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Abstract

The development of mutations in the human immunodeficiency virus (HIV) genome has
become a crucial factor in limiting antiretroviral therapy for HIV/AIDS treatment. By the end
of June 2021, approximately 37 million people globally were infected with HIV. South Africa,
in particular, bears the brunt of the HIV-1 subtype C epidemic with 7.7 million infections. The
HIV protease is a homodimeric protein that naturally contains 99 amino acids per monomeric
subunit. The protease is vital in the HIV life cycle because it cleaves Gag and Gag-Pol precursor
polyproteins into proteins necessary for viral assembly, maturation, and infection. Herein, we
performed a comparative study between the HIV-1 subtype C protease (wild-type) and a
protease containing a double amino acid insertion (histidine and leucine at codon 38),
L38tH1TL. Each recombinant protease was overexpressed and isolated from E. coli BL21
(DE3) pLysS cells, and purified using ion-exchange chromatography. Far-UV circular
dichroism spectra of the WT-CSA and L38tH1L protease displayed a minimum at

218 nm which was indicative of a predominantly beta-sheeted protein. Size exclusion
chromatography results indicated that the L381H1L protease has a homodimeric molecular
weight of approximately 22 kDa which is consistent with characteristics pertaining to the WT-
CSA protease. Steady-state enzyme kinetic assays were performed by using a fluorogenic
substrate that mimics a cleavage site on the Gag polyprotein. The L381H1L protease displayed
a 15-fold reduction in Km and a 1.25-fold reduction in the catalytic turnover number, Kcat
relavite to the WT-CSA protease. The L38tH1TL protease was found to be 11 times more
efficient in catalyzing the hydrolysis of the fluorogenic substrate relative to the WT-CSA
protease. The L38TH1L protease displayed a 2.25-fold and 0.71-fold reduction in Vmax and
specific activity relative to the WT-CSA protease. The data suggested that amino acids in the
hinge region of HIV-1 proteases indirectly affect enzyme catalysis and substrate specificity but
has no effect on the structural stability of the L38TH1TL protease. Enzyme inhibition studies in
the presence of Saquinavir, Darunavir and Atazanavir showed that the L38TH1L binds the
inhibitors more tightly relative to the WT-CSA protease. This was confirmed by the lower 1Cso
concentrations of the respective protease inhibitors relative to the WT-CSA protease.
Thermodynamics data obtained from performing displacement isothermal titration calorimetry
showed that the L38tH1L protease displayed a 2-fold increase (-79.02 £ 6.81 kJ/mol) in AH
when bound to Atazanavir and a 1-fold reduction in AH when bound to



Saquinavir (-9.35 +3.1 kJ/mol) and Darunavir (-27.61 £ 1.76 kJ/mol) relative to the WT-CSA
protease. The binding of Saquinavir and Darunavir to the L38TH1L protease was found to be
entropically unfavourable (where -TAS was -32.81 + 6.40 kJ/mol and -22.74 £ 3.70 kJ/mol,
respectively), whereas the binding of the protease to Atazanavir was entropically unfavourable
(-TAS was 37 + 4.83 kJ/mol). Upon analysis of the Kg, it was noted that L381tH?1L protease
displayed a 2-fold increased drug susceptibility towards Saquinavir (79 + 7.50 nM), and 2-fold
reduced drug susceptibility towards Atazanavir (83.63 + 7.10 nM), while the drug
susceptibility for Darunavir (3.3 = 1.20 nM) remained unchanged relative to the WT-CSA
protease. Due to the important role of the hinge and flap region in accommodating substrates
and inhibitors into the active site of the protease, the mutations affected the kinetics of substrate

hydrolysis and the thermodynamics of drug binding.
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1. Introduction
1.1 HIV/AIDS epidemic

Human immunodeficiency virus (HIV) is one of the most pressing health concerns facing the
modern world. At the end of June 2021, 37,7 million people globally were estimated to be
infected with HIV and of those infected, only 28.2 million people were receiving antiretroviral
therapy. Approximately 68% of these infections occurred in sub-Saharan Africa (UNAIDS,
2021). Among sub-Saharan countries, South Africa is the most affected, accounting for 19%
of the global number of infections with 8.2 million infections and 126 755 AIDS-related
deaths. The number of infections has increased by approximately one million from 2018 to
2019 (Stats SA, 2021). HIV remains a leading cause of death worldwide and the leading cause
of death globally among women of reproductive age (UNAIDS, 2021) This alarming statistic
shows how HIV/AIDS remains a health challenge in sub-Saharan Africa and that designing

effective treatment is of utmost importance.

HIV is a Lentivirus that falls within the Retroviridae family. HIV was found to be the
etiological agent of Acquired Immunodeficiency Syndrome (AIDS), a state in which the
immune system is left severely compromised, leaving the person susceptible to opportunistic
illnesses such as tuberculosis and Kaposi sarcoma (Weiss et al., 1985 and Powell et al., 2016).
HIV can be categorised into two types: HIV-1 and HIV-2. HIV-2 is limited to West Africa and
is less virulent relative to HIV-1. HIV-1 is mostly found in sub-Saharan Africa, India, China
and Brazil (Brodine et al., 1995). The diversity among the HIV types is a result of the viral
reverse transcriptase (RT), which introduces mutations into the genes of the retrovirus as well
as the high replication rate of the virus which produces an average of ten billion virions in a
day (Roberts et al., 1988).

HIV-1 can be subdivided into four groups (M, N, O, and P). The M (Major) group is the most
common and can be further classified into nine genetically distinct subtypes (Ato D, Fto H, J
and K) and circulating recombinant forms (CRFs). CRFs are derived from the recombination
of different subtypes in a single host (Osmanov et al., 2002). The differences among the
subtypes are due to naturally occurring polymorphisms (NOPs); that is, mutations that arise
naturally in the genome of the virus (Velazquez-Campoy et al., 2001). Among HIV-1
subtypes, subtype C is the prevalent subtype in sub-Saharan Africa (Buonaguro et al., 2007).
Subtype C accounts for approximately 46.6% of infections in the world (Hemelaar et al., 2019).
According to the Protein Data Bank (PDB), there are only four HIV-1 subtype C



protease crystal structures available as compared to the vast number of crystallised subtype B
protease structures. Only one of the four crystallised subtype C protease structures represent
the wild-type South African protease (C-SA) (PDB ID: 3U71). Although HIV-1 subtype C is
the most prevalent in the world, antiretroviral therapy (ART) drugs are not designed and tested
against this subtype. This poses a question about whether the treatment is as effective in C

subtypes as it is in other subtypes.

1.2 The replication cycle of HIV-1

HIV is an enveloped RNA virus of approximately 100 nm in diameter (Greene, 1993). The
core of the virus consists of two identical copies of single-stranded RNA molecules which make
up the viral genome. The HIV replicative cycle consists of the early phase in which infection
and integration occur and the late phase in which the transcription and translation of the viral
genome occur (Turner and Summers, 1999). Routes of HIV infection are predominantly
through mucosal surfaces such as male and female genital tracts, rectal surfaces and gut
surfaces (Simon et al., 2006; Shaw and Hunter, 2012; Showa et al., 2019).

Infection of the host cell begins when the viral gp120 and gp4l glycoprotein receptors
recognise the CD4 (cluster of differentiation 4) receptor on immune cells such as macrophages,
T cells and dendritic cells (Chad and Kim, 1998 and Cunningham et al., 2010). The virus binds
and fuses with the cell membrane by either using the C-C chemokine receptor type 5 (CCR5)
or C-X-C chemokine receptor type 4 (CXCR4) of the host cell (Kwong, 1998) (Figure 1). The
binding of viral gp120 envelope protein to the CD4 receptor causes a structural change in the
gp120, exposing the binding site for the co-receptors. Once the co- receptor is bound, further
structural rearrangements occur, mostly in gp41 transmembrane protein, which leads to viral
entry. A cohort study by Ruiz-Mateos and colleagues (2018) found a relationship between a
CCR5 delta 32 mutation and the inability of the virus to enter host cells. CCR5 delta 32
mutation is caused by a 32-base pair deletion in the gene encoding the CCR5 receptor (Marmor
et al., 2006). A distinct characteristic of HIV-1 subtype C is the preferential use of viral CCR5
receptors instead of CXCR4 receptors when binding and fusing with the host cell (Zhang et
al., 2002). The fusion of the viral envelope and the cell membrane allows for the translocation
of the constituents of the viral core into the cytoplasm of the host cell. Translocation is
proceeded by reverse transcribing the viral single-stranded RNA (ssRNA) into double-stranded

DNA (dsDNA) by the viral reverse transcriptase.
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Figure 1. Mechanism of viral entry. Interactions between the viral envelope glycoprotein,
gp120 and the cell surface receptor CD4 and CCR5 chemokine receptor are responsible for
the fusion and entry of HIV-1 into host cells. A mutation in the CCR5 receptor has been
shown to affect the ability of the virus to bind and fuse with the host cell (Marmor et al.,
2006). The image was taken from:

https://www.nature.com/scitable/blog/viruses101/hiv_resistant_mutation/ [accessed on 17/02/2022].



https://www.nature.com/scitable/blog/viruses101/hiv_resistant_mutation/

The dsDNA is then transported into the nucleus where it is integrated into the genome of the
host cell by the HIV-1 integrase (Farnet and Haseltine, 1991). The integration of viral DNA
was thought to occur at random sites but, in fact, the viral dSDNA is incorporated at sites where
actively transcribed genes are found (Schroder et al., 2002). The incorporated viral genome is
called a provirus. The provirus is transcribed and translated along with the genes of the host
cell (Figure 2).

The genome of HIV-1 encodes for structural and functional proteins required for viral
replication, assembly regulatory proteins. HIV-1 contains three open reading frames (ORFs)
encoding for structural enzymes; namely, group-specific antigen (gag), pol, and env. The gag
ORF encodes the Gag polyprotein that ultimately forms the virus capsid, nucleocapsid, and the
matrix, the pol ORF encodes the Pol polyprotein that forms three retroviral enzymes; namely,
reverse transcriptase (RT), protease (PR), and integrase (IN). The env gene encodes the viral
envelope proteins such as the gp120 and gp41 glycoproteins. The HIV-1 protease is initially
synthesised along with retroviral enzymes and other viral proteins as part of the Gag- Pol
precursor polyprotein. The Gag, Gag-Pol polyproteins and two copies of the viral RNA genome
are transported to the plasma membrane where they assemble and bud off from the cell, taking
along with it some elements of the cell membrane (Henderson et al., 1983). The budding
mechanism generates non-infectious immature virus particles which only become mature upon
processing of the Gag and Gag-Pol polyprotein (Freed, 1998). Maturation occurs when two
Gag-Pol polyprotein chains align, allowing two protease monomers to dimerise and undergo
autoproteolysis from the polyprotein (Navia et al., 1989). The functional protease homodimer
can now cleave the Gag-Pol and Gag polyproteins at eleven sites to generate structural and
functional proteins needed to generate an infectious virus (Figure 3). The protease-mediated
cleavage of the Gag-Pol polyprotein is a crucial step in the HIV replicative cycle. The binding
cleft that runs through the active site of the protease is able to accommodate seven amino acids.
This coincides with the specificity of the protease, which is determined by the nature of the
four amino acids upstream and three amino acids downstream of the scissile bond in the
substrate (Vella et al., 2012). For this reason, HIV protease is a drug target when designing

antiretroviral therapy regimens.
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Figure 2. The replication cycle of HIV-1. The eight stages of the HIV life cycle are: 1) binding

and fusion of virus, 2) reverse transcription of viral genome into double cDNA, 3) entrance of
viral cDNA into nucleus, 4) integration of the viral genome into the genome of the host, 5)
transcription and translation of viral genome into functional and structural proteins and
polyprotein precursors, 6) provirus assembly and budding, 7) provirus release and virus
maturation. The protease plays a critical role in viral assembly and maturation. Image was taken

from Yang et al., 2012.
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Figure 3. Schematic representation of the Gag and Gag-Pol polyproteins and Nef protein
at the sites at which the HIV-1 protease cleaves. Gag and Gag-Pol polyprotein cleavage
yields functional viral enzymes and structural proteins required for viral assembly and
maturation. The alignment of two Gag-Pol polyproteins results in the dimerisation of protease
monomers to generate a catalytically functional protease. HIV-1 protease cleaves the Gag
polyprotein at five sites (MA, CA, p2, NC, P1, and P6%9) and the Gag-Pol polyprotein at six
sites (NC, TFP, p6*, PR, RT, RNase H and IN and a single site in Nef (Coté et al., 2001).

The image was taken from de Oliveira et al., 2003.
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1.3 Current treatment of HIVV/AIDS

HIV/AIDS is a lifelong disease and there is currently no cure for it. Antiretroviral therapy is
currently the gold standard of HIV/AIDS treatment. Without treatment, the average survival
time is approximately nine to eleven years (UNAIDS, 2021). Antiretroviral therapy is a
combination of drugs that inhibit some part of the HIV replication cycle. The goals of
antiretroviral therapy were to provide maximal suppression of the viral load, restore and
preserve immune function, prolong life expectancy and improve quality of life (Simon et al.,
2006). The antiretroviral drugs consist of five classes, that is, nucleoside and nucleotide reverse
transcriptase inhibitors (NRTIs and NtRTIs, respectively), non-nucleoside reverse transcriptase
inhibitors (NNRTIs), protease inhibitors (PIs), integrase inhibitors also called integrase strand
transfer inhibitors (InSTIs) and entry inhibitors. Their mechanisms of action are described in
Table 1 below. Among the different classes, protease inhibitors are the most efficient in
reducing the viral load in infected cells (Yang et al., 2012). The HIV protease was first
suggested as a druggable target in the treatment of HIVV/AIDS when a frameshift mutation in
the pol gene encoding the protease resulted in a formation of non-infectious immature virions
(Kramer et al., 1986). This mutation prevents the protease from cleaving the Gag and Gag-Pol

polyproteins.

1.4 HIV-1 protease

The first scientists to obtain a crystal structure of HIV-1 protease were Navia et al in 1989.
Four more structures were reported subsequently by Wlodawer et al (1989). HIV-1 protease is
a member of the aspartyl protease family (E.C 3.4.23.16). The protease is a homodimeric
globular protein consisting of two identical two-fold axis symmetrical monomers made up of
99 amino acid residues each (Wlodawer et al., 1989). Aspartic proteases are characterised by
conserved catalytic residues; Asp25, Thr26, and Gly27 in one monomer and Asp25', Thr26',
Gly27" in the other monomer (Toh et al., 1985).

The secondary structure of the protease consists of 48% beta-sheets, 48% random coils and 4%
alpha-helix (PDB ID: 3U71) (Naicker et al., 2013). The protease has regions critical in the
proteolysis of polyproteins; namely, the flaps region, hinge region, cantilever, fulcrum and
dimeric interface and the active site (Figure 4). The active site (residues 23-30), found between
the monomers, houses the catalytic triad in each monomer. The flaps (residues 45-57 in each

monomer) are highly flexible structures that are found above the active site.



Table 1. Classes of antiretroviral drugs

Class Abbreviation Mechanism of action  Specific action

Non-nucleoside NNRTIs Reverse transcriptase Alter the conformation

reverse inhibition of the catalytic site of

transcriptase reverse transcriptase and

inhibitors directly  inhibits its
action

Integrase strand InSTIs Inhibition of viral Prevent the transfer of
transfer integration viral DNA strands into
inhibitors the host genomic DNA

(Table adapted from Meitjes et al., 2017)
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Figure 4. Ribbon representation of the crystal structure of HIVV-1 South African subtype
C protease in the unbound form. The secondary structures consist mainly of B- strands
(shown in light blue, purple and yellow) and two alpha-helices (green). Flap conformational
movements are controlled by hinge regions (shown in yellow) consisting of residues 35-42 and
35'-42" and residues 57-61 and 57'-61" which act as a cantilever (light blue) and assists in the
conformational change of the flaps. The fulcrum (red) consists of residues 10-23. The active
site (shown in orange) houses the catalytic residues: Asp25, Thr26, and Gly27 in one monomer
and Asp25', Thr26', Gly27' in the other. The dimer interface (shown in dark blue) lies below
the active site, and it consists of four-stranded, antiparallel -sheets at the C- and N-terminus
residuesl-4 and 96-99, respectively of each monomer. This figure was generated using PyMOL
with PDB ID: 3U71 (Naicker et al., 2013).



The flaps assist in the binding of the polyproteins to the active site (Gustchina and Weber,
1990). Molecular dynamics (MD) simulation studies indicate that the protease flap regions can
adopt open, semi-open and closed conformations in solution depending on whether the
polyprotein or inhibitor is bound (Nicholson et al., 1995). Spin-labelled pulse EPR
spectroscopy measurements, a technique for investigating the structure and local dynamics of
proteins using electron spin resonance, indicate that the open and semi-open conformations are
seen mostly in the HIV-1 subtype C relative to other subtypes (Babe et al., 1992). The hinge
regions (residues 35-42 and 57-61) assist in the conformational movements of the flaps. The
dimer interface, which lies at the bottom of the active site, stabilises the homodimeric form of
the protease. Dimerisation of the two monomers is required for the protease to become
catalytically active. It has been indicated that a disruption of the dimer interface results in the
collapse of the globular protein into unstable monomer structures (Xu et al., 1997 and Naicker
etal., 2014).

Stabilisation of the dimer interface is achieved by the interactions between the four B hairpin
loops located in the N-terminus (residue 1-4) and C-terminus (residue 96-99). Due to the critical
role of the protease in generating mature and infectious human immunodeficiency virus, it has
become an attractive target in designing anti-HIV drugs that inhibit the processing of Gag and
Gag-Pol polyprotein.

1.5 The catalytic mechanism of HIV-1 protease

HIV-1 protease follows a general acid-base mechanism of catalysis. The widely accepted
model of aspartic protease catalytic mechanism is based on the crystal structure of Rhizoys

Chinensis aspartic protease complexed with a reduced peptide inhibitor (Suguna et al., 1987).

According to the Schechter and Berger convention (Schechter and Berger, 1967), HIV-1
protease cleaves a peptide bond, also known as a scissile bond, that is found between P1 and
P1' where P refers to the peptide. The amino acid residues found towards the N-terminus of the
polyprotein are termed P1, P2, and P3 whereas the amino acid residues found at the C- terminus
are termed P1', P2' and P3'. The corresponding sub-sites in the protease are termed from the
central aspartates S1, S2, S3, and S1', S2' and S3' (Figure 5 A).
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Figure 5. A) A schematic diagram showing the nomenclature used to assign amino acid
residues of peptide substrates (P) as well as the corresponding binding sites (S) on the protease
enzyme and the location of the scissile bond. The catalytic residues Asp 25 and Asp 25  are
highlighted in the green circle (). The highlighted circle in red (<) of the scissile peptide
bond B) Catalytic mechanism of the HIV-1 WT-CSA protease follows a general acid-base

mechanism of catalysis. Two products and a free enzyme are generated at the end of the
reaction. Image A) was taken from Wlodawer and VVondrasek, 1998. B) was taken from Shen

etal., (2012).
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The catalytic residues Asp 25 and Asp 25' (Figure 5 B) polarise a nearby water molecule located
at the catalytic site. One Asp residue (Asp-COQ) acts as a general base to polarise the water
molecule while the second Asp residue (Asp-COOH) acts as a general acid to protonate the
leaving amine product. This renders the oxygen atom on the water molecule electronegative.
The water molecule performs a nucleophilic attack on the amide carbonyl carbon on the scissile
bond of the substrate. The substrate is then converted into a gem-diol intermediate in the
transition state. The unstable tetrahedral intermediate collapses to form two products and a free

enzyme molecule (Figure 5 B) (Hyland et al., 1991).
1.6 HIV protease inhibitors

Of all the drugs used in the treatment of HIV/AIDS, protease inhibitors are the most efficient
(Wang et al., 2001). As previously noted, the catalytic cleavage of the polyproteins results in
the formation of viral enzymes and proteins needed for viral maturation. Protease inhibitors
improve the clinical outcome of patients by firstly, preventing the assembly and maturation of
the virus, thus preventing viral replication and decreasing the viral load. Secondly, protease
inhibitors inhibit the protease-mediated cleavage of host cell proteins which reduces protease-
related cytotoxicity, apoptosis and necrosis in an infected host cell (Korant et al., 1998 and
Sainski et al., 2011). The first HIV-1 protease crystal structure by Navia and colleagues (1989)
has enabled the structure-based design of ten US Food Drug and Administration (FDA)-
approved HIV protease inhibitors (PIs); namely: Atazanavir, Amprenavir, Darunavir,
Indinavir, Lopinavir, Nelfinavir, Ritonavir, Saquinavir, Tipranavir and Fosamprenavir. All the
protease inhibitors, apart from Tipranavir, are peptidomimetic hydroxyethylamine or
hydroxyethelene inhibitors (Wang et al., 2001).

A peptidomimetic inhibitor is a small non-cleavable peptide chain that mimics a section of the
Gag polyprotein (Marshall and Ballante, 2017). HIV-1 Pls are transition-state analogues of the
polyprotein substrates. The transition-state of the substrate has a significantly larger affinity for
the enzyme active site than the polyprotein substrate (Wolfenden, 1999). However, Pls are not
100% efficient at inhibiting the catalytic function of the protease (Titanji et al., 2013). A small
amount of viral replication still occurs in the presence of Pls. This replication process,
combined with the effects of the error-prone RT, results in the development of mutations such
as naturally occurring polymorphisms (NOPs) and mutations that confer resistance to PlIs.
Despite a wide variety of FDA approved protease inhibitors in use, there has been the

development of resistance towards these inhibitors as a result of the

12



development of mutations in the protease gene. This results in a decrease in the potency of the
protease inhibitors (Velazquez-Campoy et al., 2003). The protease inhibitors that will be used
in this study are Saquinavir, Darunavir and Atazanavir (Table 2). Darunavir is exclusively

prescribed for salvage therapy after failure on protease inhibitor-based second- line regimen.

1.7 Protease inhibitor resistance

HIV-1 is prone to mutations due to the high replication rate of the virus as well as the error-
prone viral reverse transcriptase due to the lack of proof reading abilities (Kozal et al., 1996).
Many of the mutations that occur within the protease sequence are NOPs that are commonly

found in the viral genome while some mutations result in PI resistance.

Pl resistance occurs as a result of continued viral replication in the presence of inhibitors,
which allows for the accumulation of mutations in the flaps and hinge regions (Kantor and
Katzenstein, 2004 and Titanji et al., 2013). Mutations such as deletions, insertions, and
substitutions in the viral genome result in changes in the amino acid sequence of the protease
(Velazquez-Campoy et al., 2001). These mutations alter the conformational shape of the
substrate-binding site of the protease and/or flexibility of the flap region, resulting in a
decreased binding affinity of the inhibitors for the enzyme but do not affect the binding affinity
of the substrate (Debouck et al., 1987). HIV-1 protease mutations can be classified into primary
and secondary mutations. Primary mutations occur at residues that are directly involved in the
catalysis of protease substrates (Chen et al., 1995). Primary mutations usually occur near or at
the substrate-binding cleft. Primary mutations alter the interactions between the protease and
the protease inhibitor but rarely involve residues involved in active catalysis of the Gag and
Gag-Pol substrate (Kozisek et al., 2007). Mutations that occur at regions that are not directly
involved in catalysis, also known as secondary mutations, contribute to decreased PI
susceptibility (Olsen et al., 1999). Like primary mutations, secondary mutations arise as a result
of PI drug therapy. Grossman and colleagues (2004) indicated that when subtype C protease
was exposed to Nelfinavir, Indinavir and Saquinavir, resistance-related mutations occurred
more frequently in subtype C than in subtype B. To date, 45 residues out of 99 residues that
compose the HIV-1 subtype C protease monomer have been found to cause protease inhibitor
resistance (Turner et al., 2004). Some of the common mutations are mentioned in Table 3
below. All currently available protease inhibitors have specific mutations associated with them
(Virgil et al., 2010).
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Table 2. Protease inhibitors used in this investigation and their properties

Generic

name

Abbreviation

Properties

Structure*

Saquinavir

Darunavir

Atazanavir

SQV

DRV

ATV

The first protease inhibitor approved by
the FDA. (Roberts et al., 1990).

It is a highly specific inhibitor of HIV-1
proteases.

Contains a hydroxylethylamine
transition-state analogue replacing the
cleavable scissile bond, a bulky
decahydroquinoline in place of proline at
position P1’ and a quinoline at position
P3 (Figure 5 A)

The latest protease inhibitor on the market.
Binds to the backbone of HIV-1 protease
which makes it difficult to acquire drug
resistance against darunavir (Ghosh et al.,
2007).

The hydrogen bonds it forms with the
backbone of the HIV-1 protease slows
down the development of drug resistance
(Lefebvre and Schiffer, 2008)

Structural analog of the substrate
transition state during which the bond
between the phenylalanine and proline is
broken (Lv et al., 2015)

Bis-aryl moiety on the
(hydroxethyl)hydrazine group makes it a
potent inhibitor against wild-types and
mutant forms of the HIV-1 protease
(King et al., 2004)

*Protease inhibitor chemical structures were downloaded from PubChem

(http://punchem.ncbi.nlm.nih.gov) [accessed on 17/02/2022]
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Table 3. Drug resistance mutations

Position Mutation Protease inhibitors affected

L23 I Nelfinavir

L24 I Lopinavir, Saquinavir

D30 N Nelfinavir, Darunavir

V32 I All protease inhibitors except Saquinavir

L33 F Lopinavir, Atazanavir, Darunavir

M36 I, F Atazanavir, Tipranavir, Lopinavir, Nelfinavir,
Indinavir, Fosamprenavir

M46 I Amprenavir, Indinavir, Lopinavir, Nelfinavir,
Saquinavir, Atazanavir, Darunavir

M46 L Amprenavir, Indinavir, Lopinavir, Nelfinavir,
Saquinavir, Atazanavir

147 \/ Atazanavir, Tipranavir, Lopinavir

147 A Atazanavir

G48 V,M Lopinavir, Nelfinavir, Saquinavir

150 L,V Atazanavir, Darunavir, Lopinavir

F53 L Atazanavir, Indinavir, Nelfinavir

154 V,T,A LM Fosamprenavir, Lopinavir, Atazanavir,
Nelfinavir, Darunavir

G73 S, T Atazanavir, Darunavir, Fosamprenavir

L76 \V Saquinavir, Atazanavir, Tipranavir

V82 A TFSL Atazanavir, Fosamprenavir, Indinavir

184 V,AC Tipranavir

N88 D,S Atazanavir, Nelfinavir, Indinavir

L90 M Atazanavir, Darunavir, Fosamprenavir,
Saquinavir

(Table adapted from Mahdi et al., 2015 and Shafer et al., 2007, Stanford HIV Drug Resistance Database
[https://hivdb.stanford.edu/cgi-bin/PRPosMutSummary.cgi] accessed on 18/07/2022)
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1.8 Insertion mutations

Insertion mutations are associated with HIV-1 protease inhibitor resistance when found in
combination with primary mutations and secondary mutations. These mutations can cause
minor structural changes to the parts involved in accommodating the protease inhibitor into the
substrate-binding cleft (Todd and Freire, 1998). The hinge region (Figure 4) is most prone to
insertion mutations. Insertion mutations in the protease are caused by the slippage and stalling
of the reverse transcriptase (Kim et al., 2001). Insertion mutations rarely occur. The prevalence
of insertion mutations in the WT-CSA protease has been found to be 2.5% (Pereira-Vaz et al.,
2009; Ledwaba et al., 2019). It has been shown that mutations in the HIV-1 protease may
exhibit different inhibitor binding kinetics and energetics (Mosebi et al., 2008; Williams et al.,
2019; Zondagh et al., 2019). These mutations may alter the movement and flexibility of the
hinge and flaps region which then affects the binding of substrates and inhibitors (Mittal et al.,
2013). A molecular dynamics (MD) study by Naicker et al., (2013) indicated that differences
in protease inhibitor effectiveness may be explained by key differences in the flexibility of the
hinge region and flap region of the protease caused by mutations. The stability of the protease
hinge influences the movement of the closely associated flaps which play a role in
accommodating the substrate into the binding cleft. Previously investigated insertion mutation
N37T1V protease which as a mutation in the hinge region, was found to have a reduced
catalytic ability compared to the WT-CSA protease (Zondagh et al., 2019). The data suggested
that the N37T1V insertion mutation increases Viral fitness and decreases protease inhibitor
susceptibility (Zondagh et al., 2019). In another study, in vitro drug testing showed that mutant
protease L38TN1TL displayed a lowered sensitivity to Atazanavir, Darunavir and Lopinavir
protease inhibitors (Williams et al., 2019). The L38TN1L protease displayed a reduction in Kcat,
Kwm and kea/Km values as well as a reduction in the amount of protease found in the active
conformation when compared to WT- CSA protease. Williams et al. (2019) and Zondagh et al.
(2019) reported different amino acid insertions in the hinge region of the HIV-1 protease in
ARV naive patients which exhibit different substate catalysis kinetics and inhibitor binding
thermodynamics. These alarming reports may suggest that acquired protease inhibitor
resistance due to insertion mutations in the HIV-1 protease may become more common in the

future.
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1.9 L381H1L protease

A major limiting factor in the HIV-1 epidemic has been the emergence of viral strains that
exhibit resistance to protease inhibitors due to mutations in the protease sequence. The HIV-1
South African subtype C L381TH1L mutant protease, with no background mutations, is the first
to be discovered in South Africa. The mutant protease was isolated from a drug-naive infant
(Ledwaba et al., 2019). The variant protease has a double insertion of Histidine and Leucine in
the hinge region at position 38 of the protease amino acid sequence. As a result of the double
insertion mutation, each subunit of the has 101 amino acids compared to 99 amino acids per
monomer found in the WT-CSA protease The amino acid sequence alignment of the WT-CSA
and the L38TH1L protease is found in Figure 6. Mutations at or near the hinge region tend to
change the flexibility of the hinge region and the extent to which the flap region opens, thereby
changing the shape of and access to the substrate-binding cleft. Consequently, reducing the
ability of the protease inhibitor to bind to the substrate-binding cleft (Goldfarb et al., 2015).
Hinge region mutations may affect kinetic and thermodynamic binding properties of substrates
and/or protease inhibitors. The loss of susceptibility to protease inhibitors usually occurs
because the mutant protease molecules lower the binding affinity for the inhibitors yet maintain
sufficient affinity for the Gag and Gag-Pol substrate molecules. There is a growing need in
understanding how hinge region mutations affect the overall efficiency of protease inhibitors.
This work will add to the growing knowledge of the impact of hinge region mutations on the

structure and function of the WT-CSA protease.
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Figure 6. (A) Amino acid sequence alignment. The amino acid sequence alignment of
L38TH1TL variant and the wild-type protease. The highlighted box indicates the position of the
Histidine and Leucine insertion mutation at position 38 of the protease amino acid sequence.
The alignment was performed using Clustal Omega tool (EMBLEBI). (B) Homology model
of the L38TH1L protease. The green (©*) and blue (a) spheres represent the position of the
histidine and leucine mutation in each subunit. The figure was generated with PyMol version
2.5.2.0 (DeLano, 2002).
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1.10 Aim

The aim of this study is to assess the possible effects of the L38TH1TL double insertion mutation
on the structure and function of the HIV-1 South African subtype C protease as well as to assess
the potency of Atazanavir, Darunavir and Saquinavir protease inhibitors towards the L38THTL

mutant protease.
1.11 Objectives
1.11.1 Recombinantly overexpress the WT-CSA and L381H1L protease in
Escherichia coli BL21 (DE3) pLysS cells

1.11.2 Purify, solubilise and refold the protease into its native functional form

1.11.3 Quantify the protease by using UV absorbance spectroscopy and active site
isothermal titration calorimetry (ITC)

1.11.4 Assess and compare the secondary structure content of both proteases by using
far-UV circular dichroism spectropolarimetry

1.11.5 Assess the oligomeric structure of the both proteases by using size exclusion
high-performance liquid chromatography (SE-HPLC)

1.11.6 Perform comparative enzyme kinetic assays to determine the specific activity,
Kwm, Keat, Vimax, Keat/ Kmand 1Cso

1.11.7 Assess thermodynamic parameters (AG, AH and AS) and Kg of protease-
inhibitor binding interactions by using displacement isothermal titration

calorimetry
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2. Methods and Materials

2.1 Expression vector and expression host

pET-11a vectors were used for the recombinant expression of the WT-CSA and the L38tH1TL

mutant protease. The pET-11a vectors carried ampicillin resistance markers for selection. The
pET-11a vectors with the WT-CSA and L38tH?TL protease complementary deoxyribonucleic
acid (cDNA) insert were synthesised by GeneScript (USA).

Escherichia coli BL21 (DE3) pLysS (Novagen®) competent cells were used as the expression
host. This host cell was used because of its capability of expressing cytotoxic recombinant
proteins. Transcription of transformed cDNA is induced by the T7 RNA polymerase which is
under the control of isopropyl-B-D-thiogalactopyranoside (IPTG). pLysS encodes T7
lysozyme which minimises the uninduced expression level of genes under the control of the T7
promoter thus reducing cytotoxic effects by the HIV-1 protease (Studier and Moffatt, 1986).

The expression host carries a chloramphenicol resistance marker for selection.
2.2 Transformation of E. coli BL21 (DE3) pLysS cells

The pET-11a vectors each encoding the cDNA sequence for the L38THTL and the WT-CSA
protease gene were transformed into E. coli BL21 (DE3) pLysS cells, respectively, by using
the heat shock method. Initially, 10 pg of each of the pET-11a vectors were incubated with of
E. coli BL21 (DE3) pLysS cells on ice for 30 minutes to ensure that the vector comes in close
proximity to the competent cells. This ensures efficient transformation of the competent cells.
Thereafter, the cells were heat-shocked at 45 °C on a heating block for 45 seconds. The heat
increases the permeability of the bacteria cell membrane which allows for the vectors to enter
the cells and thereafter chilled on ice for 30 minutes. The cells were then incubated in a shaking
incubator for 1 hour at 37 °C, 250 rpm for the WT-CSA and L381HTL protease. The
transformed cells were grown overnight on nutrient agar plates (15% (w/v) agar), 1% (w/v)
tryptone, 0.5% (w/v) yeast extract (0.5% (w/v) and 0.5% (w/v) sodium chloride) supplemented
with 100 pg/mL ampicillin and 30 pg/mL chloramphenicol antibiotics. A single colony from
each of the agar plates was selected and used to inoculate 100 mL LB media (1% (w/v) tryptone,
0.5% (w/v) yeast extract and 0.5% (w/v) sodium chloride 0.5% supplemented with 100 pg/mL
ampicillin and 30 pg/mL chloramphenicol to allow for the growth of successfully transformed
cells. The cells were grown overnight at 37 °C, 200 rpm. The overnight cell culture was

used to make glycerol
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stocks of transformed cells. The glycerol stocks were stored at -80 °C.

To confirm the successful transformation of the cells, a GeneJET plasmid miniprep kit (Thermo
Scientific™, Massachusetts, USA) was used to extract and isolate the vectors from the
transformed cells. The vector isolates were sent to Ingaba Biotech® (Pretoria, South Africa)
for Sanger sequencing as well as for WT-CSA and L38TH1L protease cDNA insert validation.
The sequence results were received as a DNA sequence. The DNA sequence was then
transcribed and translated into the protein sequence by using the EXPASy tool

(https://web.expasy.org). The WT-CSA and L381H1L protein sequence was aligned using the
Basic Local Alignment Search Tool (Blastx) (Altschul et al.,1997). Upon successful validation
of the WT-CSA and L38THTL ¢cDNA sequence, expression trials of the L38TH1L protease

were performed.

2.3 Growth characteristics

The high yield of recombinant WT-CSA and L381H1L protease production is highly desirable,
but due to its ability to be cytotoxic to bacterial cells, achieving a desirable amount of expressed
protein is often hindered. Expression trials of the L38THTL protease were performed to
determine the optimum conditions required for overexpression of the L381H1Lprotease gene.
A growth curve of bacterial cells transformed with the pET-11a vector containing the L38tH1L
cDNA insert was constructed to determine the ODegoonm required for the cells to reach the mid-
log phase. The transformed L381H1L protease glycerol stocks were used to inoculate 100 mL
of LB media. The cells were grown overnight at 37 °C, 200 rpm. A 1:20 dilution of the bacterial
culture was done into 50 mL LB media. The cells were grown for 16 hours while taking an
ODsoonm measurement every 5 minutes for the first 30 minutes and thereafter every hour. The
ODsoonm readings were plotted as a function of time in minutes. The growth curve was used to
determine the time it took the cells to reach the mid-log phase. The mid-log phase of a bacterial
growth curve is indicative of the exponential growth of the cells, there are therefore more cells
available. This is particularly beneficial since we need high recombinant protein

OVGI’EXpI’ESSiOﬂ.
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2.4 Expression trials

The L38TH1TL protease glycerol stocks were used to inoculate 100 mL LB media. The cells
were allowed to grow overnight at 37 °C, 200 rpm. A 1:20 dilution of the overnight culture into
5 x100 mL LB media was performed. The cells were grown at 37 °C, 200 rpm until the mid-
log phase (ODeoonm Of 0.6) was achieved. The IPTG concentrations required for the
overexpression of the mutant protease were determined by using 0, 0.2, 0.5, 0.8, and 1.0 mM
IPTG. The amount of cells were normalized using the rule of thumb for E.coli cells that states
that 1 unit of ODsoonm = 8 x 102 cells/mL (Volkmer and Heinemann, 2011, Couto et al., 2018,
Elbing and Brent, 2020). The same concentration of cells were taken at various time points (0,
2,5, 8, and 16 hours) after IPTG induction. The cells were harvested by centrifugation at 5000
xg for 3 minutes and the supernatant was discarded. The cell pellet was resuspended in TE
buffer (10 mM Tris-HCI, 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0) and
sonicated by using the Microson XL-2000® sonicator for 15 seconds at 50% power. The cells
were further centrifuged at 5000 xg for 5 minutes to isolate the soluble and insoluble fractions
of the cell lysate. Thereafter, the samples were resuspended in reducing sample buffer (12%
(w/v) SDS, 30% (v/v) glycerol, 0.05% (w/v) Coomassie Blue G-250, 10% (v/v) B-
mercaptoethanol and 150 mM Tris-HCI, pH 7.0) in a 2:1 ratio.

2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), a technique
developed by Laemmli (1970), was used to assess the homogeneity of the protease molecules
and to determine their monomeric molecular size. Sodium dodecyl is an anionic detergent that
binds proteins in proportion to their mass and confers a negative charge onto the denatured
polyproteins. A tricine SDS-PAGE (Schagger and von Jagow, 1987), which provides a better
resolution of separating proteins lower than 30 kDa, was used to assess the size and
homogeneity of the cell lysate samples. The difference between the Laemmli method and the
tricine SDS-PAGE method is the trailing ions used, in particular, their pKa values. Glycine
which is used in the Laemmli method has a pKa value of 9.6 whereas the tricine used in the
tricine SDS-PAGE method has a pKa value of 8.15. The pKa value affects the mobility of the
trailing ions with respect to the mobility of proteins in the gel. Tricine moves faster relative to
the proteins in the stacking gel and decreases the stacking limit of the gel. This allows for a

more effective separation of proteins of low molecular mass (Schagger and von Jagow, 1987).
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Expression of the target protein was analysed on a tricine SDS-PAGE gel containing 4% (w/v)
stacking and 16% (w/v) separating gel. The soluble and insoluble fractions were boiled for five
minutes prior to loading onto the gel. The gels were subjected to electrophoresis by using a
cathode buffer (0.1 M Tris-HCI, 0.017% (w/v) Tricine, 0.001% (w/v) SDS, the pH was not
altered) and anode buffer (0.1 M Tris-HCI pH 8.9). The electrophoresis of the gels was
performed at 140 V for 1 hour using the Bio-Rad system. The PAGE Ruler Pre-stained Protein
Ladder (Thermo Scientific®) was used as the molecular weight marker. The gels were stained
using a solution containing 50% (v/v) methanol, 10% (v/v) acetic acid and 0,025% (w/v)
Coomassie Blue G-250. Thereafter, the gels were destained in a solution containing 50% (v/v)

methanol and 10% (v/v) acetic acid.

The relative migration distance (Rf) of the molecular weight marker and the protein samples
from the induction trials were used to validate the overexpression of the gene of interest. The
Rf value was calculated as the distance migrated by a polyprotein band over the distance
migrated by the dye front. A calibration curve of log molecular weight versus Rf was used to

determine the size of the protease monomer.

Upon analysis of the gels, the optimum conditions required for protein overexpression were
determined. Expression trials were only performed for the L38THTL mutant protease.

Conditions for the overexpression of the WT-CSA were taken from Naicker et al., 2013.

2.6 Overexpression and purification

For the overexpression of the WT-CSA and L381TH?TL protease, Erlenmeyer flasks containing
200 mL LB media supplemented with 100 pg/mL ampicillin and 30 pg/mL chloramphenicol
were inoculated with the respective glycerol stocks. The cells were grown overnight at 37 °C,
200 rpm. The overnight bacterial cultures were used to inoculate 14 Duran® Erlenmeyer flasks
(Sigma Aldrich, Missouri, USA) containing 500 mL LB media in a 1:20 ratio. The cells were
allowed to grow at 37 °C, 200 rpm until ODeoonm 0f 0.6 was achieved. Overexpression of the
WT-CSA and the L381H1L protease gene was induced by the addition of 1 mM (WT-CSA)
and 0.6 mM (L381H1L) IPTG, respectively. The cells were grown for a further 4 hours (WT-
CSA) and 4 hours (L38tH1L) after IPTG induction at 37 °C, 200 rpm. The bacterial cells were
harvested by centrifugation at 5000 xg for 10 minutes at 4 °C. The resulting cell pellets were
resuspended in buffer A (10 mM Tris-HCI, 2 mM (EDTA), and 1 mM phenylmethylsulfonyl
fluoride (PMSF), pH 8.0) and stored at -80 °C.
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The cells were thawed at room temperature to aid in cell lysis. The thawed cells were
resuspended in an additional 20 mL of buffer A with 1 mg/mL bovine pancreatic
deoxyribonuclease | (DNase) dissolved in 20 mM Tris-HCI, pH 7.5, and 2 M Magnesium
Chloride (MgCly). The cells were homogenised by using a Bio-Gen series PRO200 homoginiser
(Pro Scientific Inc., Connecticut, USA) for one minute. The viscosity of the cell suspension
was left to decrease for 30 minutes at room temperature. Further cell lysis with eight cycles of
Sonication with 30 seconds intervals at 70% power were performed by using the Microson XL-
2000® sonicator. The bacterial cell suspension was centrifuged at 18 000 xg to separate the
soluble and insoluble portions of the cell lysate. The protease was expressed in the insoluble
fraction (inclusion bodies) and was washed by resuspending the pellet in ice-cold Buffer A*
(20 mM Tris-HCI, 2 mM EDTA, 2% Triton X-100 and 1 mM PMSF, pH 8.0) and centrifuged
at 18000 xg for 30 minutes at 4 °C. The pellet wash step with buffer A* was performed twice.
The solubilisation of the inclusion bodies was performed by resuspending the pellet in Buffer
B (10 mM Tris-HCI, 8 M urea, 5 mM Dithiothreitol (DTT), pH 8.0) for 1 hour at room
temperature. The unfolded protein solution was filtered using a 0.45 uM cellulose acetate
syringe filter and loaded onto a 5 mL HiTrap FF DEAE sepharose column attached to a 5 mL
HiTrap FF CM column (Sigma Aldrich, Missouri, USA). The columns were pre-equilibrated
with five column volumes of Buffer B at a flow rate of 3 mL/min, 0.3 kPa. The purification
experiment was performed on the AKTA Start™ liquid chromatography purification system
(GE Healthcare Life Sciences, Chicago, USA). The difference between the theoretical
isoelectric point of 9.32 for both the WT-CSA and L381H?TL as predicted by the ExPasy
ProtPARAM tool (Gasteiger et al., 2005) and the pH of the buffer enables the positively
charged protease molecules to bind to the negatively charged resin of the HiTrap FF CM
column. Non-specific, negatively charged proteins bound to the HiTrap FF DEAE sepharose
column. The unfolded positively charged proteases (WT-CSA and L381H1L) bound the CM
cation exchange column and were eluted with Buffer B containing 1 M sodium chloride. The
protein samples were refolded and dialysed using SnakeSkin™ dialysis tubing with a MWCO
of 3.5 kDa (Thermo Fischer Scientific™, Massachusetts, USA) against Buffer C (10 mM
formic acid, 10% glycerol, and 0.02% sodium azide) for 4 hours at 4 °C. The refolded protein
samples were further dialysed into Buffer D* (10 mM sodium acetate, 2 mM DTT, 0.02%
sodium azide, pH 5.0) overnight at 4 °C.

Thereafter, the dialysed protein samples were centrifuged at 18000 xg, 4 °C to get rid of
aggregated proteins and debris. The resulting supernatant containing the protein of interest was

further purified by using a HiTrap FF CM column connected to an AKTA Start™ liquid
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chromatography purification system (GE Healthcare Life Sciences, Chicago, USA) to remove
any non-specific protein contaminants. The CM column was equilibrated using five column
volumes of buffer D (10 mM sodium acetate, 0.02% sodium azide, pH 5.0). The positively
charged protease molecules bound to the column were eluted using a 0-1 M sodium chloride
gradient (300 mL at a flow rate of 3 mL/min flow rate). The eluted proteins were dialysed using
SnakeSkin™ MWCO 3.5 kDa dialysis tubing (Thermo Fischer Scientific™, Massachusetts,
USA) against buffer D (10 mM sodium acetate, 0.02% sodium azide, pH 5.0) overnight at 4
°C. The collected protein samples were concentrated using a 50 mL Amicon® stirred
concentrator MWCO 3.5 kDa (MilliporeSigma, Massachusetts, USA) to 0.4-0.5 mg/mL

and stored at -80°C until required.

The collected protein samples were evaluated for purity by using tricine SDS-PAGE as
described in section 2.5. A calibration curve of log molecular weight versus Rf was used to

determine the size of the protease monomer as well as to assess the purity.
2.7 Quantification of protein concentration
2.7.1 Absorbance spectroscopy

The concentration of the WT-CSA and L38tHfL protease samples was determined
spectrophotometrically by taking absorbance readings of the samples at 280 nm and 340 nm
using a Jasco V-630 UV-Vis Spectrophotometer (Jasco, Pfungstadt, Germany). A serial
dilution consisting of 1:10, 1:12, 1:14, 1:16, 1:18, and 1:20 protein: buffer samples were used
to determine the protein concentration. Aromatic amino acid residues such as Tyrosine and
Tryptophan absorb maximally at 280 nm (Lakowicz, 1983). Light scatter from protein
aggregates and dust particles were corrected by subtracting the 340 nm absorbance reading
from the absorbance reading at 280 nm. The corrected absorbance readings were plotted as a
function of dilution fractions. The plots were fit with a linear regression function and the
resulting straight-line equation coupled with the Beer-Lambert Law was used to determine the

protein concentration. The Beer-Lambert law is as follows:
A}LZSXCI [1]

where A is the corrected absorbance at 280 nm, &, is the molecular extinction coefficient of the

protein at 280 nm, c is the molar concentration and | is the path length (one centimeter) of the

light through the medium in a quartz cuvette. The theoretical molecular extinction
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coefficient of both the dimeric WT-CSA and the L381tH{L protease is 25 230 Mlcm™,
(ExPASyY ProtPARAM (Gasteiger et al., 2005)). The concentration of purified protein samples

were determined for every experiment.

Due to the autocatalytic nature of the HIV-1 protease as well as the isolation, unfolding and
refolding methods involved in the purification process, absorbance spectroscopic techniques
are deemed insufficient. Absorbance spectroscopy measurements do not distinguish between

fully folded and functional as well as cleaved proteins.
2.7.2 Active site isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a powerful and sensitive technique used to characterise
the binding thermodynamics between biomolecules such as peptides, nucleic acids, antibodies,
and proteins. An ITC machine consists of a sample cell and reference cell located in an adiabatic
jacket (Nufiez et al., 2012). A titrant, such as a ligand, is injected into the sample cell containing
the protein solution using a spinning syringe. Titrations of the ligand into the sample cell are
performed until saturation of the protein binding sites has occurred. Saturation results in fewer
interactions between the titrant and the protein and less heat transfer occurs. The enthalpic
change resulting from heat absorption (endothermic) or release (exothermic) in proportion to
the amount of binding occurring is measured by a microcalorimeter located inside the machine
(Sheehan, 2009). Measuring heat transfer during the binding process enables the determination
of binding affinity (Ka), reaction stoichiometry (N), and enthalpy (AH) (Holdgate and Ward,
2005), From these parameters, Gibbs free energy (AG) and entropy (AS) can be calculated
using the equation:

AG =-RT In(Ka) = AH-TAS 2]

where R is the gas constant (8.314 J.mol"*K™) and T is the absolute temperature in kelvin.

Since the protein concentration determined from performing serial dilutions does not
distinguish between native and cleaved protease molecules, the N value was used to determine
the percentage concentration of functional protease in the sample. It is essential to determine
the proportion of protease molecules that have refolded correctly and have formed disulfide
bonds between the protease monomers. It is essential to perform active site titrations since the

HIV-1 protease is functional in its homodimeric form (Naicker et al., 2013).

26



Active site titration experiments were performed using the Nano ITC standard volume
instrument (TA® instruments, New Castle, USA). Acetyl-pepstatin (Merck (Pty) Ltd, South
Africa), a well-documented aspartyl protease inhibitor was used as a ligand in this experiment
(Seelmeier et al., 1988). The acetyl-pepstatin stock solutions of 8 mM were prepared by
dissolving 5.15 mg/mL of the lyophilised powder in 10 mM sodium hydroxide. Prior to use,
buffer D was used to dilute the stock solutions to 200 UM acetyl-pepstatin. The ligand used in
performing ITC experiments should be dissolved in the same buffer as the protein sample in
order to avoid buffer mismatch. The diluted ligand was loaded into a 250 puL ITC syringe.
Excess volumes of the ligand are required to ensure the syringe is filled to maximal capacity
while ensuring that there is no bubble formation. Bubbles produce high heat signals that mask
the heat signals produced by the protein-ligand binding reaction. Both the ligand and the
protein sample were degassed under a volume of 0.5 atm for 10 minutes at 20 °C. An initial
injection of 2 uL, followed by 29 subsequent 5 pL of 200 uM acetyl-pepstatin, were injected
into the sample cell containing 1.5 mL of 20 uM protease while stirring at 310 rpm. The
reference cell contained milli-Q® water. Measurements from performing the active titrations
were plotted as the power (ucal/sec) needed to maintain the sample and reference cell at an
equal temperature of 20 °C (Wiseman et al., 1989). Acetyl-pepstatin binds to the protease in a
1:1 ratio. A stoichiometry value of 1 indicates that the concentration of protease molecules is
equal to that of the inhibitor and that 100% of the protease molecules in the sample are in their
fully folded and functional form and no autolysis has occurred. The integrated heat per injection
data was fitted and analysed with the NanoAnalyze™ software (TA Instruments) using the
independent model. The heat of dilution (HOD) of the ligand into buffer was subtracted from
the data and an independent model was used to fit the data. The HOD is often obtained by
titrating the ligand into the buffer. Active site ITC experimental conditions were used to

perform HOD titrations.
2.8 Structural characterisation
2.8.1 Far-UV circular dichroism to estimate secondary structure content

Far-UV circular dichroism (CD) spectropolarimetry is a technique used to measure the
secondary structure content of optically active molecules such as proteins and DNA. Circular
dichroism in the far-UV region (240 nm-180 nm) is observed when optically active molecules
absorb left- and right-handed circularly polarised light. The CD spectrum results from the

interaction of optically active molecules and an optically asymmetrical environment.
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Optically active parts of a protein include the peptide backbone, aromatic amino acids, and
disulfide bonds (Adler et al., 1973). The CD spectrum of a protein is influenced by phi (®) and
psi (W) angles of the peptide backbone (Kelly et al., 2005). The peptide backbone angles reflect
the formation of secondary structure elements such as a-helices, B-sheets, and random coils.
These secondary structure elements absorb circularly polarised light differently, resulting in
different shapes and magnitudes of the CD spectrum (Whitmore and Wallace, 2007).
Predominantly a-helical proteins have troughs at 222 nm and 208 nm and a peak at 193 nm.
Whereas predominantly B-sheeted proteins have a trough at 218 nm. However, far- UV CD
cannot indicate where the detected secondary structure elements of a protein are located within
the protein or the secondary structure of specific amino acid residues in contrast to X-ray
crystallographic and NMR structural determinations. The use of the far-UV CD to probe
proteins' secondary structural content can allow for the analyses of the structural changes that
may be brought about by mutations in the protein structure. We can, therefore, determine
whether the L38TH 1L mutation causes apparent changes in the secondary structural content of
the L38tH1L protease relative to the WT-CSA. According to the crystal structure of the WT-
CSA protease (PDB ID: 3U71) (Naicker et al., 2013), the protein is predominantly B-sheeted.

Far-UV CD spectra of the homodimeric WT-CSA and L38tH1L protease were measured by
using a Jasco J-810 spectropolarimeter connected to a Peltier temperature controller (Jasco,
Pfungstadt, Germany). The ellipticity (0) was blanked with Buffer D prior to taking protein
measurements. Protein concentrations of 5 uM for the WT-CSA and L381H1L were used to
perform the experiments. The ellipticity of the protease samples was measured over a
wavelength range of 210-250 nm at 20 °C using a data pitch of 0.2 nm and a bandwidth of
0.5 nm. The spectra were an average of eight accumulations. A quartz cuvette with a path length
of 2 mm was used to perform the experiments. The experiments were performed in triplicates.

The ellipticity of the WT-CSA and L381H1L protein samples was converted to the mean

6 x100
MRE = [3

cnl

residue ellipticity (MRE) using the equation:
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where 0 is the CD signal (mdeg), c is the protein concentration (mM), n is the number of
amino acids in the protein (198 residues for the dimeric WT-CSA and 202 residues for the

dimeric mutant protease) and | is the pathlength of the quartz cuvette (cm) (Woody,1995).
2.8.2 SE-HPLC to confirm quaternary structure and size

Size exclusion-high performance liquid chromatography (SE-HPLC) is a technique used to
separate molecules according to their molecular size in a non-denaturing manner. This
technique was first described by Ruthven et al., 1954. The molecules are separated by porous
beads of a particular size. Molecules with smaller hydrodynamic volumes are retained much
longer in the porous beads compared to larger molecules with large hydrodynamic volumes.
This allows for the larger molecules to elute first (Barth et al., 1994). The use of liquid under
pressure with a constant flow rate aids with the separation of the molecules. This technigue can
also be used to assess protein purity. A contaminated protein sample results in non- specific
absorbance peaks on the chromatogram. According to the crystal structure obtained by Naicker
et al., 2013 (PDB ID: 3U71), the WT-CSA is a homodimer, consisting of two symmetrical
subunits. SE-HPLC was used to determine the effects that may be caused by the L38THTL
mutation on the quaternary structure of the protease and to assess whether the quaternary size

is maintained.

Approximation of the molecular size and purity was determined by using a TSKgel®
SuperSW2000 30 cm x 4.6 mm, 4 pm particle size column (Tosoh Corporation®, Tokyo,
Japan). The column was connected to a TSKgel® Size exclusion (SW-Type) HPLC guard
column (Tosoh Corporation®, Tokyo, Japan). The experiments were performed on a Shimadzu
ultrafiltration liquid chromatography (UFLC) SPD-20A SE-HPLC machine (Tokyo, Japan).
The WT-CSA and L381H1TL protease samples were concentrated to 40 uM and 60 uM,

respectively, prior to use.

The column was equilibrated with degassed and filtered buffer D containing 200 mM NacCl at
a flow rate of 0.3 mL/min for the WT-CSA and 0.2 mL/min for the L381H1L mutant protease.
After sufficient column equilibration (five column volumes), 20 pL of 40 uM (WT- CSA) and
60 uM (L381HTL) the protein samples were injected onto the column. A chromatogram
showing absorbance readings at 280 as a function of time (minutes) required for the protein
sample to pass through the column was generated. The column was allowed to re-equilibrate
for 30 minutes after subsequent runs. Thereafter, 20 uL of a protein standard mixture (69385
Protein standard mix, Sigma-Aldrich, USA) consisting of thyroglobulin
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bovine, y-globulin, aloumin, ribonuclease A and Para-aminobenzoic acid was injected into the
column. The standard mixture was allowed to pass through the column at a flow rate of

0.2 mL/min and 0.3 mL/min in order to match the conditions used to run the WT-CSA and
L38THTL protease samples. A standard curve of known molecular weight (Log molecular
weight) as a function retention time (min) was plotted to estimate the molecular size of the WT-
CSA and L38TH1L protease. A linear regression function was used to fit the standard curve
and the subsequent straight-line equation was used to calculate the molecular size of the

proteases based on their retention times.
2.9 Functional characterisation
2.9.1 Enzyme kinetics

Enzyme Kinetics is the study of the kinetics and reaction rates involved in enzyme catalysed
reactions. Kinetic studies provide a better understanding of how enzymes work. Some enzyme
assay conditions such as protein/substrate/ligand concentrations, pH, buffers, and temperatures
need to be considered when assessing enzyme kinetics. Conditions that favour an enzyme’s
optimal activity are the most desirable but often physiological conditions under which the

enzyme works cannot be replicated in vitro.

The kinetics involved in the understanding of enzymes have traditionally been modelled by
following the basic principles proposed by Briggs and Haldane (1952). According to Briggs
and Haldane (1952), at saturating conditions of the substrate, the concentration of the enzyme-
substrate complex remains relatively the same. Increasing the amount of substrate will not

increase the rate of the reaction. Consider the following reaction:

k. k
E+S | ES —E+P [
k-1

where E, S, E.S, and P represent the free enzyme, substrate, enzyme-substrate complex, and
product, respectively, and ki, k-1, and k» are reaction rate constants. The reaction rate constant
ky is the association rate constant for the binding reaction of the free enzyme to the substrate to
form the enzyme-substrate complex, k.1 is the dissociation rate constant of the enzyme-

substrate complex into free enzyme and substrate, ko is the rate constant for the formation of
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product and free enzyme from the enzyme-substrate constant. The reaction achieves a steady
state when the concentration of the enzyme-substrate complex remains constant over time. The
formation of a product from the enzyme-substrate complex is the rate-limiting step. The rate at
which the enzyme-substrate complex is formed is dependent on the amount of substrate in the

sample since the concentration of the enzyme in the sample remains constant.

If the concentration of the enzyme remains constant with increasing increments of the substrate,
a hyperbolic Michaelis-Menten plot can be generated. A conventional approach used to
understand steady state enzyme Kinetics is based on the Michaelis-Menten equation. The

Michaelis-Menten plot follows the equation:

VO — VmaX [S]
Km+[S]

[5]

where Vo is the initial velocity, Vmax is the maximum velocity under saturating levels of the
substrate and Kw is the Michaelis-Menten constant. Product inhibition is assumed to be
negligible (Segel, 1988). The Michaelis-Menten constant is the substrate concentration
required to reach half-maximal velocity. It also indicates the affinity the enzyme has for the
substrate. The lower the Km value, the higher the affinity. The maximal velocity is the reaction

rate achieved when all the enzyme active sites are saturated with the substrate.

Under the assumption that E + S and E.S are in equilibrium and that the enzyme-catalysed
reaction occurs under steady-state conditions, the Michaelis-Menten constant (Michaelis and

Menten, 1913) can be written as follows:

(ky+k) 8
Ky = ”

1

Enzyme kinetics coupled with fluorometric assays provided a powerful tool that can be used

to study how enzymes function.
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2.9.2 Fluorometric enzyme assays

Fluorometric assays are the most widely used technique for assessing enzyme kinetics. This
technique is based on the ability of an enzyme to convert a substrate into a product that absorbs
and releases light at specific wavelength/s. The fluorescence phenomenon is observed when a
fluorophore absorbs light at a specified wavelength from a source. This then results in the
excitation of an electron in the fluorophore from the singlet ground state to an excited state of
a higher energy level. After the electron spends a fluorescence lifetime in the excited state, the
electron falls back down to the lowest available energy state of a longer wavelength, releasing
its energy as an emitted photon (Kogure et al., 2008). The fluorescence lifetime is the amount
of time an electron spends in the excited state. The electron in the excited state undergoes
energy loss through thermal or vibrational energy. The energy level shift between the excited
and emission energy levels is known as the Stokes shift (Abbyad et al., 2007). The photons
released by a fluorophore can be detected and measured by using a fluorometer. Analytical
measurements provided by a fluorometer are used to detect changes in fluorescence intensity
which allows for the determination of the activity of the enzyme as well as other enzyme
kinetics parameters. Enzyme kinetic studies coupled with fluorometric assays were performed
to determine the possible effects the L381H1L double insertion mutation had on the activity of
the enzyme relative to the WT-CSA.

Enzyme kinetic studies of the WT-CSA and L381H1L protease were determined by following
the hydrolysis of a fluorogenic substrate, Abz-Arg-Val-Nle-Phe(NO)-Glu-Ala- Nle-NH>, that
mimics the capsid/p2 cleavage site in the Gag polyprotein (Velazquez-Campoy et al., 2001).
The substrate is recognised and hydrolysed between Nle (norleucine) and Phe(NO2) (nitro-
phenylalanine) by the protease (Carmel and Yaron, 1978). The close proximity of the
fluorogenic 2-aminobenzoyl (Abz) and the quenching Phe(NO2) amino acid group reduces the
ability of the substrate to fluoresce. The cleavage of the Nle-Phe(NO2) peptide bond diminishes
the quenching effect and results in an increase in fluorescence (Carmel and Yaron, 1978; Polgar
et al., 1994). The time-dependent cleavage of the Nle- Phe(NO2) peptide bond results in an
increase in fluorescence. For all enzyme Kinetics assays performed, the 2-aminobenzoyl group
was excited at a wavelength of 337 nm and emission was measured at a wavelength of 425 nm.
Stock solutions of 500 uM substrate were prepared by dissolving the lyophilised powder in
50% acetonitrile. The reaction mixture (total volume of 800 pL) consisted of protease,
substrate, milli-Q® and a reaction buffer (2 M NaCl, 100
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mM sodium acetate, pH 5.0). Glacial acetic acid was used to pH the reaction buffer. The
fluorescence intensity measurements for the kinetic assays were measured for 30 seconds using
a data pitch of 1 sec, a response time of 0.5 seconds, and an excitation bandwidth and emission
bandwidth of 2.5 nm and 5 nm, respectively. The intensity value due to the complete cleavage
of 1 nmol of the substrate was measured and used to convert the fluorescence intensity to
activity. The experiments were performed in triplicate at 20 °C using a Jasco V-630
spectrophotometer. All kinetic assay data were plotted and analysed on GraphPad Prism

version 9 (GraphPad Software, San Diego, California, USA)

2.9.3 Michaelis-Menten enzyme kinetics

Enzyme kinetic parameters such as the Ky and Vmax of the WT-CSA and L38TH1L protease
were determined by following the hydrolysis of the fluorogenic substrate. The Km and Vimax
Kinetic parameters were determined under constant enzyme concentration of 50 nM and
varying concentrations of substrate (0- 200 uM). A hyperbolic curve of enzyme velocity as a
function substrate concentration was plotted to determine the kinetics parameters.

2.9.4 Specific activity and catalytic turnover number

In order to measure the specific activity and catalytic turnover number of the WT-CSA and
L381HTL mutant protease, substrate concentrations greater than the Km should be used.
Specific activity enzyme assays were performed with increasing protease concentrations of 0-
50 nM while the substrate concentration was kept constant at 50 uM. A linear regression
function was used to fit the plot of enzyme activity (umol/min) as a function of enzyme amount
(mg). The slope from the linear regression plot was used to determine the specific activity of

the enzymes.

The catalytic turnover number, a first-order rate constant, is a measure of how fast the product
is formed from the enzyme-substrate complex. The catalytic turnover number is represented as
ko in equation 4 (section 2.9.1). It represents the number of substrate molecules transformed
into a product using a single catalytic site of the enzyme per unit time. The kcat number was
determined from the specific activity assays. A linear regression function was used to fit the
plot of enzyme activity (umol/sec) per pumol of the enzyme. The slope of the straight-line

generated was used to determine the catalytic turnover number (sec™?).
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2.9.5 Catalytic efficiency

Catalytic efficiency (kcat/Km), a second-order rate constant, was used as a measure to compare
the effectiveness of proteins in catalysing the same reaction (Eisenthal et al., 2007). Catalytic
efficiency can only be measured using substrate concentrations much lower than the Km values
obtained. Constant enzyme concentration of 50 nM was used while the substrate
concentration ranged from 0-10 uM. A linear regression function was used to fit the plot of Keat
as a function of substrate concentration (nM). The resulting slope of the straight-line equation

generated was used to determine the catalytic efficiency (uM™.sec™?).

2.9.6 1Csp determination

The concentration of an inhibitor that is required to reduce the catalytic activity of the protease
by 50% is termed the half-maximal inhibitory concentration (ICso). ICso values are often used
to compare the relative effectiveness of inhibitors. The values of I1Csp are obtained at varying

ranges of inhibitor concentrations while keeping the concentration of the substrate constant.

The competitive inhibition between the fluorogenic substrate used and the protease inhibitor
can allow for the calculation of ICso (Netsu et al., 2001; Ohtaka et al., 2002; Naicker et al.,
2013). The 1Cso values for competitive inhibition can be calculated from the Cheng-Prusoff
(1973) equation:

ICso = Ki (1+ 50
Kwm

[7]

where K; is the inhibition constant, [S] is the substrate concentration and Kw is the Michaelis-
Menten constant. The 1Csg values were determined from dose-dependent plots of percentage
enzyme activity as a function of inhibitor concentration. Percentage enzyme activity can be

calculated using the following formula:

IV of inhibited reaction

Activity = — - 8]
y IV of uninhibited reaction
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where V is the rate of the protease catalysed reaction.

Lower ICso values obtained from different inhibitors can suggest tighter inhibition. For
example, in an inhibition assay, inhibitor A with an 1Cso value of 100 nM requires a thousand
times less inhibitor to reduce the enzyme activity by half than inhibitor B with an IC50 value
of 100 pM.

Standard inhibition assays containing a reaction mixture of 50 nM active protease and 50 UM
fluorogenic substrate in the presence of increasing concentrations of protease inhibitor (0-200
nM) were performed. Inhibitor stocks of 10 mM of each protease inhibitor were prepared by
dissolving the inhibitor lyophilised powder in 100% DMSO. Initially, 80 pL of the inhibitor
stocks (10 mM) were added to 20 pL protease (2 pM stock) and 220 pL of 72.73 mM sodium
acetate buffer, pH 5.0. This reaction mixture (reaction mixture 1) was incubated at 4 °C for 15
hours to allow for sufficient time for equilibrium to be maintained. A second reaction mixture
(reaction mixture 2) consisting of 80 pL fluorogenic substrate (500 uM stock) and 400 pL of
60 mM sodium acetate, 2 M sodium chloride, 2.4% DMSO, pH 5.0 was made. Glacial acetic
acid was used to pH both buffers. Initially, 320 pL of reaction mixture 1 was added to 480 uL
reaction mixture 2 to initiate the reaction. Thereafter, 400 pL of this mixture was dispensed
into the cuvette. The reaction was measured after 30 seconds for 30 seconds. The fluorescence
intensity was measured by using a data pitch of 1 sec, a response time of 0.5 seconds, and an
excitation bandwidth and emission bandwidth of 2.5 nm and 5 nm, respectively. The intensity
value due to the complete cleavage of 1 nmol of the substrate was measured and used to convert
the fluorescence intensity to activity. The experiments were performed in triplicates using a
Jasco V-630 spectrophotometer.

2. 10 Displacement isothermal titration calorimetry

In a displacement ITC experiment, also known as a competitive binding assay, the dissociation
constant and protein-ligand binding thermodynamics of high-affinity inhibitors can be
measured by displacing a prebound weaker competitive inhibitor, such as acetyl- pepstatin (Ka
=10° - 10" M), using an inhibitor with a higher binding affinity (Ka> 10® M) (Velazquez-
Campoy and Freire, 2006). Displacement ITC has successfully been used to determine the

thermodynamic parameters of HIV-1 protease inhibitors and can provide
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information on how mutated proteases either lower or increase their susceptibility to inhibitors.
Measuring the thermodynamic parameters such as a change in Gibbs free energy (AG),
dissociation constant (Kg), change in enthalpy (AH), and change in entropy (AS) can
demonstrate valuable information. A spontaneous binding process must have a negative AG.
The AG should become increasingly negative as the binding of the inhibitor to the protease
becomes tighter (Velazquez-Campoy and Freire, 2018). The Kq denotes the binding affinity of
the protein for the ligand, the lower the Kq the tighter the binding. The AH which is the objective
of the first law of thermodynamic, the law of energy conservation denotes the total internal
energy or heat of a biologic system and the product of the volume and the constant pressure of
the system. If the AH is positive, the binding reaction is endothermic in nature whereas a
negative entropy denotes an exothermic reaction. The AS is the objective of the second law of

thermodynamics. It denotes the change in the state of disorder of a system.

Primary stocks of Saquinavir, Darunavir, and Atazanavir, which are FDA-approved tight
binding HIV-1 protease inhibitors, were dissolved in 100% DMSO to a final concentration and
volume of 10 mM and 500 pL, respectively. During the displacement titration experiment, 2
mL of 20 uM WT-CSA and L381tH1L protease (corrected concentration from section 2.7.2)
was preincubated with 200 uM acetyl-pepstatin in 2% DMSO for 30 minutes at room
temperature Thereafter, the protease-inhibitor mixture (i.e., protease-acetyl-pepstatin) was
loaded into the sample cell. In a separate experiment, the tight-binding protease inhibitors were
used to displace acetyl-pepstatin from both the WT-CSA and L38TH1L protease active sites.
The secondary protease inhibitor stocks of 200 uM in 2% DMSO were made by diluting the
primary inhibitor stocks in Buffer D (same buffer in which the protein is dissolved in). A 250
pL ITC syringe was used to inject the inhibitors into the sample cell. It is essential that both
the sample cell and the syringe contents are dissolved in 2% DMSO to avoid buffer mismatch.
The integrated heat per injection data were analysed by using the NanoAnalyze™ software (TA
instruments). The HOD of the ligand into buffer was subtracted from the data and an

independent model was used to fit the data.
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3. Results and Discussion

The emergence of mutations/natural polymorphisms and circular recombinant forms between
the different sub-groups and sub-types drives the need to understand how mutations affect the
protease overall structure and function. Protease inhibitors form the main component of second-
line ARV treatment in South Africa. While the effects of primary mutations, which are directly
involved in the binding of substrates and protease inhibitors, are constantly investigated, the
mutations that occur in the hinge region of the protease are rarely investigated. How hinge
region mutations affect enzyme kinetics and drug binding interactions are less clear. This study
examines the effects of the L381HTL double insertion mutation on the structure and function

of the HIV-1 South African subtype C protease.
3.1. Protein overexpression and purification
3.1.1 Protease cDNA insert validation

The WT-CSA and L38TH1L protease cDNA sequences were validated by sending the extracted
vectors to Ingaba biotech (Pretoria, South Africa) for Sanger sequencing. Upon sequence result
analyses, it was confirmed that the pET-11a vectors contained the WT-CSA and L381HTL
protease gene, respectively (Figure 7). Basic Local Alignment Search Tool (Blastx) (Altschul
et al.,1997) confirmed that the L381H1L protease gene contains a double amino acid insertion
of leucine and histidine at position 38 of the amino acid sequence relative to the WT-CSA
sequence (Figure 8). The sequence alignment confirmed that the WT-CSA has 99 amino acids
per monomer whereas the L38TH1TL protease has 101 amino acids per monomer. No additional

mutations were found in the L38TH1L protease cDNA relative to the WT-CSA protease cDNA.

3.1.2 Expression trials

The high yield expression of the HIV-1 protease is particularly difficult due to its cytotoxic and
autocatalytic nature (Gustchina and Weber, 1990, Naicker et al., 2013). High yield recombinant
expression of proteins in E. coli is particularly desirable when studying the structure and
function of the proteins. Expression trials were performed to determine the optimal conditions

required to produce high yields of the novel L381H1L protease.
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Gwc ccc tcec att tct taa aat ttt gtt caa ctt taa gaa gga aaa ata cat
X P S I S - N I v Q L - E G K I H

atc act ctt tgg aaa cga ccc ctt gtc tca ata aaa gta ggg ggc cag ata aag gag gct

ctc tta gat aca gga gca gat gat aca gta tta gaa gaa ata aat ttg

tgg aaa cca aaa atg ata gga gga att gga ggt ttt atc aaa gta aga cag tat gat
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caa ata ctt ata gaa att tgt gga aaa aag gct ata ggt aca gta tta gta ggg cct
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Figure 7. Verification of the WT-CSA and L38TH1L protease gene insert in pET-11a
vectors. (A) EXPASy TRANSLATE results of the HIV-1 WT-CSA and (B) L38tH1L protease
gene insert into the pET-11a vector. The highlighted part (mm) of the WT-CSA and (m) for
the L381H?TL protease sequence represents the open reading frames.The atg start codon (M)
and the taa stop codon (mm) flanks the open reading frames of both sequences.
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Range 1: 1 to 99 GenPept Graphics

Score Expect Method Identities Positives Gaps
192 bits(487) 6e-65 Compositional matrix adjust. 99/101(98%) 99/101(98%) 2/101(1%)

Query 1 PQITLWKRPLVSIKVGGQIKEALLDTGADDTVLEEINLHLPGKWKPKMIGGIGGFIKVRQ 60
PQITLWKRPLVSIKVGGQIKEALLDTGADDTVLEEINL PGKWKPKMIGGIGGFIKVRQ
Sbjct 1 PQITLWKRPLVSIKVGGQIKEALLDTGADDTVLEEINL - -PGKWKPKMIGGIGGFIKVRQ 58

Query 61  YDQILIEICGKKAIGTVLVGPTPVNIIGRNMLTQLGCTLNF 101
YDQILIEICGKKAIGTVLVGPTPVNIIGRNMLTQLGCTLNF
Sbjct 59  YDQILIEICGKKAIGTVLVGPTPVNIIGRNMLTQLGCTLNF 99

Figure 8. Amino acid sequence alignment of the WT-CSA and L38TH1L protease.
Blast Basic Local Alighnment Tool for proteins (BLASTp) sequence alignment of the WT-
CSA (PDB ID: 3U71) (subject) and L381HTL (query) protease gene. There is a 98% sequence
identity between the 2 amino acid sequences. The WT-CSA and the L38tH1L protease gene

has 99 and 101 amino acids per monomer, respectively.
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Expression conditions of the WT-CSA have been previously described (Naicker et al., 2013).
The L381tH1L growth characteristics (section 2.3) showed that the transformed cells reached
the mid-log phase (ODsoonm Of 0.6) after approximately 2 hours. Upon performing expression
trials (section 2.4), it was determined that the L38THTL protease expresses optimally in E.
coli BL21 (DE3) pLysS cells using 0.6 mM IPTG at 37 °C, 200 rpm. The L381H1L protease
was expressed optimally 4 hours after IPTG induction (Figure 9) using normalised cell

numbers.

Overexpression of the L381HTL protease was confirmed by an apparent thick and dark band
on the tricine SDS-PAGE gel (Figure 9). The WT-CSA and L38tH1L protease molecules were
expressed as inclusion bodies found in the insoluble portion of the cell lysate. The high yield
expression of the protein as inclusion bodies is extremely beneficial since the structure of the
protein hinders its ability to autocatalyse. The overexpressed protein, under denaturing
conditions, was determined to be approximately 11 kDa from the construction of an R¢ value
versus log molecular weight plot. The L38TH1L calculated monomeric size was close to that
predicted by ExPAsy ProtPARAM (Gasteiger et al., 2005).

3.1.3 Protein purification and purity assessment

Overexpression and purification of the WT-CSA and L381H1L proteases were performed by
using the conditions as described in section 2.6. The WT-CSA and L38tH1L protease samples
were successfully purified by using ion-exchange chromatography (Figure 10). Both the WT-
CSA and the L381H1L protease samples were purified from the insoluble portion of the whole-
cell lysate. It is to be noted that a significant proportion of the L38tHTL protein sample,
collected after a round of protein refolding and dialysis, was aggregated. An attempt in
removing the aggregated proteins was performed by centrifuging the samples at 18000 xg, 4
°C for 30 minutes. The unfolding and refolding process of the L38TH1TL protease could be the
source of the aggregation. Protein refolding by dialysis relies on the slow removal of urea from
the protein sample. However, if this process occurs too fast, it may not allow sufficient time
for the proteins to refold correctly which then resulted in protein aggregation. This provides a
need for an improved purification protocol. Note that in vivo, the protease does not undergo
protein unfolding and refolding and it is, therefore, recovered from the soluble fraction of the
whole-cell lysate. However, this purification protocol requires the recovery of the protease
from inclusion bodies and is different from the protease recovery process in vivo. This may also

contribute in the development of protease aggregation
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Figure 9. Tricine SDS-PAGE gels showing L38TH1L protease expression trials.
Expression trials for the L381H?1L protease were performed in E. coli BL21 (DE3) pLysS cells
as described in section 2.4. Tricine SDS-PAGE gels show the soluble and insoluble cell extracts
collected at 2 (A), 4 (B), 6 (C), and 16 hours (D) after IPTG induction. S and P denotes
supernatant and pellet, respectively. It was determined that the protease expressed optimally
by using 0.6 mM IPTG for 4 hours, at 37 °C and 200 rpm. A large portion of the overexpressed

protein was found in the pellet (insoluble) portion of the whole-cell lysate, as seen by the thick

band on the SDS-PAGE gels.
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Figure 10. Purification profile of the L38THTL and WT-CSA protease. Tricine SDS-
PAGE gels showing the purification profiles of the L38tHTL protease (A) and WT-CSA
protease (B). The protein samples were prepared under reducing conditions. From the R value
calibration curves of the L381H1L (C) and the WT-CSA protease (D), it was determined that
the monomeric sizes of the L38tHTL and WT-CSA protease were

~10.61 kDa and ~11 kDa, respectively.
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It was also noted that most of the refolded L381tH?TL protease from the second round of ion-
exchange chromatography did not bind to the cation-exchange column (Figure 10, AKTA
flowthrough). This could be because the aggregated proteins remained in the protein sample
even after centrifugation. Protein aggregation may impair the ability of the proteins to bind to
the column resin. In contrast, no protein aggregation was observed after the refolding and
dialysis of the WT-CSA protease and no WT-CSA protein was detected within the AKTA
flowthrough. This result entails that a majority, if not all, the protein was able to bind to the

column prior to elution.

The purity of the WT-CSA and L38tH1L protease was analysed on a tricine SDS-PAGE gel
as described in section 2.5. Analyses from the construction of log molecular weight versus Rt
values calibration curve (Figure 10 C and D) revealed that the WT-CSA and L38tH1L protease

monomeric size was approximately 11 kDa and that the purified proteins were relatively pure.

3.2. Protein concentration determination
3.2.1 Protein concentration determination through absorbance spectroscopy

The concentration of the purified WT-CSA and L38tHTL protease was determined
spectrophotometrically by performing serial dilutions as described in section 2.7.1. A linear
regression plot coupled with the Beer-Lambert law was used to calculate the concentration of
the protein from the slope of the plot. The average protein yield per 14 liters of LB media
ranged from 0.56-0.61 mg/mL with an average volume of 5 mL for the WT-CSA and 0.38-
0.42 mg/mL with an average volume of 5 mL for the L381tH1L protease.

3.2.2 Corrected protein concentration determination through ITC

Active site ITC experiments were performed to determine the concentration of protease in the
sample that is functional and folded correctly. Active site experiments were performed as
described in section 2.7.2. Due to the purification protocol that includes isolation of the protease
molecules from inclusion bodies, and unfolding and refolding steps, it is important to determine
whether the protease has folded correctly. It is also important to assess whether disulfide bonds
have formed sufficiently between the protease monomers since the protein is functional as a

homodimer.
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Acetyl-pepstatin only binds to dimerised protease molecules. Acetyl-pepstatin binds to the
homodimeric HIV-1 protease in a 1:1 ratio; therefore, it is possible to determine the
concentration of the functional protease in a sample. This can then be used to correct the
concentration determined from spectroscopic experiments. Upon analysis of the ITC
thermograms and isotherms, the stoichiometry value (percentage) was approximately 58%
(0.58) and 71% (0.71) for the WT-CSA and L38TH1L protease, respectively (Figure 11 A).
This indicates that only 58% and 71% of the WT-CSA and L381TH1L protease concentration

determined from section 3.2.1 represents ‘useful’ protein.

The thermodynamics parameters obtained from performing active site ITC provided
fundamental information on the binding interactions of acetyl-pepstatin to the WT-CSA and
L38THTL protease, which include the nature of the binding reaction as well as the
intermolecular forces driving the binding reactions. The division of the Gibbs free energy AG
into its constituents, the change in enthalpy AH and change in entropy AS, reflect the
thermodynamic means of interaction between the enzymes and the ligand. The AG, AH and
-TAS results were similar between the WT-CSA and L38tH1L protease (Figure 11). The
binding reaction of acetyl-pepstatin to the WT-CSA and L381H1L protease was found to be
spontaneous due to the negative AG (-35.21 + 4.49 kJ/mol and -34.98 + 1.27 kJ/mol,
respectively) (Figure 11 B). The binding reaction of acetyl-pepstatin to the WT-CSA and the
L38TH1TL protease was found to be endothermic (27.31 + 6.27 kJ/mol and 31.42 + 7.65 kJ/mol,
respectively). Active site ITC experiments of HIV-1 proteases with acetyl-pepstatin by Todd
and Freire (1999) was found to be endothermic as well. The AH upon ligand binding denotes
the net formation and disruption of noncovalent bonds upon enzyme-ligand binding.
Noncovalent bonds, such as van der Waals forces, hydrogen bonds and electrostatic
interactions, results from interactions of the enzyme-solvent, ligand-solvent, as well as the
enzyme-ligand complex (Chen et al., 2016; Du et al., 2016). The endothermic nature of the
binding reaction of acetyl-pepstatin to the proteases is due to the hydrophobic nature of the
ligand and the reduced ability to form strong noncovalent bonds with the enzymes active site
upon binding (Figure 11 C). The positive AH indicated that the binding reaction is enthalpically
unfavourable and that the favourable binding energy comes from the favourable entropy (-TAS
was -55.02 £ 11.76 kJ/mol and -65.57 + 9.2 kJ/mol for the WT-CSA and L381H1L protease,
respectively). These results revealed that the binding reaction of acetyl- pepstatin to the
WT-CSA and the L38tH{L protease is entropically driven ie.,|TAS|>|AH].
When a highly hydrophobic ligand binds to the active site of the enzyme,
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Figure 11. Thermodynamic parameters obtained from performing active site titration
experiments. (A) stoichiometry (N value) plot, (B) Gibbs free energy (AG) plot, (C) Enthalpy
(AH) plot, (D) Entropy (AS) plot (E) dissociation constant (Kq) plot. Active site ITC
experiments were performed as described in section 2.7.2. The reaction of acetyl-pepstatin with
the WT-CSA and L38TH1L protease occurred with a stoichiometry value of ~0.58 £0.013
and 0.71 £ 0.019, respectively. The data were fit using the GraphPad Prism version 9 software
(GraphPad Software, San Diego, California, USA).
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the solvent/water molecules occupying the binding cleft are displaced to the solvent bulk, which
result in an unfavourable change in enthalpy. This is because the solvent molecules that were
previously occupying the binding cleft and forming noncovalent bonds now partake in weaker
hydrogen bonding in the solvent bulk (Fox et al., 2018). Whereas when ligands with polar
groups become desolvated upon binding to the enzyme, they form relatively strong noncovalent
bonds with the enzyme (Du et al., 2016). These strong noncovalent interactions contribute
favourably to the binding enthalpy. It can be determined that the change in enthalpy due to the
disruption of energetically favourable noncovalent bonds (endothermic) outweighs the
formation of energetically noncovalent interactions involved in the binding reactions of acetyl-
pepstatin to the WT-CSA and L38tH1L protease.

The major thermodynamic parameter difference that can be noted from the binding of acetyl-
pepstatin to the WT-CSA and L38tHTL protease is the dissociation constant (Kg). Upon
analysis of the Kg, it was noted that acetyl-pepstatin binds slightly less tight to the L38THTL
protease (874 + 45.31 nM) relative to the WT-CSA (695 + 21 nM). The lower the Kq value, the
tighter the binding of a ligand to the protein. The Kgq also represents the affinity the protein has
for the ligand. The lower WT-CSA Kgqvalue indicated that the protein has a higher affinity for
the ligand relative to L381H1L protease. The thermodynamic parameter findings for the WT-
CSA are consistent with the findings in the literature (Mosebi et al., 2008, Naicker et al., 2013).

3.3. Structural characterisation
3.3.1 Secondary structure content determination

The secondary structural content of the WT-CSA and L381H1L protease was estimated by
performing far-UV CD experiments as described in section 2.8.1. The WT-CSA and L381H1L
protease spectra both have a trough at 218 nm (Figure 12). The spectra exhibited a profile
typical of a predominantly B-sheeted protein. The far-UV CD spectrum findings of the WT-
CSA are consistent with crystallisation results of corresponding with a WT-CSA crystal
structure obtained by Naicker et al., (2013) (PDB ID: 3U71). The spectrum implies that the
L381H1TL mutation does not alter the secondary structural content. However, far-UV CD
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Figure 12. Assessment of the secondary structure content by using far-UV CD. The spectra
the WT-CSA (A) and L38TH1L (B) both exhibit a minimum at 218 nm which is typical for a
predominantly B-sheeted protein. The experiments were performed as described in section
2.8.1. the experiment was performed in Buffer D. The protein concentrations used were 5 uM
for both the WT-CSA and L381H1L protease. The spectra were generated with an average of
8 accumulations. The experiment was performed in replicates. The data were fit using the

GraphPad Prism version 9 software (GraphPad Software, San Diego, California, USA).
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spectra generated do not provide information on where the secondary structures are located

within a protein.
3.3.2 Quaternary structure determination

The chromatograms generated from performing SE-HPLC experiments were used to determine
the oligomeric size of the WT-CSA and L381H1L protease. SE-HPLC experiments were
performed as described in section 2.8.2. It was observed that the WT-CSA and L381HTL
protease exist in both monomeric and dimeric forms (Figure 13 and 14). The molecular sizes
of the WT-CSA protease were estimated to be ~21233 Da (dimer) and ~10665 Da
(monomer). Whereas the molecular sizes of the L38tHTL protease were estimated to be
~22284 Da (dimer) and-MSC ~10256 Da (monomer). These findings are not significantly
different from predicted molecular sizes. According to ExPasy ProtPARAM tool (Gasteiger et
al., 2005), the dimeric and monomeric sizes of the WT-CSA were 22010 Da and 11005 Da,
respectively. Whereas the predicted molecular weight for the dimeric and monomeric
L38tH1L protease were 22010 Da and 11005 Da, respectively. The difference in molecular
sizes determined from the calibration curves can be attributed to behavior of the protease when
it passes through the size exclusion column and the low sensitivity of the HPLC detector in
detecting the elution of proteins from the column. This can cause inaccuracies in the retention
times obtained. The preferred conformation of the protease molecules seems to be in lower
concentrations relative to monomeric forms since the monomeric absorbance reading is higher
than that dimeric form. Findings from performing active site ITC experiments, as previously
mentioned in section 3.2.2, also confirm that not all of the WT-CSA and L38tH1L purified

protease molecules are in their dimeric and functional form.
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Figure 13. Quaternary structure assessment of the WT-CSA protease through SE- HPLC.
SE-HPLC chromatogram (A) and the molecular weight calibration curve (B) of the WT-CSA.
Both plots show that the protease existed in monomeric and dimeric forms when passing
through the column. The monomeric and dimeric size of the protease was determined to be
~10665 Da () and ~21233 Da ( A ), respectfully. The protein standard mixture consisted of
(a) thyroglobulin bovine (670 000 kDa), (b) y-globulins (150 000 kDa), (c) Albumin (44 300
kDa), (d) ribonuclease A (13 700 kDa) and (e) Para-aminobenzoic acid (137.14 Da).
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Figure 14. Quaternary structure assessment of the L381H{L protease through SE-
HPLC. SE-HPLC chromatogram (A) and the molecular weight calibration curve of the
L381H1TL protease. Both plots show that the protease exists in monomeric and dimeric forms
when passing through the column. The monomeric and dimeric sizes of the protease were
determined to be were ~11005 Da (@) and ~22010 Da () respectfully. The protein standard
mixture consisted of (a) thyroglobulin bovine (670 000 kDa), (b) y-globulins (150 000 kDa),

(c) Albumin (44 300 kDa), (d) ribonuclease A (13 700 kDa) and (e) Para-aminobenzoic acid
(137.14 Da).
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3.4 Functional characterisation
3.4.1 Kinetics of substrate hydrolysis

The kinetic analysis of the WT-CSA and L381H1L protease was done by performing enzyme
kinetic studies as described in section 2.9.1. The buffer used to perform the enzyme assays (pH
5.0) mimics the environment near the plasma membrane of the CD4 cells where the cleavage
of the Gag-Pol and Gag polyproteins occur (Henderson et al., 1983; Mervis et al., 1988).
Specific activity assays were performed to ensure that both proteases are catalytically active. It
was important to ensure activity since the WT-CSA and L38THTL protease were recovered
from inclusion bodies during the purification protocol. The specific activity of the L38THTL
protease was 0.71-fold lower relative to the WT-CSA protease (Figure 15 A). The Vmax of the
L38TH?TL protease was 2.25-fold lower than the WT-CSA protease. This demonstrated that the

L381H1L protease requires less substrate to achieve maximal velocity. The Km of the L38TH1TL
protease displayed a 15-fold reduction relative to the WT-CSA protease (Figure 15 C). The
lower Km value indicated that the mutant has an increased affinity for the substrate relative to
the WT-CSA protease. The L381H1L protease displayed a reduced rate of substrate processing
(Keat value was 6.89 + 1.76 sec™) relative to the WT- CSA protease, which displayed a keat value
of 9.83 + 0.89 sec? (Figure 15 D). The ke kinetic parameter was influenced by substrate
binding which corresponded well with the Km findings. It was determined that the substrate
was held more tightly in the active site of the protein which then delays the release of the
product from the active site. If the substrate binds too tightly to the protease, the binding
reaction intermediate becomes too stable for the product to be released. This then decreases the
number of product molecules released from the active site per second, hence the relatively
lower keat value (Albery and Knowles, 1976). The WT-CSA protease experimental results did
not vary from published literature (Naicker et al., 2013; Williams et al., 2019). The L38tH1L
protease displayed a higher kea/Km value (3.02 + 0.08 sec’t.uM™?) relative to the WT-CSA
protease (0.0265 + 0.14 sect.uM™) (Figure 15 E). This demonstrated that the L38TH1L
protease was more catalytically efficient in catalysing the hydrolysis of the fluorogenic

substrate relative to the WT-CSA protease.

The fluorogenic substrate used was specifically designed to mimic the capsid/p2 cleavage sites
on the WT-CSA Gag polyprotein. Due to the close link between the Gag polyprotein and the

subsequent protease product, mutations in the Gag-polyprotein cleavage

51



40 0.015
—A a
'up
E 0.009 +0.0011
e 304 26.76£2.42 — |
£ £ 0010
= 19.15£1.75 £ |
£ 3
5 20+ =
>
2 =2 0.004 £ 0.0006
.- >
g ED.DOEf
o 104 =
=
)
@
(=9
170}
O,
WT-CSA L38 TH L WT-CSA L38THTL
40 D
33.873.41 ]
] 9.83+0.89
10
-~ _/-\
= T -
i g | 6.89+1.76
= 20 =z, |
= =
= =
5_
10 ]
2.25£1.12 ]
0- 0-!
WT-CSA L38 1TH TL WT-CSA L38TH 1L
4
3.02+0.08

w
|

Bl wr-csA [ L38tH1IL

kead Ky (see” . uMT)
N
|

—_
|

0.265+0.14

WT-CSA L38§THTL

Figure 15. Kinetics parameters obtained from performing enzyme Kinetics assays. (A)
Specific activity (B) Maximum velocity (C) Michaelis-Menten (D) Catalytic turnover (E)
Catalytic efficiency plots collectively show that the L381HTL protease displays enhanced
catalytic efficiency in the hydrolysis of the fluorogenic substrate. The error bars represent £ SD
of each triplicate experiment. The data were fit and analysed using the GraphPad Prism version
9 software (GraphPad Software, San Diego, California, USA).
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and non-cleavage sites have been observed (Doyon et al., 1996; Clavel and Mammano., 2010;
Suetal., 2019). Some of the mutations found in the Gag polyprotein result in mutated protease
products (Williams et al., 2019). An important factor in determining rates of cleavage is the
amino acid sequence of the polyprotein. Therefore, we need to perform genotypic analysis of
the L38TH1TL associated Gag polyprotein in order to determine whether there are mutations
present in the polyprotein. The mechanisms through which Gag cleavage site mutations can
affect protease inhibitor binding are yet to be understood (Williams et al., 2019; Zondagh et
al., 2019). Cleavage and non-cleavage site mutations in the Gag polyprotein may improve the
binding interactions of the polyprotein to the protease. Improved or reduced cleavage of the
Gag-polyprotein may affect enzyme kinetics and even drug binding (Clavel and Mammano,
2010).

3.4.2 Competitive binding of the substrate and inhibitor

Inhibition studies were performed to determine the concentration of protease inhibitor
required to reduce the activity of the protease by 50% (Burlingham and Widlanski, 2003).
The ICsp experiments were performed by initially preincubating the enzyme with each of the
respective inhibitors then adding the fluorogenic substrate to initiate the hydrolysis reaction.
As a result, the activity of the enzyme decreases as the inhibitor concentration increase. This
is due to the competitive binding of the substrate and inhibitor for the active site of the
enzyme (Velazquez-Campoy et al., 2001; Naicker et al., 2013). The ICso for Saquinavir,
Darunavir and Atazanavir were determined for the WT-CSA and L381TH1L protease as
described in section 2.9.5 A final DMSO concentration of 2% was used to ensure inhibitor
solubility. ICso values were estimated from dose-dependent curves, and the data were fit and
analysed using the GraphPad Prism version 9 software (GraphPad Software, San Diego,
California, USA). According to figure 16, the ICso values between the WT-CSA and
L381H1L protease varied remarkably, with the L381H1L protease exhibiting lower ICsg
values when compared to the WT-CSA protease. The L38TH1L protease displayed a 5.5-
fold, 2.7-fold and 2-fold reduction in 1Cso when bond to Saquinavir (9.84 £ 1.73 nM),
Darunavir (12.40 £ 1.34 nM) and Atazanavir (16.98 £ 2.65 nM) respectively, relative to the
WT-CSA protease which displayed ICso values of 26.43 + 5.10 nM, 15.07 + 3.80 nM and
20.02 + 2.1 nM for Saquinavir, Darunavir and Atazanavir, respectively. This suggested that
the double insertion mutation influenced the binding ability of protease inhibitors The
molecular basis for the difference in Saquinavir binding to the WT-CSA and L381HTL
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protease is unknown at this stage. However, detailed molecular docking studies or x-ray
crystallography may shed light on the differences observed. It can be concluded that the
L381H1L protease requires far less inhibitor concentrations in order to reduce the activity of
the protease by 50% relative to the WT-CSA protease. The ICso values also provided
information of the binding affinity of the inhibitors to the proteases. It was determined that the
L38THTL protease displayed increased affinities for Saquinavir, Darunavir and Atazanavir
relative to the WT-CSA protease. This can be confirmed by the lower ICso values obtained
from performing the enzyme inhibition kinetic assays. The 1Cso values obtained for the WT-

CSA are comparable with those in literature (Naicker et al., 2013).

3.4.3. Thermodynamics of enzyme-inhibitor binding

To date, the only technique that can measure protein-ligand binding thermodynamics at
constant temperatures comes from performing ITC experiments. The affinity measurements,
such as association/dissociation constants, for tight binding inhibitors cannot be accurately
determined from active site titrations, therefore displacement titration experiments are
employed to solve the problem. Displacement titration ITC allows for the determination of the
binding thermodynamics and association constants of tight binding inhibitors (Ka >
10° M) such as FDA-approved protease inhibitors (Ohtaka et al., 2002). The experimental
conditions between the WT-CSA and L38tH1L protease titration experiments were kept
identical. In order to evaluate the thermodynamic parameters underlying protease- inhibitor
binding, Saquinavir, Darunavir and Atazanavir protease inhibitors were chosen to displace
prebound acetyl-pepstatin molecules from the active site of the WT-CSA and L38THTL
protease. Acetyl-pepstatin was chosen as the inhibitor to be displaced because it binds to HIV-
1 proteases relatively weaker than FDA-approved (Ohtaka et al., 2002; King et al., 2004), it
also binds to HIV-1 proteases in an endothermic and unfavourable manner (positive AH) as
seen in section 3.2.2. A comprehensive understanding of protein-ligand interactions requires a
complete description of several thermodynamic parameters. A quantitative description of the
forces driving protein-ligand interactions are the AG, -TAS, AH and Kq. Displacement titration
experiments were performed as described in section 2.10. Upon analysis of the thermograms
and isotherms obtained from performing the experiments, the apparent differences between the
WT-CSA and L381H1L protease-inhibitor binding reactions came from the AH, -TAS and Kg
(Figure 17).
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Figure 16. I1Cso determinations of the WT-CSA and L381H1L protease with the respective
inhibitors. It was determined that the L381H1L protease requires less inhibitor to reduce the
activity of the protease relative to the WT-CSA protease. The ICso values were determined
from dope-response curves. The experiments were performed as described in section 2.9.6. The
error bars represent £ SD of each triplicate experiment. The data were fit and analysed using

the GraphPad Prism version 9 software (GraphPad Software, San Diego, California, USA)
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Figure 17. Thermodynamic parameters obtained from protease-inhibitor binding

interactions. (A) Gibbs free energy plot (B) Enthalpy plot (C) Entropy plot (D) dissociation

constant plot. Darunavir binds the tightest to the L38TH1L protease, followed by Atazanavir

and Saquinavir. The binding reaction of both proteases with the respective inhibitors was found

to be spontaneous and enthalpically favourable. The binding of the L381HTL protease to

Atazanavir is entropically unfavourable as opposed to Darunavir and Saquinavir. The error bars

represent + SD of each duplicate experiment. The data were fit using the GraphPad Prism

version 9 software (GraphPad Software, San Diego, California, USA)
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The change in Gibbs free energy (AG) remained relatively unchanged for both the WT-CSA
and L38THTL protease when bound to the respective protease inhibitors (Figure 17 A).
The binding of the respective protease inhibitors to the WT-CSA and L381tH?TL protease were
found to be spontaneous, given the negative AG values obtained. In protein-ligand binding
reactions, the AG also provides information on the stability of the ligand-bound protein.
Protein-ligand complexes which have relatively larger and more negative AG values are
considered to be more stable. It was noted that the L38tH1L protease displayed increased
stability when bound to Saquinavir (-42.36 £ 7.59 kJ/mol) and Darunavir (-50.35 + 11.30
kJ/mol) relative to the WT-CSA protease which displayed AG values of -40.19 £+ 12.43 kJ/mol
and -49.51 + 6.97 kJ/mol, respectively. However, when bound to Atazanavir, the L38THTL
protease displayed a reduced stability (-42.03 + 3.46 kJ/mol) relative to the WT-CSA
protease (-44.24 + 5.31 kJ/mol).

In a protein-ligand binding reaction, the net enthalpy change (AH) is a result of the disruption
of noncovalent bonds between the protein-solvent and ligand-solvent interactions, the
dispersion of solvent molecules from the binding interface and formation of noncovalent bonds
between the protein-ligand (Perozzo et al., 2004). The binding of the respective protease
inhibitors to the WT-CSA and L38tH1L protease were found to be enthalpically favourable
and exothermic (negative AH) (Figure 17 B). A favourable AH often indicates the formation of
noncovalent bonds such as van der Waals forces, hydrogen bonds and electrostatic interactions
at the binding interface of the protein (Bronowska, 2011). The magnitude of the AH varied
considerably between the WT-CSA and the L38TH1L protease. The binding reaction of the
L38TH1TL protease with Atazanavir (-79.02 + 6.81 kJ/mol) resulted in a ~2-fold increase in
the magnitude of AH relative to the WT-CSA protease (-40.09 £ 3.40 kJ/mol). Whereas the
binding reaction of the L381H?1L protease with Saquinavir (-9.35 £ 3.10 kJ/mol) and Darunavir
(-27.61 £ 1.76 kd/mol) resulted in ~1 fold decrease in AH magnitude relative to the WT-CSA
protease, which exhibited AH values of -17.73 £ 2.10 kJ/mol and -37.7 + 60 kJ/mol,
respectively. The magnitude of a favourable AH provided insights into ligand/inhibitor
specificity for a protein (Chen et al., 2016; Du et al., 2016). From figure 17 B, the L38tH1L
protease displayed a greater specificity for Atazanavir (more negative AH), relative to the WT-
CSA protease. Atazanavir may form more noncovalent bonds with the L381HTL protease
relative to the WT-CSA protease. This would result in a larger and more negative AH for
Atazanavir binding to the L38THTL protease. On the other hand, the L38THTL protease
displayed a reduced specificity for Saquinavir and Darunavir relative to the WT-CSA

protease.
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This implies that the L38THTL protease forms less noncovalent bonds with Saquinavir and
Darunavir when compared to the WT-CSA protease. However, the AH thermodynamic
parameter alone cannot provide all the necessary information on the thermodynamic
interactions involved in ligand binding. Entropy is another contributing factor to protein-ligand

binding interactions.

The change in entropy (AS) represents the total order/disorder or randomness of molecules in

a system. The AS associated with protein-ligand binding consist of the following terms:
— [9]
AS ASsolv ™ ASconf T ASr/t

Where ASsolv 1S the entropy change associated with the release of solvent molecules from the
binding interface, AScont iS the entropy change associated with the conformational freedom of
the ligand and protein upon binding, ASy: is the entropy change associated with the loss of
rotational and translational freedom of the protein and ligand upon binding (MacRaild et al.,
2007; Du et al., 2016). The ASsoiv makes a favourable contribution to the AS due to its large
positive value. The ASconf Can either make a favourable or unfavourable contribution the AS.
The degree of conformational freedom of the protein-ligand complex can increase or decrease
relative to the free protein and ligand in the solution. The ASx contributes unfavourably to the
AS due to the reduced rotational and translational freedom of the protein-ligand complex and

reduces the number of free molecules relative to the free protein and ligand in the solution.

It was observed that the binding of Atazanavir to the L38THTL protease was entropically
unfavourable (-TAS was 37 +4.83 kJ/mol). In contrast, the binding of Atazanavir to the
WT-CSA protease was entropically favourable (-TAS was -4.15 + 2.35 kJ/mol) (Figure 17 C).
The binding of Saquinavir and Darunavir to both the WT-CSA and L38tH1L protease was
found to be entropically favourable (-TAS < 0). The L381HTL protease exhibited a ~1 fold
increase in the magnitude of the -TAS when bound to Saquinavir (-32.81 + 6.40 kJ/mol) and
Darunavir (-22.74 + 3.70 kJ/mol) relative to the WT-CSA protease, which displayed -TAS
values of -23.02 £ 9.50 kJ/mol and -12.81 + 7.21 kJ/mol, respectively. The reduced entropic (-
TAS > 0) contribution of the binding interaction between the L38TH1L protease and Atazanavir
was compensated by large, negative and favourable enthalpic change with no significant
change in AG (Figure 17 A).
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For a spontancous binding reaction to occur (negative AG), enthalpy-entropy compensation
phenomenon occurs (Du et al., 2016). Enthalpy-entropy compensation is influenced by the
solvation and desolvation of the binding interface and the formation of noncovalent forces
(Dunitz, 1995). From the binding interactions of Atazanavir and the L38tH1L protease, it can
be determined that the unfavourable ASconfand ASrt contributed more to the overall binding AS
than the favourable ASsov (equation 9). This result in an overall negative binding AS
(-TAS > 0). Whereas the binding reaction of Atazanavir to the WT-CSA protease demonstrated
an unfavourable binding AS. This result suggested that the unfavourable ASsov dominates over
the favourable ASconfand ASrt. The binding AS of Saquinavir and Darunavir to both proteases
were dominated by unfavourable ASsorv. The AH and AS thermodynamic parameters obtained
from the binding interaction of L381tH1L protease with Atazanavir may be attributed to the
increased order of the protease-inhibitor-solvent complex formed upon inhibitor binding
(Ladbury, 1996). It can be determined that the binding reaction of Saquinavir to both proteases
was entropically driven ( | AH | < | TAS | ), whereas the binding reaction of Darunavir and
Atazanavir to both proteases were enthalpically driven (|AH |>|TAS|). Another
parameter that was used to compare the binding interactions of the respective inhibitors with
the WT-CSA and L381H1L protease was the dissociation constant (Kq). The Kgq relates to the
binding affinity of the inhibitors for the proteases. Enzymes displaying relatively lower Kgq

values are considered to have a larger affinity and susceptibility for the ligand/inhibitor.

The dissociation constants of the respective protease inhibitors to the WT-CSA and L38TH1L
protease were determined from performing displacement ITC (Figure 17 D). Upon analysis, it
was noted that L38THTL protease displayed a 2-fold increased drug susceptibility towards
Saquinavir (79 = 7.5 nM), and 2-fold reduced drug susceptibility towards Atazanavir (83.63 £
7.1 nM) relative to the WT-CSA protease which displayed Kq values of 170 + 12.6 nM and
35.4 £ 3.9 nM, respectively. The drug susceptibility of the L381HTL protease for Darunavir
(3.3 £ 1.2 nM) remained unchanged relative to the WT-CSA protease (4.6 + 1.5 nM). Inhibitors
that bind to enzymes with reduced Kq values bind the enzyme with a better affinity relative to
proteins with higher Kq values (King et al., 2004; Mittal et al., 2013).

It was observed that a larger binding specificity does not necessarily mean greater binding
affinity. Atazanavir displayed the greatest specificity when bound to the L381H1L protease
(Figure 17 B) relative to Saquinavir and Darunavir. However, Atazanavir also displayed a

reduced affinity i.e., an increased Kq value, relative to the WT-CSA protease. Ligand binding
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affinity pertains to the strength and quality of the noncovalent bonds, particularly hydrogen
bonds, formed between the ligand and the protein, whereas specificity pertains to the number
of noncovalent bonds, particularly polar/hydrogen bonds formed between the protein and the
enzyme. It was determined that Darunavir exhibited relatively low binding specificity and this
is significant considering that Darunavir is the most recent FDA-approved HIV-1 protease
inhibitor designed for high potency against WT proteases, mutated proteases as well as
multidrug-resistant proteases (King et al., 2004). Darunavir also remained potent against the
L38tH1L protease. The binding affinity of Darunavir for the WT-CSA as well as the mutated
L38tH1TL protease was maintained. The strong interactions of the bis-tetrahydrofuranyl
urethane group only found in Darunavir and the Asp29 and Asp30 amino acids on the protease
subunits contributed to the high binding affinity of the inhibitor (King et al., 2004; Lefebvre
and Schiffer, 2008).

Computational molecular dynamics simulations as well as protein crystallographic studies of
the WT-CSA and L38TH1L protease in the apo- and drug complex form can provide additional
information on the thermodynamic binding interactions of the WT-CSA and L381TH1L protease

with the respective inhibitors.

4. Conclusion

A comparative study between the WT-CSA and L38TH1L protease was carried out in order to
understand the possible structural and functional effects the double insertion causes relative to
the WT-CSA protease. The data suggested that amino acids in the hinge region of HIV-1
proteases indirectly affect enzyme catalysis as well as substrate and inhibitor specificity but has
no apparent effect on the global structure of the L38tH1L protease. Due to the important role
of the hinge and flap region in accommodating substrates and inhibitors into the protease active
site, mutations in the hinge region appear to affect the stability and movement of this region.

This, in turn, affects the kinetics of substrate hydrolysis and thermodynamics of drug binding.
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