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Abstract

Cross-resistance in Pls-exposure has been reported to be driven by Gag, however recent studies
suggest Env also contributes to Pls resistance. Although studies have reported gp41 mutations in Pl
failures, the impact of the full-length Env on Pl resistance remains unclear. We investigate the
prevalence of subtype C Env mutations in patients failing Pls, the coevolution of Env mutations with
Gag-PR mutations and determine whether mutations in gp120 as a result of Pl resistance, affect co-

receptor usage. Lastly, determine the structural changes in the Env during Pl failure.

The study used generated sequences from subtype C infected patients failing LPV/r inclusive
treatment and HIV-1 subtype C drug-naive sequences downloaded from the Los Alamos HIV
database to compare the frequency of Env mutations in patients failing LPV/r. Bayesian network
probability was applied to determine the relationship between mutations occurring within the Env
and Gag-PR regions and LPV/r treatment. Furthermore, Los Alamos sequence database tools,
Geno2Pheno[coreceptor], and Molecular dynamics simulations were used to demonstrate structural
changes and to understand how gpl120 mutations affect co-receptor usage. Lastly, Molecular
dynamics simulation followed by Ring server was used to determine the structural changes caused
by mutations in gp41, and gag mutations, and to look for interaction (hydrogen bond contact and

VDW) between mutations and the nearby residues.

Thirty-five mutations in the Env region had significantly higher frequencies in LPV/r treated patients.
Env mutations were shown to coevolve with Gag-PR and they form a potential pathway to LPV/r
resistance. Gp120 sequences from the Pls treated patients showed to modulate viral entry by
protecting the virus from antibody recognition through the increased length in V1/V2 and V5
variable loops and the number of N-glycosylation sites observed in VI/V2. Results further showed
that gp120 mutations could modulate viral entry through coreceptor switching induced by a higher
charge in the V3 region, mutations in coreceptor-specific sites, and those that interact with the
coreceptor binding site. Three mutations in gp41 (D632E-HR2, 1688-TM, and P724Q/S-CT) were

shown to influence folding by stabilizing the B-turns in their respective regions.

Env coevolution with Gag-PR (mainly MA and CA) was shown through the pathway to LPV/r
resistance. The gp120 mutations were also shown to contribute to viral entry through coreceptor
usage and immune escape, while gp41 and Gag mutations played a role in stabilizing the a-helices
which might influence the fusion of the virus. Further investigations using site-directed mutagenesis

are needed to determine the effect of mutations on replication capacity.
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Chapter One

Introduction and literature review



1. Introduction

South Africa continues to be the world’s largest AIDS epidemic’s epicenter for HIV-1 pandemic. Even
though HIV-1 is controlled in South Africa, the number of cases among young people who are still
affected by the pandemic is still high. In 2022, an estimated 13.9% population is living with HIV-1
infection in South Africa. As a result, it’s critical that South Africa continue to treat HIV-1 as a public

health emergency (Allinder and Fleischman, 2019, Zuma et al., 2022).

The use of combination Antiretroviral therapy (cART) has successfully reduced human
immunodeficiency virus type 1 (HIV-1) viremia and improved immune function in many treated
patients living with HIV (PLWH), resulting in great improvements in medical morbidity and life
expectancy (UNAIDS, 2020). However, the emergence of HIV-1 drug resistance in patients with poor
ART adherence or using a suboptimal drug regimen, and/or lack of viral load monitoring is common
in low and middle-income countries. Acquired and transmitted drug resistance continues to be a
major public health problem in many parts of the world (particularly in resource-limited settings)
(UNAIDs and Organization, 2011, Hedt et al., 2011). Generally, virological failure as the consequence
of HIV-1 drug resistance is usually caused by mutations that arise in the viral regions targeted by the
antiretroviral drugs. However, recent data shows that virological failure can also occur in the
absence of drug-target gene mutations, particularly in PLWH actively taking protease inhibitors (PI)

(Gallego et al., 2001, Pulido et al., 2012).

Gag, a substrate of protease (PR), was the first gene identified, outside of PR, to influence the
effectiveness of Pl-containing drug regimens (Parry et al., 2011, Giandhari et al., 2016). The Pls are a
class of anti-HIV-1 drugs that inhibit the activity of the HIV-1 PR enzyme, which is responsible for the
production of infectious viral particles. The viral PR enzyme does not cleave the envelope; its role is
to cleave the group-specific antigen (Gag) precursor protein (Pr55Gag) and the Gag-Pol precursor
protein (Pr160Gag-Pol), and it’s also responsible for the production of reverse transcriptase (RT)
and integrase enzymes by cleaving the Pr160Gag-Pol (LORI et al., 1988, Rabi et al., 2013). Mutations
at the cleavage sites of Gag have been shown to confer Pl resistance in the absence of PR mutations
(Robinson et al., 2000, Pettit et al., 2002). In addition to compensating for viral fitness, mutations at
the Gag nucleocapsid and p1 cleavage site have also been associated with reduced susceptibility of
Pl in treatment-experienced patients. Non-cleavage mutations, including amino acid insertions close
to the Gag cleave site of Pl-resistant HIV-1 variants, have been reported to restore the otherwise

compromised activity of the mutant PR (van Maarseveen et al., 2012, Fun et al., 2012). Interestingly,



Rabi et al (2013) have implicated envelope (Env) glycoprotein gene as likely contributor of Pl

resistance.

The HIV-1 Env is an important structural component of the virus comprised of glycoproteins (surface
(SU)-gp120 and transmembrane (TM)-gp41) that facilitate virus entry into target cells by binding to
host cell surface receptors (CD4) and the coreceptors (CCR5 or CXCR4), and driving membrane fusion
(Benureau et al., 2016, Rawat et al., 2005). Gp120 regulates viral tropism by binding to the target-
cell receptors, while gp41 promotes fusion between viral and cellular membranes, releasing the viral
nucleocapsid into the cytoplasm (Tedbury and Freed, 2014). According to Rabi et al.,2013, the env
gene is likely to be involved in the development of Pl resistance, since env genes isolated from PI
treatment failures were able to significantly reduce the activity of Pls (up to 10-fold) in the presence
of wild-type PR and Gag (Rabi et al., 2013). Furthermore, This was later supported by Coetzer et al
(2017), who identified mutations in gp41 associated with Pl failure in the absence of known
resistance mutations in PR (Coetzer et al., 2017). Despite the growing amount of data available
demonstrate that mutations in gag and env genes can confer resistance to Pls, less is known about
the Env-mediated drug resistance in Pl-exposure isolates and whether these co-evolve with Gag and

PR mutations.

1.1 HIV-1 virus

Acquired Immunodeficiency Syndrome (AIDS) was first identified in 1981 and was first associated
with men who have sex with men, blood transfusion recipients, and drug users (Barré-Sinoussi et al.,
2013, Gottlieb et al., 1981). In 1983, the Human Immunodeficiency virus type 1 (HIV-1) was shown to
be the causative agent of AIDS (Gallo and Montagnier, 2003, Barré-Sinoussi et al., 2013). HIV-1 is a
genus member of lentiviruses that belong to a group of retroviruses (Engelman and Cherepanov,
2012). Currently there are 4 groups of HIV-1: the “main or major” group M which is the leading
cause of HIV-1 infections globally, while “outlier” group O and recently discovered groups N and P
remain in West Africa (Sharp and Hahn, 2011). There is enormous genetic diversity within group M
itself, with at least nine distinct subtypes (A, B, C, D,F, G, H, J, and K) and circulating recombinant
forms (Hemelaar, 2012). Subtypes B and C are the most predominant and responsible for most
infections globally (Giovanetti et al., 2020). According to Giovanetti et al. (2020), subtype C

predominates in South Africa, the Horn of Africa, and India (Lole et al., 1999, Giovanetti et al., 2020).

The structure of HIV-1 is distinct from that of the other family members; HIV-1 is composed of two

single-stranded RNA molecules encased in a conical capsid that houses the p24 viral protein and has



a diameter of about 120 nm and a roughly spherical shape (Blood, 2016, McGovern et al., 2002). The
full HIV-1 genome is encoded on one long single-stranded Ribonucleic Acid (ssRNA) that comprises
of nine genes (gag, pol, env, vif, vpr, rev, vpu, tat, and nef) (Fig 1.1) (Shukla and Chauhan, 2019). Of
these nine genes within the retroviral genome, there are three major genes namely the gag,
followed by the pol and env genes (Freed, 2001). The gag gene encodes four structural proteins of
the matrix (p17), capsid (p24), nucleocapsid (p7), and p6 (Freed, 1998, Waheed and Freed, 2012).
The Pol region encodes all viral enzymes, presented by PR (p11), reverse transcriptase (p66/p51),
and Integrase (p32). The Env glycoprotein encodes the gp160 glycoprotein, which is subsequently

cleaved into surface gp120 and transmembrane gp41 (Frankel and Young, 1998).
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Figure 1.1 : HIV-1 full genome shows three major genes that code for different proteins and
enzymes, a figure taken directly from (Shukla and Chauhan, 2019).



1.2 HIV-1 entry replication cycle

Entry to the cell is through the interaction of gp160 spikes on the HIV-1 viral Env with CD4 and
chemokine co-receptors CCR5 or CXCR4 on the target cell surface (Eckert and Kim, 2001). During
entry, the viral gp120 binds to the cellular receptor CD4 protein of the target cell. The gp120
undergoes a structural change, exposing the chemokine coreceptor binding domain of the gp120,
allowing it to bind with the target chemokine coreceptors (Shrivastava and LaLonde, 2010, Korkut

and Hendrickson, 2012).

This binding induces an interaction with the gp41 transmembrane proteins, Heptad Repeat 1 and 2
(HR1 and HR2) with each forming a central triple-stranded a-helical coiled-coil core, resulting in the
formation of a stable six-helix bundle structure, and the fusion of the viral and host cell membranes
with the release of the nucleocapsid containing the viral RNA into the cytoplasm of the host cell.
Reverse transcriptase (RT) which act as RNA-dependent DNA polymerase, DNA-dependent DNA
polymerase is then synthesizes viral RNA into double-stranded Deoxyribonucleic Acid (dsDNA) or
pro-viral Deoxyribonucleic Acid (DNA). The RT also cleaves the RNA template strand of RNA/DNA
hybrids using its RNase H activity (Hu and Hughes, 2012).

Integrase then facilitates the integration of the newly created viral DNA into the host chromosome,
where it remains for the duration of the cell's existence (fig 1.2) (Freed, 2001, Saxena and Chitti,
2016, Melikyan et al., 2000, Chan et al., 1998). Integrase catalyses activity of the 3’-processing and a
strand transfer reaction leading to the insertion of the processed viral DNA into the target DNA. The
integrated viral DNA is then transcribed into mRNA by RNA polymerase. The transcribed mRNA is
then spliced and transported from the nucleus into the cytoplasm where it is translated into viral
proteins and enzymes. The virus particles are assembled from the newly synthesized proteins and
become immature virions (Engelman and Cherepanov, 2012). The polyproteins within the virion are

then cleaved by the viral PR to produce mature infectious virus particles (Marsden and Zack, 2013).



HIV
0 Maturation

Protease

€ Q

Attachment * Gag, Pol,
and Entry cD4 ’ ? Accessory

Q J\,\.r~J Synthesis and.packaging :
\\’ f‘N\J ® of viral proteins presRIng:

gpl120, gp4l, QR
X % CCR5/ ESCRT-I, Alix,
RO (\\\} CXCR4 * ‘OJ T5G101

d Nuclear export

Reverse P
@ for Ps% Crma1, elF5A, Nups
transcription
c . .O
VA VAR
b, \ P NN
Uncoating .‘ ® Transcription

®
S:ica PIC Tat,
TAR/P-TEFb
e Nuclear import Integration

CA, IN, MA, Vpr, IN, W
Nups, TNPO3 LEDGF,
Nups

Figure 1.2: Representation of the HIV-1 life cycle steps starting from binding and fusion into the host
cell, reverse transcription, integration, replication, assembly, and budding. Then a new immature
HIV-1 virus is released and infects more cells (Shukla and Chauhan, 2019).

1.3 HIV-1 full-length envelope

HIV-1 Env gene encodes a single protein, gp160, that is synthesized into glycoproteins and forms a
significant part of the outer layer of the virus. Gp160 helps the virus adhere and interact with the
host cell's surface membrane by presenting itself as viral membrane spikes consisting of 3 linked
molecules of gp120 and attached to the membrane by gp41 (Gabuzda et al., 1991). Studies have also
reported that the Env transcript enters the endoplasmic reticulum (ER), where it rests for an
indeterminate period and then is translated into the polyprotein precursor gp160 that is active
through the Golgi complex (Stein and Engleman, 1990, Abbadessa et al., 2015). Proteolytic
processing of HIV-1 gp160 to gp120 and gp41 occurs in the cis and medial cisternae of the RER-Golgi
complex during intracellular transport and is essential for the attainment of membrane-fusion and
viral infectivity (Bosch and Pawlita, 1990, Stein and Engleman, 1990, Willey et al., 1988, McCune et
al., 1988).



1.3.1 Structure and function of gp120

The surface Env gpl20 is heavily glycosylated at approximately 25 glycosylation sites with
carbohydrates accounting for approximately 50% of the molecular weight. Based on the CD4-bound
structure of Env, gp120 is organized into three parts: inner domain, outer domain, and bridging
sheet (Pantophlet and Burton, 2006). The bridging sheet is composed of a four-stranded antiparallel
B-sheet (B2, B3, B20, B21) (fig 1.3b). The bridging sheet linked the inner and outer domains, with 2
and B3 forming part of the inner domain, while 20 and P21 form part of the outer domain

(Shrivastava et al., 2012).

The mature gp120 consists of five variable domains (V1-V5) and five relatively constant domains (C1-
C5) (fig 1.3a) (Willey et al., 1986). The constant domains of gp120 form an integral portion of the
core and principal determinants (particularly C1, C3, and C4) that bind the CD4 receptor. Variable
regions, except for V5, are held together by nine disulfide bridges that are covalently bound by 18
Cys residues. The V1- V2 loop is the most variable, ranging from 50-90 amino acid (AA) long, whereas
the V4 and V5 loop ranges from 19-44 AA and 14-36 AA, respectively. Additionally, a shorter V1/V2
domain of Env increases HIV-1 fusion and Env incorporation, whereas a longer V1/V2 reduces the
fusion and incorporation of Env (Cavrois et al., 2014). The length of V1-V2 is associated with
coreceptor switching or CXCR4 use and is also known to impair CD4 binding, which leads to an
increase in the poor entry of HIV-1 Env via CCR5 and CXCR4. Delobel et al, (2005), reported that the
CCR5 to CXCR4 switch could occur despite effective HAART, and the patient with the predominant
CXCR4 variants during HAART, either from baseline or after the switch, tend to have lower CD4+ T-
cell counts on HAART compared to the patients with predominant CCR5 variants (Delobel et al.,

2005).

Furthermore, the V3 loop is short (34-35 AA) and less variable but is a major determinant of HIV-1
tropism (Curlin et al., 2010, Zolla-Pazner and Cardozo, 2010, Thielen et al., 2010). The V3 loop has
previously been reported to play an important role in membrane fusion, coreceptor specificity, and
dominant epitopes recognized by neutralizing antibodies (Freed et al., 1991). Sequence changes in
the V3 loop play a crucial role in coreceptor switching from CCR5 to CXCR4 (Pollakis et al., 2004,
Shioda et al., 1994). Coreceptor switching is driven by the loss of entry fitness via CCR5 and
increased CD4 binding (Coetzer et al., 2008). Although it has been postulated that deletion of the V4
loop may impair proper gp160 protein folding, the role of V4 and V5 remains unclear (Moore et al.,

2008, Rong et al., 2007).
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Figure 1.3:Structure of HIV-1 Env gp120, A) signaling peptide (yellow), Constant region C1-C5
(peach), Variable region V1-V5 (coral), disulfide bridge and CD4 binding loop (blue). B) showing the
variable loops (V1 to V5) and bridging sheet, a-helix are shown in purple, B-sheet in cyan and loop in

gray.

1.3.2 Structure and function of gp41

The gp41 transmembrane mediates the viral fusion of Env with the host cell membrane. The gp41
consists of three major domains: extracellular (ectodomain), transmembrane, and C-terminal
cytoplasmic tail (CT) (Checkley et al., 2011). The ectodomain comprises three functional regions:
fusion peptide (FP), fusion peptide proximal region (FPPR), N-terminal heptad repeat (NHR), and C-
terminal heptad repeat (CHR) (fig 1.4). In addition to these regions, is the membrane-proximal
external region (MPER), a conformationally-flexible region that connects the CHR to the TM region.
The MPER is a highly conserved motif in the HIV-1 gp41 that contains an epitope that binds to
broadly neutralizing antibodies and therefore become a target region for drugs and vaccine design
(AYietal., 2016, Liu et al., 2018). The NHR and CHR regions are located in an antiparallel orientation
and are linked by a loop region that plays a critical role in fusion (Bar and Alizon, 2004). The
cytoplasmic tail of gp41 regulates both Env incorporation and fusion, and it contains three lentiviral
lytic peptides (LLP) regions that interact with the viral membrane and regulate fusion (Viard et al.,

2008, Wyss et al., 2005). The highly conserved gp41 TM domain is anchored in the Env lipid bilayer



and induces the fusion of the viral and cellular membrane (Wilen et al., 2012, Shang et al., 2008,

Hollingsworth IV et al., 2018).
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Figure 1.4: Schematic representation and structure of HIV-1 gp41 adopted from (A Pantophlet,
2010). (A) AA sequence and their residue numbers in the gp41 sequences. (B)3 major domains: an
ectodomain (from FP to C-HR), a transmembrane region, and a cytoplasmic tail. (C) Ribbon
representation of the gp41 structure.

1.3.3 Co-receptor switching

In the early stages of subtype C infection, the CCR5 virus isolates dominate HIV-1, whereas CXCR4 is
selected later in chronic infection (fig 1.5) and is associated with a faster decline in CD4 cell count
(Moore et al., 2004, Mugwagwa and Witten, 2007, Zhang et al., 2010). Coreceptor switching in
subtype C is limited and is driven by the loss of entry fitness via CCR5 and increased CD4 binding
(Coetzer et al., 2008, Kotokwe et al., 2023). Furthermore, the length of V1-V2 is associated with
coreceptor switching or CXCR4 use, and is also known to impair CD4 binding, which leads to the poor
entry of HIV-1 Env via CCR5 or CXCR4 (Delobel et al., 2005). HIV-1 subtype C is known to have
reduced R5X4 compared to other subtypes, and this is because coreceptor switching in subtype C

requires more mutations than other subtypes (Coetzer et al., 2011). In-line with other subtype C,



Matume et al (2020) reported the 3-5-fold increase of X4 virus in late chronic patients (Matume et

al., 2020).

Ranswssion aresTace | | 1 - Aips

Evolution of coreceptor use

Figure 1. 5 : Evolution of coreceptor use, showing early stage to late stage of infection. Taken directly
from (Flynn et al., 2019).

1.3.4 HIV-1 Env glycans

HIV-1 gp120 is a heavily glycosylated protein with nearly 50% of its molecular weight comprising of
glycan moieties (Poignard et al., 2001). Gp41 is also glycosylated, but to a much lesser extent than
gp120. N-linked glycosylation sites (PNGs), which are added to asparagine residues, target an amino
acid sequence pattern that is defined by an Asn-X-Ser/Thr motif, where X can represent any amino
acid other than proline (Dutta et al., 2017). The N-linked glycan structure is altered in the
endoplasmic reticulum and then the Golgi apparatus by first deleting some sugar residues
(trimming), then re-glycosylation by adding sugar residues (processing), such as galactose, fucose, or
sialic acid, to yield its mature form. There are average of 93 PNGs on Env, which vary significantly
between gp120 HIV-1 strains (ranging between 18-33) (Wang et al., 2013). The PNGs perform a
variety of functions, such as assisting in the folding, oligomerization and processing of gp120 that
take place during CD4 and co-receptor binding (Wang et al., 2013). Additionally, by preventing
neutralizing antibodies from accessing the antigenic polypeptide surface of the HIV-1 Env, PNGs can

sterically protect the virus against antibody neutralization (Doores, 2015). Furthermore, viruses that

10



have gp120 glycans may aid in viral dispersion when they are taken in by DC-SIGN lectins, which are
specific to dendritic cells and intercellular adhesion molecule-3-grabbing non-integrins (Alen et al.,

2012).

1.4 Env-Gag Interaction

1.4.1 Gag gene

HIV-1 env and gag genes are two major structural proteins of the virus that are important for the
assembly, budding, and infectivity of the virus (Murakami, 2008). The mature gag gene plays an
essential role in several steps of the HIV-1 replication cycle, notably during the assembly, budding,
and release of infectious viral particles (Klingler et al., 2020). It also plays a role in coordinating the
interplay between viral components to generate particles that contain all elements required for viral
maturity and infectivity (Murphy and Saad, 2020). The gag gene consists of a polyprotein precursor
Pr55%%¢ that is cleaved by the viral PR to the mature gag proteins: matrix (p17 MA), capsid (p24 CA),
nucleocapsid (p7 NC), p6, and two spacer peptides, SP1 (originally called p2) and SP2 (originally
called p1) (Freed, 2001). Gag proteins are synthesized in the cytoplasm and subsequently bind to the
membrane via the MA domain. In the MA domain, Gag proteins interact with PIP, (plasma-
membrane-specific acidic phospholipid, phosphatidylinositol-(4,5)-bisphosphate) and Env proteins,
which are crucial for the efficient membrane binding, plasma membrane targeting, Gag-Gag
multimerization, incorporation of the viral genome and Env proteins into virions, and budding

(Murakami, 2008).

1.4.2 Role of gag in HIV-1 envelope formation

The Env glycoproteins are synthesized in ribosomes attached to the endoplasmic reticulum
membrane, while Gag and Gag-Pol precursors are synthesized in free ribosomes in the cytoplasm
(Muriaux and Darlix, 2010). The Env glycoprotein travels through the secretory pathway to the
plasma membrane. During trafficking, Env translates into the precursor gp160 protein, which is then
cleaved into gp120 and gp41 subunits by a cellular PR called furin (Muriaux and Darlix, 2010,
Pasquato et al., 2007). The gp120 and gp41 complexes are incorporated into lipid rafts where virion

assembly occurs (Muriaux and Darlix, 2010).
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The Env glycoprotein is incorporated into the virions during budding from the plasma membrane
(Freed and Martin, 1995). This incorporation is mediated by the matrix (MA) domain of Gag by
interacting with the gp41 cytoplasmic tail (CT) during HIV-1 particle assembly (Yu et al., 1992). The
Env trimer requires MA trimers for incorporation since disruption of the MA trimer causes the loss of

Env incorporation and viral infectivity (Tedbury et al., 2016, Tedbury and Freed, 2014).

Studies have proposed several mechanisms by which env genes are incorporated into virions. These
include passive incorporation, direct Gag-Env interaction, Gag-Env co-targeting, and indirect Gag-Env
interaction. The passive incorporation model allows for the incorporation of host cellular and
membrane proteins at the cell surface into virus particles without significant sorting and this model
does not include Gag (Murphy and Saad, 2020). The Gag—Env co-targeting model involves the
recruitment of both genes to assembly sites on the plasma membrane (PM) based on their
independent association with lipid raft-like microdomains fig.1.6 (Checkley et al., 2011, Murphy and
Saad, 2020). The direct Gag—Env interaction model involves the interaction between the HIV-1 Env
gp41l cytoplasmic tail (CT) and the MA domain of Gag during HIV-1 particle assembly (Yu et al.,
1992), while the indirect Gag—Env interaction model involves Env incorporation that is mediated by a

cellular co-factor that binds both Env and Gag (Checkley et al., 2011).
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Passive incorporation Gag—-Env co-targeting

Figure 1.6: Models for Env incorporation into HIV virions. The passive incorporation model
shows no interaction between Gag and Env. The Gag—Env co-targeting model shows that Env
is enriched in virus assembly domains through lipid raft (brown) association. The direct and
indirect interaction of Gag-Env is also shown in this figure, taken directly from (Murphy and
Saad, 2020).

1.5 Role of Env glycoprotein mutations on viral fitness and efficacy of anti-viral drugs.

1.5.1 Envelope glycoprotein mutations affecting viral infectivity.

Studies have suggested that HIV-1 exhibits a high level of genetic diversity that could cause the env
gene to rapidly evolve during infection (Santoro and Perno, 2013, Andrews and Rowland-Jones,
2017, Dang et al., 2020). The rapid evolution of the env gene could enhance the capacity of HIV-1 to
escape immune surveillance under selection pressure caused by anti-viral drugs (Wang et al., 2022).
Mutations in most gp120 regions have been associated with replication capacity. Mutations in
hydrophobic regions found to be important for receptor binding have been associated with the
reduced binding affinity of the Env gp120 protein on CD4 receptors (Prabakaran et al., 2007,
Olshevsky et al., 1990).

Studies found that mutations in the conserved C2 domain were associated with increased viral

replication capacity while mutations in the conserved C3 domain were associated with low viral load
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(Dang et al., 2020). Similarly, mutations in the V1/V2 loop were shown to lead to an evasion of the
immune response which helped boost viral replication (Saunders et al., 2005), while mutations in the
variable V3 loop were homogeneous and deletions in the variable V4 loop was associated with
increased viral replication (Dang et al., 2020). These findings suggest that genetic variations in
different regions of the HIV-1 Env might be involved in increased viral infectivity and replication

capacity.

1.5.2 Impact of Env glycoprotein mutations on HIV-1 entry inhibitors

Over the years, researchers have developed entry inhibitors that target and inhibit different stages
of the entry process. These include blocking the (i) binding of the viral glycoprotein gp120 to the CD4
cell receptor (PRO-542 [CD4-immunoglobulin G2 (lgG2)], TNX-355, BMS-806, and CADA); (ii)
attachment of the gp120 to CCR5 or CXCR4 [SCH-C, vicriviroc (SHC-D), aplaviroc (GW873140),
maraviroc], and (iii) the gp41-mediated fusion of the viral and cellular membranes [Enfuvirtide (T-
20)] (Lobritz et al., 2010, Westby and van der Ryst, 2005). Many entry inhibitors are currently in
clinical development or clinical use, with Enfuvirtide being the only fusion inhibitor approved by the
US Food and Drug Administration for clinical use since 2003 and is currently not available in many

limited-resourced countries.

Although clinical data on resistance to entry inhibitors is scarce, in vitro studies suggest changes in
amino acids (Trp 112, Thr 257, Ser 375, Phe 382, and Met 426) of gp120 are implicated in resistance
to BMS-806 and BMS-155. In addition, natural genetic variations in HIV-1 Env gp120 of subtype C
and recombinant subtype AE (CRFO1_AE) viruses may account for resistance to these drugs (Briz et
al., 2006). Furthermore, the shift in coreceptor usage and rapid evolution of the env gene that
promotes interaction between gpl120 and the coreceptor to occur despite the presence of the
inhibitor is the main resistance pathway associated with CCR5 or CXCR4 inhibitor failure (Coetzer et
al., 2008). Specific mutations (V38A/E) in HIV-1 Env gp41 have been shown to confer resistance to
Enfuvirtide (Ray et al., 2007). While there is evidence of resistance in vitro, there is a need for clinical
studies to assess the susceptibility of different HIV-1 variants to entry inhibitors, including their role

in cross-resistance to other non-fusion inhibitors.
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1.6 The contribution of Env glycoprotein mutations to HIV-1 Protease inhibitor

resistance

1.6.1 HIV-1 Protease

HIV-1 PR is a homodimeric enzyme consisting of two polypeptide chains that are 99 AA long. The
enzyme is responsible for the cleavage of gag and gag-pol polyproteins for mature virions to be
formed (Fun et al., 2012). The active site (binding pockets) is located between the two identical
subunits and is covered by two flexible B-hairpin flaps which need to open to allow the substrates to
access the active site. The HIV-1 protease enzyme activity can be inhibited by blocking the active site

of the protease (Miller et al., 1989, Wensing et al., 2010).

1.6.1.2 Protease Inhibitors and drug resistance

HIV-1 PR is a homodimeric enzyme consisting of two polypeptide chains that are necessary for
cleavages of amino acids in the gag and gag-pol polyproteins for mature virions to be formed (Fun et
al., 2012). Cleavage of the gag polyproteins is necessary and sufficient for the assembly of virus-like
particles including the release of essential enzymes such as PR, reverse transcriptase, RT-RNase H,
and integrase. HIV-1 Pls inhibit cleavage of the gag and gag-pol polyproteins thereby preventing viral
maturation and blocking the infectivity of budding virions (Flexner, 1998). There are nine FDA-
approved Pls, namely: Saquinavir (SQV), Indinavir (IDV), Ritonavir (RTV), Nelfinavir (NFV),
Amprenavir (APV), Lopinavir (LPV), Atazanavir (ATV), Tipranavir (TPV) and Darunavir (DRV). With the

exception of NFV, all Pl drugs are manufactured in combination with ritonavir (RTV) as a booster.

Resistance to Pls occurs in a sequential process, resulting in major and minor mutations (Nijhuis et
al., 1999). Primary resistance mutations to the Pls arise in and around the substrate cleft of PR which
reduces the binding affinity of the inhibitor to the mutant PR (Markowitz et al., 1998, Baxter et al.,
2016). In addition, primary mutations can slightly reduce the binding affinity of the binding site for
the Gag and Gag-pol substrates, resulting in a deficit in the replicative ability of the virus (Gulnik et
al., 1995, Croteau et al., 1997). Secondary resistance mutations tend to occur in combination with
other primary mutatios (Baxter et al., 2016, Berkhout, 1999). These secondary resistance mutations
can compensate for the decreased activity of the mutant PR by increasing replication capacity and

viral fitness by restoring viral PR activity (Baxter et al., 2016, Berkhout, 1999).
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The most common PI drug resistance mutations reported in South African include M46l, 154V, L76V,
and V82A (Feucht et al., 2014, Makatini et al., 2019, Obasa et al., 2021, Chimukangara et al., 2022),
although many patients did not harbour any Pl resistance mutations (Wallis et al., 2011, Obasa et al.,
2020), suggesting that non-adherence could be contributing to PI failure. However, reduced
susceptibility to Pls in the absence of any major Pl resistance-associated mutations in the PR region,
suggesting a role for mutations outside the PR gene (Gallego et al., 2001, Pulido et al., 2012,
Sutherland et al., 2015).

1.6.2 The role of Gag and Env mutations to Protease Inhibitor resistance

1.6.2.1 Gag mutations to Protease Inhibitor resistance.

Studies have shown that Pls are often hampered by drug resistance mutations in the viral PR as well
as in the viral substrate, Gag (Su et al., 2019). Alone and together with mutations in the PR gene, gag
mutations at both cleavage sites and non-cleavage sites were found to partially restore the
replication capacity and confer Pl resistance (Gupta et al., 2010, Nijhuis et al., 2007). Gag cleavage
site mutations at p1/p6 (L449F) and NC/p1 (Q430, A431V and L449F) have been shown to interact
with the PR mutation 184V (Dam et al., 2009, Prado et al., 2002). In addition, gag mutations A431V
and 1437V were associated with PR mutation V82A (Clavel and Mammano, 2010). Furthermore, gag
mutations (A431V,1437V and P453L) together with PR (I50V and V82A) have been found to
compensate for the loss of viral fithess and contributed to the development of resistance to Pls (Su
et al., 2019, Malet et al., 2007). Gag mutations at non-cleavage sites (H219Q and R409K), in
combination with PR mutations (L75R, 184V) were also associated with Pl resistance (Gatanaga et al.,

2002).

1.6.2.2 Env mutations to Protease Inhibitor resistance

Studies have demonstrated that the mechanism for PI resistance may be mediated by mutations in
the HIV-1 env gene (Rabi et al., 2013). Amino acid changes in the HIV-1 Env gp41 Heptad repeat (HR)
(607T and 641L) and cytoplasmic tail (CT) (7211) have been associated with PI failure (Coetzer et al.,
2017). In addition, it has been reported that gp41 mutations may also be associated with viral failure
in patients taking the Pl-based regimen (Perrier et al., 2019, Castain et al., 2019). In vitro studies
through mutagenesis have demonstrated that Env mutations can increase the cell-cell spread and
alter the stability of the HIIV Env gp120-gp41 interaction, resulting in resistance to multiple drug
resistance (Hikichi et al., 2021). However, this remains unclear whether similar findings can be

observed in clinical HIV-1 isolates. Recently, using a Bayesian Network (BN), we demonstrated an
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interaction between known Gag-PR mutations with env gene mutations in sequences of patients
virologically failing a Pl-based regimen (Maphumulo and Gordon, 2021). However further
investigation using phenotypic and site-directed mutagenesis (SDM) assays are needed to
understand the effects of Env mutations alone and in combination with gag mutations on viral
fitness and Pl efficacy. It also remains unclear whether Env mutations directly interact with PR

mutations.
1.7 Computational methods

Computational methods such as Coevolution methods, Bayesian network analysis, molecular
docking, molecular dynamics, and 3D homology modeling are being used more frequently as tools

for drug resistance surveillance (Kirchmair et al., 2011, Das et al., 2009, Huang et al., 1998).

1.7.1 Coevolution methods

A statistical inference technique called Direct Coupling Analysis (DCA) is used to infer direct co-
evolutionary couplings between pairs of residues in multiple sequence alignments. Compared to
DCA, GREMLIN is more accurate (Kamisetty et al., 2013). However, it is difficult to carry out large-
scale analyses using GREMLIN the online server-based tools. In CAPS, the co-evolutionary networks
connecting amino acid sites within a protein are computationally compared, and the correlated
evolutionary variation of the amino acid site is measured. The CAPS technique analyses the
transition probability scores between pairs of sequences at 2 sites using the blocks substitution
matrix (BLOSUM)(Fares and Travers, 2006). On the other side, by undertaking fully automated blind
prediction evaluations, the Automated Model Evaluation (CAMEO) platform improves the CASP
experiment. CAMEO offers a variety of scores for the purpose of comparing different aspects of
structure prediction algorithms (Haas et al., 2018). As a result, CAPS and CAMEO are the most

effective coevolutionary tools.

1.7.2 Bayesian Network

The statistical correlation between multiple variables can be described by a probabilistic model
known as a Bayesian Network (BN), which is represented by a direct acyclic graph (Pearl, 1998). BNs
are learned from the observation of the data, and produce a network that has the most correlations
and the fewest arcs (Heckerman et al.,, 1995, Deforche et al., 2006). The direct conditional or

unconditional dependencies between the variables are reflected in the network (figure 1.7)
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(Myllymaki et al., 2002). The interdependence represented by arcs in-between the variables
indicates unconditional dependency, whereas the absence of an arc represents conditional

dependency (Myllymaki et al., 2002).

Figure 1.7: A representation of conditional and unconditional dependencies in the Bayesian
Network, taken directly from (Myllymaki et al., 2002).

1.7.3 Homology modelling

Homology modelling is a quick, and inexpensive way to determine the three-dimensional (3D)
structure of a protein from its AA sequences, using a comparable high-resolution protein structure
available from publicly accessible databases (Bishop et al., 2008; (Muhammed and Aki-Yalcin, 2019).
Homology modelling has be used to infer an undefined protein sequence’s biological activity and
biochemical function based on the similarity between the sequence and well-known protein
structures (Shi et al., 2001). The basic steps to homology modeling is as follows: (1) Choose the best
PDB templates that work with the target sequence to be modeled. (2) Align the template structures
with the desired sequence. (3) Construct the 3D structure using MODELLER or Swiss Model. (4)

Evaluate the model.

1.7.4 Molecular dynamics (MD) Simulations

Molecular dynamics simulations have made it possible to understand the interaction of biological
molecules and probe the structure and dynamics of individual molecules, and also provide atomistic
details of biomolecular motions (Weng et al., 2019, Sakuraba and Kono, 2016). The MD simulations

can capture a variety of biomolecular processes, such as ligand binding, protein folding, and show
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the positions of all atoms (Hollingsworth and Dror, 2018). MD simulations can also be used to test
the accuracy of the modelled structure or even refine the structure (Hollingsworth and Dror, 2018).

Simulations are sometimes useful in refining protein homology models (Mirjalili and Feig, 2013).

For MD simulations, a variety of online and offline tools are readily available: Chemistry of Harvard
Macromolecular Mechanics (CHARMM), Groningen Machine for Chemical Simulations (GROMACS),
and Assisted Model Building with Energy Refinement (AMBER) (Gajula et al., 2016, Hollingsworth
and Dror, 2018).

1.8. Study significance, research aims, and objectives.

Failure of second line Pl inclusive regimens has implications for future treatment options, especially
in resource limited countries. While the prevalence of second line failure has reached 18.0 per 100
person years in southern Sub-Saharan Africa (Edessa et al., 2019), more than 30% of patients who
failed a Pl-based treatment regimen in South Africa did not harbor any resistance associated
mutations in PR (Wallis et al., 2011, Meintjes and Maartens, 2012, Obasa et al., 2020) . Fun et al
(2012) described mutations in Gag at both cleavage and non-cleavage sites that are associated with
Pl resistance. Gp41l in Env has also been suggested to contribute to PI failure, with reported
mutations mainly in the HR and CT regions (Rabi et al., 2013, Perrier et al., 2019, Manasa et al., 2017,
Coetzer et al., 2017, Castain et al., 2019). However, no study has described the interaction of both
gag (MA and CA) and full-length Env in the development of PI resistance. Thus, the focus of this
study was to determine the frequency of gp120 and gp41 mutations in patients failing Pls in subtype
C South Africa and understand if these mutations coevolve with Gag-PR mutations and their

structural implications.
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1.8.1 Aims:

1. To determine the effect of protease inhibitor therapy on envelope variation.
2. Tounderstand the effect of protease inhibitor resistance mutations on viral entry.

3. To determine the structural changes that occur in the envelope during PI failure.

1.8.2 Study Objectives:

1. To identify mutations in HIV-1 subtype C Env associated with Pl failure.
2. To identify HIV-1 subtype C Env, Gag, and protease co-evolution in Pl treatment failure.
3. To determine whether mutations in gp120 associated with PI resistance, affect co-receptor usage.

3. To use homology modelling to construct models of Env during Pl failure.

1.9 Thesis outline

Five chapters make up the thesis as follows:

Chapter one comprises the introduction, literature review, Aims, and objectives of this study.

Chapter two published research paper titled “Potential Associations of Mutations within the HIV-1

Env and Gag Genes Conferring Protease Inhibitor (PI) Drug Resistance”.

Chapter three manuscript titled “Gp120 mutations facilitate viral entry through immune escape and
coreceptor switching during Pl failure”.

Chapter four manuscript titled “Structural analysis of gp41 mutations that co-evolve with Gag”.

Chapter five General discussion, conclusion and study limitations, and future recommendations.
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Chapter Two

Potential Associations of Mutations within the HIV-1 Env and Gag Genes Conferring
Protease Inhibitor (Pl) Drug Resistance
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2.1. Introduction

While the dispensing of HIV-1 protease inhibitors (Pls) as part of a routine second-line regimen has
been a significant turning point in the management of HIV-1 (Ghosh et al., 2008), the development
of resistance to Pls is also increasing (Kim and Baxter, 2008). PIs are known to inhibit the activity of
the HIV-1 protease (PR) enzyme responsible for the proteolytic processing of HIV structural Gag and
enzymatic Pol polyprotein components (Pettit et al., 1994). The viral protease (PR) enzyme cleaves
the Gag precursor protein (Pr55Gag) and the Gag-Pol precursor protein (Pr160Gag-Pol), resulting in
virion maturation (Pettit et al., 1994, Rabi et al., 2013, LORI et al., 1988). This proteolytic process
prevents the formation and maturation of infectious HIV particles. The efficacy of the Pl is limited by
the emergence of resistance mutations that are potentially caused by poor compliance,
subtherapeutic systemic levels of the drug, or prolonged treatment with one Pl-based regimen

during virologic failure (Zdanowicz, 2006).

Interestingly, >20% of patients failing a Pl-based regimen do not harbor any resistance associated
mutations in the protease (PR) domain (Gallego et al., 2001, Obasa et al., 2020, Wallis et al., 2011).
While non-adherence has been identified as a key player, some studies have suggested that Gag
mutations can indirectly affect the Gag cleavage site and drive PI resistance without any mutations
in the protease region (Perry, 2014, Alfadhli et al., 2016). These mutations were commonly found
close to the cleavage sites, although non-cleavage site mutations have also been linked with Pl
resistance (Codofier et al., 2017, Fun et al., 2012). Verheyen et al. (2006) have linked Gag precursor
p7-p1 (A431V, K436R, and 1437V) and p1—p6 (L449P, P452S, and P453L) cleavage site mutations with
resistance to Pls (Malet et al., 2007, Nijhuis et al., 2007, Verheyen et al., 2006). These mutations are
thought to compensate for any enzymatic impairment of protease caused by the loss of van der
Waals interactions between the inhibitor and binding sites (Fun et al., 2012, Malet et al., 2007,
Nijhuis et al., 2007, Kletenkov et al., 2017, Larrouy et al., 2010, Gatanaga et al., 2002, KoZisek et al.,
2012).

Others have suggested that the mechanism for PI failure may involve mutations in the env gene
(Coetzer et al., 2017, Rabi et al., 2013). Coetzer et al. (2017) reported gp41 mutations from both the
Heptad repeat (HR) (607T and 641L) and cytoplasmic tail (CT) (7211) that potentially contribute to PI
failure (Coetzer et al., 2017). Two studies that looked at virological failure during Pl exposure both
reported that mutations in the CT impacted Pl susceptibility (Castain et al., 2019, Perrier et al.,

2019). Furthermore, Env mutations have been suggested to promote cell to cell transmission,
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leading to high level drug resistance mutations in ARV target genes; by doing so, they increase the
level of resistance to a broad panel of ARVs in vitro (Van Duyne et al., 2019, Hikichi et al., 2021). The
HIV-1 Env is said to concurrently evolve to escape from both neutralizing antibodies (NABs) and

ARVs (Hikichi et al., 2021).

Although studies have reported the emergence of Gag and Env mutations in patients failing Pls
(Castain et al., 2019, Coetzer et al., 2017, Perrier et al., 2019), to date, no one has reported on the
coevolution of Gag and Env in these patients. Here, we investigated the prevalence of Env mutations
associated with Pl treatment failure and the possibility of coevolution with mutations within Gag,
and protease, in full-length Env and Gag-PR sequences from HIV-1 subtype C infected individuals

failing a Pl-inclusive regimen.

2.2. Materials and Methods

2.2.1. Study Cohort

This retrospective study used 24 stored plasma samples obtained from virologically failing PI treated
patients enrolled in the Protease Cleavage Site (PCS) study (2009-2013) at Mc Cords and King
Edward VIII hospitals Durban, South Africa (Marie and Gordon, 2019). All enrolled patients received
Lopinavir/Ritonavir therapy for at least six months and had plasma HIV-1 RNA levels >1000
copies/mL. In addition, sequences from 344 subtype C drug-naive isolates were downloaded from

the Los Alamos HIV-1 Database (http://hiv-web.lanl.gov}-accessed on 10 September 2020. Written

informed consent was obtained from all study participants. The Biomedical Research Ethics

Committee approved the study of the University of KwaZulu-Natal (BREC NO: 678/17).

2.2.2. Amplification and sequencing analyses of the Env domain

Viral RNAs were extracted from 140 pl of plasma using the QlAamp RNA kit (QIAGEN Services, Inc.,
Germantown, MD, USA) and reverse-transcribed using a Thermoscript RT-PCR kit (Invitrogen,
Carlsbad, CA, USA). A 1.7 kb Gag-Protease product was amplified by nested PCR using the Takara Ex
Taq HS enzyme kit. Specific primers, Gag +1 5 0 -GAGATCTCTCGACGCAGGAC-30 (HXB2 nucleotide:
675 to 697, forward primer) and 3 00rvp 50 -GGAGTGTTATat GGATTTTCAGGCCCAATT-30 (HXB2
positions: 2696 to 2725, reverse primer), were used for the first-round PCR, at 55 °C for 30 min
(cDNA synthesis) and 94 °C for 2 min (initial denaturation), followed by 35 cycles of 94 C for 15 s

(denaturation), 55 °C for 30 s (annealing) and 68 °C for 2 min (extension), and ended with a 5 min
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incubation at 68 °C (final extension). Long fwd 50 -GAC TCG GCT TGC TGA AGC GCG CAC GGC AAG
AGG CGA GGG GCG ACT GGT GAGTAC GCC AAA AAT TTT GAC TAG CGG AGG CTA GAA GGA GAGAGA
TGG G-30 (HXB2 nucleotide: 695 to 794, forward primer) and Long rev 50 -GGC CCA ATT TTT GAA
ATT TTT CCT TCC TTT TCC ATT TCT GTA CAA ATT TCT ACT AAT GCT TTT ATT TTT TCT GTC AAT GGC
CAT TGT TTA ACT TTT G-30 (HXB2 nucleotide: 2706 to 2805, reverse primer) were used for nested
PCR at the following conditions: 94 °C for 2 min (initial denaturation), 40 cycles of 94 -C for 30 s
(denaturation), 60 °C for 30 s (annealing) and 72 C for 2 min (extension) followed by a 7 min hold at
72 °C (final extension). Primers were complementary to subtype B, gag-protease-deleted NL4-3
plasmid (pNL4-3Agag-protease) on either side. Amplicons were electrophoresed in a 1% agarose gel
to confirm the presence of the 1.7 kb amplicon corresponding to the gag-PR gene. The size of the
product was determined using the GeneRuler™ 1 kb DNA Ladder (Fermentas International Inc.,

Waltham, MA, USA), as shown in Supplementary Figure S1.

Next, we amplified an Env fragment spanning HXB2 positions 5580 to 8586 by nested PCR using first-
round primers Rec2F 50 -GATAAAGCCACCTTTGCCTAGT-30 (HXB2 positions: 5514) and Env2 50 -
TTCTAGGTCTCGAGATACTGCT-30 (HXB2 positions: 8889), second-round primers Envl 50 -
AAGGGCCACAGAGGGAGCCATA-30 (HXB2 positions: 5580) and E270R, 50 -
GCGTCCCAGAAGTTCCACAA-30 (HXB2 positions: 8566) and PCR conditions as previously described
(Rangel et al., 2003). Sequences were generated using the Gag-Protease sequencing primers 50 -CTT
GTC TAG GGC TTC CTT GGT-30 (HXB2 position: 1078-1098), 5 0 -CTT CAG ACA GGA ACA GAGGA-30
(991-1010), 50 -GGT TCT CTC ATC TGG CCT GG3 0 (1462-1481), 50 -CCT TGC CAC AGT TGA AAC ATT
T-30 (1960-1981), 50 -TAG AAG AAA TGA TGA CAG-30 (1817-1834), 50 -CTA ATA CTGTATCAT CTG
CTC CTG T-30 (2328-2353), 5 0 -CCT GGC TTT AAT TTT TAC TGG-30 (2196-2268). Cycling conditions
were as follows: 94 °C for 2 min (initial denaturation), 35 cycles of 94 °C for 15 s (denaturation), 55
°C for 30 s (annealing) and 68 °C for 4 min (extension) followed by a 10 min hold at 68 °C (final
extension). Amplification of the env region was confirmed by gel electrophoresis (shown in

Supplementary Figure S2).

The gpl60 Env was sequenced using population-based forward and reverse primers (shown in
Supplementary Table S1) and the BigDye v3.1 cycle sequencing kit (Applied Biosystems, Foster City,
CA, USA), and run on an Applied Biosystems (ABI) 3130x| automated sequencer. Sequences were
assembled and edited using the Applied Biosystems SeqScape® Software and aligned against

subtype C reference.
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2.2.3. Statistical analysis

Multiple sequence alignments were generated using the ClustalX program (http:
//www.clustal.org/) accessed on 16 September 2020, and manually edited using BIOEDIT (lbis
Biosciences, An Abbott Company, Sylmar, CA, USA). The Virulign tool (https:// github.com/rega-
cev/virulign) accessed on 11 December 2020, was used to determine the amino acid substitution at
each position in Gag-PR and Env on Pl exposure and naive isolate sequences. Fisher’s exact test was
performed for all positions to identify mutations significantly more prevalent (p-value < 0.05) in PI-

experienced patients.

2.2.4. Bayesian network

Bayesian Network learning was performed using B-Course (http:/www.b-course) accessed on May
2021, which modelled direct and indirect associations between Gag, PR, and Env mutations and
exposure to Pl-treatment. Only significant mutations identified using the Fisher’s exact test were
included in the model together with known Pl-resistance associated mutations. As previously
described, associations between mutations learned and graphical representations were done
(Deforche et al., 2007, Theys et al., 2010). Non-parametric bootstrap analysis was calculated by
running 5000 replicates to derive network robustness. Only interactions with bootstrap support over

65% were included in the network.

2.2.5. Coevolution using CAPS.

Gag-PR-Env coevolution analysis was performed using the Coevolution Analysis for Protein
Sequences (CAPS, http://bioinf.gen.tcd.ie/caps/) accessed on 26 October 2020 program. CAPS
identifies groups of coevolving pairs with a correlation coefficient > 0.5 by using amino acid (AA)
sites to compare the correlated variance of their evolutionary rate using the probability scores
between two pairs of alighed sequences (Fares and Travers, 2006). The evolutionary rate was
estimated using the blocks substitution matrix (BLOSUM). The distribution of 5000 randomly

sampled values was used to identify coevolving codons.

2.6 Positive selection

Positive selection pressure in Gag -PR-Env sites was assessed using the rate ratio of non-synonymous
to synonymous (w) substitutions in the CODEML program of the PAML software package (version

4.9) (Yang et al.,, 2005). Analysis was performed using three classes w=<1, w=1, w=>1 assuming
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purifying, neutral and positive selection, respectively. The w value and likelihood estimates were
calculated for three different codon-based ML pairs of site models: MO (one w) vs. M3 (discrete),
M1a (nearly neutral) vs. M2a (positive selection) and M7 (beta) vs. M8 (beta and w=>1). Comparison
of MO vs. M3 is a test of site rate variation, while M1 vs. M2 is for positive selection. The likelihood
ratio test was used to evaluate the best-fitting model for the data (Anisimova et al., 2001). The Bayes

Empirical Bayes method was used to identify specific sites under positive selection.

2.3. Results

2.3.1. Participant Characteristics

Twenty-four Gag-PR-Env sequences from 24 patients failing a Pl-inclusive treatment regimen were
available for analysis, of whom 14 were females and 10 were males, with the median age of 35 years
(interquartile range (IQR) 17-38 years). The median viral load was 4.84 log10 copies/mL (IQR 4.12—
5.51). All patients were infected with HIV subtype C as established by the Virulign tool.

2.3.2 Prevalence of Envelope mutations in LPV/r-experienced versus ART-naive
subtype C sequences

Twenty-four Env sequences were available for analysis. The prevalence of amino acids at each codon
position was calculated by comparing sequences from LPV/r-treated and ART-naive isolates. All
sequences were confirmed as subtype C using the Rega subtyping tool. Figure 2.1 shows a total of
thirty-five mutations identified in the env gene, with significantly higher frequencies in LPV/r-
experienced patients compared to those that were ART-naive. These were: 119LSV (32% vs. 13%),
S110EN (16% vs. 4%), D167AGKNR (16% vs. 2%), P183AEKQRS (48% vs. 20%), Y191CFHNS (12% vs.
1%), N195HIKRST (28% vs. 8%), N230DT (20% vs. 16%), Q258EP (8% vs. 1%), N262LI (8% vs. 0%),
T283IKNQSV (28% vs. 9%), V286AIM (16% vs. 3%), 1294LMN (8% vs. 0%), S306DGNR (24% vs. 5%),
P313DI (8% vs. 0%), Q315AKR (32% vs. 3%), 1323KNRTV (12% vs. 1%), A329DIPT (16% vs. 0%), C331RS
(8% vs. 0%), W338EG (8% vs. 0%), H374KLPR (8% vs. 1%), F382V (8% vs. 1%), F383LV (8% vs. 0%),
L390QV (8% vs. 0%), N425DHR (20% vs. 4%), L453EIM (20% vs. 4%), RA69KTW (8% vs. 1%), V489IL
(16% vs. 1%), VSO5AEMT (8% vs. 1%), ES07GQRW (28% vs. 10%), S534AL (12% vs. 2%), T536AMSV
(32% vs. 10%), Q567KR (8% vs. 1%), D632EG (24% vs. 8%), 1688TV (12% vs. 1%), P724LQRSX (32% vs.
12%). In contrast, the K63RT (16% vs. 50%), T132NQ (24% vs. 97%), T138NQ (36% vs. 80%), and
V182EIKLMNT (12% vs. 56%) mutations were found at a lower frequency in the Pl-experienced

versus ART-naive sequences.
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2.3.3 Positive selected sites in Envelope and coevolution with Gag -PR residues

Here, we determined which amino acid changes were under positive selection pressure following
treatment failure using PAML (Fares and Travers, 2006). Figure 2.2 shows PAML analysis of amino
acid changes from participants failing an LPV/r-inclusive treatment regimen and ART-naive
participants that were positively selected. A total of twelve sites were positively selected: V85, T138,
Y146, M147, E150, K151, G152, D277, G321, K322, N463, and T465. None of these sites were

previously associated with entry and fusion inhibitor or LPV/r failure.
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Figure 2.1: Frequency (%) of env mutations in ART-naive versus LPV/r-treated subtype C isolates.
Asterisks (*): *** represents p < 0.0001, ** represents p < 0.01, and * represents p < 0.05.
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Figure 2.2: Positively selected amino acid codons in Env in LPV/r-treated and naive isolates with the
Bayesian probability of p > 99%. Blue shows the positively selected codons in the treated isolates,
while maroon indicates the positively selected codons in the naive isolates. Codon positions
identified only in treated and not in naive isolates are shown at the relevant env region. T138 is
indicated in bold font and has a higher frequency in the treated isolates.

Coevolution Analyses for Protein Sequences (CAPS) was used to determine whether amino acids in
Gag, PR, and Env sites coevolved in patients failing an LPV/r-inclusive treatment regimen. All
positions with amino acid variation greater than 1% were included in the analysis. The coevolution
analysis identified seven amino acid coevolving pairs, but these did not correlate significantly. The
coevolving pairs were mostly seen between Env and Gag sites (Env: 11, 23, 29,142, 147, 336, 389,
400, 496, 534, 617, and 668; Gag: 108, 225, 256, 335, 372, 388, 478, and 480), while only one was
observed between Env and PR (400-Env and 76-PR) sites.

2.3.4 Interactions between Envelope and Gag -PR mutations with LPV/r-treatment

Using Bayesian network learning, we explored the interactions between Gag, PR, and Env mutations
in isolates exposed to LPV/r treatment. Only statistically significant positions according to Fisher’s
exact test were included in the analysis. Figure 2.3A shows mutations in the env gp120 region
(S110N-Env, T132S-Env, T138S-Env, P183Q-Env, and Q315R-Env) that were indirectly associated with
exposure to LPV/r treatment via known Gag-PR mutations (Q69K-Gag, S111I-Gag, 1256V-Gag, and
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V771-PR). More specifically, P183Q-Env was indirectly associated with LPV/r treatment via
interaction with V77I-PR. T132S-Env also showed a robust connection with Q69K-Gag mutation,
which is further related to K20R-PR mutation. Both T138S-Env and S110N-Env showed a strong
association with 1256V-Gag. Interestingly, a robust direct connection with LPV/r exposure was
observed between a known Gag-PR mutation (R76K-Gag) and wildtype variants at codon positions in
Gag (Q182-Gag-PR-WT) and PR that have been linked to drug resistance (I50-PR-WT, V77-PR-WT,
and L90-PR-WT).

Figure 2.3B shows the association between Gag, PR, Env gp41 mutations, and LPV/r treatment
experience. There was a strong interaction between T536M-Env, S543A-Env, 1688V-Env, and P724S-
Env and Gag-PR mutations (S12T-PR, P63L-PR, Q182S-Gag, and 1256V-Gag). Specifically, P724S-Env
was directly associated with P63L-PR and Q182SGag and indirectly associated with A431V found at a
Gag cleavage site. Another direct association was seen between S534A-Env and 1256V-Gag. Both
T536M-Env and 1688V-Env were directly associated with S12T-PR. There was no direct interaction

between treatment experience and Env gp41 mutations.
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Figure 2.3: Annotated Bayesian network based on 5000 bootstraps, showing the association
between nodes indicating Env and Gag mutations in subtype C LPV/r-treated sequences. Here, we
determined the association between (A) Env gp120, Gag, PR mutations, and treatment experience
and (B) gp41, Gag, PR, and treatment experience. The color code of nodes is defined based on their
link with LPV/r: drug resistance variants (red), treatment associated variants (orange) and natural
occurring: Polymorphic variants (gray), wild-type variants (blue). The arcs represent a direct
dependency between corresponding nodes, and the thickness of an arc is in proportion to bootstrap
support. The arc direction does not represent the accumulation of mutations or causal meaning but

may indicate a multivariable effect in the network.
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2.4. Discussion

Mutations in the env gene have previously been associated with resistance to PIs (Rabi et al., 2013);
however, no studies have been conducted using subtype C Pl failures, nor have they investigated
their role in combination with the Gag. In this study, LPV/r-resistance associated mutations in Gag,
PR, and Env were characterized in HIV-1 subtype C patients from KZN, South Africa, who were failing
an LPV/r-inclusive treatment regimen. We identified several amino acids in the env gene that were
associated with LPV/r failure. We also found potential pathways leading to LPV/r resistance that

involved a combination of Gag, PR, and Env mutations.

Significantly higher frequencies of AA changes in the gp120 region of the LPV/r experienced group
were commonly identified. These were mostly in the variable loops (V2: D167AR, V182I, P183QS,
Y191F and N195H, and V3: S306R, P313DI, Q315R, 1323KNR, A329DT, and C331RS); however,
increased frequencies were also observed in the constant regions (C2: N230DT, Q258EP, N262LlI,
T283l, V286l and 1294N, and C3: W338EG, H374KR, F382V, and F383LV). Amino acid changes in these
regions can, therefore, potentially increase the infectivity and replication capacity of the virus (Dang

et al., 2020).

In gp41, sequences from LPV/r failures harbored significantly higher frequencies of Heptad repeat
(HR) mutations at codons 534, 536, 567, and 632. Consistent with our findings, an HIV-1 subtype A
study also observed higher levels of mutations in HR in LPV/r failures (Coetzer et al., 2017).
Furthermore, higher mutation frequencies were also seen in the cytoplasmic tail (CT); this is in line
with other studies that reported CT mutations associated with virological failure in Pl-experienced
participants (Perrier et al., 2019, Coetzer et al., 2017, Castain et al.,, 2019). As the CT plays a
functional role in Env incorporation during virion assembly, this suggests that mutations in this

region may influence the efficiency of Env incorporation (Murphy et al., 2017).

Using Bayesian network learning, we found potential pathways leading to LPV/r resistance that
involved a combination of Env and Gag mutations. 1256V appeared to be an essential mutation as it
was shown to be directly associated with three Env mutations (S110N-Env, T138S-Env, and S543A-
Env) and indirectly associated with Q315R-Env via S111l-Gag and P724S-Env via Q182S-Gag.
Although less is known about the 1256V-Gag mutation, it has been previously associated with LPV/r
failure in subtype C studies (Ntale, 2012, Singh, 2015). It has also been associated with reducing drug

susceptibility to benzodiazepine and benzimidazole in Gag subtype B studies (Li et al., 2013).
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Mutations T138S-Env and S110N-Env showed a strong interaction with 1256V-Gag, forming a
pathway (T138S-Env + S110N-Env + 1256V + S111C + R76K) to LPV/r exposure. A study by Singh et al.
(2015) identified 1256V, S111C, and R76K in Gag following LPV/r treatment in subtype C patients in
South Africa (Singh, 2015). Interestingly, T138 was also positively selected in our PAML analysis.
Although a wildtype amino acid, T138, is known to play an essential role in antibody binding, and
although the change from Threonine (T) to Serine (S) weakened the binding, T138S did not inhibit
antibody binding (Hyser et al., 2008).

Another potential pathway for LPV/r resistance included Env mutations Q315R-Env and the same
Gag mutations 1256V, S111C, and R76K, with the addition of S111I. While Q315R has been identified
as a naturally occurring polymorphism in subtype A (Ratcliff et al., 2013), its role as a drug-
resistance-associated mutation in subtype C requires more mechanistic studies. Mutation T132S-Env
showed a robust connection with Q69K-Gag, which has previously been associated with reduced

susceptibility to Pls (Giandhari et al., 2016).

Interestingly, known Pl-resistance-associated mutations K20R-PR, 154V-PR, L10F-PR, and L76V-PR
were not directly connected to LPV/r exposure in the network, suggesting that immune selection
pressure may also be in play. While not directly associated with LPV/r resistance, Env gp41 (S543A-
Env and P724SEnv) mutations were associated with Gag (Q182S-Gag and 1256V-Gag) mutations. Env
mutation P724S was strongly associated with Q182S-Gag, which was further associated with 1256V.
S534A-Env was also directly associated with 1256V-Gag, further supporting the role of 1256V-Gag in
connecting Env in the pathway to drug resistance. Interestingly, most of the mutations in Gag
connected to Env mutations were located in the capsid domain (such as 1256V), which is similar to

other studies (Coetzer et al., 2017).

Another potential network to LPV/r resistance involved mutations found in the env in combination
with the gag and pr region. Env mutation P183Q-Env was directly associated with V77I-PR,
previously associated with Pl drug resistance(Doualla-Bell et al., 2006, Mata-Munguia et al., 2014,
Santoro and Perno, 2013). In addition, Env mutations T536M and 1688V showed a strong direct
association with PR mutation S12TPR, which is known to be selected in LPV/r- and RTV-treated
patients in subtype C (Giandhari et al., 2016). Interestingly, the P724S Env mutation was linked to
LPV/r failure via the P63L-PR and A431V-Gag pathways. The A431V Gag mutation located in the CS of

Gag is known to confer resistance to all Pls except Darunavir (DRV) (Nijhuis et al., 2007), while P63L-
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PR was observed at baseline in patients initiating antiretroviral therapy (Lopinavir/r, Lamivudine, and
Zidovudine) (Nijhuis et al., 2007)[. These findings suggest that there might be other pathways to

LPV/r treatment failure that involve Gag (Matrix and Capsid), minor PR, and Env mutations.

2.5. Conclusions

We found a high prevalence of Env mutations in HIV-1 subtype C associated with LPV/r treatment
failure. The majority of these associations were in combination with a Gag (Matrix and Capsid)
and/or PR mutation. Further investigations using site-directed mutagenesis need to be conducted to

determine whether Env mutations alone can affect LPV/r efficacy.
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Chapter Three

Gp120 mutations facilitate viral entry through immune escape and coreceptor
switching during Pl failure.
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3.1. Introduction

Despite treatment adherence and maintenance of the HIV-1 virus, virological failure has been
observed in patients taking Pl in the absence of drug target gene mutations (Gallego et al., 2001,
Pulido et al., 2012), indicating that mutations outside the protease gene can contribute to PI
resistance (Rabi et al., 2013). Studies have demonstrated that the env gene can promote PI
resistance (Rabi et al., 2013, Perrier et al., 2019). Furthermore, mutations in the HIV-1 gp120 env
gene (C1, V1, V2, and V3) have been reported to be associated with Pl failure (Maphumulo and
Gordon, 2021). Apart from C1, these (variable) regions are critical for viral entry, and the coreceptor
binding site is concealed by these regions (Briz et al., 2006). The V1/V2 and V3 regions are located on

the outer surface of gp120 and can participate in phenotypic changes of HIV-1 (Ogert et al., 2001).

V1V2 and V3 are also recognized as targets for neutralizing antibodies and can impact viral
coreceptor usage (Pollakis et al., 2001). Structures have shown that V1V2 and V3 regions function as
key nanodevices to create the Env structure for immune escape compatible with the maintenance of
viral infectivity (Yokoyama et al., 2016). Depending on the conformation of these loops, gp120 binds
to CCR5 or CXCR4 coreceptor. Subtype B uses both CCR5 and CXCR4, and the switch in tropism
occurs in 50% of patients (Schuitemaker et al., 2011). In contrast, subtype C uses CCR5 primarily in
the early and late stages of infection, and the proportion of chronic infection uses CXCR4 (SMEATON
et al., 2011, Jakobsen et al., 2013) (Lynch et al., 2009). This is because the coreceptor switching in

subtype C requires more mutations than other subtypes (Coetzer et al., 2011).

HIV-1 gp120 is one of the most extensively glycosylated proteins with 23 or 24 N-linked glycosylation
sites (MYERS and LENROOT, 1992, Pollakis et al., 2001). It's comprised of 50% glycan moiety, which
influences Env conformation and affects viral entry, infectivity, and antibody recognition during CD4
and co-receptor binding that mediate membrane fusion and cell entry of HIV-1 (Wang et al., 2013,
Leonard et al., 1990), (Pollakis et al., 2001). The VIV2 domain has the most variable loop length with
a high number of glycosylated sites, whereas V3 is less variable in relation to loop length (Cavrois et
al., 2014). Furthermore, the virus's transition from the R5 to X4 phenotype was significantly

influenced by the loss of an N-linked glycosylation site in the V3 region (Pollakis et al., 2001).

Previous studies have reported the gp120 structure and changes in the structure caused by Env
inhibitor failures (Prabakaran et al., 2007, Kwon et al., 2012). However, the impact of structural

changes in gpl20 caused by Env mutations associated with Pl remains unknown. Here we
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demonstrate how these changes affect co-receptor usage and will help us understand the effect of

protease inhibitor resistance mutations on viral entry.

3.2. Methodology

3.2.1. Sequence analysis

The impact of PI treatment on gp120 was investigated by comparing envelope sequences obtained
from virologically failing Pl-treated patients enrolled in the Protease Cleavage Site (PCS) study
(2009-2013) at McCord and King Edward VIl hospitals Durban, South Africa (Marie and Gordon,
2019). All enrolled patients received Lopinavir/Ritonavir therapy for at least six months and had
plasma HIV-1 RNA levels > 1000 copies/mL. In addition, sequences from 344 subtype C drug-naive

isolates were downloaded from the Los Alamos HIV-1 Database (http://hiv-web.lanl.gov).

3.2.2. Homology modelling
Homology models of six mutant HIV-1 envelope proteins from Pl-treated patients and one wild-type

(WT) sample were obtained using the SWISS-MODEL web server (https://swissmodel.expasy.org.

Template selection criteria were based on the best resolution and highest sequence identity. The
crystal structure of HIV-1 concC_Base0 prefusion env trimer in complex with a human antibody

fragment 3H109L and 35025 variants at 3.5 angstroms (6CK9) was used as a template.

3.2.3. Molecular Dynamic (MD) Simulations
Molecular dynamics simulations were performed using AMBER 18, which was accessed at the Centre

for High-Performance Computing (http://www.chpc.ac.za). The GPU version of the Pmemd engine

provided with the AMBER 18 package was used for MD simulation. The FF14SB Amber force field
was used to describe the amino acid residues of the protein. Amino acid residues of the proteins
were renumbered based on the dimeric form of the enzyme from 1 to 511. The system was explicitly
solvated by the TIP3P water molecules with a margin of 12.0 A. Prior to equilibration, a two-step
minimization was performed. Partial minimization of 2000 steps with an applied restraint potential
of 500 kcal/mol for both solutes were carried out, this was performed for 1000 steps using the
steepest descent method and then followed by 1000 steps of conjugate gradients. Furthermore, full
minimization of 1000 steps were further performed by conjugate gradient algorithm without
restraint. The whole system was then gradually heated from OK to 300K, executed for 50ps, in a

manner that the systems maintained a fixed number of atoms and fixed volume. Also, the
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temperature was monitored using the Langevin thermostat with a collision frequency of 1.0ps, with
a potential harmonic restraint of 10kcal/mol. After heating, the entire system was equilibrated at a
constant temperature of 300K, with the additional features such as several atoms and pressure also
kept constant mimicking an isobaric-isothermal ensemble (NTP) as mentioned in (Kehinde et al.,
2019). followed by the equilibration estimating 500 ps of each system was conducted. Finally, the
Molecular dynamic simulations were performed for 100ns, and for each simulation, the SHAKE
algorithms were employed to constrict the bonds of hydrogen atoms. As mentioned by Kehinde et al
(2019), the simulations coincide with the NTP, with randomized seeding, the constant pressure-
coupling of 1 bar maintained by the Berendsen barostat, a pressure-coupling constant of 2ps, a
temperature of 300K, and Langevin thermostat with a collision frequency of 1.0ps (Kehinde et al.,

2019).

3.2.4. Post-Dynamic Analysis

The root mean square fluctuation (RMSF), root mean square deviation (RMSD), and radius of
gyration (ROG) were performed using the CPPTRAJ modules implemented in Amber18. Origin data
analysis software (Origin Lab, Northampton, MA) was used to generate all the graphs. Structures
were viewed and analyzed in the UCSF Chimera software package

https://www.rbvi.ucsf.edu/chimera (Pettersen et al., 2004), and Discovery studio Visualizer

Software, 2021 https://3ds.com/products-services/biovia/products.

3.2.5 GP120 Characteristics

We used the online Los Alamos sequence database tools to determine the characteristics of the HIV-
1 variable regions (gp120- V1 to V5 loops). This online tool provides results of the HIV N-linked
glycosylation site, the loop length, and the V3 loop net charge (NC) where we used default settings
that have computed with KRH = (+) and DE = (-). The following link was used:

https://www.hiv.lanl.gov/content/sequence/VAR REG CHAR/index.html. The Kruskal Wallis tests

were used to compare the deferences between treated and naive.
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3.2.6 Coreceptor switch
HIV-1 V3 sequences were submitted to Geno2Pheno[coreceptor]

(https://coreceptor.geno2pheno.org/), for classification of coreceptor usage (CCR5-using or CXCR4-

using. A false-positive rate (FPR) cut-off of 2.5% and 20% was used (Poveda et al., 2012). In addition,

the 11-25 rule was applied to define coreceptor tropism (Arif et al., 2017).

3.3. Results

3.3.1 The Length of the variable loops in the Pl-treated vs naive groups

Differences in loop lengths were compared between the Pl-treated and naive groups. Using the
Kruskal-Wallis test, the V1/V2 and V5 lengths were significantly higher in the treated group (P-values
of 5.611e-05 and 2.2e-15 respectively), as shown in Fig 3.1a. As expected, V1V2 and V5
hypervariable regions were also significantly higher. Interestingly, the V4 hypervariable region was

the only one that was significantly lower in the treated group (P-value = 0.002242).

605
; e —_ @ Naives
] @ Treated
(—9; 407 ok % <001
g’ ] T - ** p<0.01
g T *  p<0.05
=
g, 20+ . @ ‘ **
3 & ®* o
s
s
8 i e 2 5 o
-20-

T T T

v1v2 V3 V4 V5

Variable Region

Figure 3.1: Frequency distribution of variable region in treated vs naive. GP120 characteristics, were
obtained in the Los Alamos and applied in the R-programme to calculate the P-value and showed the
variable length frequency distribution between treated and naive using mean and standard

deviation. V1/V2 and V5 lengths were significantly higher in the treated group with the P-values of
5.611e-05 and 2.2e-15 respectively.
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3.3.2 Functional sites in gp120

Interestingly, putative glycosylation sites were found in most regions of the envelope, except C5 and
V5. The number of N- glycosylation sites for V1/V2 were significantly higher (P-value = 0.008727) in
the treated group as shown in fig 3.2a. Putative phosphorylation sites that were seen in the constant
regions (C1 and C3) usually used the SXXD/E motive while the variable regions used the TXXR/E
motive. Putative phosphorylation sites were seen at constant regions AA 110, 115, 264, and 365 and
variable regions 161 and 303. Of note, the S110N mutation resulted in the loss of this
phosphorylation site which in turn resulted in the acquisition of an N-link glycan. Conserved N-

myristoylation sites were mainly seen in C1 and C2.
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Figure 3.2: A) Frequency distribution of glycosylation sites in treated versus naive, calculated in R-
programme showing mean and standard deviation. The number of N- glycosylation sites for V1/V2
were significantly higher with the P-value = 0.008727. B) Alignment of the subtype C Pl-treated
sequences and the naive sequence. Putative sites were determined using PROSITE in GENEDOC.
Functional sites are shown by the colored boxes: red - N-glycosylation site; purple - myristoylation
site; plum — CK2 phosphorylation magenta - PKC phosphorylation; blue - ACP-lipoprotein lipid
attached site.
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3.3.3. Coreceptor prediction

Using a 20% FPR, 37.5% of the treated group were predicted to be CXCR4 viruses and this decreased
to 20.8% when using an FPR of 2.5%; this was still significantly higher than the naive group 1.2%
(p=0.0002). A similar result was obtained when using the 11/25 rule. The V3 charge was significantly

higher in the treated versus naive group (p= 0.015).
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Figure 3.3: Frequency distribution of GP120 charge in treated versus naive, showing mean and
standard deviation. Treated is shown in blue and naive is shown in red and the p-value is in black.
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Table 3.1: Coreceptor prediction in subtype C sequences, using a FPR of 20% and 2.5%.

Coreceptor Prediction
Sample ID | Predicted Coreceptor | Predicted Coreceptor | 11/25 Rule
(20% FPR) (2.5% FPR) tropism
PCSK18 R5 R5 R5
PCSK19 R5 R5 R5
PCSK20 R5 R5 R5
PCSK22 R5 R5 R5
PCSK24 X4 R5 R5
PCSK28 R5 R5 R5
PCSK33 R5 R5 R5
PCSK36 X4 X4 X4
PCSK59 R5 R5 R5
PCSK61 R5 R5 R5
PCSK70 R5 R5 R5
PCSK75 X4 R5 R5
PCSK83 X4 X4 X4
PCSK84 X4 R5 X4
PCSK89 X4 X4 X4
PCSK90 X4 X4 R5
PCSK93 R5 R5 R5
PCSK108 R5 R5 R5
PCSK114 R5 R5 R5
PCSK120 R5 R5 R5
PCSK128 R5 R5 R5
PCSK141 X4 X4 X4
PCSK145 R5 R5 R5
PCSK153 X4 R5 R5

3.3.4. Effect of potential Pl-associated resistance mutations on the structure of
gpl20

A previous study from our laboratory using a Bayesian Network reported mutations in an envelope
that potentially contribute to PI failure (C1-S110N; V1-T132S, T138S; V2-P183S; V2- N195Hand V3-
Q315R). Fig3.4a-d illustrates how these mutations affect envelope structure. We also provide
information on their interactions with other residues within a 5-radius range (Appendix 3.1), as well
as the number and distance of hydrogen bonds. The S110 interacts with positions E106 — S115 and
R429, while the mutant S110N interacts with the same positions and loses contact with R429 which
is the contact residue in the C4 region. T132 and T132S interact with similar AAs, WT T132 showed
additional interaction with S158, N186, and D187 while T132S interacts with additional AAs V134
and Y191 as shown in figure 3.4b. Although mutation T138S and WT T138 interact with the same
AAs, T138S interacted with additional AAs (N141, G142, N143, N152, E153, R327 & Q328). P183,
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P183Q, and P183S also interact with similar AAs, P183Q showed additional interaction with N186
and S189, whereas P183S showed additional interaction with G186, Y193, and 1194. Furthermore,
only P183S contains the hydrogen bond interaction with G185. Both N195 and mutation N195H
interact with AAs at the coreceptor-specific site and CD4 contact residues in V2 and C4 respectively
and show the hydrogen bond interaction with S198 and $199. Q315 and Q315R are shown to
interact with the same position. In addition, Q315R interacted with (T123 and P124). They both form
two hydrogen bonds with 1311, and Q315R forms an additional hydrogen bond with K121 (2.92 A)
found at the coreceptor binding site. From the superimposed V3 and C3 structures shown in fig3.4g,
the R5 viruses showed conserved V3 and C3 structures while X4 viruses showed more variability
between their respective structures which could impact the efficacy of the coreceptor and CD4

binding state.

Lastly, we looked at the molecular surfaces on the discovery studio visualizer (solvent-solid-parent
color) of the modelled proteins fig3.4h. Structures from two of the isolates (K19 and K36) showed an
open pocket around the coreceptor binding site outside of V3 (S375, F376 & N377); this was not
visible in the other structures. This opening exposes the coreceptor CCR5/CXCR4 binding sites and

usually occurs after gp120 has bound to the CD4 receptor.
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Figure 3.4: The interaction of mutations that potentially contribute to PI failure with other AA
residues within a 5-angstrom radius. WT residues are highlighted in blue, and mutations are
presented in red ball and stick for (A) S110N in the C1 region, (B) T132S and (C) T138S in the V1
region, (D) P183S and (E) N195H in the V2 region, and (F) Q315R in the V3 region. G) The structure of
V3 C3 showing the GPGR Tip of the V3 loop and CD4 binding sites in the superimpose protein for
CCR5 and CXCR4 usage. H) The structural surface shows the opening on the CD4-bound structure.

3.4. Discussion

Using various online tools, we’ve studied the gpl20 characteristics, coreceptor switching, and
structural model. According to the characteristics of gp120, the lengthened V1V2 loop seen in the
treated group and the corresponding increase in N-glycosylation sites may have protected these
viruses against CDA4-binding-site-directed neutralizing antibodies, possibly by shielding the
underlying region of envelope glycoprotein from antibody recognition (van Gils et al., 2011). N-
linked glycosylation is recognized as a major mechanism for minimizing virus-neutralizing antibody

response and is important for the induction of virus entry and fusion and has been shown to
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promote a switch to CXCR4 usage in disease progression (Pollakis et al., 2001). Furthermore, the
increased length of V5 may increase resistance to neutralization by reducing antibody binding
affinity through steric hindrance (Guo et al., 2012). The V4 hypervariable region was observed to
affect the coreceptor usage, the process of independent exchange of hypervariable regions, and the
screening of chimeric envelope for the ability to infect both lymphocytes and macrophages, showed
V4 hypervariable region to suppress CXCR4 mediated entry(Ghaffari et al., 2005, Smyth et al., 1998).
In this study, we showed the shorter length of the V4 hypervariable region, and these were found in

67% of CXCR4 using sequences however, its role remains unclear.

N-myristoylation and phosphorylation sites were found in the very conserved area in the constant
region. However, those with mutations that caused a loss of phosphorylation did not show any
change in the structure, while phosphorylation has been associated with protein regulation and
stability,(Garcia-Garcia et al., 2016, Giroud et al., 2011) in this instance, this does not appear to be
the case. On the other hand, conserved N-myristoylation could play a role in signal transduction,
intracellular host, and budding (Wang et al., 2021, Maurer-Stroh and Eisenhaber, 2004, Udenwobele
et al., 2017).

Pastor et al (2006) stated that mutations in the V1/V2 region directly or indirectly improved CCR5-
mediated entry (Pastore et al., 2006). In this study, the V1 mutation T138S was observed to interact
with the receptor binding site and may enhance the interaction of gp120 with receptors to facilitate
entry (Chaillon et al., 2011). Furthermore, V2 positions P183 and N195 are found within the co-
receptor-specific sites, and the changes in the V2 regions P183S/Q and N195H are expected to lead
to the development of CD4-independent entry and binding of gp120 to the CCR5, However, variants
with an alteration in asparagine reduces CCR5 binding (Kolchinsky et al., 2001). This was observed in
this study where the of N195H (4/6=67%) mutation was frequently detected with CXCR4. In addition,
the sequences consisting of both V1 T138S and V2 N195H mutations showed the opening in the
coreceptor binding site on the env surface structure. This could be a result of CD4-bound, where
V1V2 rotates outward in the opening state (Wang et al., 2013). One of the mutations was in the
conserved region of V3-tip GPGQ. The Q315R mutation alone is sufficient to alter the co-receptor
usage, and minimal changes in V3 sequences are known to result in co-receptor switching from CCR5

to CXCR4 (Pastore et al., 2006).
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The CCR5-tropism viruses are typically less positively charged than those of CXCR4 viruses. An
increase in V3 net charge can convert CCR5 tropic viruses into CXCR4 tropic viruses (Yokoyama et al.,
2012, Shioda et al., 1994). Pollakis et al (2001) reported that the high charge in V3 and the loss of the
N-linked glycosylation site within the V3 region can lead to a complete switch from CCR5 to CXCR4
virus (Pollakis et al., 2001). Although, our results showed an increase in the V3 net charge of the
treated versus naive group which will influence to the co-receptor switch, no changes in N-
glycosylation were observed in both groups within the V3 region. Consistent with the charge results,
the coreceptor tropism change from CCR5 to CXCR4 were also observed using Geno2pheno analysis.
This was consistent with the studies that reported that the mutations in the coreceptor binding site

reduced the binding efficiency of gp120 to CCR5 (Rizzuto and Sodroski, 2000, Reeves et al., 2004).

Our results showed that 38% (9/24) of the sequences were CXCR4 viruses, and their structure was
shown to be altered compared to the conserved structure showing CCR5 viruses. The non-conserved
structure of the CXCR4 virus structure was due to the substitutions of residues in the tip and after
the B-hairpin. The GPGR V3 tip may impact predicted B-turn and co-receptor engagement at this site
(Wang et al., 2021). The frequency of the coreceptor switch for naive patients was much lower than
that of the treated due to the findings that the coreceptor switch between diagnosis and starting
antiretroviral therapy is rare (Mortier et al., 2013). Although this study has shown interesting results
in the occurrence of gp120 mutations in the Pl-treated group, the effects of coreceptor switch in the
presence of these mutations, and their effect on coreceptor usage is still unknown. Furthermore, the
mechanism of entry will help us understand if the virus containing these mutations fuses at the

plasma membrane or spreads within the host via cell-to-cell fusion.

3.5. Conclusion

The study suggests that gp120 mutations could facilitate PI resistance by increasing the length of
V1V2 and increasing the overall number of N-glycosylation sites. Env mutations in Pl-treated isolates
further facilitate viral entry through immune escape and coreceptor switching induced by higher
charge in the V3 region, and mutations in coreceptor-specific sites. Facilitating the viral entry could
possibly allow the virus to have an effect in replication capacity. Therefore, further studies need to

be done to investigate if env mutations directly modulate PI efficacy.
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Chapter Four

Structural analysis of gp41 mutations that co-evolve with Gag.
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4.1 Introduction

Previous investigations of PI failure in the absence of mutations in the PR region suggested that
failure could be driven by mutations in Gag (Fun et al., 2012, Parry et al., 2011). Studies on Subtype C
reported Gag mutations (Q69K, K95R, R286K, N374S, E428D, A431, K436R, 1437V, L449P, RA52K,
PA453L, S465F, D480E, and Y484P) that were associated with Pl-failure and were located in the
cleavage as well as non-cleavage sites (Kelly Pillay et al., 2014, Giandhari et al., 2016, Marie and
Gordon, 2019, Obasa et al.,, 2020). These Gag mutations were thought to compensate for an
impaired protease, indirectly decreasing the susceptibility of viruses to the Pls (Gatanaga et al.,

2002, Malet et al., 2007, Nijhuis et al., 2007, Larrouy et al., 2010, Kletenkov et al., 2017).

Rabi et al (2019) was the first to suggest that mutations in the HIV-1 envelope could also contribute
to PI failure, and this has since been supported by other researchers who have reported PI-
associated mutations in gp41 of Env (Manasa et al., 2017, Coetzer et al., 2017, Castain et al., 2019).
From these reports, most mutations were found in the CT (L7211, 1781T, T818, V832I, and 1/L836F)
(Coetzer et al., 2017, Manasa et al., 2017, Perrier et al., 2019, Castain et al., 2019). This is not
surprising, as it is well known that the MA domain of Gag and the CT of gp41 interact during HIV-1
particle assembly (Freed and Martin, 1995, Dorfman et al., 1994, Postler and Desrosiers, 2013) and
that this interaction also regulates viral infectivity, since the CT is only able to fuse with target cells

during cell entry once the MA and NC domains in Gag are cleaved (Wyma et al., 2004).

In chapter 2 we reported novel gp41l mutations that could potentially contribute to PI failure.
Further to that, our group reported Gag mutations Q69K, R76K, Y79F, S111C/I, T239A/S, 1256V,
A431V, K436R, and P453L associated with LPV/r treatment failure (Singh, 2015, Marie and Gordon,
2019), and most of these mutations (Q69K, R76K, S111C/I, T239S, 1256V, and A431V) were also
shown to co-evolve with mutations in gp41 in the pathway to LPV/r resistance (Maphumulo and
Gordon et al (2021). Here, we constructed homology models of gp41 and Gag to investigate how

these co-evolving mutations affect their protein structures during Pl failure.
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4.2 Methods

4.2.1 Sample selection

Twenty-four samples obtained from virologically failing Pl-treated patients and sequenced as
described in Chapter 2. Fifteen samples were selected for structural analysis. Of these 15 isolates, 11
harboured the mutations of interest in the gp41 region and did not harbour any Pl mutations in the
PR region. A WT isolate whose gp41 sequence was most similar to the consensus subtype C was
selected for comparison. Samples selected for the Gag structures had at least six out of the seven
mutations that were reported in chapter 2 and included a mixture of those with and without PI

mutations.

4.2.2 Homology modelling
Homology modelling was conducted using SWISS-MODEL web server

(https://swissmodel.expasy.org. The crystal structure of the HIV-1 envelope trimer 16055 NFL TD CC

(T569G) in complex with Fabs 35022 and PGT124 (PDBID: 5UMS8) was used to model the N-terminal
regions of gp41l. The membrane-proximal external region, transmembrane domain, and cytoplasmic
tail was modelled using the PDBID: 7LOI as a template. Template selection criteria for Gag was based
on the best resolution and highest sequence identity with the query sequence. The structure of the

N-terminal 283-residue fragment of the HIV-1 Gag polyprotein (1L6N) was used as a template.

4.2.3 Molecular Dynamic (MD) Simulations

Molecular dynamics simulations were performed as previously described (Eche et al., 2021). Briefly,
MD simulations were performed using the FF14SB Amber force field in Amber 18 and was run using
the GPU version of the Pmemd engine accessed at the Centre for High-Performance Computing

(CHPC) (http://www.chpc.ac.za). Amino acid residues of the gp4l and Gag proteins were

renumbered based on the protein length from 1 to 341 and 1 to 283 respectively. The system was
explicitly solvated by the TIP3P water molecules with a margin of 12.0 A. Prior to equilibration, a
two-step minimization was performed. Partial minimization of 2000 steps with an applied restraint
potential of 500 kcal/mol for both solutes were carried out, followed by full minimization of 1000
steps. The whole system was then gradually heated from OK to 300K for 50ps, followed by
equilibration of the entire system at a constant temperature of 300K. The MD simulations were

performed for a total of 100ns.
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4.2.4 Post-Simulation Analysis

The root mean square fluctuation (RMSF), root mean square deviation (RMSD), and radius of
gyration (ROG) were performed using the CPPTRAJ modules implemented in Amber18. Snapshots
were analysed every 10000 frames using CPPTRAJ Ring server (https://ring.biocomputingup.it/) was
used to identify salt bridges, hydrogen bonds, disulphide bridges. The structures were viewed and

analyzed in UCSF Chimera (Petterson et al., 2004).

4.3 Results

4.3.1 Gp41 mutation pattern

Five gp41 mutations that were found at significantly higher frequencies in PI failures (as described in
Chapter 2) were further investigated: T536A/M (T536A-22% and T536M-4%), S543A (13%), D632E
(22%), 1688V (9%), and P724Q/S (P724Q-22% and P7245-9%) (Fig 4.1). P724Q (13%), D632E (9%) and
S534A (9%) occurred without any other mutations in gp41. Interestingly, T536A always occurred in
combination with at least one other gp41 mutation: P724S (9%), D632E (4%) and 1688V (9%). Of
note, P724S only occurred together with T536A.

51



4%
4% 13%

4%
4%

9%

9%

9%
9%

m P724Q T536A + P724S S534A
D632E m T536A + 1688V m T536A + D632E

m S534A + D632E = T536M + P724Q m D632E + P724Q

Figure 4.1: Pie chart showing the gp41 mutational pattern.

4.3.2 GP41 interactions

Representative structures containing the mutations identified in the BN are shown in this chapter.
Due to the availability of template structures for the C-terminal region of gp41, the modelled
structures were divided into the ectodomain (fig 4.2 & 4.3) and the TM/CT (fig 4.4). The lowest
energy structure for each sample was chosen as it represents the more stable protein complex. The
dynamic stability of MD simulations was evaluated using RMSD (appendix 4.1). Furthermore, all
snapshot structures were superimposed and are also shown in the appendix 4.2. Hydrogen bond

interactions from both the Ring server and Chimera are shown in Table 4.1.
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Table 4.2: The gp41 mutations and the residues they interact with through hydrogen bond. The
hydrogen bonds distance taken at the threshold of less than, or equal to 3.5A. Mutations that have
PR mutations are highlighted bold.

PID
WT

PCSK75
PCSK93
PCSK36
PCSK70
PCSK145
PCSK24
PCSK28
PCSK83
PCSK84
PCSK114
PCSK120
PCSK33
PCSK61
PCSK89

PCSK108

Mutations
S534
T536
D632
1688
P724

S534A
D632E
P724Q
P724Q
P724Q
S534A
D632E
T536A
1688V
T536A
P724S
T536A
D632E
T536A
P724S
D632E
P724Q
D632E
S534A
T536M
P724Q
T536A
1688V

H-bond (3.5A)
L537 & T538
A533
W628 & N636R
1684, F685, G691 & L692
NONE
L602
NONE
L721T, R744 & R761
P727L & D728
E734, E735 & R747
M530
W628 & N636D
A532, A533 & Q540
1684 & F685
Q540
L721T
A532, A533, V539 & Q540
N636E & Y643
NONE
E735 & E736
W628
L727,D728,1730 & E731
R585, W628 & M629
M530 & L602
V539 & Q540
S716 & L721A

A525, A532, V539 & Q540
1684, F685, L692, G693 & L694

H-bond in Chimera
T538
A532 & Q540
M629 & N636R
1684, G691 & L692
NONE
G531 & L602
W628 & T639
L721T, R729, D743, R744 & R761
P727L & D728
L7211, R725, E734, E735, D743 & R747
M530 & G600
W628
A532 & Q540
1684, F685 & L692
A533 & V539A
L721T
A532 & Q540
W628, T639 & Y643
A532, V539A & Q540
P722 & E736
W628 & R633
G726,L727,D728 & L730
R585 & W628
L602
Q540
L721A
A532 & Q540
1684 & L692

From the Ring Server and Chimera, S534A formed a hydrogen bond with M530 (also within the

FPPR) in one sample, with L602 in the loop region in a second sample and with both M530 and L602

in a third sample Fig 4.2 shows how the S534A mutation caused the hydrogen bond formed between

the WT S534 and L537 and T538 in the FPPR (shown in the pink a-helix, WT fig 4.2a) to shift to L602

at the beginning of the loop region (shown in grey). Furthermore, S534A disrupted the interaction of

T536 and A532 that were seen in the WT. The hydrogen bonds seen between the WT T536 and A532

and Q540 in 4/5 of the samples remained the same in the T536A mutant.

All 4 samples with D632E formed hydrogen bonds with W628 (in combination with other residues),

which was also seen with D632, which formed hydrogen bonds with W628, R629 and N639R. Of
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note, D632 in HR2 formed an ionic interaction with R585 in the loop region in 5/15 samples, table
shown in appendix 4.3. Interestingly, those with D632E and that did not have any Pl resistance
mutations in PR also did not show this ionic interaction. In the WT sample, an ionic interaction was
seen between K601 in the loop region and E654 in HR2 that was not seen in any of the mutant
samples (fig 4.3). The 1688V mutation occurred in the a-helix of the TM region. In both samples with
1688V, hydrogen bonds were formed with 1684, F685 and L692; these hydrogen bonds were also
seen in the WT structure (fig 4.4b).

Lastly, P724Q/S occurred in the loop in the CT (fig 4.4c). P724Q formed hydrogen bonds with L721lI,
L727 and D728, and intermolecular interaction was also seen between P724Q of chain 1 and E735,
D743 and R747 of chain 3.P724Q/S interacted with L721A/1/T in 4/7 samples, of these four samples
two further interact with D743, two of seven samples interact with L727 and D728 and the last
interaction was with E735 in different chains (2 sample); WT P724 did not form any hydrogen bonds

with other residues.

B.. PCKZS €SN PCSKsa

Figure 4.2: Part of the ectodomain region showing the A) WT structure residues S534 and T536
interacting with residues T538, A532 and Q540, and D632 interacting with M629 and N636R
respectively, B) PCSK75 showing S534A interacting with residues within the FPPR and in the loop
region, and C) PCSK84 showing T536A interacting with residues within the FPPR and D632E located
in HR2 interacting with residues within the HR2. The colour presentation is: FP (pink), HR1 (green),
and HR2 (cyan). Mutations are shown in red ball and stick.
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Figure 4.3: The Ectodomain structure showing a salt bridge between residues K601 and E654 in the
WT, and PCSK75 showing a salt bridge between D632 and R585. Grey indicates the loop region, cyan
is HR2, and pink is the FP region.

A WT B. PCSK28
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D. PCSK83

PCSK70

Figure 4.4: The structure of gp41 presenting MPER in purple, TM in blue, CT in green. Mutations are
shown in red ball and stick. The structure of A) the WT, B) PCSK28 showing the TM mutation 1688V
interacting with MPER residues, C) PCSK70 and PCSK145 structures showing the P724Q mutation
with no interaction and D) PCSK83 structure showing the P724S mutation.

4.3.3 Gag mutations associated with Pl-failure.

We previously reported Gag mutations in the MA and CA domain that are potentially associated with
PI failure and interact with gp41 (Chapter 2). Here we show the impact of these Gag mutations on
the protein structure. Interestingly, most MA and CA mutations occurred in the alpha-helices (fig
4.5). Of note, both the wild type (Q69) and mutant (Q69K) formed a hydrogen bond with residue
Q65 and residue Q65 & P66 respectively. Mutants with either R76K and S111C lost a hydrogen bond,
while Y79F and 1256V mutants did not have any change in hydrogen bonding compared to the WT.
However, the length of the bond for the WT-1256 and mutant-1256V were 3.086A and 2.062A
respectively. Mutants with T239S in the CA domain formed a hydrogen bond with Q117 in the MA

domain as shown in Table 4.2.
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Table 4.8: The Gag mutations and the residues they interact with through hydrogen bonds and VDW
bonds. Taken at the distance threshold of less or equal to 3.5A for hydrogen bond and the distance
threshold for VDW is 0.5A. Mutations with PR mutations are shown in bold.

PID Mutations H-bond (3.5A) VDW (0.5A)
WT Q69 Q65
R76 G71,T72,E73,F79, N80
Y79 V82, A83
S111 E107, Q108, K114, T115
T239 5234
1256 W249
PCSK18 Q69K Q65, S66, Q196, D200 Q65
R76K E71,T72, E73, Y79F, N8O E73, N8O, E207
Y79F L75, R76K, V82, A83
S111l G107,Q108, A115 E107
1256V W249 W249
PCSK24 Y79F A83 Q65, L68, L75
PCSK75 Q69K P66
1256V W249
PCSK84 Q69K
Y79F V82, L75, A83 Q65, 168, L101
PCSK93 R76K T72,E73, N80 E73
$111C £107,Q108, L114, A115T
PCSK70 R76K T72,E73, N80 G71
1256V W249 P231, W249
PCSK128 Q69K P66S
1256V W249
PCSK59 Q69K T240
R76K T72,E73, N80
$111C T115
PCSK83 R76K G71,Q69, T72,F79, N8O N80
Y79F L75, R76K, V82, A83 L101, L68
$111C E107 W249
PCSK114 1256V W249
PCSK19 1256V P252, W260, R259 V251, W260
PCSK33 Q69K
R76K T72, E73, Y79, N80 G71, N8O
1256V W249
PCSK61 Q69K
R76K E72, N80
1256V w249 1261
PCSK89 R76K $72, Y79, N80
s111C E107
PCSK90 Q69K E65, P66
PCSK108 Q69K
R76K G71, T72, E73, N80
s111C E107, A115M
T239S Q117, 5234
1256V W249, 1261
PCSK153 Q69K 1283 1282
R76K T72, E73, Y79F, N80 E73
Y79F L75, R76K, V82, A83 L101
1256V W249
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Figure 4.5: Gag structure presenting the MA and CA in orange and yellow respectively. Mutations are
showed in red ball and stick A) PCSK70 structure showing Q69K, R76K and 1256V, this patient did not
horbour mutations in the PR gene. B) PCSK108 showing Q69K, R76K and 1256V, as well as S111C and
T239S. This patient harboured both PR and mutations.

4.4 Discussion

In chapter 2, mutations in gp41 and Gag of HIV-1 subtype C were shown to coevolve in patients
failing a Pl-inclusive regimen (Coetzer et al., 2017, Maphumulo and Gordon, 2021). In this chapter,
the effects of those mutations on their respective protein structures were investigated. Overall,
most of the mutations associated with Pl resistance were located in the a-helices, which could be
related to constraints on folding during the fusion step of viral replication (Melikyan, 2008). In
addition, key mutation S534A that have been previously shown to reduce fusion with target cells
showed a change in hydrogen bonding pattern with residues within FPPR, and bind with residues in
the loop region, suggesting that its affect the fusion (Lu et al., 2019). Furthermore, these changes
suggests that this mutant would favour the cell-to-cell route of infection rather than via membrane
fusion. The T536A mutation gained the hydrogen bond within the FPPR, suggesting that this
mutation stabilizes the FPPR a-helix. Interestingly, T536A did not occur in combination with S534A,
suggesting an antagonistic relationship between these two mutations. In the CT, P724Q/S was found
in the highly immunogenic loop known as the Kennedy epitope which is expressed on the exterior of
free infectious viral particles (Cleveland et al., 2000, Cleveland et al., 2003, Santos da Silva et al.,
2013), while P724S was also associated with Pl failure in the BN in Chapter 2, and suggests a link

between the development of ARV resistance and immune escape.
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S534A and T536A are both found in the FPPR, which is an important region involved in the
association of gp120 with gp41 (Freed et al., 1990, Cao et al., 1993). Lu et al. (2021) showed that
S534 in the FPPR formed hydrogen bonds with N656 in HR2. They suggested that this interaction
stabilized the formation of the Env trimer, and that this interaction was crucial for viral fusion
(Markosyan et al., 2003, Lu et al.,, 2019, Lu et al., 2021). In this study, S534 did not show any
interaction with residues in HR2. Instead, S534A formed a hydrogen bond with L602, found in the
disulphide loop of the loop region that connects HR1 and HR2. This loop is the site of non-covalent
contacts with gp120 C5 that are essential for entry and are identified as the furin recognition sites
(Cao et al., 1993, Caffrey, 2001, Sen et al., 2007, A Yi et al., 2016). This interaction suggests that
S534A might affect the gp120-gp41 interaction. Interestingly, neither S534A nor T536A formed any
interactions with HR, suggesting that these mutations could negatively affect the association of
gp120-gp41. Hikichi et al (2021) has shown that where viral entry is inhibited, the virus reverts to a
predominant cell-to-cell mode of infection (Hikichi et al., 2021). This suggests that in viruses under
drug selection pressure, they will preferentially use the cell-to-cell route of infection in the presence

of these mutations (Freed et al., 1990, Lu et al., 2019, Lu et al., 2021, Hikichi et al., 2021).

Lan et al (2022), reported HIV-1 cell-to-cell transfer to be significantly more effective compared to
normal replication (Lan et al.,, 2022). Cell-to-cell improved viral spread efficiency by preventing
neutralizing antibodies from interfering with the entry and overcoming the restrictive effects of
several anti-viral restriction factors. The main cell-to-cell mechanism is the structure called Viral
Synapse (VS), which is formed between infected and uninfected cells and enhanced the HIV-1
infection (Wang et al., 2017). This method of viral transmission also has a negative impact on the
HIV-1 inhibitors (Abela et al., 2012, Malbec et al., 2014, Dufloo et al., 2018, Pedro et al., 2019, Lan et
al., 2022). Although our sequence data is showing that these mutations are not found in the same
isolate, single or combination of S534A & T536A, can significantly reduce HIV-1 infectivity but not

affecting viral production (Lu et al., 2019).

A salt bridge between D632 and K574 was previously reported and was associated with viral entry,
inhibition and the stabilisation of the interaction between the a-helixes of HR1 and HR2 (Jiang and
Debnath, 2000, He et al., 2008). In this study, this intramolecular salt bridge was seen between D632
and R585 (5/15 sequences) in the loop region and is most likely responsible for the same function.

The movement of the salt bridge appears to be subtype specific, although there are no signature
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mutations at these positions. This suggests that other mutations are involved in this structural
difference between the subtypes. Interestingly, sequences with D632E but did not harbour any PI
associated resistance mutations did not form this salt bridge; however they did maintain the same
hydrogen bonds (D632E with W628 and N636) as the WT, which supports Jiang and Debnath et al
(2000) findings that mutants with D632E retain the same activity as the D632 WT and does not affect
viral infectivity (Jiang and Debnath, 2000, He et al., 2008).

The 1688V interaction with same residues as WT. Although the distance between 1688 and 1584 in
MPER region showed the longer distance from that of the WT, whereas its interaction with L692
within the TM formed the shorter distance compared to the WT, suggesting a stronger folding within
the TM then with MPER. The trimer presented the WT P724 without hydrogen bond formation and
mutations P724Q/S appeared to form both intramolecular and intermolecular hydrogen bond with
L721A/T, L727, D728, and E735 and D743 respectively. The intramolecular interaction presented
stability in retaining the hydrophilic loop to help maintain the B-turn, whereas the intermolecular

interaction suggests the strengthening of the trimer interface.

Structural changes were also observed in Gag mutants. The Q69 residue was previously reported to
be in the a3/4 loop and contributed to structural flexibility in Gag (Codofier et al., 2017). In this
study, mutants with Q69K shown in the a4/5 loop appeared to be longer suggesting that it occupied
more volume than the WT. Our a-helix numbering were double checked and they matched that of
the template (1L6N). Matrix mutations R76K and S111C lost a hydrogen bond, suggesting that there
was increased flexible around the a-helix. This is in line with a study that reported a loss of hydrogen
bonds to be associated with flexibility around the helix which could increase the affinity or
accessibility of MA-CA cleavage sites for PR (Parry et al., 2011, Fun et al., 2012). Moreover, the loss
of hydrogen bonds in the a-helix can allow better access of solvent to the carbonyl group which is
the functional group where carbon double-bonded to an oxygen (Woolfson and Williams, 1990).
Interestingly, Y79F mutants did not gain or lose any hydrogen bonds, suggesting that the presence of
this mutation did not contribute to any changes in the a-helix. The T239S (Capsid) mutation has
been previously reported to stabilize the MA-CA structure and maintain protein folding by gaining a
hydrogen bond between the two domains (Hubbard and Haider, 2010). The 1256V mutant showed a
small difference in the hydrogen bond distance in CA-CA interaction compared to the WT. The
shorter distance suggested a stronger interaction in a-helix structure, which could influence viral

assembly and maturation (Fun et al., 2012, Saito and Yamashita, 2021). These results showed minor
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changes in the structure which led to structural flexibility within the a-helices in MA and retain of

structural folding in CA.

4.5. Conclusion

Most gp41 mutations identified in this study affect the flexibility of the protein. The S534A mutation
might affect the fusion process, favouring a cell-cell route of transmission. Interestingly, all Gag
mutations also contributed to the flexibility of the protein which could in turn affect MA-CA
cleavage. While the study showed the effect of mutations in Gag and gp41 separately, it was not
able to show if these occurred simultaneously, which is a limitation of the study. Furthermore, this
study did not conduct functional assays such as replication capacity to confirm the effect of Env
mutations in combination with Gag mutations on viral fitness and Pl efficacy. Lastly, the sequences
generated for this study only display the N-terminal portion of the CT in gp41, and the effects of

mutations in the C-terminal portion are not taken in-to account.
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Chapter Five

General Discussion, Conclusion, Limitations and Future work
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General discussion

Protease inhibitors are a class of anti-HIV drugs that inhibit the activity of HIV-1 PR, an enzyme that
cleaves the Gag and Gag-Pol precursor proteins during viral maturation (Yang et al., 2012, Arts and
Hazuda, 2012). Protease inhibitor resistance develops in a sequential process, with most major (can
cause resistance on their own) resistance mutations found in the active site of the PR domain,
leading to reduced Pl binding affinity. This also causes decreased binding affinity of the natural
substrate, Gag, which in turn can affect viral replication capacity (Nijhuis et al.,, 2007). To
compensate for this, secondary mutations (which can only cause resistance in the presence of major
mutations) arise and improve the processing effectiveness of the resistant enzyme (Borman et al.,
1996, Nijhuis et al., 1999). However, several studies have reported patients experiencing virologic
failure (VL >1000cpm) without resistance-associated mutations in the PR region, that were unrelated
to non-adherence issues. This suggested a role for other HIV-1 genes in the development of PI
resistance (Pulido et al., 2012, Gallego et al., 2001). Mutations in the gag (Alfadhli et al., 2016, Parry
et al., 2011) as well as env genes have since been shown to contribute to the development of Pl
resistance (Rabi et al., 2013). However, most of these investigations involving env have focused on
gp41l (Perrier et al., 2019, Coetzer et al., 2017, Castain et al., 2019). None of these studies have
reported on gp120 mutations in the context of Pl resistance in HIV-1 subtype C, or the coevolution of
all three genes (env, gag and PR) during the development of Pl resistance. Therefore, in this study
we identified mutations in HIV-1 subtype C Env that were related to Pl therapy failure and suggested
pathways to PI resistance that involved Env and Gag mutations, including HIV-1 subtype C signature

polymorphisms in PR, and highlighted the effects of these mutations on the structure of Env.

To identify mutations associated with Pl treatment failure, Env sequences generated from subtype C
infected patients failing an LPV/r inclusive treatment were compared to downloaded HIV-1 subtype
C drug-naive sequences from the Los Alamos HIV database. Mutations in gp120 were seen in the
variable loops V2 (D167AR, V182I, P183QS, Y191F and N195H) and V3 (S306R, P313DI, Q315R,
I323KNR, A329DT, and C331RS) and constant regions C2 (N230DT, Q258EP, N262LI, T283l, V286l and
1294N) and C3 (W338EG, H374KR, F382V, and F383LV). Mutations in V1/V2 as well as C2 and C3 have
previously been associated with increased viral infectivity and replication capacity (Yokoyama et al.,
2016, Dang et al., 2020). It is therefore possible that the Env mutations identified in the context of Pl
resistance, may serve a similar function. gp41 resistance-associated mutations were found
throughout the region, including FPPR (S534A and T536A/M), HR (Q567K/R and D632E), TM (1688V),
and CT (P724Q/S). Other studies have reported mutations in the CT, although not at the same amino

acid position (Coetzer et al., 2017, Castain et al., 2019, Perrier et al., 2019). These differences could
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be related to differences in subtype, since Coetzer et al (2017) reported the 7211 N-terminal CT
mutation in subtype A, while other studies from subtype B and CRF02_AG reported 1781T (1270T)
and V832 (V321l) found in the C-terminal of the CT (Castain et al., 2019, Perrier et al., 2019). This is

the first report of mutations in the FPPR and TM regions associated with Pl failure.

Using Bayesian network learning, our study also assessed the possible coevolution of the Gag-PR and
Env regions during the development of PI resistance. Two potential pathways to LPV/r resistance
were found. The first one involved a combination of Env and Gag mutations (1256V, S111C and
R76K), where 1256V in Gag was shown to be directly associated with three Env mutations (S110N-
Env, T138S-Env, and S534A-Env), resulting in a pathway (Env mutation + 1256V + S111C + R76K) that
lead to LPV/r resistance. In addition, Q315R-Env at the V3 loop tip, formed the same pathway with
the Gag mutations 1256V, S111C, and R76K, with the addition of S111l which formed an indirect
association between 1256V and Q315R. Gp41l mutations (S534A and P724S) were also associated
with the 1256V Gag mutation. These data suggest that Env mutations are not directly associated with
LPV/r failure; instead, they are indirectly associated through Gag (MA & CA) mutations. These Gag
mutations have been previously associated with Pl resistance in subtype C patients, although not
specifically in patients without mutations in the PR region (Ntale, 2012, Singh, 2015). The second
potential pathway to LPV/r resistance involved mutations in Env and Gag including the V771 minor
mutation in the PR, which has been previously associated with Pl drug resistance in both subtype B
and C (Mata-Munguia et al., 2014, Doualla-Bell et al., 2006), and two signature subtype C mutations,
S12T and P63L. S12T has been shown to be selected in LPV/r- and RTV-treated patients in subtype C
(Giandhari et al.,, 2016). Again, although Env mutations were not directly associated with LPV/r
resistance in these pathways, it is possible that they may exert pressure through the Gag and minor

PR mutations.

To get a clear understanding of the implications of the Env mutations on the structure and function
of Env, gp120 and gp41 were investigated separately as each glycoprotein has its own unique
function. In chapter 3, the effects of mutations in gp120 were described with an emphasis on the
effects on viral entry and evasion of the immune system. Taken together, the increased number of
N-glycosylation sites in the V1/V2 region, increased sequence variation in V1/V2 and V5, as well as
the increased V1/V2 loop length in the treated group vs naive group indicate that these mutations
could potentially protect the virus against neutralization by CD4-binding antibodies (Pollakis et al.,

2001, Wang et al., 2013, van Gils et al., 2011). In addition P183S/Q and N195H in V2 both occurred at
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coreceptor-specific sites, and could play a crucial role in coreceptor usage (Thielen et al., 2010). In
fact, 38% (9/24) of the treated sequences were predicted to be CXCR4 viruses, and of those with
N195H (6/9) four were predicted to be CXCR4 viruses. Similarly, those with the V3-Q315R mutation
found at the tip of the V3 loop were also predicted to be CXCR4 coreceptor using viruses. The
evidence for a coreceptor switch in the treated group was strengthened by the significantly higher
charge in V3 (p-value=0.015) in the treated group vs naive group. CXCR4 usage mediated by a higher

V3 charge was previously reported in clade C viruses (Pollakis et al., 2001).

A closer look at the effects of these mutations on the Env structure, particularly in the V1/V2 regions
(V1: T138S and V2: N195H) showed a change to the opening of the coreceptor binding site.
Interestingly, T138S was positively selected in sequences that do not have Pl mutations in the PR
region. Of note, the CXCR4 predicted viruses (that also harboured the N195H mutation) showed
structural alterations in the GPGR tip, which could impact the B-turn and co-receptor engagement at
that site (Pastore et al., 2006). When taken together, these results suggest that gp120 mutations
modulate viral entry activity by (i) Protecting the HIV-1 from antibody recognition and leading to
immune escape, (ii) coreceptor switching, induced by mutations at coreceptor-specific sites and

mutations interacting with the coreceptor binding sites.

Mutations in gp41 have previously been associated with PI resistance (Coetzer et al., 2017, Castain
et al., 2019, Perrier et al., 2019), and have also been linked to mutations in the MA of Gag. This is not
surprising, as the CT of gp41 interacts with the MA in the formation of the Env during budding (Freed
and Martin, 1995). Therefore, the impact of Gag and gp41 co-evolving mutations on their respective
structures was further explored. Of note, mutations T536A in the FPPR and P724Q/S in the CT were
found most frequently in our sequences (22% and 31% respectively), with 13% of sequences
harbouring the P724Q mutation alone; and T536A and P724S (9%) often occurred together.
Furthermore, P724S was shown in the BN to be associated with treatment via Gag specific mutations
and were also positively selected in sequences without Pl mutations in the PR region. Interestingly,
P724Q/S occurs within the KS and the hydrophobic loop of the KS has been associated with antibody
binding (Freed and Martin, 1995, Dorfman et al., 1994, Cosson, 1996, Santos da Silva et al., 2013,
Cleveland et al., 2003, Alfadhli et al., 2019, Murphy et al., 2017). Therefore, the P724Q/S mutations
and their interactions with other KS residues (L721A/T, PS727 and D728) may impair antibody

binding and recognition and could lead to increased viral replication.
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Of note, S534A mutants formed hydrogen bonds with residue M530 which is the key residue that
forms part of the gp120-gp41 interface, and prefusion state (Kumar et al., 2019), and L602, which is
in the fusion domain, and disulphide loop site of non-covalent interactions with gp120 (Jacobs et al.,
2005). This suggests that this mutation might prevent the cleavage of gp160, hence preventing the
fusion process from occurring. It is possible that, in order to make up for the loss of viral fitness
caused by this mutation, these viruses may choose cell-to-cell contact as their preferred means of
transmission. According to previous reports, when alterations in the gp120-gp41 interface occurs,
the virus may alternatively spread via the cell-cell route of transmission (Zhong et al., 2013, Pedro et

al., 2019, Hikichi et al., 2021).

Codoner et al (2017), reported the coevolution of MA/CA and PR residues in the development of PI
resistance. These MA/CA residues were demonstrated in the helices to either stabilizes or contribute
to flexibility of the structure (Codofier et al., 2017). This study looked at the structural changes that
occurred in the MA and CA mutations that were shown to coevolve with Env mutations following PI
failure without PR mutations. Interestingly, the two Gag MA mutations (R76K and S111C) that co-
evolved with the CA mutation 1256V and Env mutations, both caused the loss of a hydrogen bond,
potentially increasing flexibility within the a-helix 4 and 5 respectively. Parry et al (2011)
hypothesized that the loss of hydrogen bonds and increased flexibility, increased the affinity or

availability of the MA-CA cleavage site with respect to the protease (Parry et al., 2011).

MA mutation Q69K found in the bend (residues: R L68, T70, G71 and T72 ) displayed a longer side
chain compared to the Q69 wildtype, suggesting that it occupies a larger volume-(Khan and Vihinen,
2007). It is unclear, though, how this mutation inhabiting a larger volume would affect the
processing. The CA mutation T239S could contribute to the stability of the MA-CA structure by
forming a hydrogen bond with Q117 in MA. Another CA mutation, 1256V, retained the hydrogen
bond present in the WT; however, the distance between the WT residues (1256 and W249) was

shorter. This shorter distance could contribute to compact a-helix within the CA.

Conclusion

This is the first study that reports and proposes that gp120 indirectly facilitates Pl resistance through
acquiring mutations that increase the length of V1/V2, consequently increasing the overall number
of N-glycosylation sites, as well as increasing the overall charge in V3. In this way, these mutations

facilitate viral entry through immune escape, and drive the switch to CXCR4 viruses which could
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possibly enhance viral replication. Moreover, it has been demonstrated that the gp41l mutations
reported here affect the flexibility of the protein. The S534A mutation have an effect on fusion by
interacting with the gp120-gp41 interface, while mutations in the Kennedy epitope are more related
to immune escape. Overall, Env mutations contribute to Pl drug resistance through coevolution with
mutations in Gag which are known to contribute to Pl failure and compensate for the loss of viral
fitness, suggesting an interplay between immune escape and the development of drug resistance.
This study will give a theoretical understanding regarding the role played by regions outside of
protease (gag and env) in the development of protease inhibitor resistance especially in subtype C.
Therefore, suggests that region outside protease should be included in drug resistance testing,

certainly in the interpretation of drug resistance profiles.

Limitations and future work

Limitations

There are several limitations in this study, including the small sample size. In addition, this study did
not conduct functional assays such as replication capacity and drug susceptibility assays that confirm
the effect of Env mutations alone and in combination with Gag mutations on viral fitness and PI
efficacy. Furthermore, the sequences generated for this study only display the N-terminal portion of
the CT in gp41, which could mean that the C-terminal domain of CT mutations that could contribute
to Pl failure are not included in this study. Lastly, this study reports the effect of mutations that were
reported to co-evolve with gag and PR. The mutations that were significantly high in treated and did
not show any co-evolution were not further investigated, and therefore not represented. Although
these mutations did not coevolve with Gag-PR, their significant increase indicates the possibility to

contribute to the effects of replication capacity in their respective genes.

Future work:

To perform replication capacity and drug susceptibility assays on these isolates. This will be achieved
by cloning amplified env and Gag genes isolate from Pl-treated viruses into a plasmid backbone and
investigating the effects of these on replication capacity and susceptibility to Pl (LPV).

Investigations using site-directed mutagenesis to determine whether Env mutations alone can affect
LPV/r efficacy. The 5 mutations identified will be inserted into a pnl4.3 backbone and replication
capacity and drug susceptibility assays will be performed. Combinations of these mutations with
mutations in PR and Gag will also be investigated in PR and Gag will also be investigated to

determine the relationship between mutations in env, Gag and PR.
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Invitro study to gain insight into how mutations reported in chapter 3 facilitate viral entry through
immune escape and coreceptor switching. Studying the mechanism of entry in the presence of these
mutations will help us understand if the virus fuses at the plasma membrane or spreads within the
host via cell-to-cell contact.

Understanding the impact of FPPR mutations in gp120-gp41 association during Pl resistance. The
FPPR mutations will be modelled in the same structure to clearly understand their impact on the
association of gp120 with gp41.

Investigate the effect of Gag and Env mutations on HIV-1 assembly and budding in PI failures, and

this will aid in understanding the mechanism of coevolution in Env and Gag through PI resistance.
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Appendix
Appendix 1: Mutational table showing PIDs and mutations in PR, Gag, and Env
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PID Protease Gag Envelope

PCSK18 NONE Q69K, R76K, Y79F, S1111, Q182S, 1256V T138N

PCSK20  NONE R76K, Y79F, 1256VK, 436R, L449P T138R

PCSK22  NONE Q69K T138S, P183Q

PCSK24  NONE Y79F Q315A, S534A, D632E

PCSK28  NONE NONE T536A, 1688V

PCSK36 NONE R76K, T239A T138A, N195H, Q315R, P724Q
PCSKS9  NONE Q69K, R76K, S111C T132S, P183Q

PCSK70  NONE Q69K, R76K, 1256V P183A, P724Q

PCSK75  NONE Q69K, V128l 1256V T138S, S534A

PCSK83  NONE R76K, Y79F, S111C, 1256V N195H, Q315R, TS36A, P724S
PCSK84  NONE Q69K, Y79F T132A, T138S, N195S, Q315R, TS36A, D632E
PCSK114 NONE 1256V T138S, P183K, T536A, P724S
PCSK128 NONE Q69K, 1256V T132A

PCSK120 NONE Q69K, R76K, S111C, K436R P183Q, D632E, P724Q
PCSK145 NONE N/A P724Q

PCSK93  NONE R76K, S111C, P453L T132A, D632E

PCSK19 V82A 1256V, L449F, R452K S110N, T138K, P183S, N195H
PCSK61  MA46I,154V,L76V,V82A Q69K, R76K, V128I, T239A, 1256V, A431V, L449F P183S, S534A

PCSK89  MA46l,154V,L76V,V82A R76K, S111C, A431V T132S, N195H, Q315R, T536M, P724Q
PCSK90  M46I,150V,154V,V82A Q69K, A431V, P453L S110N, N195H, Q315K
PCSK108 MA46I1,154V,L76V,V82A Q69K, R76K, S111C, 1256V, T239S, A431V P183Q, T536A, 1688V
PCSK153 MA46I,154V, L76V,V82A, 241 Q69K, R76K, Y79F, Q182S, 1256V NONE

PCSK33  M46I,F53L,154V,L76V,V82A,L190M Q69K, R76K, 1256V, Q182S, K436R P183E, N195I, D632E

Appendix 2: Supplementary material for chapter 2.

Supplementary figure 1: Gel picture, showing the amplification of Gag-PR. Gag-PR size 1.7 kb.

84



ENV size:3,564

Supplementary figure 2.: Gel picture showing the amplification of envelope. Envelope size 3.5 kb.

S-table 1. Sequencing Primers.

Forward Primers
RECIF 5581 —» 5602 5’- AGG GGC CGC AGA GGG AACCATA -3
ENV-Z1F 6327 - 6353 5’-TGG GTC ACA GTC TAT TAT GGG GTA CCT-3’
ENV-DF 7208 - 7226 5-AGC ACATTGTAA CATTAGT-3’
ENV-TUG 7859 — 7879 5’-GTC TGG TAT AGT GCA ACA GCA-3’

Reverse Primers
E270R 8566 «— 8585 5'-GCGTCC CAGAAGTTCCACTG-3'
ENV-ZAR 7629 « 7652 5’-GTC CCT CAT ATCTCCTCCTCCTCT-3
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Appendix 3: Supplementary material for chapter 3

Appendix 3.1: Table S1: HIV-1 gp120 AA residues within a 5-radius range interacting with WT

positions and mutations potentially contributing to Pl failu

AA interaction within 5A

re.

S110 S110N Ti32 T132S T138 T138S P183 P183Q  P183S

E106 E106 N130 T130 N136 5136 V18l 1181
D107 D107 C131 C131 V137 N137 V182 V182
1108 1108 D133 N133 R139 T139 F184 L184
1109 1109 M154 V134 N140 N140 G185 D185
L111 L111 K155 M154 G324 N141 D187 N186
w112 W112 N156 K155 D325 G142 5188 5187
D113 D113 C157 N156 1326 N143 E190 5188
Q114 Q114 S158 C157 N152 Y191 5189
S115 S115 N186 H188 E153 R192 D190
R429 D187 5189 D325 Y191
5188 Y191 1326 R192

G189 R327

Q328

Vvisl
V182
1184

G185
G186
D187
T188
N190
5192
Y193
1194

N195
D180
L193

1194

N195
C196
N197
T198
5199
1201

K421
1423

N425
Q428
G429
G431
A433

N195H
D180
L193
1194
C196
N197
T198
5199
T200
1201
1423
H425
Q428
R429
G431
R432
A433

Q315
V120
K121
L122

T163
1309

R310
1311

G312
P313
G314
A316
F317

Q315R
V120
K121
L122
T123
P124
T163
1309
R310
1311
G312
P313
G314
G316
F317

Appendix 3.2: The gp120 structural surface of the CD4-unbound, modelled using PDB:6CK9 as a

template.

CD4-unbound
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Appendix 4: Supplementary material for chapter 4

Appendix4.1: RMSD for gp41 ectodomain and C-terminal domains of gp41 (MPER and CT).

Ectodomain

RMSD A

—
0 20000 40000 60000 80000 100000 120000
Time (ns)

RMsD A

C-terminal domain

WT
PCSK28
PCSK36
PCSK70
PCSK83
PCSK89

T T T T T
0 20000 40000 60000 80000 100000 120000
Time (ns)

Appendix 4.2: Superimposed structures of ectodomain, modelled using PDB 5UMS8 as a template.
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Appendix 4.3: Salt bridges (ionic + hydrogen bonds) interaction table from ring server.

PID
WT
PCSK24
PCSK28
PCSK33
PCSK36
PCSK61
PCSK70
PCSK75
PCSK83
PCSK84
PCSK89
PCSK93
PCSK108
PCSK114
PCSK120
PCSK145

HR1 & HR1 HR1 & Loop Loop Loop & HR2
R557-E560 K601-E654
R557-E560 R585-D632

R585-D589 & K601-E654
E584-K588 & R585-D589 R585-D632

K585-D632
R542-D589 R585-D640
R557-E560 R585-D589
R557-E560 R585-D632 & K601-E657
R557-E560 R585-D632 & D589-R685
K617-E634
R585-D589 K601-E657

Appendix 5: Biomedical Ethics recertification
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Abstract: An increasing number of patients in Africa are experiencing virological failure on a second-
line antiretroviral protease inhibitor (PI)-containing regimen, even without resistance-associated
mutations in the protease region, suggesting a potential role of other genes in PI resistance. Here,
we investigated the prevalence of mutations associated with Lopinavir/Ritonavir (LPV /r) failure in
the Envelope gene and the possible coevolution with mutations within the Gag-protease (gag-PR)
region. Env and Gag-PR sequences generated from 24 HIV-1 subtype C infected patients failing an
LPV /r inclusive treatment regimen and 344 subtype C drug-naive isolates downloaded from the
Los Alamos Database were analyzed. Fisher’s exact test was used to determine the differences in
mutation frequency. Bayesian network probability was applied to determine the relationship between
mutations occurring within the env and gag-PR regions and LPV/r treatment. Thirty-five mutations
in the env region had significantly higher frequencies in LPV /r-treated patients. A combination of
Env and Gag-PR mutations was associated with a potential pathway to LPV/r resistance. While Env
mutations were not directly associated with LPV/r resistance, they may exert pressure through the
Gag and minor PR mutation pathways. Further investigations using site-directed mutagenesis are
needed to determine the impact of Env mutations alone and in combination with Gag-PR mutations
on viral fitness and LPV /r efficacy.

Keywords: HIV-1; Envelope; Gag-protease; mutations; protease inhibitors

1. Introduction

While the dispensing of HIV-1 protease inhibitors (PIs) as part of a routine second-
line regimen has been a significant turning point in the management of HIV-1 [1], the
development of resistance to Pls is also increasing [2].

PIs are known to inhibit the activity of the HIV-1 protease (PR) enzyme responsible
for the proteolytic processing of HIV structural Gag and enzymatic Pol polyprotein com-
ponents [3]. The viral protease (PR) enzyme cleaves the Gag precursor protein (Pr55528)
and the Gag-Pol precursor protein (Pr160528Pl), resulting in virion maturation [3-5]. This
proteolytic process prevents the formation and maturation of infectious HIV particles. The
efficacy of the PI is limited by the emergence of resistance mutations that are potentially
caused by poor compliance, subtherapeutic systemic levels of the drug, or prolonged
treatment with one Pl-based regimen during virologic failure [6].

Interestingly, >20% of patients failing a PI-based regimen do not harbor any resistance-
associated mutations in the protease (PR) domain [7-9]. While non-adherence has been
identified as a key player, some studies have suggested that Gag mutations can indirectly
affect the Gag cleavage site and drive PI resistance without any mutations in the protease
region [10,11]. These mutations were commonly found close to the cleavage sites, although
non-cleavage site mutations have also been linked with PI resistance [12,13]. Verheyen et al.
(2006) have linked Gag precursor p7-p1 (A431V, K436R, and 1437V) and p1-p6 (L4497,
P452S, and P453L) cleavage site mutations with resistance to PIs [14-16]. These mutations

Microbiol. Res. 2021, 12, 967-977. https:/ / doi.org/10.3390/ microbiolres12040071
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are thought to compensate for any enzymatic impairment of protease caused by the loss of
van der Waals interactions between the inhibitor and binding sites [12,14,15,17-20].

Others have suggested that the mechanism for PI failure may involve mutations in
the Envelope (env) gene [5,21]. Coetzer et al. (2017) reported Gp41 mutations from both
the Heptad repeat (HR) (607T and 641L) and cytoplasmic tail (CT) (7211) that potentially
contribute to P failure [21] Two studies that looked at virological failure during PI exposure
both reported that mutations in the CT impacted PI susceptibility [22,23]. Furthermore,
Env mutations have been suggested to promote cell to cell transmission, leading to high-
level drug resistance mutations in ARV target genes; by doing so, they increase the level
of resistance to a broad panel of ARVs in vitro [24,25]. The HIV-1 Envelope is said to
concurrently evolve to escape from both neutralizing antibodies (NABs) and ARV [25].

Although studies have reported the emergence of Gag and Env mutations in patients
failing PIs [21-23], to date, no one has reported on the coevolution of Gag and Env in these
patients. Here, we investigated the prevalence of Env mutations associated with PI treat-
ment failure and the possibility of coevolution with mutations within Gag, and protease, in
full-length Env and Gag-PR sequences from HIV-1 subtype C infected individuals failing a
Pl-inclusive regimen.

2. Materials and Methods
2.1. Study Cohort

This retrospective study used 24 stored plasma samples obtained from virologically
failing PI-treated patients enrolled in the Protease Cleavage Site (PCS) study (2009-2013) at
McCord and King Edward VIII hospitals Durban, South Africa [26]. All enrolled patients
received Lopinavir/Ritonavir therapy for at least six months and had plasma HIV-1 RNA
levels > 1000 copies/mL. In addition, sequences from 344 subtype C drug-naive isolates
were downloaded from the Los Alamos HIV-1 Database (http://hiv-web.lanl.gov) accessed
on 10 September 2020. Written informed consent was obtained from all study participants.
The Biomedical Research Ethics Committee of the University of KwaZulu-Natal (BREC
NO: 678/17) approved the study.

2.2. Amplification and Sequencing Analyses of the Env Domain

Viral RNAs were extracted from 140 pL of plasma using the QIAamp RNA kit (QIA-
GEN Services, Inc., Germantown, MD, USA) and reverse-transcribed using a Thermoscript
RT-PCR kit (Invitrogen, Carlsbad, CA, USA). A 1.7 kb Gag-Protease product was ampli-
fied by nested PCR using the Takara Ex Taq HS enzyme kit. Specific primers, Gag +1
5'-GAGATCTCTCGACGCAGGAC-3' (HXB2 nucleotide: 675 to 697, forward primer) and
3"rvp 5-GGAGTGTTATat GGATTTTCAGGCCCAATT-3' (HXB2 positions: 2696 to 2725,
reverse primer), were used for the first-round PCR, at 55 °C for 30 min (cDNA synthesis)
and 94 °C for 2 min (initial denaturation), followed by 35 cycles of 94 °C for 15 s (denat-
uration), 55 °C for 30 s (annealing) and 68 °C for 2 min (extension), and ended with a
5 min incubation at 68 °C (final extension). Long fwd 5-GAC TCG GCT TGC TGA AGC
GCG CAC GGC AAG AGG CGA GGG GCG ACT GGT GAGTAC GCC AAA AATTTT
GAC TAG CGG AGG CTA GAA GGA GAGAGA TGG G-3' (HXB2 nucleotide: 695 to 794,
forward primer) and Long rev 5'-GGC CCA ATT TTT GAA ATT TTT CCT TCC TTT TCC
ATT TCT GTA CAA ATT TCT ACT AAT GCT TTT ATT TTT TCT GTC AAT GGC CAT TGT
TTA ACT TTT G-3' (HXB2 nucleotide: 2706 to 2805, reverse primer) were used for nested
PCR at the following conditions: 94 °C for 2 min (initial denaturation), 40 cycles of 94 °C
for 30 s (denaturation), 60 °C for 30 s (annealing) and 72 °C for 2 min (extension) followed
by a 7 min hold at 72 °C (final extension). Primers were complementary to subtype B,
gag-protease-deleted NL4-3 plasmid (pNL4-3Agag-protease) on either side. Amplicons
were electrophoresed in a 1% agarose gel to confirm the presence of the 1.7 kb amplicon
corresponding to the gag-PR gene. The size of the product was determined using the
GeneRuler™ 1 kb DNA Ladder (Fermentas International Inc., Waltham, MA, USA), as
shown in Supplementary Figure S1.
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Next, we amplified an Env fragment spanning HXB2 positions 5580 to 8586 by nested
PCR using first-round primers Rec2F 5-GATAAAGCCACCTTTGCCTAGT-3' (HXB2 po-
sitions: 5514) and Env2 5-TTCTAGGTCTCGAGATACTGCT-3" (HXB2 positions: 8889),
second-round primers Envl 5-AAGCGCCACAGAGCGGAGCCATA-3' (HXB2 positions:
5580) and E270R, 5-GCGTCCCAGAAGTTCCACAA-3' (HXB2 positions: 8566) and PCR
conditions as previously described [27]. Sequences were generated using the Gag-Protease
sequencing primers 5'-CTT GTC TAG GGC TTC CTT GGT-3' (HXB2 position: 1078-1098),
5'-CTT CAG ACA GGA ACA GAGGA-3' (991-1010), 5’-GGT TCT CTC ATC TGG CCT GG-
3’ (1462-1481), 5'-CCT TGC CAC AGT TGA AAC ATT T-3' (1960-1981), 5'-TAG AAG AAA
TGA TGA CAG-3' (1817-1834), 5'-CTA ATA CTGTatCAT CTG CTC CTG T-3' (2328-2353),
5-CCT GGC TTT AAT TTT TAC TGG-3' (2196-2268). Cycling conditions were as follows:
94 °C for 2 min (initial denaturation), 35 cycles of 94 °C for 15 s (denaturation), 55 °C for
30 s (annealing) and 68 °C for 4 min (extension) followed by a 10 min hold at 68 °C (final
extension). Amplification of the env region was confirmed by gel electrophoresis (shown in
Supplementary Figure 52)

The gp160 Env was sequenced using population-based forward and reverse primers
(shown in Supplementary Table S1) and the BigDye v3.1 cycle sequencing kit (Applied
Biosystems, Foster City, CA, USA), and run on an Applied Biosystems (ABI) 3130x] auto-
mated sequencer. Sequences were assembled and edited using the Applied Biosystems
Sechape® Software and aligned against subtype C reference.

2.3. Statistical Analysis

Multiple sequence alignments were generated using the ClustalX program (http:
/ /www.clustal.org/) accessed on 16 September 2020, and manually edited using BIOEDIT
(Ibis Biosciences, An Abbott Company, Sylmar, CA, USA). The Virulign tool (https://
github.com/rega-cev /virulign) accessed on 11 December 2020, was used to determine
the amino acid substitution at each position in Gag-PR and Env on PI exposure and naive
isolate sequences. Fisher’s exact test was performed for all positions to identify mutations
significantly more prevalent (p-value < 0.05) in Pl-experienced patients.

2.4. Bayesian Network

Bayesian network learning was performed using B-Course (http:/www.b-course)
accessed on May 2021, which modeled direct and indirect associations between Gag, PR,
and Env mutations and exposure to PI treatment. Only significant mutations identified
using Fisher’s exact test were included in the model together with known Pl-resistance-
associated mutations. As previously described, associations between mutations learned
and graphical representations were evaluated [28,29]. Non-parametric bootstrap analysis
was calculated by running 5000 replicates to derive network robustness. Only interactions
with bootstrap support over 65% were included in the network.

2.5. Coevolution Using CAPS

Gag-PR-Env coevolution analysis was performed using the Coevolution Analysis for
Protein Sequences (CAPS, http:/ /bioinf.gen.tcd.ie/caps/) accessed on 26 October 2020
program. CAPS identifies groups of coevolving pairs with a correlation coefficient > 0.5 by
using amino acid (AA) sites to compare the correlated variance of their evolutionary rate
using the probability scores between two pairs of aligned sequences [30]. The evolutionary
rate was estimated using the blocks substitution matrix (BLOSUM). The distribution of
5000 randomly sampled values was used to identify coevolving codons.

93



Microbiol. Res. 2021, 12

970

2.6. Positive Selection

Positive selection pressure in Gag-PR-Env sites was assessed using the rate ratio of
non-synonymous to synonymous (w) substitutions in the CODEML program of the PAML
software package (version 4.9) [31]. Analysis was performed using three classes w < 1,
w =1, w > 1 assuming purifying, neutral, and positive selection, respectively. The w value
and likelihood estimates were calculated for three different codon-based ML pairs of site
models: MO (one w) vs. M3 (discrete), M1la (nearly neutral) vs. M2a (positive selection),
and M7 (beta) vs. M8 (beta and w > 1). Comparison of M0 vs. M3 is a test of site rate
variation, while M1 vs. M2 is for positive selection. The likelihood ratio test was used to
evaluate the best-fitting model for the data [32]. The Bayes Empirical Bayes method was
used to identify specific sites under positive selection.

3. Results
3.1. Participant Characteristics

Twenty-four Gag-Prot-Env sequences from 24 patients failing a Pl-inclusive treatment
regimen were available for analysis, of whom 14 were females and 10 were males, with the
median age of 35 years (interquartile range (IQR) 17-38 years). The median viral load was
4.84 logyg copies/mL (IQR 4.12-5.51). All patients were infected with HIV subtype C as
established by the Virulign tool.

3.2. Prevalence of Envelope Mutations in LPV /r-Experienced versus ART-Naive
Subtype C Sequtences

Twenty-four Env sequences were available for analysis. The prevalence of amino
acids at each codon position was calculated by comparing sequences from LPV /r-treated
and ART-naive isolates. All sequences were confirmed as subtype C using the Rega
subtyping tool. Figure 1 shows a total of thirty-five mutations identified in the env gene,
with significantly higher frequencies in LPV /r-experienced patients compared to those that
were ART-naive. These were: [19LSV (32% vs. 13%), S110EN (16% vs. 4%), D167AGKNR
(16% vs. 2%), P183AEKQRS (48% vs. 20%), Y191CFHNS (12% vs. 1%), N195HIKRST (28%
vs. 8%), N230DT (20% vs. 16%), Q258EP (8% vs. 1%), N262LI (8% vs. 0%), T283IKNQSV
(28% vs. 9%), V286AIM (16% vs. 3%), I294LMN (8% vs. 0%), S306DGNR (24% vs. 5%),
P313DI (8% vs. 0%), Q315AKR (32% vs. 3%), [323KNRTV (12% vs. 1%), A329DIPT (16%
vs. 0%), C331RS (8% vs. 0%), W338EG (8% vs. 0%), H374KLPR (8% vs. 1%), F382V (8% vs.
1%), F383LV (8% vs. 0%), L390QV (8% vs. 0%), N425DHR (20% vs. 4%), LA53EIM (20% vs.
4%), R469KTW (8% vs. 1%), V489IL (16% vs. 1%), VS0SAEMT (8% vs. 1%), E507GQRW
(28% vs. 10%), S534AL (12% vs. 2%), T536 AMSV (32% vs. 10%), Q567KR (8% vs. 1%),
D632EG (24% vs. 8%), 1688TV (12% vs. 1%), P724LQRSX (32% vs. 12%). In contrast, the
K63RT (16% vs. 50%), T132NQ (24% vs. 97%), T138NQ (36% vs. 80%), and V182EIKLMNT
(12% vs. 56%) mutations were found at a lower frequency in the Pl-experienced versus
ART-naive sequences.

3.3. Positive Selected Sites in Envelope and Coevolution with Gag-PR Residues

Here, we determined which amino acid changes were under positive selection pressure
following treatment failure using PAML [30]. Figure 2 shows PAML analysis of amino acid
changes from participants failing an LPV /r-inclusive treatment regimen and ART-naive
participants that were positively selected. A total of twelve sites were positively selected:
V85, T138, Y146, M147, E150, K151, G152, D277, G321, K322, N463, and T465. None of
these sites were previously associated with entry and fusion inhibitor or LPV/r failure.
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Coevolution Analyses for Protein Sequences (CAPS) was used to determine whether
amino acids in Gag, PR, and Env sites coevolved in patients failing an LPV/r-inclusive
treatment regimen. All positions with amino acid variation greater than 1% were included
in the analysis. The coevolution analysis identified seven amino acid coevolving pairs,
but these did not correlate significantly. The coevolving pairs were mostly seen between
Env and Gag sites (Env: 11, 23, 29,142, 147, 336, 389, 400, 496, 534, 617, and 668; Gag: 108,
225, 256, 335, 372, 388, 478, and 480), while only one was observed between Env and PR
(400-Env and 76-PR) sites.

3.4. Interactions between Envelope and Gag-PR Mutations with LPV/r Treatment

Using Bayesian network learning, we explored the interactions between Gag, PR,
and Env mutations in isolates exposed to LPV /r treatment. Only statistically significant
positions according to Fisher’s exact test were included in the analysis. Figure 3A shows
mutations in the env Gp120 region (S110N-Env, T132S-Env, T138S-Env, P183Q-Env, and
Q315R-Env) that were indirectly associated with exposure to LPV/r treatment via known
Gag-PR mutations (Q69K-Gag, S111I-Gag, 1256V-Gag, and V77I-PR). More specifically,
P183Q-Env was indirectly associated with LPV /r treatment via interaction with V77I-PR.
T132S-Env also showed a robust connection with Q69K-Gag mutation, which is further
related to K20R-PR mutation. Both T1385-Env and S110N-Env showed a strong associa-
tion with 1256V-Gag. Interestingly, a robust direct connection with LPV /r exposure was
observed between a known Gag-PR mutation (R76K-Gag) and wildtype variants at codon
positions in Gag (Q182-Gag-PR-WT) and PR that have been linked to drug resistance
(I50-PR-WT, V77-PR-WT, and L90-PR-WT).

Figure 3B shows the association between Gag, PR, Env Gp41 mutations, and LPV /r
treatment experience. There was a strong interaction between T536M-Env, S543A-Env,
1688V-Env, and P724S-Env and Gag-PR mutations (S12T-PR, P63L-PR, Q1825-Gag, and
1256V-Gag). Specifically, P724S-Env was directly associated with P63L-PR and Q182S-
Gag and indirectly associated with A431V found at a Gag cleavage site. Another direct
association was seen between S534A-Env and 1256V-Gag. Both T536M-Env and 1688V-Env
were directly associated with S12T-PR. There was no direct interaction between treatment
experience and Env Gp41 mutations.
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Figure 3. Annotated Bayesian network based on 5000 bootstraps, showing the association between nodes indicating Env
and Gag mutations in subtype C LPV /r-treated sequences. Here, we determined the association between (A) Env Gp120,
Gag, PR mutations, and treatment experience and (B) Gp41, Gag, PR, and treatment experience. The color code of nodes
is defined based on their link with LPV/r: drug resistance variants (red), treatment associated variants (orange) and
natural occurring: Polymorphic variants (gray), wild-type variants (blue). The arcs represent a direct dependency between
corresponding nodes, and the thickness of an arc is in proportion to bootstrap support. The arc direction does not represent
the accumulation of mutations or causal meaning but may indicate a multivariable effect in the network.

97



Microbiol. Res. 2021, 12

974

4. Discussion

Mutations in the env gene have previously been associated with resistance to PIs [5];
however, no studies have been conducted using subtype C PI failures, nor have they
investigated their role in combination with the Gag. In this study, LPV /r-resistance-
associated mutations in Gag, PR, and Env were characterized in HIV-1 subtype C patients
from KZN, South Africa, who were failing an LPV/r-inclusive treatment regimen. We
identified several amino acids in the env gene that were associated with LPV/r failure. We
also found potential pathways leading to LPV/r resistance that involved a combination of
Gag, PR, and Env mutations.

Significantly higher frequencies of AA changes in the GP120 region of the LPV/r-
experienced group were commonly identified. These were mostly in the variable loops
(V2: D167AR, V1821, P183QS, Y191F and N195H, and V3: S306R, P313DI, Q315R, 1323KNR,
A329DT, and C331RS); however, increased frequencies were also observed in the constant
regions (C2: N230DT, Q258EP, N262LI, T2831, V2861 and 1294N, and C3: W338EG, H374KR,
F382V, and F383LV). Amino acid changes in these regions can, therefore, potentially increase
the infectivity and replication capacity of the virus [33].

In GP41, sequences from LPV/r failures harbored significantly higher frequencies
of Heptad repeat (HR) mutations at codons 534, 536, 567, and 632. Consistent with our
findings, an HIV-1 subtype A study also observed higher levels of mutationsin HRin LPV/r
failures [21]. Furthermore, higher mutation frequencies were also seen in the cytoplasmic
tail (CT); this is in line with other studies that reported CT mutations associated with
virological failure in PI-experienced participants [21-23]. As the CT plays a functional role
in Env incorporation during virion assembly, this suggests that mutations in this region
may influence the efficiency of Env incorporation [34].

Using Bayesian network learning, we found potential pathways leading to LPV/r
resistance that involved a combination of Env and Gag mutations. 1256V appeared to be
an essential mutation as it was shown to be directly associated with three Env mutations
(S110N-Env, T138S-Env, and S543A-Env) and indirectly associated with Q315R-Env via
S1111-Gag and P724S-Env via Q182S-Gag. Although less is known about the 1256V-Gag
mutation, it has been previously associated with LPV/r failure in subtype C studies [35,36].
It has also been associated with reducing drug susceptibility to benzodiazepine and benz-
imidazole in Gag subtype B studies [37]. Mutations T138S-Env and S110N-Env showed a
strong interaction with 1256V-Gag, forming a pathway (T138S-Env + S110N-Env + 1256V +
S111C + R76K) to LPV /r exposure. A study by Singh et al. (2015) identified 1256V, S111C,
and R76K in Gag following LPV/r treatment in subtype C patients in South Africa [35].
Interestingly, T138 was also positively selected in our PAML analysis. Although a wildtype
amino acid, T138, is known to play an essential role in antibody binding, and although
the change from Threonine (T) to Serine (S) weakened the binding, T138S did not inhibit
antibody binding [38].

Another potential pathway for LPV /1 resistance included Env mutations Q315R-Env
and the same Gag mutations 1256V, S111C, and R76K, with the addition of S1111. While
QQ315R has been identified as a naturally occurring polymorphism in subtype A [39], its role
as a drug-resistance-associated mutation in subtype C requires more mechanistic studies.
Mutation T132S-Env showed a robust connection with Q69K-Gag, which has previously
been associated with reduced susceptibility to PIs [40].

Interestingly, known Pl-resistance-associated mutations K20R-PR, 154V-PR, L10F-PR,
and L76V-PR were not directly connected to LPV/r exposure in the network, suggesting
that immune selection pressure may also be in play.

While not directly associated with LPV /r resistance, Env Gp41 (S543A-Env and P724S-
Env) mutations were associated with Gag (Q182S-Gag and 1256V-Gag) mutations. Env
mutation P724S was strongly associated with Q182S-Gag, which was further associated
with 1256V. S534A-Env was also directly associated with 1256V-Gag, further supporting the
role of 1256V-Gag in connecting Env in the pathway to drug resistance. Interestingly, most
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of the mutations in Gag connected to Env mutations were located in the capsid domain
(such as 1256V), which is similar to other studies [21].

Another potential network to LPV /r resistance involved mutations found in the env in
combination with the gag and PR region. Env mutation P183Q-Env was directly associated
with V77I-PR, previously associated with PI drug resistance [41-43]. In addition, Env
mutations T536M and 1688V showed a strong direct association with PR mutation S12T-
PR, which is known to be selected in LPV /r- and RTV-treated patients in subtype C [40].
Interestingly, the P724S Env mutation was linked to LPV/r failure via the P63L-PR and
A431V-Gag pathways. The A431V Gag mutation located in the CS of Gag is known to
confer resistance to all PIs except Darunavir (DRV) [15], while P63L-PR was observed
at baseline in patients initiating antiretroviral therapy (Lopinavir/r, Lamivudine, and
Zidovudine) [15]. These findings suggest that there might be other pathways to LPV/r
treatment failure that involve Gag (Matrix and Capsid), minor PR, and Env mutations.

5. Conclusions

We found a high prevalence of Env mutations in HIV-1 subtype C associated with
LPV/r treatment failure. The majority of these associations were in combination with a
Gag (Matrix and Capsid) and/or PR mutation. Further investigations using site-directed
mutagenesis need to be conducted to determine whether Env mutations alone can affect
LPV/r efficacy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /
10.3390/microbiolres12040071/s1, Figure S1: Gel picture, showing the amplification of Gag-PR.
Gag-PR size 1.7 kb. Figure S2: Gel picture showing the amplification of envelope. Envelope size
3.5 kb. Table S1: Sequencing Primers.
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