showed three conformational changes that take place at equilibrium
open, semi-open and closed form (40) and the flap tips (lle-50C*-lle-50' C%) distance is used for
measuring these changes (37). The overlapping of the two flap tips blocks substrate entry to the active
site, when there is an overlap with the substrate a 15 A upward motion occurs in the flaps and once
the inhibitor binds allowing for its lockage in the catalytic site creates a closed conformation Figure 4B
(33, 41). An open configuration is required for normal substrate binding, molecular simulation studies
depict transient openings with a broad flap reshuffling and curling back of the flap tips into protein
structures with an orientation of approximately 20 A (42). Flaps stability and movement is closely
linked to residues 35-42 and 35'-42' of the hinge region (43). The shift of the flaps (43-58 and 43' -58')
occurs through the cantilever with the compensatory change being experienced by residues 59-79 and
59'-79'. A fulcrum with residues 11-22 and 11'-22' is a B-sheet region and corresponds to the flap and
cantilever, the flaps close down when the cantilever shifts up (44). The site-directed mutagenesis was
not only instrumental for the protease characterisation but also played a crucial role in demonstrating

the protease vital function in viral maturation (36).
1.4.2 The catalytic mechanism and specificity of HIV-1 protease

The proteolytic nature of the HIV-1 protease enables it to liberate itself from the Gag-Pol precursor, it
further catalyse the cleavage events of polyproteins to produce structural proteins necessary for viral
maturation (45). The Gag is translated as a fusion protein of 55 kDa (p558%) during the viral replication
and the Pol as a p1608%*° precursor (36). Gag and Pol are cleaved at twelve different processing sites,
where the asymmetric shape of the substrate is recognised regardless of the amino acid sequences
(46, 47). Figure 5 shows that the sequential processing of the Gag polyproteins starts with the cleavage
of the C-terminal part of spacer peptide 1 (p2) which separates nucleocapsid and capsid protein (MA-
CA-p2 NC-p1-p6, arrow indicates cleavage). The events that follow occur simultaneously between
the capsid and the matrix protein (MAJ, CA-p2) and the C-terminal sequence release of the p6 from
the C-terminal (NC-p14 p6) of the spacer peptide 2 (p1). Lastly, the small spacer peptides 1 (p2) and
2 (1), are cleaved from the capsid (ACJ,p2 ) and nucleocapsid (NC{, p1) respectively (46, 48). The Gag
maturation and ordered regulation of cleavages is facilitated by the spacer peptide 1 (p2) (48) with

spacer peptide 2 (p1) playing a critical role in Gag and Pol incorporation



GAG | NEF

L POL =]

l HIV-1 Gag, GagPol and Nef Translation

[MA | CA b NC Fibegan | [ner ]
[MA T CA $9 NC Fipéeol | PR | Rips1 | RTps6 | IN__ |

8)\

A) Gag Cleavage Process GagPol Cleavage Process C)
[MA ] CA pd nc Plosgag ] [ [MA [ CA B4 NC [ipépol [ PR | RTpS1 | RTps6 | IN | NEF
N
‘/\ \ First site to be cleaved, P2ZINC
[NC Fpspol] PR | RTps1 [RTo66[ N |
[MA | CA pd [ NC pfeegag]
/\ /\ ‘/\ Second site to be cleaved, TFP/pépol
[MA] [ CA B [nc | [pe9ag) [NCT]  [eopol PR Rpst [RTpe6] N |
[MA ] ["CA ] pd [nc ] H [pogas] B [pepal] [PR] [RTpst | [RTps8 | [N | [wer]
[

Figure 5. Processing of HIV-1. Cleavage of Gag (A), Gag-Pol (B) and Nef (C) by the protease at different
cleavage sites resulting in structural proteins and functional viral enzymes needed for the assembly

and maturation of the virus. (Figure taken from De Oliveira et al., 2003) (51).

10



into the virus (49). Primarily, the Pol is cleaved from the Gag-Pol and further processed to protease,
p51 (RT), p66 (RT) and integrase (50).0ne of the interesting features of the protease is its broad
substrate specificity. It selects numerous unrelated sequences and effectively cleaves them (27). The
peptide’s superimposable secondary structure results in a substrate envelope that fits well into the
binding site of the protease (46). In proteins, the regions that are protease-susceptible consist of the
octapeptides or a seven amino acid sequence (52). The interaction for these amino acids can be from
the P4 to P4' in the substrate with the protease S4-54' corresponding subsites leading to the scissile
bond cleavage (33) as shown in Figure 6. The allocation of the substrate can be done in one of the
three groups according to the cleavage site flanking sequences with the first-class containing Phe-Pro
or Tyr-Pro at P1 and P1', while the second class contains Arg at P4 and Phe-Leu at P1'-P2' and the third
class has Glu or GIn at P2' (36). The most common amino acid found at cleavage sites is glutamic acid
at the P2' position, and its presence is linked with a decrease in protease discrimination towards P1
and P1' substituents (33). When P2-P2' interacts with distinct protease groups, hydrophobic side
chains are observed, while some polar interactions take place between the amide groups of P2-P2'
and the polar side chains of the protease (53).The pockets of S2- S2' are hydrophobic, but hydrophilic
and hydrophobic residues can both occupy them, with the site being highly specific due to P2

restriction on residue size and type (53).

The protease catalyses the hydrolysis of the peptide bonds using two distinct mechanisms. The first
one uses activated water molecules to hydrolyse the scissile bond of the substrate’s amide carbonyl
bond (Figure 7B). This mechanism involves the interaction of catalytic aspartate residues (Asp25-
Asp25') with a water molecule. After this interaction, a general acid-base process takes place within
these residues, causing the water molecules to act as the attacking nucleophile and hydrate the
carbonyl carbon of the substrate, breaking the peptide bond and restoring the active site to its initial
protonation state (33). In the second mechanism (Figure 7A) a nucleophilic atom from amino acids
side chain is used to hydrolyse the amide bond (53). The unique specificity of the HIV-1 protease and
its critical role in viral replication has made it a key target for the HIV/AIDS drug therapy. Various

protease inhibitors have been developed and are currently being used, they will be discussed in detail.
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1.5 HIV-1 protease inhibition

The development of HIV protease inhibitors (Pls) was largely derived from information provided by
aspartic Pls intended to inhibit the effects of angiotensinogenase (56). Most of these aspartyl protease
inhibitors had non-cleavable inserts in place of the scissile-bond amino acid sequence and were
peptidomimetic substrate-based compounds (57). There are ten protease inhibitors approved by the
Food and Drug Administration (FDA) that are on the market and depending on their structural features
are classified as first or second-generation protease inhibitors. First generation protease inhibitors like
saquinavir and indinavir were demonstrated to have high binding affinity for the protease through
increased hydrophobic interactions (45). The first Pl to receive FDA approval was saquinavir, which
has an isostere of hydroxyethylamine instead of a scissile bond, ritonavir and indinavir quickly
followed (58). Amprenavir, fosamprenavir and nelfinavir are other three first-generation protease
inhibitors and nelfinavir was the first Pl with the ability to be administered in both adults and children

(58).

First-generation Pls made a significant impact, but they also had limitations such as decreased clinical
efficacy due to limited absorption, quick excretion, and a high burden of adverse effects (25, 58). The
development of second-generation Pls also came about due to high level of drug resistant mutations
associated with these Pls (45). The design of the second-generation Pls was mainly to target drug
resistant strains, improve bioavailability and reduce side effects (58). These Pls have an improved polar
interaction with main chain residues while decreasing the size of hydrophobic groups to minimise the
impact of active site mutation on the inhibitor (45). This group comprises of atazanavir, darunavir,
lopinavir and tipranavir. Pls darunavir, atazanavir, and lopinavir co-administered along with a ritonavir
booster in HAART are the first line of treatment for the HIV infection, for this study the focus will be

on these three second generation Pls, and they are briefly described on Table 1 below.

Although HAART has been effective in treating HIV, the emergence of drug resistance to Pls has
hampered treatment efficacy, leaving few antiviral choices for patients who contract the resistant
strains of the virus (32). To control the HIV infection there is a need for new approaches in the design

and development of novel Pls that have a high genetic barrier against resistance.
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Table 1. HIV-1 protease inhibitors and their properties

Generic name

Abbreviation

Properties

Structurex

Lopinavir

Atazanavir

Darunavir

LPV

ATV

DRV

Developed by Abbott laboratories and
FDA approved it in 2000 it is based on
improvement of structural features for
RTV (59). The core region of LPV
contains a hydroxyethylene dipeptide
isostere, the P2 pocket in RTV has it 5-
thiazolyl group replaced by a
phenoxyacetyl group (60). Also, a six-
member cyclic urea replaces the 2-
isopropylthiazolyl group of the P2'
thus increasing potency (Ki = 1.3 pM)
through this bulky P2 and P2’
replacement (54)

Approved in 2003 and developed by
Bristol-Myers Squibb, has a Ki of 10 pM
it has an aza-di-peptide core with 2-
hydroxy-1,3-di-aminopropane
transition state isostere makes up the
ATV structure. The removal of one of
the chiral centers is facilitated by the
aza-dipeptide connection between the
P1-P2 pockets
straightforward and
synthesis (61)

enabling a
large-scale

Approved in 2006 and developed by
Tibotec Inc it is an APV structural
homolog with DRV containing a bis-THF
moiety which improves the hydrogen
bond interaction at the protease active
site thus slowing down drug resistance
(62)

*All chemical structures for the Pls were downloaded from PubChem [21/02/2023]
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1.6 Resistance to protease inhibitors

Protease inhibitors have a high genetic barrier to drug resistance, despite resistance being associated
with all drugs being used in the treatment of HIV. This is mainly because there are numerous
advantages associated with HIV protease including its size and dimeric property. Its small size will limit
mutation possibilities and the dimeric characteristic will require the numerous mutations prior to
being PI resistant (33, 63). Nevertheless, when compared to other ARV classes, Pls have the highest
mutation frequencies (32). In individuals infected, it has been estimated that within the HIV protease
the daily occurrence of a single possible mutation is 10%-10° times. There is a link between genotypic
variations in the PR gene and the emergence of clinical resistance. Frequent mutation selection occurs
due to the mutant protease being more fit compared to the wild-type in the presence of the inhibitor
(33). The resistant strain development is due to RT lacking the proofreading activity resulting in a
mismatch rate of 103-10° nucleotide bases per cycle, the virus's rapid replication cycle which
generates 10%° virions per day, its capacity for genomic recombination and drug pressure (25). The
degree of cross-resistance among different Pls rises as the number of accumulated mutations rises
(33). Depending on the mutation location within the PR it can either be a primary (active site) or
secondary (non-active site) mutation. Mutations conferring drug resistance occur at 45 residues of the
99 residues and from those only 11 are linked to the active site and others are secondary mutations

(64).
1.7 South African subtype C protease

The currently used PI in antiretroviral therapy are designed with improved binding affinity to HIV-1
subtype B protease instead the subtype C protease which is causing rampage worldwide. Drug
resistance may develop more quickly in non-B subtypes due to the high occurrence of some resistance
mutations in these subtypes, and some non-B subtypes may already be intrinsically resistant to some
antiretroviral drugs if not all of them. The South African subtype C protease consist of eight NOPs
these are substitution amino acid found in each monomer, enabling distinguishing between the
subtype C and subtype B. In the fulcrum region three mutation are found these are T12S, 115V and
L19I1 substitution mutations, M361 and R41K are in the hinge region, H69K and L89M are positioned in
the 60s and 80s loops. 193L forms the a helix and because polymorphisms occur distal to the active
site, they are said to have an indirect effect on the binding of the inhibitor. Subtype C protease
thermodynamic analysis with Pls have depicted a weaker binding affinity in comparison to subtype B
proteases (65). The HIV-1 subtype C conformational stability is moderately reduced in contrast to the
subtype B indicating that changes in structure may in turn affect Pl binding to the subtype C protease

(8). Studies on HIV-1 subtype C protease previously conducted in the lab by Naicker and colleagues
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(43, 66) also demonstrated that NOPs in the subtype C had an effect on drug binding, as the binding
affinity was weak for some Pls and vitality studied indicated a selective polymorphisms advantage for

subtype C relative to subtype B.

1.8 Gene cloning

The understanding of the chemical structure and activity of cells at a molecular level has greatly
benefited from gene cloning studies (67). It is a fundamental tool in molecular biology that has enabled
researchers to study the function of specific genes and their encoded proteins. This method typically
involves transferring the desired DNA fragment from one organism to a self-replicating medium, such
as a bacterial plasmid. Once inside a suitable host cell the vector proliferates, producing multiple
identical copies of not only itself but also the inserted gene of interest to generate a new DNA
fragment called recombinant DNA (68, 69). During host cell division, the recombinant DNA is further
replicated in progeny cells resulting in the formation of colonies or clones which can be used in
sequencing, genotyping, mutagenesis and heterologous protein expression (70, 71). By cloning a gene
of interest and expressing it in a heterologous host, researchers can obtain large quantities of the
encoded protein for downstream applications, such as protein purification, structural studies and drug

discovery.
1.9 Overexpression, purification, and characterisation

The production of recombinant proteins in microbial systems has had a significant impact on
molecular biology (71). It allows for the extraction and purification of a large quantity of a desired
recombinant protein, which provides a wide range of applications including its use for research,
diagnosis and treatment of diseases. To produce recombinant proteins, a gene of interest is cloned
downstream of an expression vector promoter, and recombinant proteins are synthesised as a result.
The blueprint for proteins is stored in DNA and is decoded through tightly regulated transcriptional
processes to produce messenger RNA (mRNA), which is then translated into polypeptide chains and

undergoes post-translational modifications to form proteins (72, 73).

After the successful expression of recombinant proteins, it is essential to purify the protein for various
applications. Several steps are involved in isolating a specific protein from a complex mixture of
proteins during the purification process (74), these steps may take an advantage of protein solubility
allowing a part of the mixture to precipitate through alteration of some solvent properties, while
others include taking advantage of the adsorption principle as observed in column chromatography
(75). Depending on nature, size and the final goal for the purification there are numerous

chromatography techniques that can be used (76). These techniques may include the use of lon
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exchange chromatography (IEC), which separates proteins based on their net surface charge by ionic
interactions occurring between a protein and a charged stationary phase (77). Others may use
hydrophobic interaction chromatography (HIC) (78) which separates proteins according to the
difference on their hydrophobicity. Also affinity chromatography (79) can be used and will separate
proteins by the interaction between a specificimmobilised substrate (80) and a peptide "tag" (like GST
and Histidine tags) adhered to the recombinant DNA during expression, and size exclusion
chromatography (SEC) (81) which separates proteins through a porous gel based on their
hydrodynamic radii. In protein purification of recombinant HIV-1 protease ion-exchange and affinity

chromatography are widely used (82).

One of the most important aspects in recombinant protein expression is the identification and the
characterisation of the purified protein. Briefly, quality control of purified protein must not be
overlooked as the correct interpretation of various experiments on structural and biophysical
characterisation depends on the premise that the protein samples are homogeneous and pure, that
their concentration has been precisely assessed and that all the protein is in the active native state
and completely solubilised (83). Numerous techniques can be used for protein quality control which
include the most widely used technique SDS-PAGE which separates molecules according to their
subunit molecular weight (84) and spectroscopy. Studying enzyme kinetics, thermodynamics and
three-dimensional structure of proteins is necessary for the development and design of effective

drugs.
1.10 Enzyme kinetics

One of the most important features of enzymology is catalytic activity, the study of enzyme catalysed
chemical reactions is the basis of enzyme kinetics. In which valuable information about the enzyme
catalytic and inhibition mechanism can be obtained (85). Enzymes speed up reaction rates by
decreasing free energy of activation and have a high specificity for the reaction they catalyse (86).
Briggs and Haldane (87) proposed basic principles to model kinetics involved in understanding
enzymes, they proposes that at substrate saturating conditions the rate of reaction will not be
increased by increasing substrate amount as the concentration of enzyme-substrate complex remains

the same. In the reaction:

ki k; (Equation 1)
E+S ;’ E.S>EP
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E and S are free enzyme and substrate while E.S, and P represent enzyme-substrate complex, and
product, The association rate constant of enzyme to substate binding is denoted as ki, while the
dissociation rate constant of the enzyme-substrate complex is denoted as k.; and k; represents the
rate constant of product and enzyme formation. When the concentration of enzyme-substrate
complex remains the same over time, the reaction is said to have achieved steady state making it
possible to measure product formation as well as determine enzyme kinetic parameters. Since the
enzyme concentration remains constant in the sample, the formation of enzyme-substrate complex is
dependent on substrate concentration. Michaelis-Menten equation links reaction rate to substrate

concentration by kinetic parameters Ky and Vimax (88)

Vo= Vmax [S]
Km + [S]

(Equation 2)

where Vj(initial velocity) is the product increase rate with time, while maximum velocity (Viax) is when
there is complete saturation of enzyme with substrate. Michaelis-Menten constant (Ky) is the
substrate concentration [S] needed for half-maximal velocity to be reached and represents binding
affinity of enzyme to substrate. During enzyme kinetic experiments fluorometric assays are performed

using artificial fluorogenic substrate (89) and will be used for this study.
1.11 Thermodynamics studies

The crucial stage in drug discovery is understanding the mechanisms of protein-drug binding and
obtaining precise information on the equilibrium thermodynamics of the interaction (90, 91). The term
thermodynamics in drug discovery refers to studies of heat change that takes place upon interaction
of biomolecules (92). General thermodynamics govern a non-covalent association of two
macromolecules, where K, the binding affinity is due to the change in free energy upon binding and
like with any other spontaneous processes binding only occurs when it is associated with a negative
Gibbs free energy of binding (AG). This in turn consist of both components of enthalpy (4H) and
entropy (-TAS) given by:

AG = AH-TAS = -RT InK, (Equation 3)

where T is the absolute temperature in Kelvin and R is the gas constant (8.314 J.molK)(93). The use
of this thermodynamic profile summarises and reflects on the interplay between various

intermolecular interactions involved in drug target complex formation (90). The contribution of
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enthalpy to free energy reflects the specificity of the interactions between partners which include
halogen, ionic, hydrogen bonds, van der Waals and electrostatic interactions, whilst the entropic
contribution is the measure of the overall system dynamics (93). The Simple thumb rules of
thermodynamics state that a favorable enthalpy is due to hydrogen bonds with hydrophobic
interactions resulting in favorable entropy, and that changes in conformation are associated with
unfavorable entropy (92). The AH which is associated with the first law of thermodynamic measures
the flow of heat at constant pressure between a system and its surroundings. A positive value indicates
an endothermic reaction while a negative value denotes an exothermic reaction. The AS associated
with the second law of thermodynamics measures the degree of randomness of the system where a
positive value corresponds to an increase entropy and a negative value denote a decrease in entropy.
Favorable or spontaneous processes are the ones with a negative enthalpy change and a positive
entropy change. Since entropic and enthalpic contributions are correlated, enthalpy increase by
tighter binding may directly impact entropy by mobility restriction of interaction molecules (94).
Regarding this enthalpy-entropy compensation phenomenon, the energy of binding associated with
ligand protein interactions varies from the individual sum contributions to free binding energies (93).
Isothermal titration calorimetry (ITC) tool is used for the complete understanding of the full

thermodynamic picture of binding reactions (95).
1.12 Three-dimensional structure of proteins

The native conformation of proteins is critical for their biological function as it determines how it will
interact with other molecules in the cell. The proteins primary amino acid sequence with factors such
as disulfide bonds, hydrogen bonding and van der Waals forces dictates the 3D structure of proteins
(96, 97). The study of protein structures has led to significant advances in the field of drug discovery.
Researchers can use knowledge of a protein's three-dimensional structure to design drugs that target
specific binding sites on the protein. Understanding the precise shape of a protein's active site at the
atomic level enables researchers to design small molecules that bind and inhibit protein activity, thus
blocking its function (98). This is the approach that has been used in the development of a wide range
of drugs with X-ray crystallography being the most preferred method for the elucidating the protein’s

3D structure accounting for 87 % of 3D protein structures reported so far (99).

1.13 Techniques in structural and functional characterisation of proteins

Currently several methods are being used to characterise protein structure, determine
thermodynamics and enzyme kinetics of proteins. Protein biochemistry research requires sensitive,

fast, simple and reliable techniques when performing this kind of research, which is why scientists are
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always pushing the envelope when it comes to the development of such techniques. Some of the
commonly used techniques include the ones that use light, i.e.,, spectrophotometry,
spectrofluorimetry spectropolarimetry, liquid chromatography, X-ray crystallography and a modern

technique which makes use of heat i.e., ITC.
1.13.1 Spectrophotometry

The spectrophotometry technique (100) is used to determine quantity of light absorbed by a chemical
substance through light intensity measurement as a light beam passes through the sample. A
spectrophotometer instrument enabling work at UV range was initially developed in 1940 by Beckman
and colleagues (101) is used for measuring reflected or transmitted visible light, UV light or infrared
light and measures intensity as the function of wavelength of the light source. The monochromator
permits light of specific wavelength to pass through the sample allowing detection by a photodetector,
resulting in an electric signal corresponding to light intensity. During the experiment positioning the
cuvette the same way in the light beam is important to prevent variations caused by differences in
glass composition. Some of the applications of UV-Vis absorption spectrophotometry (Figure 8B) in
protein evaluation include qualitative analysis, quantitative analysis, enzyme assays and

physiochemical studies.
1.13.2 Spectrofluorimetry

Fluorimetry is a rapid, highly sensitive and specific tool that is widely used for analysis of dynamics,
structure and protein interactions in solution. UV absorption or radiation of visible light by molecules
(fluorophores) results in electron transition from a ground state to an excited state, because this state
is unstable electrons return to the ground state emitting excess energy as a photon of lower
wavelength (102). The released photons can be detected by measuring emission intensity using a
fluorometer. The shift in energy level of the excited and emitted energy is termed stokes shift and
intrinsic or extrinsic fluorophores can be used. Intrinsic fluorescence (Figure 8A) entails the use
aromatic amino acids (tyrosine, tryptophan and phenylalanine) within proteins. The absorption and
emission wavelengths of phenylalanine are short. Based on solvent polarity, tyrosine and tryptophan
can be excited at wavelengths between 280 nm and 285 nm, with tryptophan having a maximal
emission of 350 nm in water while tyrosine has wavelength of 304 nm, and the emission of tyrosine
can be avoided by selectively exciting tryptophan at 295 nm. Extrinsic fluorescence uses numerous
fluorescent probes that can bind to a molecule (103). Also, the interaction of biomolecules in solution
can be studied using fluorescence quenching which can be defined as the physiochemical process that

results in the reduction of fluorescence intensity for a given molecule (104).
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1.13.3 Far-UV circular dichroism spectroscopy

Far-UV CD spectroscopy (105) can be used for the determination of secondary structural content and
monitoring of conformational changes of proteins in aqueous solution (Figure 8C). This non-
destructive technique measures absorption difference of left and right circularly polarised light, chiral
molecules (e.g., proteins) will absorb circularly polarised light in one direction thus allowing for
guantification of absorption difference between the two components. In the far-UV region (240 nm -
190/180 nm), there are two electronic transitions: one from n > mx, which is sensitive to the
formation of hydrogen bonds and appears as a negative band at approximately 220 nm, and another
from m - mx, with a positive absorption observed at around 190 nm and a negative band at
approximately 210 nm. The above mentioned provide insight on the composition of protein secondary
structure as the peptide bond is the principal absorbing group and distinct spectra are demonstrated
by various forms of regular secondary structure obtained in peptides and proteins (103, 106). Proteins
that are predominantly a-helical have a positive band at 193 nm and two negative ones at 222 nm and
208 nm while B-dominant proteins exhibit a pronounced positive band at 195 nm and a trough
between 215-225 nm. The f structure CD signal comprises of various types of B-sheets arrangements
and turns in comparison with the a-helix signal its less intense. Although far-UV CD cannot determine
three-dimensional structure of proteins it does have some advantages including its rapidness,

possibility of sample recovery and small sample requirements.
1.13.4 Size-exclusion high performance liquid chromatography

SE-HPLC (107) can be used for high order structural characterisation of proteins through sizing as it
allows for separation of molecules based on their size. In this technique the exclusion of large
molecules from the pores of the column packing material by mobile phase is much faster, compared
to small molecules which largely interact with the stationary phase of the column and elute late. Time
taken for elution of each analyte is expressed as the retention time. The mode of detection when a
sample travels through the column is predominantly UV. The amount of light absorbed is related to
the concentration of specific compounds in a sample. For accuracy in analysis a dual wavelength
detection system is preferred. This allows for purity profiling as longer wavelengths are sensitive to
aromatic amino acids and are used for protein measurements (108). Shorter wavelengths provide
great sensitivity for aggregates and other impurities (108, 109). The size of unknown proteins can be
estimated from a calibration curve derived from molecular weights of known proteins (108). Even
though systems of SE-HPLC and FPLC can accommodate silica-based SEC columns due to their

adequate pressure thresholds they may still require to be coupled with light scattering detectors.

22



A o N\
§:0 / \
90° g 04 /" \‘A
/ \_/ § 02 | \l\‘\\
/ T I
= -J B
@:‘ 1.00
‘ | b TR W
& —> \J \/ é 0,50
) 028
% /)\J"“ ‘ \ 000w 260 220 300 320
Wavelength (nm)
Light - C
Source \)C - \ch % A

o

Peptide/Protein
Assemblies

o

(0] « 103 deg cm? dmol*T)
o

8

200 210 220 23 240 250
Wavelength (nm)

Figure 8: A schematic overview of techniques in protein analysis.(A) Tryptophan fluorescence emission
spectrum, (B) UV-Vis absorption spectrum and (C) Far-UV CD spectra. These techniques use light in
different ways to study protein properties and function (Figure taken from Pignataro et al., 2020)

(103).
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1.13.51ITC

Isothermal titration calorimetry determines the amount of heat released or absorbed when two
molecules interact and allows for binding characterization between two molecules. This label-free,
non-immobilised technique has a unique feature of not only providing the binding affinity (K.) of the
interaction, but also the thermodynamic parameters (Gibbs free energy (AG), (enthalpy (AH) and
entropy (4S) and binding stoichiometry (N) in a single experiment (110). Other binding assays do not
provide as much thermodynamic information and may require additional techniques. The ITC
instrument (Figure 9) has a reference cell and a sample cell which are in thermal equilibrium. During
a stepwise titration of ligand into protein solution in the sample cell, heat is either absorbed or
released. The heat change is quantified by determining the amount of power required to sustain the
same temperature in respect to the reference cell (111, 112). The amount of this power is measured
as peak signals and to obtain the required heat the area under individual peaks is determined. The
binding of ligand to protein corresponds to heat released or absorbed (113) and upon protein
saturation with ligand the reaction heat signal approaches zero and the observed signal is due to heat
of dilution. Successive accumulation of reaction heats shows a saturation curve which enables the
deduction of K,, AH and N directly from the plot, once these parameters have been determined AG
and AS can be calculated from equation described in section 1.11. The evolution of traditional ITC to
a more robust widely used method in protein science has seen the development of the new ITC

methods such as reverse titration ITC and the displacement ITC (114).
1.14 X-ray crystallography

X-ray crystallography remains a preferred method for determining the molecular and atomic structure
of a protein crystal. The discovery of X-rays in 1985 is attributed to Wilhen Conrad Rontager (99) with
the determination of the first three-dimensional of protein in 1958 (115). A pure protein sample is
crystallised at high concentration and subjected to X-ray beam upon crystallization (Figure 10). The
crystal information can be obtained from the pattern of the diffraction spots with the intensity of
spots being used to deduce structure factors which will make it possible to calculate the electron
density map. To improve this map quality numerous methods can be used and once a sufficient map
quality has been achieved the protein sequence is used to construct a molecular structure that is
further refined to precisely fit the map and assume a thermodynamically favoured conformation
(116). Even though protein crystallography is well understood to predict conditions of protein
crystallization still presents a challenge. Therefore, the approach is based on trial-and-error method
with screening of a wide range of chemical conditions and commercially available screening kits

simplifies the screening process.
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Figure 9: A schematic ITC presentation. Instrument components (left), raw ITC data from the titration
experiment (top-right) and fitted ITC data showing deduction of parameters directly from the plot
(bottom-right) Top right image is the titration thermogram indicating heat generated after each
injection of the ligand into the protein (in black). The bottom right picture is the relationship between
the heat released during each injection and the ratio of the total ligand concentration to the total
protein concentration present. The circles represent experimental data points. (Figure taken from

Song et al., 2015) (117).
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Figure 10: Steps involved in X-ray crystallography. elucidation of the three-dimensional structure of a
protein. The steps include the production of pure target protein, which is crystalised and subjected to
diffraction. The collected diffraction data are processed, and phases of the diffracted X-rays are
determined. The electron density map of the protein molecule within the crystal is calculated from
the phases. This is followed by building the protein model into the electron density map and refining
the model. The refined model is rigorously validated to ensure its accuracy and reliability. Numerous
validation tools are used to assess the structure and structural analysis is performed. Figure taken
from (Brito and Archer, 2020) (118).
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1.15 Aim

The aim of this study is to perform structural and functional characterisation on HIV-1 C-SA protease

and assess the potency of atazanavir, darunavir and lopinavir on the protease while elucidating the

three-dimensional structure of the protease.

1.16 Objectives

1.16.1

1.16.2

1.16.3

1.16.4

1.16.5

1.16.6

1.16.7

1.16.8

To overexpress and purify the recombinant HIV-1 C-SA protease in E. coli BL21 (DE3) pLysS
cells

To perform qualitative and quantitative assessment of the protease using UV absorbance
spectroscopy and ITC

To use far-UV circular dichroism spectropolarimetry to estimate the secondary structure of
the protease

To assess the tertiary structure of the protease using intrinsic tryptophan fluorescence

To assess the quaternary structure of the protease using SE-HPLC

To determine specific activity, Kv, Kcat, Vimax, Keat/ Km from the enzyme kinetic assays

To determine thermodynamic parameters (AG, AH, AS) and Ky of the protease Pl (ATV, DRV
and LPV) complex using displacement ITC

To elucidate the three-dimensional structure of the HIV-1 C-SA protease using X-ray

crystallography
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2. Materials and Methods

2.1 HIV-1 protease expression construct and strain

HIV-1 subtype C (HIV-1CSA) protease sequence (with Q7K to reduce autocatalysis) previously
generated in our laboratory was recombinantly constructed into a pET-11a vector. This T7 promoter-
based expression system conferring ampicillin resistance was synthesised by GenScript (USA). The
origin site within the vector enables gene replication in the host cell. E. coliBL21 (DE3) pLysS cells from
Novagen (USA) suitable for expression of toxic genes and conferring chloramphenicol resistance were
used as the host strain. The strain consists of both the DE3 lysogen which upon IPTG induction
expresses T7 RNA polymerase and the pLySs plasmid encoding T7 lysozyme which inhibits non-target
protein expression. The regulation of T7 promoter system allows for controlled recombinant protein

expression in BL21 (DE3) pLysS cells, wherein the IPTG addition induces expression of target gene.
2.2 Expression construct transformed into host strain

Heat shock method was used for the transformation of pET-11a-HIV-1CSA proteas vector into E. coli
BL21 (DE3) pLysS competent cells. This entailed thawing competent cells on ice and directly adding
the vector, gently flicking ensured a proper mixture. After ice incubation for 30 minutes the mixture
was heat shocked for 45 seconds at 42 °C followed by a 5 minute ice incubation. As a recovery step
after transformation super optimal broth with catabolite repression (SOC) medium (at 37 °C) was
added and the mixture was incubated at 37 °C with shaking (250 rpm) for 1.5 hours. Transformed cells
were grown on LB-agar plates (15% (w/v) agar, 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 0.5%
(w/v) NaCl) with appropriate antibiotics (100 pg. mL? ampicillin and chloramphenicol 30 pg. mL?)
overnight at 37 °C. Confirmation of successful transformation was confirmed by plasmid DNA
sequencing. A single colony was inoculated into 100 mL LB media (1% (w/v) tryptone, 0.5% (w/v) yeast
extract and 0.5% (w/v) NaCl) supplemented with ampicillin (100 pg. mL) and chloramphenicol (30 pg.
mL?) the culture was allowed to grow overnight in the shaker at 37 °C, 200 rpm. Glycerol stocks were

prepared from the overnight culture and stored at -80 °C.

Isolation of recombinant plasmid from the overnight culture was carried out using a GenelET plasmid
miniprep kit (Thermo Scientific, Massachusetts, USA) and sent to Ingaba Biotech (Pretoria, South
Africa) for DNA sequencing. The received sequence was translated using ExPASy translate tool and
Basic Local Alignment Search Tool (Blastx)(119) was used to perform sequence alignment with the
sequence of PDB ID: 3U71 (43).The overnight culture was also used to assess the expression of gene

of interest and its solubility using tricine SDS-PAGE under reducing conditions.
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2.3 HIV-1 protease growth curve

The role of HIV-1 protease also involves cleavage of cellular proteins and contribution to HIV-induced
cytotoxicity (120). It is therefore crucial to monitor its behavior within the cell and deduce an
appropriate induction time for over-expression. The glycerol stock was used to inoculate 100 mL LB
media supplemented with appropriate antibiotics and allowed to grow overnight at 200 rpm, 37 °C. A
100-fold dilution of the overnight culture in LB was done and cells allowed to grow for 6 hours with
ODsoonm measurements being taken at zero time point and every 20 minutes for 6 hours. Readings at
ODegoonm Were plotted against time in minutes and from the growth curve mid-log phase was deduced.
This is an appropriate time for induction as cells are in their exponential growth and will lead to the

over-expression of gene of interest.
2.4 HIV-1 protease induction trials

The insolubility and low expression of HIV-1 protease has hindered its large-scale production and in
turn made downstream applications a strenuous process (121). Induction trials were performed with
different IPTG concentrations to decide on the concentration to use for HIV-1 C-SA protease over-
expression. LB media (100 mL) was inoculated with a glycerol stock and allowed to grow overnight at
37 °C, 200 rpm. The overnight culture was diluted 100-fold in 6 x100 mL LB media and allowed to grow
(37 °C, 200 rpm) until log phase wherein different IPTG concentrations (0.2, 0.4, 0.6, 0.8 and 1 mM)
were used to induce overexpression (ODegonm ™~ 0.6). At each time point (0,1,2,3,4,5,6, and 24 hours) 1
mL of cell culture was harvested at 10 000 xg, 4 °C for 5 minutes with supernatant being discarded. TE
buffer (2 mM EDTA, 10 Mm Tris-HCI) was used to resuspend the pellet and sonication was done using
Microson XL-2000 sonicator at 15 amps for 3 seconds in 3 cycles. Insoluble and soluble fractions were
separated by centrifugation at 12 000 xg, 4 °C for 10 minutes followed by a 2:1 ratio resuspension in
reducing sample buffer (30% (v/v) glycerol, 0.05% (w/v) Coomassie Brilliant blue G-250, 12% (w/v)
SDS, 6% (w/v) BME and 150 mM Tris-HCI, pH 6.8).

2.5 Tricine SDS-PAGE

Tricine SDS-PAGE which is an adaptation of the Laemmli method (122) was used to assess protein
purity and its molecular weight. The technique allows for high resolution separation of proteins with
low molecular mass in a single polyacrylamide gel. The tricine in the stacking gel allows for stacking of
proteins with lower molecular weights making the method more efficient (122). The resuspended
pellet and supernatant were diluted in reducing buffer in a 1:1 ratio and boiled (5 min, 100 °C) prior

to loading 20 pl on the gel. Tricine SDS-PAGE gel had 4% stacking and 16% separating gel and a cathode
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[10x (1 M Tris-HCI, 1M Tricine and 1% (w/v) SDS pH remained unaltered as 8.25)]-anode [10x (1 M
Tris-HCI pH 8.9)] buffer system was used for electrophoresis this was done at an initial voltage of 30 V
for proper stacking and a final voltage of 140 V. Gel visualization was carried out using Coomassie
staining ( 0,025% (w/v) Coomassie Blue G-250, 10% (v/v) acetic acid and 50% (v/v) methanol). The gel
was then distained in 10% (v/v) acetic acid and 50% (v/v) methanol, known protein standards from
the Pre-stained Protein Ladder (Thermo Scientific, USA) was used as the molecular size marker and a
plot of log molecular weight of standards against relative migrated distance (R¢) was used to estimate

the monomeric size of the HIV-1 C-SA protease.
2.6 Overexpression of HIV-1 protease

Upon successful determination of overexpression conditions, the overnight culture prepared by
inoculating glycerol stock into 100 mL LB media supplemented with ampicillin (100 pg. mL?) and
chloramphenicol (30 pg. mL?) and incubated overnight at 37 °C, 200 rpm was diluted a 100-fold in
8x650 mL LB media supplemented with appropriate antibiotics. Cells were grown (37 °C, 200 rpm) to
mid log phase (ODgoonm ~ 0.6) for induction with 1 mM IPTG and gene overexpression was allowed to
occur for 4 hours at 37 °C, 200 rpm. This was followed by harvesting the cells through centrifugation
at 5000 xg, 4 °C for 10 minutes, the resulting supernatant containing media was discarded and 20 mL
ice-cold buffer A (10 mM Tris-HCI, 1 mM PMSF and 2 mM EDTA, pH 8.0) was used to resuspend the
cell pellet which was then short term stored at -20 °C. The cell pellet was thawed to aid lysis followed
by further resuspension in ice-cold 30 mL buffer A with 10 mM MgCl,. A Bio-Gen series PRO200
homogenizer (Pro Scientific Inc., Connecticut, USA) was used to homogenise resuspended cells and
DNase (1 mg/mL) was added to increase protein extraction efficiency by removing DNA allowing
reduction in viscosity this was done on ice while stirring the cell suspension (30 min). The cell
suspension was then subjected to 30 sec sonication cycles (x10) at 70 um amplitude whilst on ice using
Microson XL 2000 sonicator. To separate soluble and insoluble fractions the cell lysate was centrifuged
(4 °C, 18000 xg, 30 min) and target protein was expressed as inclusion bodies. The resulting pellet was
washed by re-suspension in ice- cold buffer A* (buffer A with 1% Triton X-100) and centrifuged (4 °C,

18000 xg, 30 min) the pellet was washed twice.
2.7 Inclusion body isolation and purification

The purification procedure used followed the one previously established in lab by Naicker et al,.(43)
briefly the target protein was recovered from inclusion body pellet by unfolding at room temperature
for 1 hour using buffer B (8 M urea, 10 mM Tris-HCI, 5 mM DTT, pH 8.0), followed by centrifugation

(18000 xg, 30 min, 20 °C). The supernatant was subjected to acidification through dialysis at 4 °C using
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a 3.5 kDa Snakeskin dialysis tubing (Thermo Fischer Scientific, Massachusetts, USA) in buffer C (10 mM
Formic Acid, 10 % Glycerol and 0.01% (w/v) sodium azide) for 4 hours and refolded through dialysis at
4 °Cin buffer D* (10 mM sodium acetate, 2 mM DTT, 0.01% (w/v) sodium azide, pH 5.0) overnight. The
refolded protein was centrifuged (18000 xg, 4 °C, 30 min) to remove aggregated proteins and filtered
using cellulose acetate syringe filter (0.45 uM). The AKTA start protein purification system (GE
Healthcare Life Sciences, Chicago, USA) was used for purification. The estimated pl (9.32) of HIV-1
protease (ExPASy ProtParam tool) and buffer pH allowed binding of loaded protein (2 mL/min) on
HiTrap CM Sepharose FF (5 mL) cation exchange column that was initially equilibrated with 5 column
volumes of buffer D* (4 mL/min). Elution of bound protease was done using a 0-1 M NaCl gradient at
a 3 mL/min flow rate and dialysed into storage buffer D (buffer D* minus 2 mM DTT) overnight at 4 °C.
After protein dialysis a 3.5 kDa stirrer Amicon concentrator (MilliporeSigma, Massachusetts, USA) was
used to concentrate the protein sample and stored at -80 °C for further analysis and downstream

applications.

2.8 HIV-1 protease characteristics

2.8.1 UV-Vis spectroscopy for protein quality and quantity

Jasco V-630 UV-Vis spectrophotometer was used to assess protein quality and quantity, HIV-1
protease has four cysteine and four tryptophane residues allowing for maximum light absorption at
280 nm. Assessment of protein purity was done by diluting (10-fold) concentrated protein with the
dialysate in a 1 mL reaction volume and monitoring absorbance (230 nm to 360 nm) at 20 °C using a
quartz cuvette (micro-QS). This was done in triplicate, an average of the resulting spectra was
corrected by subtracting for buffer components (baseline) and the absorbance data was plotted as a
function of wavelength of incident light. Protein concentration was determined
spectrophotometrically by performing a serial dilution and taking measurements at 280 nm and 340
nm. The average reading at 280 nm was corrected for scattering in the sample (from aggregates, dust
and particles) by the subtraction of absorbance reading at 340 nm. A plot of corrected absorbance
readings against dilution was constructed and a linear regression in conjunction with Beer-Lambert
law was used with the protease extinction coefficient (25230 M cm) for the estimation of protein
concentration. Since the purification process of HIV-1 protease entails the unfolding (inactive) and
refolding (active) of the protein, results from UV-Vis absorption spectroscopy are rendered in

adequate as the technique cannot distinguish between different forms of proteins.
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2.8.2 ITC for active site titration

HIV-1 protease is active and functional in its native conformation (homodimer), its therefore
paramount to determine the percentage of properly refolded protein and correct the concentration
obtained from UV-Vis absorption spectroscopy. Nano ITC (TA instruments, New Castle, USA) was used
to perform an active site titration of HIV-1 protease against acetyl-pepstatin (Merck, South Africa) as
a ligand. This statin containing compound has been demonstrated to be an excellent inhibitor for
dimeric HIV-1 protease (123) The experiment was conducted in a 1:10 ratio with a dilution of acetyl-
pepstatin stock (8 mM) to 200 uM using storage buffer (buffer D) to avoid buffer mismatch and loaded
on an ITC syringe (250 uL). HIV-1 protease (~ 20 uM) in storage buffer was loaded into the sample cell
while reference cell contained milli-Q water. Samples were degassed (20 °C, 0.5 atm, 10 min) prior to
loading and the loading of the syringe and both cells (precisely filled) was done with caution in order
avoid bubbles as they interfere with the titration profile during the experiment. The run was
performed at 20 °C by injecting acetyl-pepstatin into the sample cell with a stirring rate of 200 rpm.
The initial injection volume was 2 pL and is regarded as the void volume since its purpose is to provide
interface equilibration between the injection syringe tip and the solution surrounding the sample cell
(110). The rest of the titration was continued till saturation was reached using 5 L injection volumes
and a 300 sec spacing in between them allowing the system with sufficient time to return to

equilibrium.

The fitting and analysis of the calorimetric data was executed using NanoAnalyze software (TA
Instruments) and the parameters were described for the independent model. The generated peak
signals are automatically integrated by the software and the stoichiometry value (N) corresponds to
the percentage of refolded protein. The binding ratio of Acetyl-pepstatin to the protease is 1:1 thus
an N value of 1 indicates 100% of refolded protein. This percentage is used to correct for the active
HIV-1 protease concentration and the new working concentration is used for further experiments. A
titration of ligand against buffer D serves as a control measurement and is used for subtracting heat

change due to the dilution of ligand into buffer D.
2.8.3 Protein secondary structure via far-UV CD

Jasco J-810 spectropolarimeter was used to determine the secondary structure of HIV-1 C-SA
protease. Previous work on HIV-1 protease (43) demonstrated that the protein is predominantly B-
sheeted and the CD spectrum is expected to have a strong positive band between 190 and 200 with a
negative band between 215 and 225. HIV-1 C-SA protease concentration of 5 uM was used to perform

the experiment (20 °C, data pitch of 0.2 nm, 0.5 nm bandwidth, 100 nm/min scanning speed, 8

32



accumulations) with a quartz cuvette (2 mm) over a wavelength range of 180 nm to 250 nm. The
experiments were performed triplicates of the experiments were performed, the resulting ellipticity
(&) data was corrected for buffer components and normalised to mean residue ellipticity (MRE) by

the equation:

MRE = (& x 100)/cnl (Equation 4)

Where cis concentration of protein (mM), n represent the number of protein residues, / quartz cuvette

pathlength (cm) (124).
2.8.4 Tertiary structure using Fluorescence spectroscopy

Intrinsic tryptophan fluorescence was performed on HIV-1 protease using Jasco FP-6300
spectrofluorometer. The tryptophan has high sensitivity to the emission spectra of its environment
and therefore allows for its characterization relative to the local environment. When solvent exposure
is decreased, or tryptophan is buried the emission spectrum is blue shifted (low wavelength) and red-
shifted when the exposure is increased (123), the emission wavelength indicates if tryptophan is
buried or solvent exposed. The excitation of aromatic amino acid is at 280 nm and 295 nm can be used
for selective excitation of tryptophan which has a maximal emission of 350 nm in water and 304 nm
for tyrosine (123). HIV-1 protease as a dimer has four tryptophan residues two in each monomer and
two tyrosine residues one in each monomer (Trp 6, Trp 6/, Trp 42, Trp 42’ Tyr 59 and Tyr 59’). 2 uM of
HIV-1 protease in buffer D was used to perform the experiment at 20 °C using excitation wavelengths
of 280 nm and 295 nm with scanning speed of 500 nm/min between 270 nm and 450 nm. The scans
were performed in triplicates, averaged and corrected for buffer components. The plot of

fluorescence intensity in relation to wavelength was generated.
2.8.5 Determination of quaternary structure using SE-HPLC

The protein quaternary structure was verified by measuring the proteins retention time using UFLC
(SE-HPLC) Shimadzu instrument (Tokyo, Japan). A 30 cm x 4.6 mm TSKgel SuperSW2000 column (Tosoh
Bioscience, Tokyo, Japan) with a stationary phase composed of silica base material (4 um particle size)
connected to a TSKgel guard column was equilibrated with filtered and degassed buffer D comprising
of 500 mM NaCl for 1 hour at 20 °C in a 0.2 mL/min flow rate. Protein sample (20 pM) of 20 ulL was

loaded into the column and a run was performed at 0.2 mL/min using a dual wavelength of 254 nm
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(nucleic acids) and 280 nm (protein) for 30 min. A chromatogram of protein elution was detected at
280 nm showing absorbance readings against retention time (min). After column re-equilibration 20
uL of proteins standard mix (Sigma-Aldrich, USA) was loaded and analysed using the same conditions.
The standard mix consisting of para-aminobenzoic acid, albumin, bovine thyroglobulin, y-globulin and
ribonuclease A was used to generate a calibration curve. The data was plotted using log molecular
weight (Mr) against retention time to estimate the protease size. The linear regression function was

used to fit the curve and the protease size was calculated using the retention time.

2.9 HIV-1 protease functionality

2.9.1 Enzyme kinetics via fluorescence spectroscopy

To perform enzyme kinetic studies of HIV-1 protease a fluorogenic substrate (Abz-Arg-Val-Nle-
Phe(NO,)-Glu-Ala- Nle-NH,) was used. The substrate mimics the KARVL/AEAM cleavage site between
the capsid/p2 in the Gag-polyprotein precursor (8). The closeness of Abz (the fluorogenic 2-
aminobenzoyl) and the quenching amino acid group Phe(NO,) reduces the substrate’s ability to
fluoresce. The HIV-1 protease recognise and hydrolyse the substrate between Nle (norleucine) and
Phe(NO,) (nitro-phenylalanine) (125). The peptide bond cleavage between Nle-Phe(NO,) results in
increased fluorescence as the quenching effect is diminished (125). Enzyme kinetic assays were all
performed by exciting the Abz group at 337 nm and measuring emission at 425 nm. Substrate stock
solution (500 uM) prepared in 50% acetonitrile and reaction buffer ( 10 mM sodium acetate, 2 M NaCl,
pH 5.0) were used to prepare a reaction mixture (800 pL) which also contained the protease and milli-
Q. The experiments were done in triplicate using Jasco V-630 spectrophotometer at 20 °C, with
fluorescence intensity being measured for 30 seconds at 1 sec data pitch, 0.5 sec of response time,
excitation bandwidth (2.5 nm) and emission bandwidth of (5 nm). The conversion of fluorescence
intensity to activity was done by measuring the intensity value that result upon complete cleavage of
1 nmol of substrate. All the obtained data was analysed using Microsoft excel software (Microsoft

corporation, USA).
2.9.1.1 Michaelis-Menten kinetics

The hydrolysis of the fluorogenic substrate was monitored to determine the Ky and Vo parameters
of the HIV-1 protease. This was done by varying substrate concentration (0-200 uM) under constant
enzyme concentration (50 nM). A plot of the hyperbolic curve of enzyme velocity as a function of

substrate concentration was used to determine kinetic parameters.

34



2.9.1.2 Specific activity and catalytic turnover number

Specific activity for HIV-1 protease and its catalytic turnover number were measured using substrate
concentrations higher than Ky value. To perform the assay an increasing protease concentration (0-
50 nM) was used with a constant substrate concentration (50 uM). The data was plotted for enzyme
activity (umol/min) against enzyme amount (mg) and fitted using linear regression to deduce the

enzymes specific activity.

The measure of how rapidly the enzyme-substrate complex form product is termed the catalytic
turnover number and denoted as k; in equation 1 (section 1.12). The k.. value was obtained from the
specific activity data and represents a maximum number of substrate molecules converted to product
by a single enzyme per unit time. A plot of enzyme activity per umol of enzyme was used for the

determination of catalytic turnover number (sec) using the slope of linear regression.
2.9.1.3 Catalytic efficiency

To compare how effective the protein is in catalysing the same reaction catalytic efficiency which is
keat/Knv Was measured (126). This measurement can only be done by using concentrations of substrate
that are lesser than obtained Ky values. For the measurement the substrate concentrations were
varied (0-10 uM) and enzyme concentration remained constant (50 nM). The resulting data was used
to generate a plot of k. as a substrate concentration function, a function of linear regression was
used for the fitting and from the resulting slope the determination of catalytic efficiency (uM? .sec?)

was possible.
2.9.2 Thermodynamics by displacement ITC

The main goal in drug development is designing drugs that have high binding affinities for their target
molecules. To measure this drug binding affinity ITC can be used, but it presents challenges once the
binding affinity approaches and exceeds the nanomolar level (127). An experimental mode called
displacement titration provides a solution to this limitation as it allows for a complete determination
of thermodynamic binding parameters of a ligand down to a picomolar range (127). Two titrations are
required by this approach, the first one is the titration of a low -affinity inhibitor to the target molecule
followed by a displacement titration wherein a high-affinity inhibitor is titrated into an enzyme
solution complexed with a low-affinity inhibitor (128). This is also called a competitive binding assay
as both inhibitors compete for the same binding site within the enzyme (128). In some cases, reversed
titrations are performed in ITC this is conducted by placing a macromolecule in syringe and the ligand

in the sample cell (114).
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Thermodynamic parameters of HIV-1 protease inhibitors were determined using displacement
titration. A weak binding inhibitor (acetyl-pepstatin) complexed with HIV-1 protease is titrated with a
strong binding inhibitor which will displace acetyl-pepstatin allowing for the determination of
thermodynamic parameters of the strong binding inhibitors) (127). Three of the FDA-approved
protease inhibitors (ATV, DRV and LPV) were prepared to 10 mM in 100% DMSO, during the
experiment a reaction mixture (2 mL) of HIV-1 protease (20 uM), acetyl-pepstatin (200 pM) in 2%
DMSO that was initially incubated at room temperature for 30 minutes was loaded into the sample
cell and the Pl of 200 puM in 2% DMSO that was prepared from the initial stock using buffer D was
loaded in a 250 pL syringe and titrated into the sample cell. Displacement ITC was performed for ATV
and DRV, whilst reversed displacement ITC was performed LPV. The resulting raw data was analysed
using NanoAnalyze software (TA instruments) and data fitting was done using the independent model.
Prior to data fitting the heats of dilution were subtracted, it is important to avoid buffer mismatch
during the run by maintaining the same buffer conditions between the mixture in the sample cell and

the syringe.
2.10 Three-dimensional structure using X-ray crystallography

2.10.1 Crystallisation and collection of data

To determine the three-dimensional structure of HIV-1 protease X-ray crystallography was used. The
conditions for crystal growth were screened using the sitting drop vapor diffusion method in a 96-well
microplate. A commercially available screening kit, Hampton research index HR2-144 (Hampton
Research, USA) was used. The kit allowed for the rapid screening of crystals using 96 different
reagents. Crystals were grown at 293 K and within two days crystals were observed. Various conditions
from the screening kit resulted in crystal formation as sitting drop involves small volumes, the plate
quickly dried up and obtained crystals were small; therefore, few of those conditions were prepared
and used for the hanging drop vapor diffusion method in a purpose of growing diffraction worthy
crystals. The conditions were prepared to 20 mL (2 mL salt, 2 mL buffer, 10 mL precipitant and 6 mL
water) and crystals were grown using the hanging drop method at 293 K. Three conditions resulted in
the formation of good quality crystal and the crystal obtained from using a reservoir buffer containing
0.1 M Bis-tris pH 6.5 and 3.0 NaCl was successfully diffracted. The protein stock concentration used
was 5 mg/mL in buffer D. The hanging drop (6 pL) had a 1:1 ratio of protein stock and mother liquid
and plate was thoroughly covered. The diffraction quality crystal was placed on a cryoloop and briefly
immersed in a cryoprotectant solution containing 50% paratone in the mother liquor. The chosen
crystal was mounted on the goniometer under cryo stream at 100K stabilised while liquid nitrogen

was sprayed continuously on the sample. The X-ray diffraction data of HIV-1 C-SA protease was done
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using a home source Bruker D8 Venture Bio PHOTON Il 28-pixel array area detector (208 x128 mm?2)
diffractometer with a Cu Ka IuS DIAMOND source with the wavelength 1.5418A. X-ray diffraction
intensity data of HIV-1 C-SA protease diffracted up to 2.40 A resolution were collected at a crystal-to-
detector distance of 106 mm. The diffraction images were collected with an oscillation angle of 0.4°
with an exposure time of 5 seconds. The unit cell and full data set were collected using PROTEUM4:
SAINT was used to integrate the data, and SADABS was used to make empirical absorption corrections.
A POINTLESS program in built in PROTEUM4 software package was performed for scaling,

determination of space group and generating intensity statistics for the data (129, 130).
2.10.2. Model building and refinement of structure

The protease structure phases were solved by a molecular replacement method using PHASER (131).
The C-SA PR was used as a search probe for molecular replacement (PDB ID: 3U71; (43). Coot (132)
was used for model building followed by using PHENIX (133) for cycles of global reciprocal space
refinement. Coot was used again but for local real space refinement and stereochemical validation of
the HIV-1 protease target model was performed using MolProbity (134) and PROCHECK (135). Images
of the structure were generated using the PyMOL Molecular Graphics System (Schrédinger LLC.,
Portland, USA).

37



3. Results
3.1 HIV-1 protease overexpression and purification

3.1.1 Expression construct and sequence verification

Sequence verification of HIV-1 protease was done through Sanger sequencing for the isolated vector
(Ingaba biotech). The analysis of the obtained sequence indicated that the sequence in the pET-11a
vector was that of HIV-1 protease (ExPASy translate tool). The results from BLASTp tool demonstrated
that the sequence was accurate with no lack or additional amino acids as it had 99 amino acids which
is the number of amino acids found in each monomer of HIV-1 protease and that the amino acids in

the sequence were 100% correct (Figure 11).
3.1.2. Target expression and growth curve

HIV-1 protease expression by E. coli BL21 (DE3) pLysS cells was verified by assessing the expression of
target protein using tricine SDS-PAGE under reducing conditions. The protease was expressed by the
cells as the gel shows faint bands (Figure 12A) around the expected theoretical molecular weight of
HIV-1 protease (~11 kDa). The indefinite bands are also indicative of low expression associated with
HIV-1 protease. To facilitate overexpression of HIV-1 protease an appropriate time for induction was
determined, this was done by constructing a growth curve of transformed cells and deducing the
ODsoonm for mid log phase. The growth curve (Figure 12B) of E. coli BL21 (DE3) pLysS cells with HIV-1
protease indicated mid log phase at ODgoonm ~ 0.6 and was reached approximately 2.5 hours after

inoculation.
3.1.3. Induction trials

Information obtained from the growth curve was used to performed induction trials in order deduce
optimum conditions for overexpression of HIV-1 protease. The overnight culture was diluted a 100-
fold and induced at an ODsgonm ~ 0.6 and allowed to grow at 37 °C, 200 rpm as detailed in section 2.4.
After analysis of induction trials using tricine SDS-PAGE (Figure 12) it was determined that the
optimum conditions for overexpression of HIV-1 protease in E. coli BL21 (DE3) pLysS cells was 1 mM
IPTG for 4 hours at 37 °C, 200 rpm this was depicted by a thick prominent band from the gel (Figure
13E).
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Figure 11: Expression construct and sequence verification. (A) Insertion of HIV-1 protease into pET-
11a vector was verified using ExPASy translate tool, the selected sequence represents the HIV-1
sequence in the open reading frame with atg as a start codon and taa as a stop codon. (B) HIV-1
protease sequence (query) sequence alignment with the WT-CSA sequence in protein data bank (PDB
ID: 3U71) as the subject using BLASTp tool indicated a 100% sequence match. The amino acid
sequences both upstream (N-terminal) and downstream (C-terminal) of the protease do not have
implications in protein folding, solubility, and functionality. Studies dealing with protease structure,
function and stability are performed in the absence of sequences upstream and downstream of the
protease sequence.
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Figure 12: Assessment of gene expression and growth curve for HIV-1 protease. (A) Tricine SDS-PAGE
showing expression of HIV-1 protease in E. coli BL21 (DE3) pLysS cells. The gel shows the supernatant
and cell pellet of the overnight (O/N) culture. It was determined that HIV-1 protease was expressed
by the cells as indicated by faint bands. (B) The growth curve generated as described in section 2.3,
indicated that mid log phase ODgsoonm Of 0.6 was reached ~ 2.5 hours after inoculation.
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3.1.4. Protein purification and protein assessment

HIV-1 protease was overexpressed and purified as detailed in section 2.6 and 2.7 respectively.
Purification of HIV-1 protease from inclusion bodies using ion-exchange chromatography proved
successfully. The last peak in the purification profile (Figure 14A) demonstrated the elution of the
recombinant protease and the eluted protein was highly pure with tricine SDS-PAGE gel showing only
the band of HIV-1 protease (Figure 14B). Furthermore, the quality of HIV-1 C-SA protease was also
evaluated using the UV absorption spectrum by monitoring absorbance from 230 nm to 360 nm as
described in section 2.8.1, the spectrum showed a flat baseline at 330 nm with a trough being
observed at 250 nm (Figure 15). Quantitative assessment of HIV-1 protease was performed by
estimating the monomeric size of HIV-1 protease from the calibration curve of log molecular weight
versus Rt values. From the curve, the monomeric size of HIV-1 protease was estimated to be ~11 kDa
(Figure 16A). The protein concentration was spectrophotometrically determined as described in
section 2.8.1. It was determined that from 5.2 liters of overexpression, the average protein yield was

around 2132 mg (Figure 16B) in a volume of approximately 10 mL.

Results from UV-Vis absorbance spectroscopy alone are not sufficient for protein quantification as the
technique cannot discriminate between folded and improperly folded protein. To overcome this
challenge active site titration of HIV-1 protease was performed to determine the percentage of
properly refolded protein. This was done as detailed in section 2.8.2 by titrating acetyl-pepstatin
against HIV-1 protease and fitting the data using NanoAnalyze (Figure 17). The experiment showed
the stoichiometry value (N) to be 0.63 indicating that 63% of HIV-1 protease (Table 2) was properly
refolded this was then used to correct the concentration obtained using UV-Vis absorption
spectroscopy. Thermodynamic parameters (Table 2) obtained from the experiment. The reaction was
endothermic (AH = 53.42 kl/mol), spontaneous (AG = -35.44 kJ/mol), and entropically driven (AS =

303.1 J/mol. K) with the binding affinity of acetyl-pepstatin in Nanomolar range (K¢= 83.7 nM).

3.2. Characterisation of HIV-1 protease structure

3.2.1. Estimation of HIV-1 protease secondary structure

Far-UV CD experiments were performed using 5 uM of HIV-1 protease in buffer D over 8 accumulations
as detailed in section 2.8.3. The protein was found to be predominantly B-sheeted exhibiting a
pronounced positive band at 195 nm and a trough between 215-225 nm (Figure 18). The results were

shown to be highly reproducible as indicated by the spectra (A, B and C).
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Figure 14: HIV-1 protease purification profile and tricine SDS-PAGE. (A) Chromatogram of HIV-1
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Figure 16: spectrophotometric quantification of HIV-1 protease quantification at 280 nm and 340
nm. (A) Calibration curve used to determine the protein monomeric size; the estimated size of HIV-1
protease (point in the square box) was ~11 kDa. (B) HIV-1 protease concentration was estimated from
the serial dilution plot used in conjunction with Beer-Lambert law , it was estimated that the
concentration of HIV-1 protease was 18.6 uM.
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Figure 17: Analysis of HIV-1 protease active site titration. (A) Thermogram of ITC showing raw data
from the titration reaction (B) An ITC isotherm showing fitted data of active site titration using
independent model, titration of acetyl-pepstatin into HIV-1 protease was done until saturation was
reached this was demonstrated by the sigmoidal shape of the isotherm.
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Table 2: Active site titration thermodynamic parameters of HIV-1 protease with acetyl-pepstatin.

AH (kJ/mol)

AG (kJ/mol)

AS (J/mol K)

Kd(nM)

53.42

-35.44

303.1

0.63

83.7
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3.2.2. Analysis of HIV-1 protease tertiary structure

HIV-1 protease 2 uM in buffer D was used to perform intrinsic tryptophan fluorescence using
fluorescence spectroscopy at excitation wavelengths of 280 nm and 295nm. At 280 nm both the
tryptophan and tyrosine residues will be excited while only tryptophan is excited at 295 nm. The
fluorescence spectra of HIV-1 protease at 280 nm overlayed with the 295 nm spectra demonstrates
the local environment of the HIV-1 protease residues. The maximal emission of HIV-1 C-SA protease

is observed at 347 nm (Figure 19).
3.2.3. Assessing the quaternary structure of HIV-1 protease

SE-HPLC was performed to determine the quaternary structure of HIV-1 C-SA protease the run was 30
minutes long using 20 uM of protein as described in section 2.8.5, resulting data from the generated
chromatogram was used to estimate protein size it was observed that the protein came out as two
peaks which can be classified as being a dimer and a monomer (Figure 20A). The peaks appeared as
though they were delayed as shown in the calibration curve (Figure 20B) with size 21456 Da for the
dimer and 10212 Da for the monomer which is close to what is expected from the HIV-1 protease size

estimated using ExPasy ProtPARAM tool.

3.3. Functional characterisation of HIV-1 protease

3.3.1. HIV-1 protease enzyme kinetics

Kinetics of HIV-1 protease in buffer D were performed by monitoring the hydrolysis of the fluorogenic
substrate (Abz-Arg-Val-Nle-Phe(NO,)-Glu-Ala- Nle-NH;) as described (section 2.9.1). Obtained data
was analysed and tabulated as shown in Table 3. To ensure that catalytic activity of HIV-1 protease
was retained after purification specific activity was determined (24.224+1.72 umol.minmg?).
Michaelis-Menten equation was used to assess the effect of substrate concentration on enzyme
activity giving Vimax and Ky at 0.036+0.003 umol. min™ and 79.546+6.491 uM respectively. The active
site was determined to undergo 8.88+0.62 sec? catalytic cycles. The conversion of substrate to

product by the enzyme was determined to be 0.102+0.01 secluM™.
3.3.2. Thermodynamics of HIV-1 protease

Displacement ITC was performed to study thermodynamics of HIV-1 protease using three drugs
(ATV,DRV and LPV). The titration of the drugs into the protease-acetyl-pepstatin complex displaces

the weakly bound acetyl-pepstatin from the active site allowing for drug binding.
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Figure 18: Analysis of HIV-1 protease secondary structure using far-UV CD. Experiments were
performed in triplicate over 8 accumulations each using 5 uM of HIV-1 protease in buffer D as
described in section 2.8.3. Data was fitted using Microsoft Excel software (Microsoft Corporation,
USA). The resulting spectra indicate that the protein is f-dominant exhibiting a pronounced positive
band at 195 nm and a trough between 215-225 nm. The obtained data is highly reproducible as shown
by the spectra (A, B and C) with D showing the average spectrum of the triplicates. The shift in the
spectrum observed in 18 C is likely due to slight changes in secondary structural contents as the
molecules are conformationally flexible.
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Figure 19: Fluorescence spectra of HIV-1 protease. Intrinsic fluorescence was performed using 2 uM
HIV-1 protease in buffer D at excitation wavelengths of 280 (red) and 295 (yellow). The resulting data
indicated a maximum emission at 347 nm for both excitation wavelengths.
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Figure 20: Quaternary structure analysis of HIV-1 protease. (A) The chromatogram from SE-HPLC
indicating the nature of proteins as they pass through the column. (B) A calibration curve of log
molecular weight that was used to estimate the protein size. The protein is shown to exist in two forms
as it passes through the column. The standard mixture of proteins contains (a) thyroglobulin bovine
(670 000 Da), (b) y-globulins (150 000 Da), (c) Albumin (44 300 Da), (d) ribonuclease A (13 700 Da) and
(e) Para-aminobenzoic acid (137.14 Da). The experiment was performed in 10 mM sodium acetate
with 500 mM NaCl pH 5.0 at 20 °C.
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The experiments were performed, data analysed as detailed in section 2.9.2 The reactions occurred
at constant temperatures and reached saturation depicted as a sigmoidal shape as shown by the
thermograms and isotherms in Figure 21, data analysis revealed significant information about binding
interactions that occurred between the drugs and the HIV-1 protease. It was observed (Figure 22) that
LPV had a high binding affinity with Kq = 1 nM followed by ATV which had K4 = 18.57 nM while DRV
had a value of K4 = 42.26 nM. All the reactions were spontaneous (negative AG), entropically

unfavoured (negative AS) but enthalpically driven (negative AH).
3.4. The three-dimensional structure of HIV-1 protease

The three-dimensional structure of HIV-1 protease was determined using X-ray crystallography. The
trial-and-error experiments to determine the optimum conditions for crystal growth were performed,
using sitting drop vapor diffusion method using the Hampton research index HR2-144 screening kit.
The screening of different crystal conditions allows for optimal conditions that will result in crystals
that can be diffracted. As part of our trial-and-error experiments different concentrations, buffers,
temperatures and precipitant conditions were explored. The condition resulting in crystal growth
Figure 23A was used for the growth of diffraction worthy crystals using hanging drop vapor diffusion
method (Figure 23B) using 0.1M Bis-Tris pH 3.0M NaCl. The structure (Figure 24) was resolved at a
resolution of 2.4 A diffraction, structure modelling and refinement was done as described in section

2.10 and Table 4 represents a summary data of the obtained crystal structure.
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Table 3 : Enzyme kinetic parameters for HIV-1 protease using a fluorogenic substrate e (Abz-Arg-
Val-Nle-Phe(NO;)-Glu-Ala-Nle- NH2) (n = 3)

Parameters values
Vimax (kmol. min?) 0.04 + 0.003
K (UM) 795+ 6.5
Specific activity (umol. mint.mg?) 2424+ 1.7
Keat (sec?) 8.9+0.6
Keat/ Kt (sect. uM2) 0.10+0.01

50



Enthalpy and Fit (kJ/mol)

Corrected Heat Rate (uJ/s)

Time (s) Time (s)

0 2000 40|ao B0 8000 10,00 1200 9 200 4000 B0D 8000 10000 12000 14900
0L ) 0f S S, . .

i il e

| 2 =
\ o AL

g : 5 H
105 g0t

: ‘ sk
15-F i F

E 20

E 04+
0+ /),ﬂ—l-r‘—é—o—‘—‘—‘—v—-—-—‘ _ u

L ior
A Eaf
0+ / i L
2L / E 4l

L & r
40-_WT.“**J_”1_'_L" i 50 ;
jo'Tw{lewl\{HI}III\[I\I}\\I}HI}I\I}I\I uolIIID}SIHJ1IutII‘1I5[le‘ulluzisllllalo"Ha}s

02 04 08 08 10 12 14 16 18 20 ' ’ ’ "Mole Ratio ' ’ ’
Mole Ratio
C.
Time (s)

—o

10]00 20‘00 30‘00 4DIUD SDIOD EDIOD TG‘DU 50‘00 SDIUO 1 D(I)DO 11?00
TrTTrrirrTrTTrTT i TTrTrT i TTrrT T i T T T T T T T T i T T T T i T T T T i T T T T i T T T T i T T T T iTTT T

R it

o
!

r-)
)
|

Corrected Heat Rate (pJ/s)
o s
o )
| |

&
@

b R A4
& o ©o o
I [T

FS
S
|

o
o o009 00 , og

+
: | 1 | } | 1 1 } 1 1 1 { 1 1 1 : 1 1 1 : | | 1 } 1
04 06 08 1,0 1,2 14 1,6

Mole Ratio

&
S
|

Enthalpy and Fit (kJ/mol)

&
-3
|

L

Figure 21: Typical displacement ITC experiment of HIV-1 protease with Pls. Thermogram of ITC
showing raw data from the titration of inhibitor to protein reaction (upper plot) with ITC isotherm
(bottom plot) showing fitted data using NanoAnalyze. Three drugs were used for the thermodynamic
experiments, ATV (A), DRV (B) and LPV (C). Drug titration was done to fully saturate HIV-1 protease as
demonstrated by the sigmoidal shape of the isotherm. HOD were subtracted and baseline correction
made where was necessary prior and analysis was done using NanoAnalyze. The experiments were
performed at 20 °C, 10 mM sodium acetate, 2% DMSO, pH 5.0.
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Figure 22: Thermodynamic parameters of HIV-1 protease interaction with ATV, DRV and LPV. (A)
Showing the AH of the three drugs, (B) AS for the three drugs (C) Indicates AG (D) Binding affinity for
the three drugs (Kg). From the data it was depicted that LPV has a higher binding affinity for HIV-1
protease followed by ATV. All the reactions involving the drugs showed that they were exothermic,
spontaneous, and entropically unfavored. All the data was fitted using Microsoft excel (Microsoft
corporation, USA).
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Figure 23: HIV-1 protease crystals obtained from using the vapor diffusion method (A) Screening kit
results showing crystals for HIV-1 protease using sitting drop vapor diffusion method (B) HIV-1
protease crystals obtained from the hanging drop vapor diffusion method. Stock protein of 5 mg/mL

in 10 mM sodium acetate pH 5.0 was used and crystals were grown at 293 K.
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Figure 24: A ribbon representation of the HIV-1 C-SA crystal structure solved at 2.4 A PDB ID: 8CI7.
The Figure was generated using PyMOL.
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Table 4: Data collection and refinement statistics for the HIV-1 protease structure

Data collection and processing statistics

Wavelength (A)
X-ray source

Space group
Unit-cell parameters

a, b, c(A)

a8 vy(°) .
Resolution range (A)

No. of observed reflections
No. of unique reflections
Completeness (%)

I/o(l)

Multiplicity

Rmerge

Matthews coefficient (VM) (A3/Dalton)
Solvent content (%)
Asymmetric unit content
Refinement statistics
Resolution limit

R /Rrree(%)
COMPLETENESS(%)

No. of protein

No. of ligand atoms
Average B value (A2)
RMSD from standard geometry
RMSD in bond length (A)
RMSD in bond angles (°)
Wilson B-factor (A?)
Ramachandran statistics

Residues in outlier regions (%)
Residues in favored regions (%)
Residues in allowed regions (%)
PDB ID

1.54184
CuKa
P412:2

46.60, 46.60, 102.14
90.00, 90.00, 90.00
22.39-2.40 (2.49-2.40)
21173 (1915)

4659 (433)

97.2 (88.7)

9.7 (0.8)

4.5 (4.4)

0.138 (1.654)

2.37

48.1

Monomer

2.40-22.39
20.4 /22.1
96.4

830

0

34.0

0.003

0.563
36.6

98

8Cl7

Data in brackets represents high resolution shell
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4. Discussion

HIV-1 protease as an important target for antiretroviral therapy has seen the development of various
Pls, sadly these Pls are mostly developed for the HIV-1 subtype B protease and not the subtype C
which is predominant in the sub-Saharan Africa, Brazil, India and China (136). The development of
protease inhibitors that specifically target the subtype C protease is a necessity. The current mode of
treatment using ART is associated with treatment failure which has been extensively studied, and
these studies have recognised NOPs in subtype C as the main driver of resistance in the use of Pls
(137). The pivotal aspects of drug discovery include the understanding of enzyme kinetics,
thermodynamics and structure especially at a molecular level so drugs with high genetic barrier
against resistance, high specificity or binding affinity for the target molecule can be designed and

developed effectively.

In order to characterise the structure and function of HIV-1 protease, the E. coli BL21(DE3) pLysS cells
were successfully transformed with a pET-1la vector containing a 99 amino acid sequence
corresponding to HIV-1 protease, as demonstrated in Figure. 11. The 99 amino acid sequence aligned
correctly to the amino acid sequence of the previously solved protease structure (PDB ID: 3U71)(43).
The expression of recombinant protease (Figure 12A) was observed as faint bands around 10 kDa of
the molecular weight marker, which is approximately the size of the monomeric HIV-1 protease (~11
kDa) that has been reported in various studies (43). These results also highlighted the challenge that
many researchers face when working with HIV-1 protease which is its low yield and insolubility. To
study HIV-1 protease its large-scale production is paramount, and scientist are constantly optimising
conditions for recombinant protease production (138). Since the role of HIV-1 protease extends to the
cleavage of an array of host cellular proteins resulting in induced cytotoxicity (120) it is necessary to
monitor how it behaves within the cell and deduce appropriate time for induction, a typical E. coli
growth curve (Figure 12B) was obtained for the recombinant protease and the time to induce was
determined to be ~ 2.5 after inoculation (ODsgonm ~0.6). Upon performing induction trials for large
scale production of recombinant HIV-1 protease, it was deduced that 1 mM of IPTG with growth of 4
hours after induction was required for optimal overexpression at 37 °C, 200 rpm (Figure 13E). This was
demonstrated by a dark pronounced thick band around the expected size of the monomeric protease
(~11 kDa ), the results also showed that a large quantity of the recombinant protein was in the

inclusion bodies which is what is expected for HIV-1 protease (138, 139).

55



The recombinant protease was effectively overexpressed and purified, it eluted as the second of the
two peaks consistent with literature (140, 141) upon gradient elution with increasing NaCl
concentration (Figure 14A). This suggests the slightly stronger ionic interaction of the recombinant
protease with the column, thus requiring a higher salt concentration for its elution. The second peak
protein (eluted PR) migrated as a single sharp band on the tricine SDS-PAGE (Figure 14B) indicating its
high purity and the band size was estimated to be ~11 kDa (Figure 14A) Approximately all the refolded
protein was bound to the column as no protein band was detected in the flow-through lane (Figure
14B). The quality of the recombinant protease was also demonstrated through the UV absorption
spectrum (Figure 15), the generated spectrum showing a prominent shoulder around 295 nm due to
the four tryptophan residues found in the HIV-1 protease dimer was the same as the one previously
reported by Ramlucken et al, (142) on a similar study. It was deduced that there was no DNA
contamination as the spectrum had a minimum or a trough around 250 nm in essence no bumps were
spotted at 260 nm. The protein was also free from aggregates as the symmetry of the absorbance
peak at 280 nm remained unaltered and the flat baseline at 330 nm was observed (83). The
concentration of the recombinant protease was estimated from the calibration curve (Figure 16B) to
be 2132 mg (10 mL) from 5.2 liters of overexpression which is consistent with low yields associated

with HIV-1 protease.

The percentage of properly refolded protein was accurately determined from the ITC experiment as
acetyl-pepstatin did bind to the protease, and no undesired peaks were observed during the
experiment (Figure 17A). The saturation curve obtained was in a sigmoidal shape (Figure 17B) all the
obtained data was consistent with the results obtained by (43, 127). The binding ratio of acetyl-
pepstatin to HIV-1 protease is 1:1 this allowed for concentration determination from the experiment
in terms of the stoichiometry value which was found to be 0.63 (Table 2), meaning only 63% of
recombinant protease was active from the initially determined concentration. This percentage was
used to correct the concentration for subsequent experiments thus ensuring all the experiments were
conducted using accurate concentrations. Thermodynamic parameters (Table 2) gave valuable
insights on the binding interactions of acetyl-pepstatin to HIV-1 protease, the ligand was
demonstrated to weakly bind to the recombinant protease (Kqs = 83.7 nM) this is line with the
knowledge that acetyl-pepstatin has a low affinity and is used in displacement ITC for high affinity
inhibitors (127) and the value does not vary significantly from 400 nM reported by Mosebi et al, (143).
The reaction was endothermic (AH = 53.42 kJ/mol) but spontaneous (AG = -35.44 kJ/mol) this is said
to be due to the enthalpy-entropy compensation effect which is largely observed in the
thermodynamics of protein-ligand binding (113) making the reaction entropically driven (AS = 303.1
J/mol. K).
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The secondary structure of HIV-1 protease depicted in Figure 18 indicated that the HIV-1 protease was
predominantly B-sheeted exhibiting a pronounced positive band at 195 nm and a trough between
215-225 nm. The structure correlate with literature (144) wherein it was demonstrated that each
subunit consists of nine B-strands and one a-helix with an antiparallel B-sheet making up the dimer
interface. The technique is limited in that it does not provide structure details on a molecular level as
X-ray crystallography. Intrinsic tryptophan fluorescence of HIV-1 protease had an emission maximum
at 347 nm for both the excitation at 280 nm and 295 nm (Figure 19). The results suggested that the
tryptophan residues within the protease are solvent exposed as the maximal emission of tryptophan
in water is 350 nm (103). Furthermore, this was consistent with the crystal structure for HIV-1 protease
which indicates that the protease has four tryptophan residues two in each monomer (Trp 6, Trp 6/,
Trp 42, Trp 42') and two tyrosine residues Tyr 59 and Tyr 59’. Proteins containing tryptophan show a
fluorescence emission that is a linear combination of individual tryptophan residues present in its
sequence(103). The results are also similar to recently reported data on the protease (145). The
analysis of quaternary structure of the protease showed presence of the dimer and a monomer (Figure
20A), with their respective sizes in Figure 20B the dimer was estimated to be 21456 Da and 10212 Da
for the monomer which was close to what is expected for the HIV-1 protease size estimated using

ExPasy ProtPARAM tool and the widely reported 22 kDa (dimer) in literature.

The summary of kinetic parameters for HIV-1 protease are depicted in Table 3, showing that HIV-1
protease was catalytic active with the specific activity of 24.24+1.7 umol. mint.mg?* which is not largely
different from 21.0+1.1 umol. mint.mg? reported by Williams et al (146). The V. was determined to
be 0.0440.003 pmol.min? which is low and indicates that the enzyme is not rapidly catalysing the
reaction and high enzyme concentration is required to increase the Viax. The Ky was determined to
be 79.6+6.5 UM meaning that the substrate was weakly bound to the enzyme, and that Vi,qx will be
reached at low substrate concentration. The Ky value obtained does differ from the 14+1.7 uM
reported by Williams et al but correlate to 76 UM reported by Mosebi et al, (143). The Ky values which
reflects affinity of an enzyme for its substrate might be different between studies due to different
factors. These factors may include experimental conditions such as slight changes in pH or fluctuations
in enzyme purity, which will in turn affect enzyme activity and therefore the Ky value. The catalytic
turnover number was determined to be 8.940.6 sec’ which is almost the same as 7.7+0.4 sec™
reported by Williams et al,(146). The catalytic efficiency was deduced to be 0.10 4+ 0.01 sec. uM1 it

can be concluded that the protease has a low capacity to convert the substrate to product.

Displacement ITC thermograms and isotherms for the selected Pls are depicted in Figure 21. The Pls
(ATV, DRV and LPV) have a high binding affinity (Ki< 1 nM) making it impossible to carry out traditional

ITC experiments as they are beyond the determination limit hence the application of displacement
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ITC. All the experiments were successfully carried out as there was binding of Pls to HIV-1 protease
depicted by the sigmoidal shapes in each experiment indicating saturation as all available binding sites
are being fully occupied. Thermodynamic parameters obtained from each of these experiments
demonstrated in Figure 22D indicated that LPV (1 nM) had the highest binding affinity for HIV-1
protease while DRV had the lowest binding affinity (K4 = 42.26 nM) lower than ATV (Kg= 18.57 nM).
The Kqvalues indicate that the binding affinity for these drugs for HIV-1 protease is LPV > ATV > DRV
and this follows the same pattern as with the established K; values for these drugs (LPV: 1.3 pM, ATV:
10 pM and DRV: 15 pM) as described in section 1.5 The binding energetics of the selected Pls indicated
that the change in free energy of binding (AG) is favourable as characterised by negative values (Figure
22C) like for any spontaneous processes the spontaneity of these reactions is consistent with literature
(66). The AG in protein-ligand interactions also give insight on the stability of the interaction with
protein-ligand complexes having more negative AG values being said to be more stable the AG values
for the three PIs (ATV = -43.39 kJ/mol, DRV = -41.39 kJ/mol and LPV = -50.51 kJ/mol) indicated that
HIV-1 protease complexed with LPV is most stable, this does correlate with the obtained Ky values as

the more stable the ligand-protein interaction is the higher the energy of the ligand binding affinity.

The change in free energy of binding has the enthalpic and entropic components meaning the event
of recognition is linked with changes in the structure and dynamics for each counterpart (93). The
enthalpy changes (Figure 22A) from the protein-ligand binding of the protease and the Pls indicated
that all the interactions were exothermic (negative AH) with ATV =-45.54 kl/mol, DRV = -55.62 kJ/mol
and LPV =-54.71 kJ/mol. These values did vary in magnitude from the ones reported in literature when
similar studies were performed by Naicker et al, (66) demonstrating ATV and DRV AH values of -20.08
kJ/mol and -79.91 kJ/mol, respectively. The change in enthalpy during the binding process is a result
of formation and disruption of various noncovalent interactions. These include the formation of van
der Waals interactions and loss of hydrogen bonds between ligand and solvent, as well as protein and
solvent. A favourable AH suggests the formation of noncovalent interactions like van der Waals forces,
hydrogen bonds, and electrostatic interactions, within the binding interface of the protein (93). It can
be concluded that DRV interaction with HIV-protease is more exothermic than that of ATV and LPV
interactions. Since the AH magnitude provides information about the specificity of inhibitor to protein
(147) the results also indicated that DRV is more specific for the HIV-1 protease. Similar information
can be deduced from the study performed by Naicker et al, (66). The dynamics of the overall system
for individual experiments was shown to be unfavourable as shown by positive values of -TAS in Figure
22B, because the contributions of enthalpy and entropy are related there is an enthalpy-entropy
compensation for spontaneous reactions (93). The entropy may be affected through mobility

restrictions of interacting molecules when there is an increase in enthalpy, making the reaction
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enthalpically driven. The interaction of DRV with HIV-1 protease is the most entropically unfavourable
interaction with the value of -TAS DRV = 14.23 kJ/mol followed by LPV: 4.2 kiJ/mol and ATV: 2.15
kJ/mol. A previous study has shown that the interaction of DRV with HIV-1 protease is entropically
unfavourable (18.83 kJ/mol) (65). This is also in correlation with the observed high AH values which in
turn restricted the mobility of the interacting molecules and had a large contribution to the

spontaneity of the experiments.

It can be said that high specificity does not translate to high binding affinity as demonstrated through
DRV, though it has high specificity for HIV-1 protease compared to the other two inhibitors it does not
have a high binding affinity for HIV-1 protease, rather it is LPV that was demonstrated to strongly bind
to the protease. The high specificity of DRV can be attributed to it being the most recently approved
FDA Pl amongst the three and its low binding affinity can be attributed to the fact that all these Pls
were initially designed for the subtype B proteases not the subtype C and can, therefore, behave
differently between the subtypes (65). This presents the need for the development of Pls that are
specifically designed for HIV-1 subtype C protease and in making this a possibility it is important to

have ongoing studies on the structure of HIV-1 subtype C protease so that it can be well documented.

X-ray crystallography is still a preferred tool in elucidating the three-dimensional structure of
proteins. Figure 23 shows the tetrahedral shaped HIV-1 crystals using 0.1M Bis-Tris pH 3.0M NaCl with
Figure 23A representing showers of crystals that resulted from screening using the sitting drop
method and Figure 23B showing more well-defined crystals obtained from the hanging drop method
which were worthy for diffraction the crystal structure was solved at 2.4 A and the coordinate for the
structure were deposited to Protein Data Bank (PDB ID: 8Cl7), Figure 24 represents the ribbon of the
crystal structure of the HIV-1 protease with all the important regions indicated. Table 4 shows the
collected data and refinement statistics. The space group of structure is the same as the one previously
reported by Naicker et al, (43) but the unit cell parameters (a, b, ¢ ) vary slightly from the PDB ID:
3U71. The solved structure had no rotamers or disallowed bond angles and has a higher resolution
than the HIV-1 C-SA protease structure previously solved in our lab. The secondary structural content
for both proteases is the same, though the number of protein atoms in 8CI7 is 830 while for 3U71 is
755. The increased number of protein atoms might have implications in functional characterisation of
the protein. The solved crystal structure (8CI7) demonstrated low root mean square deviation (RMSD)

values compared to the protease previously solved in our lab (3U71).

The improved high resolution three-dimensional structure will provide a better understanding of the
HIV-1 protease, as it will provide precise information about the arrangement of atoms within the

protease molecule. This detailed molecular architecture will aid in the design and development of
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protease inhibitors that will target the subtype C protease. This can be done by using computational

tools to visualise interactions between the subtype C protease and potential inhibitors.
5. Conclusion

In conclusion, HIV-1 CSA protease is important for the development of new antivirals mainly those
with high genetic barrier as NOPs will hinder their efficacy. The currently use antiretroviral therapy
constitute drugs mainly designed to target the subtype B. Here, we have successfully cloned,
overexpressed and characterised HIV-1 CSA protease using a range of biophysical techniques and
furthermore elucidated the three-dimensional structure of the protease. enzyme kinetic data
indicated that the protein was catalytic active while thermodynamics studies demonstrated that the
interaction of PIs with HIV-1 protease may varies from what maybe generally expected due to the
NOPs, indicating the need for Pls designed for their specific subtypes as in the long run the efficacy of

these Pls diminishes and results in counter effects as more virulent strains emerge.
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