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Abstract

The envelope glycoprotein (Env) is responsible for human immunodeficiency virus type 1 (HIV-
1) entry into CD4+ T cells through the binding of CD4 and represents an ideal target for
therapeutics as well as vaccine development strategies. During transmission, only a limited number
of founder viruses (FV) are capable of establishing infection in a new host, thus an enhanced
understanding of the FV Env structure is critical in vaccine immunogen development. Previous
findings showed that immunizations of small animals with a novel Env—2dCD4%%°C complex
generated broadly neutralizing antibodies against clinically relevant HIV-1. The mechanism
behind this enhanced immune response is attributed to the targeted disulphide bond between the
gp120 component of Env and 2dCD4%%°C put has not yet been elucidated. This study aimed to
optimize the crystallization conditions of a modified unliganded gpl120 core FV sequence
(9p120rvcEXC), as well as compare gp120rvcEXC to a similarly modified gp120 core subtype C
(gp120Coree) sequence. This allowed for a better understanding of the structure and
conformational dynamics of gp120 FV protein compared to a non-founder virus variant. MD
analyses were also performed on the gp120rvcEXC-2dCD4%°C and gp120gvcEXC — 2dCD4WVT
complexes to identify potential structural changes that may be responsible for the enhanced
immunogenicity produced by the S60C mutation in the Env — 2dCD4%%° immunogen.

The gpl20 FV sequence was designed and modified to allow for unliganded crystallization
through the truncation of the V1, V2, and V3 loops. The modified gp120 was expressed in
modified GnTi-deficient cells, purified using lectin affinity chromatography, and deglycosylated
with Endoglycosidase H to enhance homogeneity. The purified and homogenate protein was
successfully crystallized using a Morpheus Index kit in an under-oil diffusion method, validating
the chosen modifications for crystallization. Homology models of gp120rvcEXC, gpl20Coree,
2dCD4AWT, 2dCD45%C, and the gp120rvcEXC — 2dCD4S8CWT complexes were generated using the
SWISS-MODEL platform. Generated homology models were used for 50 ns MD simulations on
the Maestro platform at a 1 ns timestep to investigate structural and dynamic differences between
the proteins. Further analyses of the MD simulated proteins were performed on the Schrodinger
platform. Comparative MD analyses of gp120rvcEXC and gp120Core. showed marked differences

in the variable loop regions (V1-V5) as well as overall less fluctuations of gp120rvcEXC residues.
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The V1 and V4 loops show increased flexibility while the V3 loop exhibited a drastic decrease of
approximately 4 A in fluctuations in gp120rvcEXC when compared to gpl20Coree, MD
simulations of the gp120rvcEXC — 2dCD4%%%C complex shows a decrease in fluctuation near the
N-terminus at residues 38-43 and marked increase of 2 A in fluctuations of residues in the V3 loop
comparative to gp120rvcEXC — 2dCD4WT. These investigations show distinct structural and
conformational differences between the gp120rvcEXC and the gp120Core. protein that may be
characteristic of a gp120 FV sequence. Additionally, the differences in fluctuations observed in
the comparative simulation of gp120r/cEXC — 2dCD4%8%T complexes of residues 38-43
(reduced in gp1l20rvcEXC — 2dCD4%6%C) and residues 214-224 (increased in gp120rvcEXC —
2dCD4%%%) provided insight and an initiation point for further investigation into the enhanced

immunogenicity of the novel Env—2dCD4%%°C vaccine immunogens.
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1.Introduction

1.1. HIV-1 disease prevalence and burden

Human Immunodeficiency Virus type-1 (HIV-1), the causative agent of Acquired
Immunodeficiency Syndrome (AIDS), has resulted in a global pandemic since its discovery in the
1980’s (Gottlieb et al., 1981; Klatzmann and Gluckman, 1986; Popovic et al., 1984). The disease
progression of HIV-1 infection to AIDS without antiretroviral (ARV) intervention leads to the
marked fatality, due to a compromised immune system in the infected individual. The estimates of
global HIV-1 infections were approximately 38 million individuals, with the highest numbers in
Eastern and Southern Africa with 20.7 million individuals, during 2019/2020 (Unaids, 2020). The
continual and improved development, as well as increased access to ARV treatment has drastically
improved the quality of life, disease outcomes, and life expectancy. This is easily observed by the
steady reduction in AIDS related deaths from 1.7 million in 2005 to 690 000 in 2020 (Unaids,
2020). However, the access to ARV treatment is neither universal nor sufficient to address the
disease burden, as observed by only 51.2 - 87.7 % of HIV-1 infected individuals having adequate
access to ARV treatment (Unaids, 2020). This is despite the increase of 2 million individuals
accessing ARV treatment from 2018 to 2019 (Unaids, 2020). Although the prevalence, outcomes,
and treatment for HIV-1 point to improved outcomes for infected individuals; the need for an
alternative approach to the HIV-1 pandemic is needed since transmissions are still ongoing. This
need for an improved response is particularly stark in countries with poor socio-economic

outcomes such as Africa.

An alluring approach to dealing with the HIV-1 pandemic is the development and implementation
of a prophylactic vaccine. This would greatly limit, if not prevent viral transmission and reduce
the continual burden of ever-increasing resources required to combat the disease, increasing
accessibility to those already afflicted by HIV-1. Resource-limited countries and settings that
already exhibit limited access to adequate treatment, would benefit immensely from such a

preventive strategy.
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1.2. Structure of HIV-1

HIV-1 is classified in the Retroviridae family, and has the characteristic of being positive stranded
RNA viruses that transcribe their RNA into complementary DNA (cDNA) to continue the viral
replication cycle (Hu and Hughes, 2012). The two positive single stranded RNA molecules of
HIV-1 encode for 9 genes (gag, pol, env, tat, rev, nef, vif, vpu, and vpr) that result in at least 16
mature proteins used in the life cycle of HIV-1 (Goto et al., 1998; Murray et al., 2011; Watts et
al., 2009). HIV-1 consists of a conical capsid that is comprised of protein p24, which itself is
encapsulated by protein p17 (Figure 1.1; Murray et al., 2011). This conical capsid houses the two
positive RNA stands as well as proteins integral for viral replication and processing such as
integrase, protease, RNase H and reverse transcriptase (Figure 1.1). The conical capsid and the
surrounding p17 matrix are encapsulated in a host-derived lipid membrane that is acquired when
the virus buds out of infected host cells (Checkley et al., 2011). The host derived membrane
contains protruding envelope glycoprotein (Env) heterotrimers that are the main target of the host
immune response (Pantophlet and Burton, 2006). The protruding Env heterotrimers are comprised
of the extracellular gp120 and gp4l transmembrane protein components (Figure 1.1), bound
through noncovalent bonds (Binley et al., 2000). This Env is responsible for viral transmission and
host cell entry primarily through the binding of gp120 to the host CD4 proteins on CD4* T cells
(Rizzuto et al., 1998). Following CD4 binding, host cell entry is further mediated by the binding
of primarily the V3 loop of gp120 to co-receptors CCR5 or CXCR4 (Hoffman, and Doms, 1999).

Pertinently, the HIV-1 Env is the target for neutralizing antibodies (NAb) generated by the host
immune system (Pantophlet and Burton, 2006). These NAb responses would be required for the

efficacy of a potential prophylactic vaccine.
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Figure 1.1: A structural representation of the HIV-1 virion with associated structures and proteins. The
env-glycoprotein complex (glycans, gp120, gp41l) that bind to the host receptor CD4 are situated on the
lipid membrane of the virus. The viral RNA genome along with proteins required for replication are
encapsulated within a matrix protein that is subsequently covered by a lipid membrane. Image obtained

from https://commons.wikimedia.org/wiki/File:HI-virion-structure_en.svg.

1.3. HIV-1 life cycle

The HIV-1 viral and infection replication cycle (Figure 1.2) begins with the binding of the gp120
component to the CD4 glycoprotein on T lymphocytes and other immune cells that express CD4
(Figure 1.2, 1) (Wilen et al., 2012). The binding of gp120 to CD4 initiates structural changes in
the HIV-1 Env that allow for the binding of gp120 to chemokine co-receptors CCR5 or CXCR4
(Berger et al., 1999). The tropism of the co-receptor binding is determined by the V3 region of
gpl120 and appears integral to co-receptor binding (Hoffman, and Doms, 1999). The binding of
gp120 to CD4 and the co-receptors induces conformational changes that leads to the exposure of
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gp41 of the Env molecule that is essential to host-virus membrane fusion (Weiss, 2003). Exposure
of the fusion peptide on gp41 and subsequent formation of a six-helix bundle results in the fusion

of the host and viral membranes (Figure 1.2, 2) (Melikyan et al., 2000).

1. Viral binding to host receptor 4. Budding of virus and release into host

HIV virion containing
2 copies of RNA ganome

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

O
Budding of virus from
cell and maturation
O

Translation of
viral proteins

Viral genomic RNA

@ Integration of
Ay A2 proviral DNA into Z'«aﬁrgulg‘
host genom-c DNA
Uncoating

5 LTR

2. Viral entry into host cell

3. Viral genomic replication in host genome

Figure 1.2: Diagrammatic representation of the HIV-1 infection and replication cycle in a host CD4+ cell.
HIV-1 initiates binding with the host through env proteins that bind to CD4 on host cells and subsequently
to a chemokine co-receptor (1) to initiate membrane fusion (2). This leads to reverse transcription of viral
RNA and entry into host genomic DNA where it will be replicated through host machinery (3). The final
step in the viral replication cycle is the budding and subsequent release of the virus into the host system (4)

for subsequent rounds of infection. Image adapted from (Rambaut et al., 2004).

Once the HIV-1 virus has fused with the host membrane, the conical p24 capsid enters the host
cell and uncoats to release the viral RNA strands and other enzymes required for the replication of
the virus (Figure 1.2, 2). The viral RNA strands are then transcribed into cDNA through the
assistance of the reverse transcriptase enzyme (Bebenek et al., 1993). This is a highly error prone
process that leads to the multitude of mutations observed in the HIV-1 genome and subsequent
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generation of quasi-species that are responsible for viral escape from ARV treatment as well as the
host immune system (Bebenek et al., 1993). Integrase forms a complex with the generated viral
cDNA to form a pre-integration complex (PIC) with the assistance of the viral Vpr protein and
other host proteins (Vandegraaff and Engelman, 2007). The PIC enters the host nucleus where the
cDNA is permanently integrated into the host genome by integrase— allowing for continual
expression of the viral genes and resulting in the establishment of a latent HIV-1 infection (Figure
1.2, 3) (Vandegraaff and Engelman, 2007). The integrated viral cDNA is expressed, and the
resulting mRNA is exported to the cytoplasm to produce the 16 viral protein required to further
the life cycle of the virus (Figure 1.3, 3) (Li and De Clercq, 2016). Precursor viral proteins are
expressed and cleaved to form functional viral proteins that can be assembled into a mature HIV-
1 viral particle (Figure 1.2, 4). The gpl60 molecule which undergoes post-translational
glycosylation, a precursor to gp120 and gp41 are cleaved by host furin to generate the constituent
protein products (Hallenberger et al., 1992). These gp120 and gp41 molecules remain bound by a
noncovalent interaction. Other proteins such as the Gag-Pol polyproteins are cleaved by the viral
protease. Mature viral proteins assemble under the host cell membrane in cholesterol rich lipid
rafts, in which the gp120-gp41 proteins are embedded, to utilise the host membrane as the viral
membrane (Figure 1.2, 4) (Ganser-Pornillos et al., 2012). An immature viral particle buds from
the host membrane to circulate through the host (Figure 1.2, 4). The budding is facilitated by the
viral Gag protein which interacts with the host machinery to export the viral particle (Morita et al.,
2011). The final stage in the budding of the viral particle is through the cleavage of the Gag-Pol
polypeptide responsible for the budding of the viral particle (Pettit et al., 2004). Following
budding, the viral protease completes the cleavage of all the viral proteins to form a mature virion
capable of another round of infection. The only exposed viral proteins that protrude from the host
derived membrane are the gp120 and parts of the gp41 heterotrimers and are thus critical targets

for neutralizing antibodies as well as a potential prophylactic vaccine.

1.4. The structure of gp120 and the role in CD4 binding

The investigation of monomeric gp120 through crystallographic studies, as well as through

Molecular Dynamic (MD) simulations has provided great insight into the structure, dynamics, and
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structural changes to key binding partners such as CD4 (Kwong et al., 1998; Pandey et al., 2019).
Many of the crystallographic studies have been performed largely on modified gp120 molecules
that have truncated variable loops and have undergone deglycosylation; important modifications
necessary to crystallise gp120 for structural investigation through X-ray diffraction (Kwong et al.,
1999). Studies analysing the structure of monomeric gp120 have identified an inner and an outer
domain of the protein, denoted by their relation to the internal and external portions of the protein,
where the outer domain is exposed to the surrounding environment (Figure 1.3). The inner and
outer domains are connected by a four stranded -sheet that bridges the two domains (Figure 1.3)
(Kwong et al., 1998). Amino acid sequence analysis of virus isolates have shown that the gp120
consists of five variable (V1-V5) regions and five constant regions (C1-C5) (Kwong et al., 1998).
Investigation into the variable region have yet to determine the conformations and flexibility of
these loops, partially due to the immense sequence variation that can exist in these regions. The
CD4 binding loop is a small depression that is essential in the binding to domain 1 of CD4 and
subsequent viral entry (Kwong et al., 1998). This loop forms a small depression at the junction of
the inner and outer domains, between the V2 and V3 loops, above the bridging sheet (Yoon et al.,
2010).
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Figure 1.3: The core structure of gpl20 depicting key structural elements of the gpl20 protein.
The gp120 is divided into an inner domain (blue) and outer domain (grey) based on the orientation in the
Env trimeric spike. The orientation of the protein is such that the V1/V2 loop, bridging sheet, and V3 loop
are distal from the viral membrane. This bridging sheet (light blue) between the two domains consists of
four B-sheets that bridge the inner and outer domains. The CD4 binding site and visible loop are depicted
in orange. This is the primary interaction site of gp120 with CD4. Variable loops are labelled for reference.
The gp120 was generated from the published gp120 structure from Kwon et al, (2012) (PDB ID: 3TGR).

The gp120 appears to be extremely flexible and undergoes large conformational changes upon
CD4 binding. It primarily takes either a “closed” conformation that is more tightly packed, or an
“open” conformation characterized with outwardly rotated subunits (Liu et al., 2008). The
structural investigations of gp120 indicate that it retains a more “closed”” conformation when bound
to antibodies that inhibit structural rearrangement such as the monoclonal antibody (MADb) VRC01
that binds the CD4 binding site of gp120 (Li et al., 2011), and a more “open” conformation when

bound to CD4 or antibodies that recognise epitopes exposed upon CD4 binding. However, the only
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successful account of crystallography on an unliganded gp120 structure indicates that it takes a
similar “open” orientation to CD4 bound gp120 (Kwon et al., 2012). However, this could be due
to the modifications employed to enable the unliganded crystallization of gp120. A further
characteristic of HIVV-1 Env, in particular the gp120 component is the extensive glycosylation of
these proteins (Figure 1.4). N-linked glycans comprise over 50 % of the weight of the HIV-1 Env
and has been referred to as a “glycan shield” due to its role in shielding neutralizing epitopes from
the host immune response. These are a hurdle in both the development of vaccines, as well as
determining the structure of the gp120 component due to the innate flexibility of the glycans

producing conformational heterogeneity.

Glycans forming “glycan shield”

CD4 binding site

120
CD4 binding site gp12

Membrane-proximal
external region

Figure 1.4: Diagram depicting the extensive glycosylation of the HIV-1 Env and the effect on the
accessibility of the gp120 and gp41 components of the Env. Image adapted from (Burton et al., 2012).

The primary binding partner in HIV-1 infection is the CD4 receptor on host CD4" T cells that
binds to gp120. CD4 is expressed on CD4* cells and primarily on T lymphocytes, that are
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responsible for an integral role in the host adaptive immune response. It has also been shown to be
expressed on other cells in the immune response such as monocytes, macrophages, and B
lymphocytes to name a few (Kaleem et al., 2001; Kazazi et al., 1989; Zhen et al., 2014). Apart
from the contextual receptor function for HIV-1, CD4 interacts with major histocompatibility
complexes type Il (MHC II) to stabilise T-cell receptor interactions (Konig et al., 1992; Li et al.,
2013). These MHC 11 molecules are present on antigen presenting cells and induce signalling to

T-cells.

The CD4 molecule is a 55 kDa type 1 integral membrane protein that consists of four extracellular
domains. It consists of an extracellular region, a transmembrane portion, and a cytoplasmic tail.
The first two domains (those integral to the interaction with HIV-1 gp120; 2dCD4) have been
crystallised and characterised and reside in the extracellular domain of the protein (Kwong et al.,
1998).

The gp120-CD4 interaction has been a large focus in the investigation of HIV-1 and has led to the
production of many structural depictions and insights into the interaction. It has been well
established that the gp120 molecule undergoes extensive conformational changes upon binding to
CD4. The domain 1 of CD4 binds to the CD4 binding loop that resides above the bridging sheet
between the inner and outer domains of gp120 (Figure 1.4). The portion of domain 1 in CD4 that
contacts gpl120 spans over residues 25-64 and forms a loop structure that protrudes from this
domain (Kwong et al., 1998; Sharma et al., 2005). The regions of gp120 that contact CD4 are far
more extensive and are spread over six regions of gpl20, owed to its highly complex
conformational structure (Sharma et al., 2005). The primary interactions are between Phe-43 and
residues Glu-370 and Trp-427 of gp120 (Moebius et al., 1992). The second primary contact is the
Arg-59 residue that bonds electrostatically to residue Asp-368 in gp120 (Moebius et al., 1992).
MCH Il interactions with CD4 are encompassed over the same region of residues that are integral
to the gp120 interaction — where Phe-43 and Arg-59 of CD4 play equally integral roles (J. Wang
etal., 2001).

The binding of gp120 to CD4 exposes the bridging sheet between the inner and outer domains of
gp120 and stabilises this conformation. Cryo-EM of trimeric HIV-1 gp120 bound to CD4 indicates
that the V1 and V2 loop undergo conformational rearrangement upon binding (Wang et al., 2016).

It has also been observed that the V1, V2, and V3 loops prevent gp120 from adopting the more
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“open” CD4 structure, as the deletion of these regions in an unliganded gp120 crystal structure
shows that the more open conformation is adopted (Kwon et al., 2012). There is also evidence to
suggest that the V3 loop orients closer to the co-receptor as this loop determines viral tropism, as
well as the deletion of key residues on the tip of the loop prevents viral entry into host cells
(Bagnarelli et al., 2003, p. 3; Xiang et al., 2010). MD simulations analysing the trajectories of CD4
bound gp120 compared to unliganded gp120 corroborate the large-scale reorientation of the V1,
V2, and V3 loops (Li et al., 2020) as well as an increase in the mobility and conformational
flexibility of these regions.

Figure 1.5: Depiction of gp120 (blue) binding to the first domain of two domain CD4 (green) with the
contacts between. Key residues involved in binding are depicted for gp120 (red) and CD4 (orange). Arg-
59 binds electrostatically to Asp-368 while the Phe-43 has hydrophobic interactions between Trp-427 and
Glu-370 of gp120. These form the primary interactions between the gp120 and CD4 molecule as CD4
binds into the binding pocket of gp120. The image was generated using PDB: 6L1Y.
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1.5. Prophylactic vaccines as a strateqy for HIV-1 prevention

The principle of a prophylactic vaccine is the introduction of an immunogen to elicit an appropriate
immune response, either cellular or humoral (antibody) immune responses that aim to target as
wide a range of naturally occurring genetic variants of a pathogen as possible (Leliévre and Lévy,
2016). For chronic infections such as HIV-1, cellular immune responses impact on viral replication
and viral set point following infection, whereas appropriate antibody responses can neutralize virus

thereby preventing transmission.

Antibodies would need to target highly conserved regions of the HIV-1 proteins that are less
susceptible to immune escape, allowing them to neutralize a broad range of HIV-1 strains and
prevent infection from the wide array of virus quasispecies that could be transmitted (Lelievre and
Leévy, 2016). Broadly neutralizing antibodies (bNAbs) develop naturally in HIV-1 infected
individuals, but in only approximately 20% of these individuals (NISC Comparative Sequencing
Program et al., 2013). These naturally occurring bNAbs exhibit varying degrees of breadth and
potency and are susceptible to viral escape (Walker et al., 2011). An efficacious prophylactic
vaccine against HIV would thus need to elicit a bNAb response, preferably with increased breadth
and potency than the naturally occurring bNADs.

In the context of HIV-1, vaccines that stimulate appropriate cellular immune responses, e.g., HIV
specific CD8+ cytotoxic T lymphocyte responses, have proven ineffective in numerous human
clinical trials (Reviewed in: (Koup and Douek, 2011). The use of monomeric gp120 to stimulate
an antibody response has also failed in human clinical trials (Rerks-Ngarm et al., 2009); rgp120
(HIV Vaccine Study Group, 2005). Investigations of potentially trimeric gp120 mutagens have
provided limited success in inducing bNADb responses and are able to display quaternary epitopes
unavailable to monomeric gp120 (Jones et al., 2017). Based on evolving structural information of
the Env, the understanding of its dynamic, trimeric nature and how the antibody response matures
in infected individuals who develop broadly neutralizing antibodies (bNAbs), novel immunogen

designs and vaccination regimens are being investigated.
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1.5.1. The characteristics and use of a transmitted Founder Virus sequence for epitope targeting.

An HIV-1 founder virus (FV) is the virus quasispecies capable of establishing an infection in a
new host, and an estimated 80% of heterosexual infections are established by a single FV (Keele
et al., 2008). These are attractive targets for a prophylactic vaccine and preventing the
establishment of an HIV-1 infection. Investigations of these founder viruses has shown that the
gp120 components exhibit unique characteristics compared to viruses active during a chronic HIV-
1 infection. Structurally FV gp120 has been observed to have shorter variable loops (V1-V4) and
less genetic diversity amongst founder viruses of the same subtype than viruses involved in chronic
infections (Go et al., 2011; Rademeyer et al., 2007). Studies have also shown that the glycosylation
profile of gp120 FV for subtype B and C exhibit more similarities to each other, than to chronic
viruses of the same subtype (Go et al., 2011). Further it has been determined that gp120 subtype
C FV exhibit fewer N-linked glycosylation sites and consequently less glycosylation (Rademeyer
et al., 2007). These characteristics, along with potentially undiscovered traits may provide insight

into the infectious ability of FV variants, as well as potential strategies to combat infection.

There have been numerous attempts at generating consensus sequences of these viral sequences to
identify common characteristics among the viral strains (Keele et al., 2008; Killick et al., 2014).
The rationale for using such a gp120 founder virus consensus sequence in an immune strategy is
to identify conserved characteristics in these viral proteins to direct an immune response to. This
would allow for antibodies to potentially neutralise numerous species of HIV-1 that can establish
an infection, a necessity for a prophylactic vaccine strategy. This study utilised an HIV-1 subtype
C FV consensus sequence (gp120rv) that was created using bioinformatic determination analysis
of 1,894 subtype C founder viruses (Killick et al., 2014). HIV-1 subtype C is the predominant
circulating subtype in South Africa (Bbosa et al., 2019; Musyoki et al., 2012).

1.6. Generation of a potent bNAb response through a novel gp120gv-2dCD455°C complex

Various strategies have been employed in recent years that focus on the introduction of various

Env-based immunogens to elicit the production of bNAbs against HIV-1. These include the
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introduction of gp120 Env molecules (Georgiev et al., 2013), monomeric gpl120-2dCD4
complexes (Kang et al., 1994) and modified soluble HIV-1 SOSIP trimers as possible immunogens
(Torrents de la Pefia et al., 2018). However, these have shown limited success in the generation of
bNADbs following immunization of small animal models, non-human primates, and in human
clinical trials in some instances (Kang et al., 1994; Rerks-Ngarm et al., 2009; Schwartz et al., 2016;
Yang et al., 2004). An additional strategy that has been utilized is the stabilization of the gp120—
CD4 complex, a method that has shown significant success (Cerultti et al., 2010; Thompson et al.,
2015).

Our laboratory has focused on testing the immunogenicity of a novel gp120-CD4 complex in small
animals (Killick et al., 2015) and non-human primates (unpublished data). The immunogen design
is based on the use of an HIV-1 subtype C FV sequence (gp120rvc). It is important to use a
consensus sequence to account for the large range of genetic diversity and to expose conserved
sequences and structures throughout those founder viruses. The second modification is a mutation
in 2dCD4 through the substitution of serine at location 60 on the CD4 a-helix 1 with cysteine to
create 2dCD4%%°C (Cerutti et al., 2010b). This substitution attempts to create a targeted disulphide
bond between gp120 and CD4 to stabilize the complex. This is achieved by utilizing an existing
disulphide bond found on gp120 between C126-C196. The introduction of the S60C mutation
shifts the disulphide bond resulting in its formation between C60 on CD4 and C126 on gp120
(Cerutti et al., 2010b) as depicted in Figure 1.6.
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Figure 1.6: Molecular model depicting the binding interaction of the gp120(core)- 2dCD45°C complex.
Model B indicates the S60C modification on CD4 (green) and the native Cys126—Cys196 disulphide bond
on gp120 (blue). The novel disulphide bond after targeted disulphide exchange is present on Model C
between C60 on CD4 and C126 on gp120 (adapted from (Cerutti et al., 2010b).

This 2dCD4%°C protein has been shown to bind gp120 at a much higher affinity than native 2dCD4
(2dCD4WT), and ultimately confers an increased immunogenic effect (Cerutti et al., 2010; Killick
et al., 2015). This immunogenic effect induces a bNAb response capable of generating a
neutralizing response against tier 1, and clinically relevant tier 2 and 3 pseudovirus strains in small

mammals (rabbits) (Killick et al., 2015) and non-human primates (unpublished data).

The mechanisms responsible for the enhanced immunogenicity of the gp120rvcEXC — 2dCD4%%°C
are not fully understood but could include the following (but not limited to): exposure of novel
epitopes induced by the disulphide bond, pronounced exposure of well-known conserved epitopes,
and/or increased stability or decreased dynamics of epitope conformations that allow for a bNAb
response to be generated. It is critical to start understanding the mechanisms involved in the
enhanced immunogenicity, and to start to determine whether structural changes induced by the
disulphide bond of the S60C complex compared to the wild type CD4 complex contribute to its

enhanced immunogenicity.
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1.7. Experimental and theoretical determination of HI\VV-1 Env protein structure

1.7.1. Protein crystallization and modifications of gp120 for crystal formation

The gold standard for protein structure determination is protein crystallization and X-ray
crystallography due to the ability to generate high resolution structures. Crystallization of proteins
is notoriously difficult and requires high purity and homogeneity to be successful. As such,
multiple techniques have been established to increase the probability of successful crystallization
of the HIV-1 Env. A common approach in crystallization is the use of antibodies and ligands to
stabilize the structures, reducing protein conformational flexibility to improve the probability of
crystal formation (Kwong et al., 1998). The crystallization of HIV-1 Env has also been optimized
using various techniques. The first is the usage of the monomeric form of Env gp120, as the native
trimeric Env form does not readily create crystals due to its size, complexity, and dynamic nature.
This is also evident as the gp4l component is a transmembrane protein and is extremely
challenging to crystallize. Monomeric gp120 nonetheless contains the CD4 binding site and as
such still provides the necessary information regarding the interactions between gp120 and CD4
(Kwong et al., 1999), and is thus useful and relevant in elucidating novel Env-2dCD45¢
interactions. The second is the use of sequence adaptations that remove mobile native loop
structures that inhibit crystallization, and generate a non-native loop to aid in stabilizing and
improving crystal formation, known as gp120Coree and gp120Coremin (Kwon et al., 2012). The
final modification is the deglycosylation of gp120 to create homogeneity and reduce the dynamic
nature of the glycoprotein by removing glycan groups that have been shown to inhibit
crystallization (Kwong et al., 1998).

1.7.2. Molecular Dynamic Simulations

The study of protein structures, and by extension their function has revolutionized and enhanced
our understanding of protein biochemistry. This progress has been due most notably to the advent
of structural analytical techniques such as X-ray crystallography and Nuclear Magnetic Resonance
(NMR) spectroscopy that have been implemented since the 1950s. However, these techniques only

provide static images of proteins which are inherently dynamic in nature. These images have been
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invaluable to study proteins but are limited in the resolution they can capture and the protein
dynamics they can investigate. These limitations have in part led to the development of techniques
that can more effectively investigate the dynamics of proteins. One such technique is an in silico
computational method known as Molecular Dynamic (MD) simulation.

MD simulation is a form of Molecular Modelling (MM) that is used mostly computationally to
model the behaviour of atoms in a system over a set time period (McCammon and Harvey, 1988).
Briefly, the atoms are assigned both coordinates to indicate their position, and velocities calculated
from the Newtonian laws of motion. These are used to calculate the incremental change in position
of atoms in the system over discrete time steps (McCammon and Harvey, 1988). For protein
simulations this technique requires an experimentally derived protein structure (such as those from
X-ray crystallography or NMR spectroscopy) to act as a template for simulating the protein
dynamics (Ji et al., 2012; Shahlaei et al., 2011). The calculations that govern these systems are
relatively simplistic as they are based of the Newtonian laws of motion and require the use of
mechanical analogues to represent the atoms and their interactions (Allen, 1989; Hollingsworth
and Dror, 2018). For example, springs are used to model the bonds of the system and atoms are
represented by singular point charges (Allen, 1989).

MD simulation was first performed on proteins in the 1970’s on a small bovine pancreatic trypsin
inhibitor which had a well resolved crystal structure (McCammon et al., 1977). The first simulation
was performed on the singular protein in a vacuum, at an extremely short picosecond simulation
length (McCammon et al., 1977). Despite the computational limitations of the time, MD
simulation has sustained as a technique and since covered an immense amount of ground in terms
of the simulations that are possible and routinely performed. These improvements have been
brought on largely by the increase in widely accessible computational power and improvements
made in the implementation of the software to do more with less. The field has progressed from
simulating systems of a mere hundreds of atoms to routinely simulating system of 50 000 — 100
000 atoms that allow for the investigation of systems with larger complexity that are more
biologically relevant than ever before (Hospital et al., 2015). It is also possible to perform longer
simulations with more incremental time-steps that can simulate at biologically relevant timescales.

These improvements have led to improved investigation of enzymatic activity (Spiwok et al.,
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2007), membrane protein complexes (Kandt et al., 2007), and other conformational changes

associated with protein function (Lee et al., 2015).

There are a few variations of MD simulations that are routinely performed that will be discussed
briefly. First, the nature of the calculations used divide MD simulations into classical MD
simulations that use solely classical Newtonian laws of motion to calculate the forces of the atoms
in the system (Boldon et al., 2015), and Quantum MD simulations (QMDS) that include the
addition of Schrodinger’s uncertainty principles (Boldon et al., 2015). Quantum MD has
materialized in recent years due to the enormous increase in computational power available. The
key benefit to this technique is the ability to simulate the breaking and formation of covalent bonds
by including the uncertainty principles that are also known to contribute to the behaviour and
properties of these interactions, but that are not accounted for in traditional Newtonian MD
simulation (Hollingsworth and Dror, 2018). While this additional bond simulation in QMDS
allows for more accurate simulations for protein interactions it is computationally expensive. This
makes employing QMDS for simulating reasonable biological scales unfeasible using commonly
accessible computing power and is thus only performed in a small number of specialized facilitates
with access to supercomputers. Classical MD is far more accessible and common for MD
simulations and is thus more applicable to the current experimental landscape and is discussed in

further detail in section 1.7.2.1.

The second way of dividing these simulations is through the detail at an atomic level (referred to
as resolution) that is modelled — dividing them into atomistic and coarse-grained models. These
models differ solely on the level of detail and resolution that is simulated. Atomistic models
simulate the individual atoms of the system and their interactions (Boldon et al., 2015). In contrast,
coarse models treat atoms as approximate groups to minimize the number of atoms simulated. The
decision behind which model to utilize is based on the complexity of the system, the computational
power available, and the required length of the simulation. Systems that require a longer simulation
time (longer biological processes), have more atoms due to large structures, or require more time
steps to evaluate intermediate states will increase the computational and time cost of running a
simulation, often making it unfeasible to use an atomistic model. However, wherever possible the

atomistic model is used due to the increased accuracy and resolution of the model being superior.
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1.7.2.1.Classic MD simulation and Force-Fields

MD simulations use both classical Newtonian mechanics and so-called “force-fields” to calculate
the positions of the atoms and interactions of the simulation. The force-field used is the primary
contributor to the calculations and represents the parameters used to determine the potential energy
of the system (Guvench and MacKerell, 2008). Parameters are the characteristics used to define
the system — i.e., they define the characteristics of the atoms and the interactions between them
(Guvench and MacKerell, 2008). This potential energy calculation (Eg. 1) is a mathematical
expression of the internal energy of the system, which is equal to the sum of all the potential and
kinetic energies of the system. The potential energy calculations include the energy of the bonded
and non-bonded interactions, represented by the covalent and long-range van der Waals and
electrostatic forces. However, as mentioned, due to the nature of the equations and calculations
used in classical MD simulations, they are unable to calculate the formation and breakage of
covalent bonds (Hollingsworth and Dror, 2018). It is important to note that as atoms are
represented as fixed charge particles, their charge remains constant throughout the simulation

instead of fluctuating based on their environment (Riniker, 2018).

Etotal = Epondeda + Enonbondea : Which comprises the following:
Evondea = Epona + Eangle + Eginedra

Enonbonded = Eelectrostatic + Evan der Waals

Eqg. 1: Potential energy function used to calculate the potential energy of the simulation environment.

The force-field and the calculations approximate the mechanics that describe the atoms and their
interactions. The atoms are modelled as fixed-charged spheres that represent a single point where
the spheres are allowed to overlap to represent atomic interaction (Riniker, 2018). These atomic
interactions are calculated using the criteria for the so called “Lennard-Jones” potential of charged
particles (Riniker, 2018). Springs act as the analogues for the bonds, angles, and the torsion of the
angles (Gonzélez, 2011). In all dynamic simulations that include kinetics, the atomic velocities are

calculated using the Newtonian laws of motion (F = m x a) to determine the movement and
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sequential position of the atoms in the system. The positions of the atoms are represented as
coordinates that change based on the time-steps of the simulation - these are used to generate the
dynamic representation of the simulation. These time-step snapshots are parsed together to create

a “movie” of the atomic movement.

The parameters of the atoms vary between the individual force-fields that are used and are either
calculated, experimentally derived, or both (Gonzéalez, 2011). This makes force-fields unique to
the atoms they were validated on. The parameters of the force-fields often apply to every individual
atom of the system, whereas coarse model force-fields will cluster the atoms into groups and
characterize them as a unit (Nielsen et al., 2004). This reduces the computational requirements at
the cost of accuracy. The experimental validation of the parameters for macromolecular structures
such as proteins are often determined by smaller organic molecules that are easier to parameterize
(Guvench and MacKerell, 2008). A great deal of atoms have been parameterized but is by no
means exhaustive — should a simulation require parameters that have not yet been established they
will have to be determined prior to running the simulation as opposed to using an existing force-
field. In protein MD simulations there are numerous established and validated force-fields to
choose from that perform similarly, apart from a few context specific applications. These differ
based on the mechanisms, calculations, and validations that have been used to establish the
parameters of the atoms that will be simulated. These fields have been expanded, validated, and

improved over the years to increase their accuracy.

1.7.2.2. Preparation of the simulation

To perform MD simulations, both the structure and the environment in which the simulation is
performed need to be prepared. This preparation follows a standard procedure that varies in its
specifics based on the nature of the experiment and the software used to run the simulation. Most
suites have integrated tools to prepare the structures and environment for simulation that has

greatly increased the accessibility of performing MD simulations.

Homology models are frequently generated as the first step in the course of performing MD
simulations. These models fulfil a dual purpose in the preparation of the proteins for MD
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simulations. The first is the ability to generate a model of a protein sequence for which the
experimental structure has not yet been determined (Ji et al., 2012; Muhammed and Aki-Yalcin,
2019). The second function is the correction of artefacts of crystallization and correcting for certain
residues that have not been appropriately resolved through experimental methods such as X-ray
crystallography (Muhammed and Aki-Yalcin, 2019). These homology models are generated by
constructing a model based on a protein sequence while using a homologous protein template. The
initial structure that is derived from experimental techniques, such as NMR and X-ray
crystallography, acts as a base for the generated homology model. These structures act as a base
template in conjunction with the desired sequence to be modelled to generate a model free from

artefacts of crystallization.

To run an MD simulation, both the protein and the simulation environment need to be prepared.
The procedure for these preparations follows a standard workflow. This preparation starts with the
PDB file of the structure or homology model. This file is modified to remove any artifacts of
crystallization such as the non-native crystal contacts that occur between the protein molecules in
the crystal, set the correct orientation of the bonds, and introduce the hydrogen atoms that are not
detectable during techniques such as X-ray crystallography (Muhammed and Aki-Yalcin, 2019).
Missing side chains and residues are also added to complete the structure. Disulphide bonds are
also detected and modelled based on the topography of the molecule. There are various
recommendations around the act of removing water molecules from the crystallization, and this
seems to be either software or experimentally specific. However, it is recommended that external
water molecules are removed, but ones internal to the protein or in contact with the protein should
be left in the file as they add valuable conformational information to the protein. The protein
structure can then be optimized by correcting the orientation of the added hydrogen bonds and
optimizing the existing bond orientations of the protein. Once this preparation has been completed
the simulation environment can be generated and the molecule added. The system consists initially
of boundaries around the protein referred to as the unit cell — these boundaries are a box of sorts
and can take various shapes based on what is required or best suits the shape of the modelled
protein (Gajula et al., 2016). When deciding on a shape and size of the unit cell, it is important that
it is large enough to accommodate for fluctuations of the protein to prevent it from leaving the
simulation boundary. It is important to choose a unit cell that is also not too large as the system

will increase in complexity due to the added water molecules and increase computational cost and
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increase the time required to run the simulation. The unit-cell around the protein is then solvated
— this is the introduction of water molecules or solvent that the protein will be simulated in, which
is traditionally a mimic of its physiological environment (Kandt et al., 2007). Following this, the
system needs to be neutralized by adding counter ions to either reach a neutral charge or a desired
charge for the experiment (Gajula et al., 2016). Finally, the structure is relaxed through an energy
minimization step. This removes any steric hindrance that may have been introduced in the
preparation of the file and aims to reduce the overall energy landscape of the protein (Kandt et al.,
2007). There are numerous ways to perform energy minimization which differ from software to
software such as the steepest descent method that, like the other methods attempts to achieve the
nearest local energy minimum (Gajula et al., 2016). The last step prior to running the simulation
is the selection of a force-field. Depending on the software used this could already be introduced

in the preparation phase (Gajula et al., 2016).

There are multiple software options available to choose from when deciding to run MD
simulations. Many of these are open source and free to the public — like GROMACS (Van Der
Spoel et al., 2005), CHARMM (Brooks et al., 2009), and AMBER (Case et al., 2005). There are
also many proprietary software suites that can provide an easier user experience with a less steep
learning curve, of which the Schrodinger package is one of the most popular examples. The
calculations used by the simulation software are similar and many can accommodate most of the
popular force-fields available. This makes the choice of software interchangeable, particularly in
terms of simulation accuracy. However, the software is often optimized to utilize certain force-

fields and operate on certain hardware configurations (CPU or GPU based).

1.7.2.3. Applications and Limitations of MD simulations

1.7.2.3.1. Applications

As an analytical technique MD simulation has provided unparallel capability to investigate and
analyse the dynamics of molecular structures at an atomic level. It has been particularly
revolutionary where proteins are concerned by directing further experimental approaches such as
the investigation of structure modifications in binding assays and creating representations of

proteins that may not be experimentally possible — such as high temperature experiments or those
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that happen in an extremely short timeframe (Settanni and Fersht, 2008). This technique allows
for the observation of transition states as proteins move between conformations (Lee et al., 2015).
These simulations have been used quite extensively to tackle problems such as protein folding
prediction and ab initio prediction of protein structure (Cheung and Yu, 2018; Kuhlman and
Bradley, 2019). This has led to improvements in the capabilities of predicting the quaternary
structure of a protein based on the amino acid sequence. This is particularly important in the field
of rational protein design by allowing us to create proteins with certain conformations to produce
or enhance a therapeutic effect such as drugs for cancer and rheumatoid arthritis (Singh et al.,
2019) as well as rational drug design as potential therapeutics (Do et al., 2018). MD simulation
has also been implemented to investigate the biological activity of proteins in term of enzyme

catalysis (Spiwok et al., 2007) and protein-protein interactions (Gupta et al., 2016).

1.7.2.3.2. Limitations

There are limitations intrinsic to the nature of running a computational model. The most pertinent
is the computational limitation imposed by the hardware utilized to run these simulations, creating
not only an accessibility issue of gaining access to sophisticated hardware but also limiting the
complexity of the simulations. While there are institutions that have supercomputer capabilities,
even these are limited in the complexity and length of simulations they can run. Importantly the
length of the individual timesteps in the simulation are determined by the fastest moving atom in
the system (Tuckerman and Berne, 1991) —that is to say that the length of the timesteps are limited
to a certain time which may increase the number of steps in a simulation. The amount of timesteps
for a simulation that is of biological relevance may cause it to surpass the computational
capabilities of the hardware.

The nature of calculating the atomic forces using the Newtonian laws of motion requires the
integration of the calculations. The act of mathematical integration of these algorithms introduces
numerical errors in the calculations due to inherent uncertainty in these calculations (Wang et al.,
2001). These errors compound over the length of the simulation, decreasing the accuracy (Kim,
2014).
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1.7.4. MD simulation and its use in the investigation of HIV-1

1.7.4.1. HIV-1gp120-CD4 complex MD Simulation for conformation investigation

Through traditional imaging techniques such as X-ray crystallography it has long since been
established that gp120 undergoes distinct conformational changes upon CD4 binding (Li et al.,
2020). However, the dynamics, intermediary conformations, and implications of the
conformational changes have remained elusive with more to uncover. Using MD simulation for
the comparison modelling of gp120 and the gpl120-CD4 complex the understanding of the
conformational dynamics of these proteins and their interactions with proteins have been
expanded. It has been found that CD4 binding reduces conformational flexibility of gp120,
increases stability, and prevents it from moving out of its ligand bound conformation (Li et al.,
2020). As a poignant example of how these models can translate into therapeutic strategies the
authors of Li et al., (2020) propose restraining the loops responsible from preventing reorientation
through small molecules to prevent conformational changes upon CD4 binding based on results
from MD analysis. Many of the models are used to investigate potential therapeutic mechanisms
to treat HIV-1 infections. Another such study utilized mutated CD4 proteins in complex with
gp120 to determine potential drug locations and identify characteristics that these ligands would
require to be effective (Chong Teoh et al., 2011). There are numerous studies identifying highly
conserved or accessible regions of gp120 as potential sites for entry inhibitor binding — preventing
viral entry into host cells (Pandey et al., 2019). MD simulation utility becomes astonishingly
apparent in its ease to investigate characteristics of proteins that would be extremely challenging
using traditional techniques like X-ray crystallography. This utility becomes apparent for proteins
as those in HIV-1 through the investigation of the glycans on gpl120. Gpl120 is a highly
glycosylated protein for which the glycans are often removed prior to crystallization to increase
the probability of successful crystal formation. It has also been established that these glycans play
a large role in the binding of broadly neutralizing antibodies (bNAbs) — they are often necessary
for binding and mutations can lead to resistance to bNAbs (Townsley et al., 2016). Models have
been used to elucidate the function of various surface glycans and potentially direct therapeutic
strategies. Some glycans have been shown to enhance gp120-CD4 complex formation and gp120-
antibody associations (Zhang et al., 2017). All these models and strategies culminate in increased

knowledge of protein and structural function — bringing new avenues to light for potential
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treatment. Pertinently there have been many MD simulation studies that have investigated the
structural changes that occur with the binding of gp120 to CD4. These changes have found that
primarily the V1, V2, and V3 regions are involved in the reorientation that gp120 undergoes when
binding CDA4. Primarily the dynamics of the gp120 reduce when bound to CD4 as the V1V2 region
is prevented from moving towards the core of gpl20. The stabilization of V1V2 prevents

reorientation and subsequent movement out of the CD4 bound state (Kwon et al., 2012b).

1.7.4.2. MD Simulation investigation of therapeutic intervention strategies of HIV-1

For drug design and therapeutic investigation MD simulation has proven invaluable for
understanding mechanisms of resistance to existing therapeutics, the investigation of novel drugs,
and to increase the understanding of existing therapeutic functions. An avenue for investigation is
the treatment through drugs such as ARV’s. Modelling has been used to not only identify sites in
which these drugs can bind (Badaya and Sasidhar, 2020) but also how mutations can drastically
increase resistance to existing ARV therapies (Chitongo et al., 2020; Moonsamy et al., 2016;
Nizami et al., 2016).

Investigating bNADbs for HIV-1 treatment and prevention is another strategy that is actively being
studied through MD analysis, both in terms of investigating the mutations that confer resistance,
as well as identifying the conserved regions that would make effective targets to achieve sufficient
breadth and potency. Insights have also been provided into the effect of mutations into the
sequence of g120 and the resulting changes in conformation of the variable loop structures that
result in altered steric hindrance to the exposure of immunogenic epitopes (Hollingsworth et al.,
2018; Ovchinnikov et al., 2018). Investigation of the glycan shield through modifications and the
resulting exposure of epitopes have been investigated as well in an attempt to identify epitopes
that may lead to the exposure of novel epitopes to elicit host antibody responses (Mengistu et al.,
2017). The investigation of drugs, small particle inhibitors, and the effect of bNAbs against gp120
have all been investigated through MD simulations (Zhang et al., 2012). The investigation of
bNADbs and potential neutralizing epitopes have been distinctly alluring due to the cross clade

neutralization of HIV-1 and as such identifying sequences or structures to elicit this response
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without an HIV-1 infection has been posited as a strategy for prophylactic HIV-1 vaccines (Alberto
et al., 2020).

Overall, the implementation of MD simulations in the analysis of a core gp120 FV will provide
critical insights into the structural and conformational dynamics of the protein, as compared to a
similarly modified HIV-1 subtype C gp120 (gp120Coree). Furthermore, MD simulations can
contribute to the understanding of the potential mechanisms and critical residues responsible for
the enhanced immunogenicity of Env—2dC45%°¢ complexes. Furthermore, results from the MD
simulation can provide supplementing information to X-ray crystallography structures of various
Env and Env-2dCD4%%°C complexes (based on FV sequences). Thus, it is critical to design an HIV-
1 subtype C Core gp120 construct based on FV sequences, with modifications to allow for
crystallization, and to perform MD simulations on this 2dCD4%%C liganded and unliganded protein

and appropriate controls.
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1.8.Alms and Objectives

The overall aim of the study was to crystallize and computationally characterize recombinant HIV-
1 subtype C core envelope glycoproteins based on a consensus transmitted FV sequence
(9p120rvcEXC) and a modified clinical isolate sequence (gpl20Coree), to gain insights into
structural dynamics of transmitted founder viruses, as well as mechanisms involved in the
enhanced immunogenicity of a gp120rvcEXC — 2dCD4%%%C vaccine immunogen resulting from the
introduced putative disulphide bond.

The objectives of the study were:

e To design a recombinant modified gp120rvc extended core (gp120rvcEXC) protein,
express it in mammalian cell lines, and purify it to homogeneity.

e To determine the optimal conditions that allow for the crystallization of a deglycosylated
gp120rvcEXC protein.

e To conduct MD simulations to compare the gp120rvcEXC, gpl20Core., 2dCD4"WT,
2dCD4%%%C, gp120pvcEXC-2dCD4YT and gp120rpvcEXC-2dCD4%°C complexes to identify
novel structural characteristics and dynamics associated with transmitted founder viruses,

as well as the enhanced immunogenicity of gp120rvcExC—2dCD4%¢°C complexes.
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2. Methods

2.1.Reagents and sequences used in this study
The amino acid sequences used to generate the expression constructs, and in the MD simulation

study are shown below:

2dCD4YT: The sequence was generated from the first two amino-terminal domains of human CD4
and used in the generation of homology models in conjunction with the X-ray diffraction structure
of 2dCD4 (PDB ID: 2NY4; Figure 2.1).

2dCDAVT

MEEVVLGEEGDTVELTCTASORES TQFHWENSNQIRTTL.GNOGSFLTEGPSELNDEADSRESTWDOGNFPLT TENL

EIEDSDTYICEVEDQEEEVOLLVEGLTANSDTHLLOGOSLTLTLESPPGSSPSVQCRSPRGENTIQGGETLSVSQL
ELODSGTWTCTVLONQEEVEFKIDIVVLAFQELE

Figure 2.1: Sequence of 2dCD4"T generated from the first two amino-terminal domains of human CD4.

2dCD45%C: The sequence for 2dCD4YT was used with a Serine to Cysteine substitution at position
60. The sequence was used to generate a homology model in conjunction with the X-ray diffraction
structure of 2dCD4 (PDB ID: 2NY4; Figure 2.2).

2dcD4senc
MEEVVLGKEGDTVELTCTASQKKSIQFHWENSNQIRILGNQGSFLTKGPSELNDRADSRRCLWDQGNFPLT TENL

EIEDSDTY ICEVEDQEEEVQLLVEGLTANSDTHLLOGOSLTLTLESPPGSSPSVQURSPRGENIQGGETLSVSQL
ELQDSGTWTCTVLONQERVEFKIDIVVLAFQELEHHHHHEH

Figure 2.2: Sequence of 2dCD43%¢ generated from the first two amino-terminal domains of human CD4
with a substitution of Serine to Cysteine at position 60 (indicated in red)

gp120Coreminand gp120Coree: These sequences were obtained from Kwon et al, (2012) where the

modifications of the V1/V2, and V3 loops were used to modify our gp120rvc sequence.
gp120rvc: HIV-1 gp120 founder virus consensus sequence was obtained from Killick et al., (2014)

gp120rvcEXC: This sequence was generated by adapting the V1/V2, and V3 loops of the
gp120rvcEXC sequence (Killick et al., 2014). The V1/V2 -PLCVGAGCNT- sequence adaptation was
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taken from gp120Coremin (Kwon et al., 2012), while the V3 -GGSGSG- sequence modification was
taken from gp120Coree. This ultimately resulted in our gp120rvcEXC sequence, depicted in Figure
2.3 below.

MGMGSLQPLATLYLLGMLVASVLA
EVHNVWATHACVPTDPNPQEIVLENVTENFNMWKNDMVDOMHEDITISLWDQSTLKPCVKLTPLCV
GAG from gp120core,;,
NCNTSTITQACPKVSFDPIPIHYCAPAGYAILKCNNKTENGTGPCNNVSTVQCTHGIKPV
VSTOQLLLNGSLAEEEITIRSENLTDNAKTIIVHLNESVEIVCTRPGN

GGSGSG from gp120core,

GDIRQAHCNISKKKWNKTLORVKEKLKEHFPNKTIKFENPSSGGDLE
ITTHSEFNCRGEFFYCNTSKLENNNTSNTTITLPCRIKQIINMWQGVGRAMYAPPIAGNIT
CNSNITGLLLTRDGGNTTNTETFRPGGGNMKDNWRSELYKYKVVEIK

Figure 2.3: Sequence of gp120rvcEXC generated from gp120evc (Killick et al., 2014). The GAG
modification was adapted from gp120Corenmin as indicated by the -GAG- sequence (red). The V3
modification was adapted from gp120Core. and is indicated with the -GGSGSG- region (blue).

The pDSgpl20rvcEXC mammalian expression plasmid was generated by codon optimizing
(humanizing) the gp120rvcEXC sequence and synthesizing by GeneArt and cloning it into the
pcDNA 3.3 — TOPO plasmid (Invitrogen). The plasmid contains a leader peptide sequence for
protein extracellular export of the protein and Geneticin resistance for selection of stably

transfected mammalian cells.

Escherichia (E.) coli DH5a bacterial cells were obtained from Invitrogen, Life Technologies to
allow for the transformation, propagation and purification of the pDSgp120rvcEXC plasmid, and
subsequent transfection of the purified recombinant plasmid into mammalian cells for

gp120rvcEXC protein expression.

The HEK293S GnTi- mammalian cells were obtained from ThermoFischer Scientific and were
used for the expression of gp120rvcEXC as the lack of N-acetylglucosaminyltransferase I prevents
the formation of complex glycans, allowing for more uniform deglycosylation.
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2.2.Design, recombinant protein expression and purification of gp120rvcEXC

2.2.1. Design of a modified gp120rvcEXC sequence

The crystallization of unliganded gp120 has proven to be notoriously difficult (Kwong et al.,
1998). However, Kwon et al. (2012) has successfully utilized two primary modifications that allow
for the crystallization of unliganded gp120 that they have coined gp120Core.. These modifications
have adopted into the FV sequence to increase the probability of crystallizing the FV sequence.
The two modifications employed by Kwon et al. are aimed at reducing heterogeneity and
substituting the V1, V2, and V3 regions. While Kwon et al. replaced the V1 and V2 regions with
a -GG- sequence, the V1/V2 sequence from gp120Coremin was adopted, allowing for the inclusion
of residues from the V1 region necessary for the formation of the putative disulphide bond in our
immunogenic complex. The HIV-1 subtype C FV sequence described by Killick et al., (2014) was
used as the base for the gp120rvcEXC construct. The V1, V2 region consists of a-PLCVGAGCNT-
sequence, which was obtained from gp120Coremin and the V3 region was modified identically to

gpl120Coree with the introduction of -GGSGSG- to replace a portion of the V3 region.

The pDSgp120rvcEXC plasmid was used to transform chemically competent E. coli DH5a cells at
a ratio of 200 pg DNA to 20 pl of DHS5a cells and left on ice for 30 min. The cells were heat
shocked at 42°C for 42 seconds and placed on ice for 2 minutes. The cells were spread on 1.5%
agar plates supplemented with 100 pug/ml Ampicillin (Roche) and left to incubate overnight at
37°C. Asingle selected colony was inoculated into 10 ml of Lysogeny Broth containing ampicillin
(1 g Tryptone, 0.5 g Yeast Extract, 1 g NaCl, 100 pug/ml ampicillin) and left for 8 hours at 37°C.
The inoculated media was transferred to 100 ml autoclaved Lysogeny Broth containing ampicillin
and left overnight at 37°C at 250 orbitals per minute.

The Qiagen Maxiprep DNA extraction kit and protocol were used to extract the pDSgp120rvcEXC
plasmid. In brief, the culture media was centrifuged for 15 minutes at 6000 x g at 4°C and the
supernatant removed. The bacterial pellet was resuspended in cooled buffer P1 and buffer P2 was
added to the resuspension and left to incubate at room temperature for 5 minutes. Cooled buffer
P3 was added to the solution, mixed by inversion, and left to incubate on ice for 20 minutes. The

solution was centrifuged at 14 000 x g for 30 min at 4°C. Qiagen-tip 500 column was equilibrated
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with buffer QBT and allowed to gravity drain, after which the supernatant was added to the column
and allowed to flow through. The column was washed twice with buffer QC prior to the DNA
being eluted off the column with buffer QF. Once eluted the DNA was precipitated using
isopropanol and centrifuged at 14 000 x g for 30 min at 4°C. The supernatant was poured off and
resuspended in 70 % ethanol prior to another round of centrifugation at 14 000 x g for 5 min at
4°C. The supernatant was removed, and the pellet was left to air dry prior to being resuspended in
RNAse free water. The DNA concentrations were measured using a Nanodrop™ (ThermoFischer)
at a 260/280 nm ratio and stored at -20°C.

2.2.2. Expression of gp120rvcEXC

The expression of gp120rvcEXC was performed in a HEK293S GnTi deficient cell line to prevent
the formation of complex glycans, allowing for homogenous downstream deglycosylation. The
generation of a stably transfected cell line was performed to allow for continuous expression of
the gp120rvcEXC protein. Cell stock of stably transfected HEK293S GnTi cells were already
available in our laboratory. To generate these cells in brief, T25 flat bottom culture flasks were
seeded with HEK293S GnTi cells with 1 x 108 cells and 5 ml of Ham’s F-12 complete media (10%
FCS). Cells were transfected for flasks that exhibited approximately 70-80% confluency. The
transfection solution was generated by mixing 5 ml Opti-MEM (Gibco, ThermoFischer) with 4 ug
pDSgp120rvcEXC plasmid DNA and 12 pl PEI Max (1 mg/ml; Polysciences) per flask and
vortexed discontinuously for 10 seconds and left to incubate at room temperature for 15 minutes.
On the day of transfection, the culture media was removed, and the cells were incubated overnight
with the transfection solution. The following morning the transfection solution was aspirated from
the cells and 5 ml of Ham’s F-12 complete media (10% FCS) was added to the cells. For selection
100 pg/ml of Geneticin (Gibco, ThermoFischer) was added to each flask. Cells that survived
selection and expression validated by dot blot as described in section 2.2.6 below were upscaled
and frozen for future stocks. Frozen cell stocks were maintained by freezing cells in 90% FCS
(Gibco, Life Technologies) and 10% DMSO (Pierce™, ThermoFischer Scientific) at -20°C.
Recombinant protein expression was confirmed by dot blot as described in section 2.2.6 below.
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Stably transfected cells were rapidly thawed and resuspended in Ham’s F-12 complete media (10%
FCS, 50 pg/ml Geneticin, and 25 pg/ml Gentamycin) (ThermoFischer Scientific) before being
centrifuged at 800 x g for 3 minutes. Cells were resuspended in the media and added to a T25 flat
bottom culture flask and incubated at 37°C with 5% CO>. Once the cells reached 90% confluency
the cells were seeded into 5 x T75 flasks prior to being seeded into roller bottles once 90%
confluency was reached in the T75 flasks. Cells in the roller bottles were maintained with Ham’s
F-12 media (5% FCS, 25 pg/ml Geneticin, and 25 pg/ml Gentamycin) (ThermoFischer Scientific).
The roller bottles were rotated at 0.3 rpm at 37°C and 5% CO.. Media containing gp120rvcEXC
was harvested twice a week until a total volume of 2 L was reached, after which protein expression
levels decline. The harvested media was centrifuged at 14 000 x g for 5 minutes and filtered using

a 0.22-micron filter to remove cells and debris from the media and frozen at -4°C until needed.

2.2.3. Purification of gp120rvcEXC through lectin affinity chromatography

Lectin affinity chromatography was used to bind the native mannose glycans on the surface of the
expressed gpl20rvcEXC and purify the recombinant protein. Two millilitres of lectin-agarose
(Sigma Aldrich) was suspended in 1xPBS (pH 7.5) (ThermoFischer Scientific) and equilibrated
with 100 x column volumes (CV) of 1xPBS. Filtered culture media containing gp120rvcEXC was
thawed and run through the column. The column was washed to reduce non-specific binding with
100 x CV of PBS containing first 0.5 M NaCl, followed by 1 M NaCl. Elution of gp120rvcExC
was achieved by using 25 ml of 1 M methyl alpha-D-manno-pyranoside (MMP) (Sigma Aldrich).
The column was first left to equilibrate for 5 min with 10 ml of the MMP solution before collecting
this volume of the resulting eluate, after which the additional 15 ml MMP solution was added and
passed through the column to remove the remaining gp120rvcEXC. Once the protein had been
eluted the column was regenerated using 100 x CV 1.5 M NacCl and stored in PBS with 0.02%
Sodium Azide. Recombinant protein purification was confirmed by SDS-PAGE and Western blot

analyses, as described in sections 2.2.7 and 2.2.8 below.

Eluted protein was concentrated to 1 mg/ml using a concentrating centrifuge tube with a 10 kDa

size cut-off (Centricon®) filtered using a 0.22-micron filter, and protein expression and
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concentration was determined using a Bicinchonic Acid assay (BCA assay) (ThermoFischer

Scientific), as per manufacturer’s instructions, and stored at 4°C.

2.2.4. Deglycosylation of gp120rvcEXC

Deglycosylating gp120rvcEXC is an integral step in the process of crystallization of glycosylated
proteins as it increases the probability of successful crystallization. This is achieved using
Endoglycosidase H (Endo H) (Sigma Aldrich) to cleave between two N-acetylglucosamine
(GIcNACc) subunits proximal to the asparagine residue (Figure 2.4). This truncates the glycans on
the surface by leaving a remaining GIcNAc molecule. Glycans are inherently flexible in nature,
and this flexibility creates heterogeneity and flexibility that impairs crystallization — which
requires a high degree of homogeneity to create an identical lattice to make up the crystal structure.
Endo H thus truncates the glycans to remove flexibility of the glycans and creates a more
homogenous protein sample. The lectin affinity purified gp120rvcEXC was buffer exchanged
through centrifugation into PBS (pH 5.5) for optimal enzymatic activity, using a 10 kDa
Centricon®. The protein was concentrated to 1 mg/ml prior to the addition of Endo H. Optimized
amount of Endo H was determined to be 2 units per 100 pg of purified gp120rvcEXC when
incubated for 48 hours. The gp120rvcEXC — Endo H mixture was incubated overnight at 37°C
after which the solution was filtered using a 0.22-micron filter to remove precipitated protein in
order to prevent further aggregation of the sample. It was then left to incubate for a further 24
hours at room temperature. The deglycosylated protein was subsequently buffer exchanged
through centrifugation into PBS (pH 7.5) using a 10 kDa Centricon® and concentrated to 1 mg/ml
and filtered using a 0.22-micron filter. The deglycosylated gp120rvcEXC was stored at 4°C.
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Sialic acid ———»

Galactose ———»

+«——— GlIcNAc

<«——— Mannose

-------------------- Endoglycosidase H

Complex Glycan

Figure 2.4: Representation of a complex N-linked glycan. Expression through GnTi cells prevents the
formation of the structure beyond the mannose residues. The cleavage site by Endoglycosidase H is
indicated with a red dash, with cleavage resulting in a single GIcNAc residue remaining. Image adapted

from https://en.wikipedia.org/wiki/File:Types_of glycans.svg.

2.2.5. Separation of deglycosylated gp120rvcEXC species

Two distinct species of gp120rvcEXC were generated during the deglycosylation process, likely
due to variability in the initial glycosylation process of the protein. This generated a species of a
higher molecular weight (HMW) and one of a lower molecular weight (LMW). For the purpose of
crystallization, species need to be separated to ensure homogeneity. To achieve the separation a
Superdex HiLoad 75 pg (Mw range of 3 000 — 70 000 Da) (GE Lifescience) was used. The column
was equilibrated with the crystallization buffer (2.5 mM Tris-HCI, pH 7.5, 350 mM NacCl, 0.02%
NaN3s). The protein was loaded at a volume of 1 ml and a concentration of 2 mg/ml and passed
through the column at a flow rate of 0.8 ml/min. Fractions were collected at a volume of 0.5 ml to
prevent extensive overlap of the species in the fractions as they were not completely resolved on
the column. Fractions were evaluated by SDS-PAGE, as described in section 2.2.7 below.
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2.3.Dot Blot

To perform a Dot blot, a nitrocellulose membrane (BioRad) was coated with the target protein.
Three microliters of each protein sample were added to the same location three times, and samples
were allowed to dry between applications. The membrane was blocked for an hour using 3% BSA
(Roche) in PBST (0.02% Tween 20 in PBS). It was then incubated with anti-gp120 rabbit sera
(HPRU) diluted 1:2000 in PBST for an hour before being washed in PBST 3 times for 5 minutes.
An anti-rabbit linked reporter 1gG antibody (GE Healthcare UK Limited, ECL™) was added to
the membrane and left for an hour prior to being washed 3 times for 5 minutes in PBST. Pierce
ECL Western blotting substrate (Thermo Scientific) was added to the membrane and left to
develop for 15 minutes prior to visualization on the Gel Doc imaging system set to Chemi-High

Sensitivity.

2.4.SDS-PAGE

SDS-PAGE consists of two vertical layers of gel that allow for the separation of proteins based on
molecular weight. The protein separates in a vertical fashion with the lower molecular weight
resolving faster and appearing lower on the gel. The Mini-PROTEAN® TGX™ BioRad system
was utilized to prepare and run the gels. The lower portion of the gel (separating gel) allows for
the separation and resolution of the proteins. The top layer (stacking gel) allows for the loading of
protein and ensures that the proteins enter the separating gel at the same time. The separating gel
(10%) was prepared by mixing 3.3 ml of monomer solution (30% (w/v) acrylamide (Sigma-
Aldrich), 2.7% (w/v) bis-acrylamide (Sigma-Aldrich)), 2.5 ml separating buffer (1.5 M Tris-HCI,
pH 8.8), 10 ul TEMED (Tetramethylethylenediamine) (ThermoFischer Scientific), 100 pl SDS
(Calibiochem) (10% (w/v), 4.1 ml dH20), and 32 pl of ammonium persulfate (Sigma-Aldrich)
(10% (w/v). The gel was then poured and covered in isopropanol to protect the gel from oxygen

that inhibits the polymerization of the gel. The gel was left to polymerize for an hour.

The stacking gel (4%) was prepared by mixing 1.3 ml monomer solution (30% (w/v) acrylamide
(Sigma-Aldrich), 2.7% (w/v) bis-acrylamide (Sigma-Aldrich)), 2.5 ml stacking buffer (0.5 M Tris-
HCI, pH 6.8,), 10 ul TEMED (ThermoFischer Scientific), 100 pl SDS (Calibiochem) (10% (w/v)),
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6.1 ml dH20, and 100 pl ammonium persulfate (Sigma-Aldrich) (10% (w/v)). The stacking gel
was poured over the separating gel once the isopropanol had been removed completely. A comb
was then added into the stacking gel solution to form the wells and the gel was left to polymerize
for another hour.

Protein samples were prepared using a 1:1 ratio of Sample Buffer (125 mM Tris, 4% SDS, 20%
Glycerol (Saarchem, Merck), 2 mg bromophenol blue (Saarchem, Merck), 10% 2-
Mercaptoethanol, pH 6.8) to protein. Samples were heated at 95°C for 5 minutes to aid the
denaturation of the protein that occurs from the SDS and pulse centrifuged to collect any sample
droplets prior to being added to the wells. Gels were run in Running Buffer (2.5 mM Tris 19.2 mM
Glycine, 0.01% SDS) at 180 V for 1 hour on the Proteon BioRad system. They were subsequently
stained using R-250 Coomassie blue stain (5% Methanol, 10 % Acetic acid, 40% d H.0, 0.025%
Coomassie blue R-250 (Sigma-Aldrich)) for an hour and destained using destaining solution (10%
Acetic acid) until bands were visible. Gels were imaged using the Chemidoc XRS™ GelDoc

(BioRad) imaging system and QuantityOne™ imaging software.

2.5.Western Blot

The protein separated in the SDS-PAGE gels were transferred to a nitrocellulose membrane
(BioRad). Filter papers and the nitrocellulose membrane were equilibrated in transfer buffer (25
mM Tris-HCI (pH 7.6), 192 mM Glycine, 20% Methanol, 0.03% Sodium Dodecyl Sulphate) for 5
— 10 minutes using a semi-dry procedure on a Trans-Blot SD Semi-Dry Transfer Cell (BioRad)
system. The protein was transferred for 20 minutes at 20 V. After protein transfer, the gel was
stained with using R-250 Coomassie blue stain (5% Methanol, 10 % Acetic acid, 40% d H20,
0.025% Coomassie blue R-250 (Sigma-Aldrich)) to determine the relative amount of protein

present as a gauge of transfer efficacy.

The membrane was blocked using Bovine Serum Albumin (BSA) to prevent non-specific antibody
binding. This was performed using 3% BSA (Roche) in PBST (PBS with 0.02% Tween20), which
was placed on the membrane for an hour. The membrane was washed 3 times for 5 minutes using

PBST. A primary anti-gp120 rabbit serum (HPRU) directed at the protein of interest was diluted
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1:2000 in PBS and placed on the membrane for 1 hour, prior to washing as described. A secondary
anti-rabbit linked reporter 1gG antibody (GE Healthcare UK Limited, ECL™) that binds the
conserved region of the IgG primary antibody was placed on the membrane for an hour and washed
as previously described. The membrane was developed using Pierce ECL™ Western blotting
substrate (Thermo Scientific) for 15 minutes before being imaged using a GelDoc XRS™ set to

the “Chemi-High Sensitivity” function that detects the fluorescence from the secondary antibody.

2.6.Crystal Trials — screening and optimization

Of the two species produced by the Endo-H deglycosylation of gp120rvcEXC the Low Molecular
Weight (LMW) species (section 2.2.4 and 2.2.5) was selected for further studies. This was chosen
under the assumption that the LMW species had undergone more extensive deglycosylation that
will reduce conformational flexibility and increase the probability of crystallization. The LMW
gp120rvcEXC was pooled from the selected SEC fractions and concentrated immediately prior to
crystallization to ensure minimal degradation and precipitation of the protein. All crystallization
trials were performed on the automated Oryx platform, using a Hamptons Index Kit to test 96
common crystallization conditions. The protein was concentrated to 4 mg/ml and crystal trials
were conducted using a sitting drop method. The drops were generated at a protein to mother liquor
ratio of 1:1, 1:2, and 1:3 for each of the 96 conditions. The plate was left at 20°C and periodically
analysed for crystal formation. No crystals viable for upscaling were produced. However, the
formation of needles was observed that were subsequently used as a seed stock for further rounds

of crystal trials.

The seed stock was generated from the existing protein needles. The needles were harvested using
a loop and placed into 10 ul of mother liquor in which the needles were grown before being broken
with a glass wand. A glass bead was added to the mixture containing the protein crystal fragments
and centrifuged discontinuously for 5 seconds to further fragment the needles. The seed stock
solution containing the needles was diluted into the various mother liquor solutions of the

Hamptons Index kit at a ratio of 1:10 seed stock to mother liquor. The soluble deglycosylated
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gp120rvcEXC protein was subsequently added to the various mother liquor solutions containing

the seed stock at a concentration of 1 mg/ml and a ratio of 1:1.

Additional trials were run using another prominent kit (Morpheus) to determine potential
conditions for crystallization. The Morpheus kit also has 96 common conditions but uses an under-
oil method for crystallization. This also allows for the use of smaller amounts of protein per trial,
allowing for a wider variety of protein concentrations to be attempted. Three plates were set up
with ratios of 1:1, 1:2, and 1:3 of protein to mother liquor. The protein concentration was kept at
4 mg/ml. The plates were left at 20°C and periodically analysed for crystal growth. Two conditions
indicated crystal growth that can be upscaled to increase the size of the crystals for X-ray
diffraction.

2.7.Generation of Homology Models and Molecular Dynamic (MD) Simulations

To prepare the proteins for MD simulations, homology models were generated of the following
proteins: gp120Coree, gp120rvcEXC, 2dCD4WT, and 2dCD4%°C. Homology models utilize the
sequence from the proteins of interest (gp120rvcEXC and 2dCD4%%%C) and existing X-ray
crystallography models (gp120Coree and 2dCD4T) to generate a model for where there is a larger
than 75% sequence similarity. The unliganded gp120rvcEXC model was generated using our
gp120rvcEXC sequence and the crystal structure of gp120Coree (PDB ID: 3TGR) to generate a
protein model of our sequence. The 2dCD4%°¢ and 2dCD4WT homology model was generated
using the X-ray structure of wild type (WT) 2dCD4 (PDB ID: 2NY4). These models were
generated using the SWISS-MODEL platform (www.swissmodel.expasy.org) providing our own
protein templates that closely resemble our proteins of interest. Generation of the gp120rvcEXC —
2dCD455CMT complexes was performed on the PyMOL platform (www.pymol.org) by fitting the
constituent proteins (gp120 and 2dCD4 S8°C¢WT) gver existing crystal structures of gp120-2dCD4
complexes (PDB ID: 3LQA) with the accompanying antibody removed before it was used as a
template. The fitted homology models were exported to retain the structure of the proteins and
their orientation. Once these model of the gp120rvcEXC — 2dCD4 5% was generated, a disulphide
bond was introduced in the gp120rvcEXC — 2dCD4%%°C using PyMOL by linking the chains of the
relevant residues, and the length of the bond was generated at 1.5 Angstroms (A).
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The molecular dynamic (MD) simulations, as well as the preparation of the proteins were
performed on the Schrodinger Maestro 12.2 platform. The proteins were prepared using a standard
procedure using the OPLS2005 force field. The homology models underwent optimization to
rotate bonds to more favourable energy orientations in the absence of crystallization artefacts. Due
to the nature of homology model generation, water molecules were removed and as such needed
to be reintroduced to the structures. The protein was placed in a cubic unit cell in which the protein
was cantered leaving 1nm between the protein and the edges of the box. The unit cell was filled
with solvent and neutralized to a net charge with the addition of the necessary amount of Sodium
(Na*) and Chloride (CI") ions. The system was relaxed using a step wise energy minimization
procedure to the nearest local minimum. The final simulation was run at 300K for 50 ns at 1 ps

intervals for a total of 1000 frames.

All other analyses of the MD simulation proteins were performed on the Maestro platform to
analyse the Root Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and
Secondary Structural Elements (SSE’s) of the proteins that underwent simulation. Protein

simulations were visualized on the Maestro platform.

The Root Mean Square Deviation (RMSD) calculates the global fluctuation of the entire protein
structure per frame for the entire simulation. This provides insight into the mobility of the entire
structure on a frame-by-frame basis. It is important to note that the overall trend is the result of
interest as the frames between the two structures are not comparable due to the different initiation
points of each simulation post relaxation of the protein. However, it also acts as a good measure
for the quality of the simulation and is often employed as a quality control step, as an extremely
large fluctuation in the RMSD usually indicates that the molecule has moved beyond the bounds
of the water-box containing the protein. This boundary is considered to be between 2.5-3 A and

all the simulations we performed fell within the acceptable bounds.

The Root Mean Square Fluctuation (RMSF) of the residues in an MD simulation determines the
amount of movement for each residue compared to the reference frame (frame 0) over the entire
period of the simulation, which in our case was 50 ns. This provides insight into the changes in
structure, dynamics, and subsequent interatomic interactions between the compared structures. A

strong reduction in the fluctuation of a region can also indicate the truncation of a region.
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To aid in determining the protein residues and regions that exhibit significant difference between
the gp120 structures in the MD simulation, a strategy was employed to reveal significant
differences to be investigated. This was achieved by calculating the percentage difference in the
RMSF of the individual residues between the two proteins using the following formula:

( ( RMSF of gp120Core, residue

RMSF of gp120,y0ExC residue>> X 100 = Percentage dif fernece in RMSF of the residues

This ultimately allowed us to investigate individual residues and regions that display significant
differences in fluctuations when the structures are compared. A 30% cut-off was used to attempt
to isolate the residues that experienced the most significant change between the two structures for
investigation. The 30% cut-off was chosen based on the results from the MD analysis. This allowed
for the isolation of regions in the structures that comprise more than single residues and exhibit

the largest fluctuations that are more likely to be relevant in the analysis.
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3. Results

3.1.Design of a modified gp120rcEXC sequence

To increase the probability of crystallizing the expressed gp120rvcEXC, the gp120rvc sequence
was modified by the introduction of substitutions in the V1/V2 region (as found in gp120Coremin)
and V3 region (as found in the gp120Core¢), while the V1 and V2 included an additional nine
residues compared to gp120Coree (Figure 3.1). The additional nine residues included in the V1/VV2
region are integral to the formation of the putative disulphide bond between Cysteine 113 of gp120
(that resides in the V1 loop) and the Cysteine residue at position 60 of 2dCD4%%°C of the
immunogenic gp120rvcEXC — 2dCD4%°C complex. The inclusion of these resides allow for the
validation of our ability to crystallize the gp120rvcEXC in isolation, as well as an eventual
component in the gp120rycEXC — 2dCD4WT/S80C complexes.

Apart from the adopted modifications performed on the gp120rvcEXC sequence, there were other
sequence differences between the gp120rvcEXC and the gp120Coree (PDB ID: 3TGR) sequence,
both of which are HIV-1 subtype C derived sequences. Several amino acids throughout the
sequence, with certain regions containing large sequence differences were noted. The sequence
between the V3 region and the CD4 binding loop show numerous differences that may be
characteristic of the FV sequence and may impact the functionality of the V3 and CD4 binding
loops (Figure 3.1). The other notable regions are the V4 region of gp120rvcEXC that has an 11

amino acid deletion, as well as a three amino acid residue insertion in the V5 region (Figure 3.1).
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Figure 3.1: Amino acid sequence comparison of the novel gp120svcEXC consensus sequence compared to
the gp120Core. (3TGR). Functional regions of the gp120Core. and gp120-vcEXC proteins are indicated by
red bars. Changes in the sequences are indicated by the blue, orange, and yellow blocks. The green block
indicates the substitution of the V3 loop. The red highlighted block indicates the residue involved in the
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putative disulphide bond in gp120rycExC-2dCD4%C complexes.

3.2.Successful gp120rvcEXC expression in mammalian cell lines

Dot blot analysis confirmed the presence of secreted gpl20rvcEXC from GnTi- deficient
HEK?293S cells in the tissue culture media (Figure 3.2). This step was performed once the cells
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reached confluency in the roller bottles to ensure an adequately detectable amount of recombinant
protein was being expressed and secreted into the supernatant. The expression was confirmed by
the positive control of previously purified gp120 and a negative control of fresh culture media
(Figure 3.2).

Positive Control Negative Control Expression
(gp120) (media) (9p120g,cEXC)

Figure 3.2: Dot blot confirming the expression of gp120s,cEXC following detection using anti-gp120
rabbit serum. Positive and negative controls were included, where the positive control is a known gp120
sample and the negative control is untransfected cell culture media.

3.3.Effective purification of gp120rvcEXC through lectin affinity chromatography

A purification profile of gp120r/cEXC was generated to determine the efficiency of the lectin
affinity chromatography purification, and to identify if subsequent purifications were necessary to
ensure optimal yield of purified protein from the harvested culture supernatant. Two purifications
were performed in succession on the same batch of harvested culture supernatant and analysed
through SDS-PAGE and western blot (Figures 3.3 and 3.4).

The initial purification showed distinct bands visible in the media and flow-through samples that
corresponds to the size of gp120rvcEXC at approximately 58 kDa (Figure 3.3). However, as
indicated by the corresponding western blot (Figure 3.4) this is not gp120rvcEXC but rather a
protein native to the expression media as the bands in the western blot are smaller and less diffuse.
These proteins are likely FCS protein bands from the cell media. These proteins have a size of 66.5
kDa which on a 10% SDS-PAGE gel would overlap with the gp120rvcEXC band at 58 kDa.
Importantly the presence of protein in the flow-through sample visible on the western blot is

indicative of the need for an additional purification (Figure 3.4). A faint band is visible at ~58 kDa
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in the first wash sample (Figure 3.3), however, the corresponding band on the western blot shows
little to no detection of gp120rvcEXC (Figure 3.4). The eluted and concentrated bands of the first
purification show proteins at ~58 kDa as expected for gp120rvcEXC (Figure 3.3). These bands in
the eluted and concentrated samples on the corresponding western blot (Figure 3.4) indicate that
they represent gp120rvcEXC with minimal contamination as the bands corresponds to those of the
SDS-PAGE in intensity and size. The second purification is similar to that of the first with a
markedly less intense band in the concentrated sample of gp120rvcEXC observed on the SDS-
PAGE (Figure 3.3). However, the corresponding western blot shows a similar profile in the second
purification to that of the first (Figure 3.4). It should be noted that the protein yield after a third
round of purification is drastically less than that of the second round of purifications (results not
shown) and as such only two rounds of purifications were performed per batch of gp120rvcEXC

containing culture supernatant.

First Purification Second Purification

80 kDa
58 kDa

46 kDa
32 kDa

Figure 3.3: A 10% SDS-PAGE gel indicates that the lectin purification steps used are adequately
purifying gp120rcEXC while maintaining a high protein yield. While some protein is visible in the
initial wash step (Wash 1, blue), protein is only observed in the elution steps. Further, two rounds
of purification are necessary to ensure optimal purification. The Molecular Weight marker (P7712,
New England Biolabs® Inc.) is indicated on the left, in kilodaltons (kDa). The arrow points to
gp120rvcEXC.
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First Purification Second Purification

{\\ O x@ O &

gp1 20g,cExC

Figure 3.4: Western blot analysis confirming the presence of gp120r/cEXC in the elution and
concentrated samples of the various gp120r/cEXC purification steps, as well as confirming the
presence of a contaminating non gp120sycEXC protein of a similar size to gp120gvcEXC in the

expression media. The arrow points to gp120rcEXC.

Therefore, gp120rvcEXC was successfully purified using lectin affinity chromatography, but more
than one purification per batch of media was required to maximize protein yields based on the

purification resin and column sizes used.

3.4.Cleavage of gp120rvcEXC N-linked glycans using Endo H

Deglycosylation of gp120rvcEXC was performed using Endoglycosidase H (Endo H) to cleave
the N-linked glycans, reducing the overall glycosylation of the recombinant protein. A reduction
in the size of gpl20rvcEXC from 58 kDa to approximately 32-46 kDa indicates successful
deglycosylation (Figure 3.5). A band is visible at approximately 28 kDa in the deglycosylated
samples that corresponds to the molecular weight of Endo H (Figure 3.5). Two distinct bands are

also visible in the deglycosylated protein samples that indicates successful deglycosylation that
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results in two distinct deglycosylated gp120rvcEXC species. The formation of the two
deglycosylated species is likely due to the variable native glycosylation of gp120rvcEXC during
expression and subsequent post-translational modifications, as noted by the large disperse band
presented in the glycosylated gp120rvcEXC lane (Figure 3.5). Successful deglycosylation of
gp120rvcEXC was achieved using 2 units of Endo H per 100 pg of gp120rvcEXC over 48 hours at
apH of 5.5.

80 kDa
58 kDa

46 kDa

32 kDa

25 kDa

Figure 3.5: A 10% SDS-PAGE gel indicates that deglycosylation of gp120r,cEXC using Endo H
generates two distinct species between 32- and 46 kDa, a significant shift compared to Glycosylated
gp120rcEXC at 58 kDa. The Molecular Weight marker (P7712, New England Biolabs® Inc.) is
indicated on the left, in kilodaltons (kDa).

3.5.Separation of deglycosylated gp120rvcEXC species using Size exclusion chromatography

Separation of the two deglycosylated gpl20rvcEXC species was performed with a HilLoad
Superdex 75pg column, as indicated by the two overlapping peaks (Figure 3.6). Fractions were
collected for analysis through SDS-PAGE to select samples that contain distinctly one species of
gp120rvcEXC, ensuring homogeneity for crystallization (Figure 3.7). Incomplete separation of the
two species was achieved through SEC as observed by the overlapping peaks of the chromatogram

(Figure 3.6) and the SDS-PAGE of the collected fractions shows fractions containing bands
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corresponding to both gp120rvcEXC species (Figure 3.7). The larger species of gp120rvcEXC is
represented by the first peak on the chromatogram, while the second peak represents the smaller
molecular weight species (Figure 3.6) as shown by the SDS-PAGE of the collected fractions of
the corresponding peaks (Figure 3.7). The second peak representing the smaller molecular weight
species of gp120rvcEXC has a higher UV absorbance reading than that of the higher molecular
weight, indicating a larger amount of the lower molecular weight gp120rvcEXC species present
(Figure 3.6). The SDS-PAGE of fractions 15-23 show limited contamination of the low molecular
weight species of gp120rvcEXC (Figure 3.7) as indicated by a singular band of protein. This lower
molecular weight species was selected and pooled for further crystallization studies due to the
likely more complete deglycosylation and subsequent lower conformational dynamics of these
proteins. Fractions 15 — 23 were selected and pooled for crystallization based on the purity of the
low molecular weight species of protein (Figure 3.7). This aims to ensure as much homogeneity

of the protein present to improve the probability of crystal formation.
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Figure 3.6: Chromatogram showing the separation and purification of the two deglycosylated
gp120rvcEXC species following SEC. The overlaps of the first and second peak indicate non-discrete
separation of the proteins. Orange dots represent the collection fractions from the purification. The protein
was run through a Hi-Load Superdex 75pg column.
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Figure 3.7: Separation of the two deglycosylated Low Molecular Weight (LMW, blue arrow) and High

Molecular Weight (HMW, green arrow) gp120r/cEXC protein species achieved through SEC. Samples
were run on a 10% SDS-PAGE gel under reducing conditions. The Molecular Weight marker (P7712, New
England Biolabs® Inc.) is indicated on the left, in kilodaltons (kDa).
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3.6.Conditions in the Morpheus crystallization Kit produces gp120rvcEXC protein crystals

Two kits were used for the crystallization of gp120rvcEXC. The Hamptons Index kit, using a sitting
drop vapour diffusion setup to assess 96 common conditions for crystallization resulted primarily
in precipitation, clear drops, and few amorphous crystals that are unlikely to be protein in nature.
However, one condition (44, from Hamptons Index Kit HR2-144) (0.1 M HEPES pH 7.5, 25%
wi/v Polyethylene glycol 3 350) produced protein needles when trialed with a protein concentration
of 4 mg/ml at a ratio of 1:1 with mother liquor (Figure 3.8). These crystals were too small in size
to both isolate and perform X-ray diffraction on. Instead these crystals were harvested and used to
produce a seed stock to further seed a Hamptons Index kit to increase the size and probability of
crystal formation through the presence of protein fragments to act as nuclei. This did not yield any
results and predominately led to precipitation despite the reduction in starting protein
concentration to 1 mg/ml.

Figure 3.8: The formation of protein needles using a Hamptons Index kit. Condition 44 Hamptons Index
Kit HR2-144 (0.1 M HEPES pH 7.5, 25% wi/v Polyethylene glycol 3 350) with a protein concentration of
4 mg/ml and a ratio of protein to mother liquor of 1:1 produced needle shaped protein crystals.
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Subsquently both the Hamptons Index kit and the Morpheus kit were used in an under-oil set-up.
An under-oil set up allows for different results to standard vapor diffusion as the rate at which the
protein concentrates vary between the methods, as well as allowing certain proteins to crystallize
(although the mechanism for this is not quite understood). The Hamptons Index kit showed no
results of value. The Morpheus kit had two promising conditions (0.06 M (0.3 M Calcium chloride
dihydrate, 0.3 M Magnesium chloride hexahydrate); 0.1 M Tris, BICINE pH 8.5; 30% (40% v/v
Ethylene glycol, 20% w/v PEG 8000; and 0.06 M ( 0.3 M Calcium chloride dihydrate, 0.3 M
Magnesium Chloride hexahydrate); 0.1 M Tris, BICINE pH 8.5; 37.5% (25% v/v MPD, 25% w/v
PEG 1000, 25% w/v PEG 3350) that produced multiple protein crystals that exhibited
birefringence with results from the first condition shown in Figure 3.9. These crystals were
produced both at a ratio of 1:2 and 1:3 protein to mother liquor, respectively. These conditions that
produced protein crystals were noted, to be upscaled to produce larger crystals viable for future X-
ray diffraction studies of gp120rvcEXC.

Figure 3.9: Protein crystal formation of deglycosylated gp120rvcEXC.using a Morpheus kit in an under-oil
setup. These crystals were produced at a protein concentration of 4 mg/ml and a ratio of 1:2 protein to
mother liquor for condition (0.06 M (0.3 M Calcium chloride dihydrate, 0.3 M Magnesium chloride
hexahydrate); 0.1 M Tris, BICINE pH 8.5; 30% (40% v/v Ethylene glycol, 20% w/v PEG 8000) of the kit.
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3.7.MD simulations

3.7.1. Novel gpl20rvcEXC sequence has reduced conformational dynamics compared to

gp120Coree sequence in MD simulations

Homology models of both the gp120rvcEXC and gp120Coree proteins were successfully generated
to obtain valuable data and comparisons between the structural and conformational dynamics of
the proteins in MD simulations. The Root Mean Square Deviation (RMSD) for gp120rvcEXC and
gpl20Corec is shown in Figure 3.10. The RMSD calculated the global fluctuation of the entire
protein structure per frame for the entire simulation. This provides insight into the mobility of the
entire structure on a frame-by-frame basis. It is important to note that the overall trend is the result
of interest as the frames between the two structures are not comparable due to the different
initiation points of each simulation post relaxation of the protein. However, it also acts as a good
measure for the quality of the simulation and is often employed as a quality control step, as an
extremely large fluctuation in the RMSD usually indicates that the molecule has moved beyond
the bounds of the water-box containing the protein. This boundary is considered to be between
2.5-3 A and all the simulations performed for gp120rvcEXC and gp120Core. fell within the

acceptable bounds.

The RMSD of gp120rvcEXC is overall lower than that of gpl20Coree. (Figure 3.10). This is
particularly apparent from frame 500 onward once the structures have reached equilibration. The
average RMSD for the gp120rvcEXC is 0.128 A smaller than that of gp120Core., further
suggesting that the conformational flexibility of gp120rvcEXC may be lower than that of the
gp120Caore structure.
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Figure 3.10: The RMSD of gp120r/cEXC (purple) and gp120 3TGR (blue) of the averaged alpha carbons,
showing minimal change between the structures once equilibrated (from approximately 500 picoseconds

onwards). However, the RMSD of gp120r/cEXC remains lower than that of gp120Cores..

The RMSF shows a strong reduction in the fluctuation of the regions between the variable loops
of the structures, possibly indicating truncations (Figure 3.11). The aligned RMSF profiles of the
structures shows gross differences between the two structures due to sequence variation and

fluctuations of the residues (Figure 3.11).
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Figure 3.11: The Root Mean Square Fluctuation (RMSF) of gp120rvcEXC and gp120Core. depicts the
conformational changes made to the gp120rvcEXC (purple) structure compared to a gp120Core. (blue) to
enhance the probability of crystallization. This is most evident in the large fluctuations seen in the residues
over time of the Variable loop regions (V1-V5) that are indicated with letters A-D (V1 and V2 regions
overlap in A). The grey bar indicates the structure of the Env protein, with key functional residues indicated

in blue.

The percentage difference in the RMSF of the individual residues between the two proteins was
calculated (Figure 3.12). While many regions showed fluctuation above the 30% cut-off, they are
primarily single residues and were subsequently omitted. However, four regions that indicated
significant differences, as well as observable structural variation were identified for further
analysis (Figure 3.12, Figure 3.13). These regions comprise the V1, V2, V3, V4, and V5 regions
(V1and V2 overlap, highlighted section A in Figure 3.12 and Figure 3.13). It should be noted that
despite not meeting the cut-off criteria for analysis, the CD4 binding region, as a functional region
of interest, exhibits some structural variations that are worthy of discussion. Of these residues in
the CD4 binding loop, residues 241, 242, 243, and 253 have reduced fluctuations for gp120rvcEXC
compared to gp120Core., while residue 248 of this region for gp120rvcEXC has more flexibility.
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Figure 3.12: The percentage difference in the RMSF for the individual residues between gp120gycEXC and
gp120Core. shows distinct differences between the structures — notably in the V3, CD4 binding loop, and
V5 regions. A positive percentage difference indicates that gp120Core. residues are more conformationally
flexible. Red bars indicate the 30% cut-off metric by which residues that experience significant fluctuations
was determined. These regions are indicated with letters A-D and highlighted with green squares. The grey

bar indicates the structure of the Env protein, with key functional residues indicated in blue.
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Figure 3.13: Ribbon representation of our gp120~/cEXC homology model (purple) superimposed over
gpl120Core. (blue) (PDB: 3TGR). The V1/V2 and V3 modifications that differentiate gp120 from
gpl120Core. and gpl20rvcEXC structure to aid in unliganded crystallisation are highlighted. Regions
investigated in the analysis are labelled.

The four regions (V1/V2, V3, V4, and V5) determined by the percentage difference to be
significant were further inspected through MD simulations (Figures 3.13 to 3.17). These images
are merely single representative snapshots of the MD simulations, and are used only to illustrate

the differences, but do not account for the full dynamic fluctuations observed.

3.7.2. Longer V1V2 region of gpl20rvcEXC compared to gpl20Coree leads to increased

fluctuation in the residues of this region

The residues adopted from gp120min in gp120rvcEXC compared to gp120Core. required for the
putative disulphide bond to form between residue 113 of gp120rvcEXC and residue 60 of 2dCD4
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increase the fluctuations of the residues in the V1V2 substitution region. This is apparent when
looking at the RMSF of gp120rvcEXC compared to gp120Core. (Figure 3.11). However, due to
the disparity of gpl20rvcEXC containing the additional residues necessary for the putative
disulphide bond, calculating the percentage difference is not possible. It was included as the
difference is easily visually observed. The visual representation of the fluctuation (Figure 3.14)
shows a larger loop structure in gp120rvcEXC when compared to the loop found on gp120Coree
(Figure 3.14) leading to a larger conformationally flexible loop and increased fluctuation of the
flanking residues. A single snapshot of the MD simulation to better illustrate the differences
between gp120rvcEXC and gpl20Coree show the extent of the loop formed by the additional

residues and the conformational dynamics in the V1V2 loop structure.

B gp120;,ExC
B gpl20Core,

Figure 3.14: Visual representation of the V1/VV2 substitution region, key residues with a difference in
fluctuation are highlighted for gp120Core. (light blue) and gp120evcEXC (light purple). The additional
residues in gp120rvcEXC form a larger more conformationally flexible loop and to a lesser extent the

flanking residues.

3.7.3. gpl120rvcEXC shows reduced fluctuation in residues that comprise the V3 region
The largest difference in fluctuation is observed around the V3 loop region where gp120Coree has

much larger fluctuation of the residues in this region compared to gp120rvcEXC (Figure 3.11,
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Figure 3.12), despite the proteins’ sequence similarity in this region. This region of fluctuation is
for both the residues before the V3 region (166-187) and the residues that form the modified V3
region (190-205). The MD visual representation of the fluctuation shows that while gp120rvcEXC
takes a more coiled conformation, the corresponding residues of gp120Coree remain in a more
open and flexible conformation (Figure 3.15). This appears to be in part due to the Asn to Gly-217
and Asn to Asp-266 mutations in gp120rvcEXC compared to gpl120Coree. This allows for the
formation of more hydrogen bonds in gp120Coree that result in coiling of the structure. Mostly all

but the outermost residues appear to exhibit differences in fluctuations in the V3 region.

B gpl120.,ExC
B gpl20Core,

Figure 3.15: Visual representation of the V3 substitution region of gp120~/.cEXC (light purple) and
gp120Core. (light blue), with key residues with a difference in fluctuations highlighted. The key residues
of gp120Core. remain in an open configuration while the corresponding residues of gp120g/cEXC persist
in a coiled conformation. Yellow dashes indicate formed hydrogen bonds in gpl20r/.cEXC that are
responsible for the fluctuation. Key residues Asp 226 and Gly 217 in gpl120rvcEXC are absent in
gp120Coree.
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3.7.4. Additional residues in the V4 region of gp120Coree compared to gp120rvcEXC stabilize
the V4 loop region of gp120Coree

The V4 loop region exhibits sequence differences between the gpl120rvcEXC and gpl20Coree
proteins in that gpl20Coree contains more residues than gpl20rvcEXC, potentially due to
gp120rvcEXC being a FV consensus sequence which has been found to have shorter V1-V4 loops
(Rademeyer et al., 2007). Of all the regions that experience significant differences in RMSF
between the gpl20rvcEXC and gpl20Coree proteins, the V4 region is the only region of
gp120rvcEXC (263-266) that appears to experience more fluctuation than that of gp120Core.
(Figure 3.16). This is potentially due to the additional residues present in gp120Coree that flank
the residues in this region, increasing the stability of this region (Figure 3.16). When visualized
through MD simulation the residues that exhibit fluctuation in the V4 loop of gp120rvcEXC have
a more open conformation that fluctuates more readily than the corresponding residues of
gp120Coree, that remain in a coiled configuration for larger portions of the simulation. The coiled
configuration appears to be primarily due to the presence of a hydrogen bond between Ser-255 and
Leu-257 that exists in gp120Coree but not gp120rvcEXC. This could be due to an Asp to Lys
mutation in gpl20rvcEXC that lies between these residues. It should also be noted that the
remaining residues that comprise the V4 loop in gpl20Core. that are absent in gp120rvcEXC
contain B-sheets that have hydrogen bonds to further stabilize the adjacent region and potentially

the region in which the significant difference was found between the gp120 proteins.
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B gpl20,,.ExC
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Figure 3.16: Visual representation of the V4 loop shows the more coiled conformation of gp120Core. (light
blue) compared to the more open and mobile conformation of gp120svcEXC (light purple), leading to
increased fluctuations of the gpl20r.cEXC residues. The residues for which both gp120r/.cEXC and
gp120Core. overlap, appear to be stabilized by a hydrogen bond in gp120Core. (yellow dash) between Asp
256 and His 269. The remaining portion of the V4 regions are shown for gp120Core. (green) and
gp120rvcEXC (dark purple). Further stabilization is likely due to hydrogen bonds present between the -
sheets in gp120Coree,

3.7.5. V5 loop region of gp120Core. has increased mobility due to a larger V5 region compared
to gp120rvcEXC

Unlike the V4 loop where the addition of residues appears to stabilize a region, the presence of
additional residues in the V5 for gp120Coree appear to increase the mobility of this region
compared to gp120rvcEXC (Figure 3.17). The identified residues of the V5 region of gp120Coree
vacillate between a coiled and uncoiled structure throughout the simulation. This change in coiling
appears to be a result of the additional residues in gp120Core. producing more hydrogen bonds
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between the residues of the V5 region that cause the structure to coil and uncoil as these bonds
form and break throughout the simulation. This appears to be the reason behind the increased
fluctuations of these residues in gp120Core as the corresponding residues in gp120rvcEXC remain
in a more open but stable conformation (Figure 3.17).

These results indicate that the gp120rvcEXC structure is potentially overall less dynamic than
gpl120Core in the variable regions of the protein. However, there are many small regions (Figure
3.12) with few residues found throughout gp120rvcEXC that appear to undergo larger degrees of
fluctuations outside of these key variable regions (V1, V2, V3, V5). Ultimately, gp120rvcEXC
appears to be more stable with key regions experiencing less conformational fluctuations and
change in dynamics of these residues, except for the V4 loop region.

B gpl20;,ExC
Bl gpl20Core,

Figure 3.17: Visual representation of the V5 loop shows a coiling and uncoiling of the key residues in
gp120Core. (blue), which appears in contrast to the open but less mobile residues of gp120rcEXC (purple),

increasing the fluctuation of the gp120Core. residues.




3.7.6. Introduction of the S60C mutation minimally decreases conformational dynamics of
unbound 2dCD4

The addition of the S60C mutation to 2dCD4 appears to slightly reduce the conformational
dynamics of the 2dCD4 protein compared to 2dCD4"T by 0.2 A (Figure. 3.18). The average
RMSD difference is 0.2035 A larger for 2dCD4T compared to 2dCD45¢°C suggesting a reduction
in conformational mobility induced by the S60C mutation in 2dCDA4.
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Figure 3.18: RMSD of 2dCD45%C (blue) and 2dCD4"™T (pink) alpha carbons averaged for the residues of
the proteins per frame of the simulation. A global reduction of RMSD is observed in the 2dCD45%6°C

structure, particularly as the simulation progresses and equilibrates.

Comparing the RMSF of the 2dCD4"T and 2dCD456°C structures shows a slight overall reduction
of approximately 0.2 A in the mobility of 2dCD45°¢ when the Serine to Cysteine mutation is
introduced (Figure 3.19) and the same trend in reduction of mobility is observed in the RMSD

analysis (Figure 3.18). Discerning further variations becomes precarious due to the scale of
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changes observed. However, there is a visible reduction in mobility of the S60C mutation residue
(Figure 3.19).

> — S60C
4-
< 3-
[T
7]
S 2-
1-
0 50 100 150
S60C Residue Index
I | I

Domain 2

Figure 3.19: The RMSF of 2dCD45°¢ (purple) and 2dCD4™T (blue) residues over a 50 ns MD simulation
shows a decrease in mobility of the modified 2dCD45%°C compared to 2dCD4“T. The domain bar depicts
CD4 domain 1 (grey) containing the gp120 binding region (orange) and the location of the S60C mutation
(green). CD4 domain 2 is depicted in blue. A reduction is also noted at the location of the Cysteine
substitution for 2dCD45%¢°C (green).

The percentage difference of the ratio in RMSF (30% cut-off) identified 2 regions to investigate
that show large scale differences in fluctuation. It should be noted that a reduction (negative)
percentage indicates less mobility of the 2dCD4%°C structure when compared to the 2dCD4WT
structure (Figure 3.20). This indicates that all the regions of significant difference experience a
reduction in dynamics. However, a limited number of residues exhibit fluctuations and as such
visualizing the structure in the MD simulations provides limited insight. The regions that

experience significant differences are those in domain 2 of the 2dCD4 structure, with residues
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Asp-105, Thr-106 and Ser-124, Ser-125 experiencing the largest change, as a reduction in
fluctuation for 2dCD4%%°C compared to 2dCD4WT.

Analysis of the residues outside of the 30% difference threshold provided further insight into the
changes and potential structural effects of the S60C mutation. Residues Ser-19, GIn-20, and Lys-
21 reside in the gp120 binding domain of CD4 which is less mobile in the 2dCD4%%°C variant
(Figure 3.20). In the gp120 binding domain Arg-59, Cys/Ser-60, Trp-62, and Asp-63 also have
reduced mobility of these residues (Figure 3.20). Importantly the S60C mutation has reduced
mobility and potentially stabilized the key residue involved in the disulphide bond in the complex.
There exists a key overlap between the gp120 binding domain (residues 25-64) and that of the
residues involved in binding MHC Il molecules (25-85). Of this overlap Arg-59, Cys/Ser-60, Trp-
62, and Asp-63 residues experience a significant reduction in mobility for the S60C variant, as
with residues in the gp120 binding domain. Overall, however, the 2dCD45%°C structures shows
limited difference in structure of the protein in its entirety compared to 2dCD4"T as is expected

due to a single conserved point mutation in the structure.
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Figure 3.20: The percentage difference in RMSF between the 2dCD4%°¢ and 2dCD4T residues show
structural variation between specific residues of which the S60C mutation (green) causes a reduction of
flexibility at this residue compared to 2dCD4"“T. Notable changes in a reduction of conformational
flexibility is also observed in domain 2 for 2dCD4%%°¢, A positive percentage difference indicates that there
is more flexibility of residues for 2dCD4%¢°C than that of 2dCD4"T™. A negative percentage difference
indicates that 2dCD4™T residues are more conformationally flexible. The domain bar depicts domain 1
(grey) containing the gp120 binding region (orange) and the location of the S60C mutation (green). Domain
2 is depicted in blue.

3.7.7. The 2dCD4 S60C mutation increases the conformational dynamics of gp120rvcEXC —
2dCD4 complex

The RMSF for the gp120rvcEXC — 2dCD4SC™T complexes were determined and compared to
ascertain the residues or regions that experienced a significant difference in fluctuation due to the
putative disulphide bond introduced with the S60C mutation of 2dCD4 in the gp120rvcEXC —
2dCD45%%C complex (Figure 3.21). This provides some insight into the nature of the difference in
the dynamics of the two complexes, such that residue 214-224, gp120rvcEXC — 2dCD4%°C exhibits
larger fluctuation of these residues compared to those of the gp120rvcEXC — 2dCD4"T complex
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(Figure 3.21 A). This region along with the overall trend may indicate a higher overall
conformational flexibility resulted from the introduction of the putative disulphide bond between
Cys-113 of gp120rvcEXC and Cys-60 of 2dCD45%%C,

The percentage difference of the RMSF of the residues (cut-off of 30%) highlighted regions that
experience significant change in fluctuation as a result of the putative disulphide bond (Figure 3.21
B). Two regions that experience large fluctuations and consist of more than 3 residues were
identified and reside around the N-terminus (38-43) and the V3 region (214-224). Other regions
that experience differences below the cut-off or consisted of few residues but fell within functional
regions included residue Cys-113 in gp120rvcEXC, which shows a reduction in fluctuation due to
the introduction of the putative disulphide bond in the gp120rvcEXC — 2dCD4%%%C complex (Figure
3.21 B). The residues of the V4 and V5 loops of the S60C complex also display a reduction in
residue fluctuation compared to those of gp120rvcEXC — 2dCD4WT. The 2dCD4 component of the
complexes experience less change in residue fluctuation than those of the gpl20rvcEXC
component likely due to the putative disulphide bond. However, some variation is observed in the
gp120 binding domain as well as a large reduction in mobility of domain 2 in the S60C 2dCD4
component of the complex. The overall trend of the RMSD and the RMSF shows a larger
conformational flexibility and mobility of residues with the introduction of the putative disulphide
bond between gp120rycEXC and 2dCD4%%°C proteins.
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Figure 3.21. A: The RMSF of the residues in the gp120r/cEXC-2dCD4%°¢ complex (green) indicates a
large change in conformational flexibility around residue 200 after the VV3 loop and between the V3 region
and the V4 loop, as well as compared to gp120rvcEXC — 2dCD4T (orange). A reduction is also observed
around residue 40 prior to the V1/V2 substitution region. Importantly a reduction is observed at the C113
region — which forms part of the introduced putative disulphide bond. Globally there are minimal overall
differences between the two structures. However, gp120rycEXC-2dCD4WT displays less flexibility than
gp120r/cEXC-2dCD4%%°C, B: The percentage difference in RMSF between gp120rcEXC-2dCD4"T and
gp120rcEXC-2dCD4%%°C shows many regions of structural variation between the two structures. Notably

around C113, the region that forms part of the putative disulphide bond in conjunction with the S60C

75



mutation is less dynamic. Additionally, the region that resides between the V3 and the CD4 binding loop
of gp120rcEXC is more dynamic. Variation is also observed in the gp120 binding domain of 2dCD456%¢
which is more dynamic than that of 2dCD4"T.

Visual representation of the two regions determined by the percentage difference in the RMSF of
the residues for gp120rvcEXC - 2dCD4"T and gp120rvcEXC - 2dCD4%%°C were obtained from the
MD simulations to better illustrate the changes in dynamics of these regions (Figures 3.24 and
3.25). These images are merely single snapshots of the MD simulations, and are used to illustrate
the differences, but do not account for all the fluctuations observed. The image below shows the
regions that were investigated in the context of the aligned protein structures (Figure 3.22).

Residues 214-224

Residues 38-43

B gpl120,,ExC—2dCDAWT

Figure 3.22: Superimposed gp120rycEXC — 2dCD4WT (ereen and S60C (orange) complexes with the regions

visually investigated highlighted and labelled.
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3.7.8. Residues 38-43 of gp120rvcEXC — 2dCD4%°C show a large reduction in fluctuation

compared to the WT variant of the complex

Residues 38 — 43 of the gp120rvcEXC - 2dCD4%°C complex show a drastic 85% (Figure 3.21 B)
reduction in fluctuation compared to the corresponding residues of gp120rvcEXC - 2dCD4WT,
Figure 3.23 shows that while gp120rvcEXC - 2dCD4%%% remains relatively immobile due to a
constant hydrogen bond between Lys 40 and Asn 48, the loop of these residues in gp120rvcEXC -
2dCD4YT fluctuates more readily in the y-axis of the reference image and appears to make coil
like structures more readily. This fluctuation spans the distance to the gp120rvcEXC — 2dCD4%%¢
loop and the depicted position of gp120rvcEXC — 2dCD4T,

B gp120,,ExC— 2dCD4AWT

Figure 3.23: Visual representation of the residue 38-43 loop shows a movement along the y-axis of the
image for the key residues in gp120rycEXC — 2dCD4"T (green) while the loop of gp120r/cEXC — 2dCD456¢
(orange) remains in the depicted position with minor movements along the y-axis. The bond stabilizing the
loop of gp120rvcEXC — 2dCD4%°¢ is indicated with a yellow dash between Lys 40 and Asn 48.
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3.7.9. Residues 214-224 in the V3 loop of gp120r/cEXC — 2dCD4%%°C have increased mobility
compared to gp120rvcEXC — 2dCD4WT

Residues 214-224 in the V3 loop show the largest increase in residue fluctuation of gp120rvcEXC
— 2dCD4%%°C compared to the corresponding residues of gp120rvcEXC — 2dCD4VT (Figure 3.24).
This increase in fluctuations for this region is also the change that encompasses the largest number
of adjacent residues. Visualizing these residues during MD simulation showed that the residues
that make up this loop are highly mobile for gp120rvcEXC — 2dCD4%%°C, These residues fluctuate
frequently between a coiled and an open conformation in gp120rycEXC — 2dCD4%%%C, The
corresponding residues in gp120rycEXC — 2dCD4"T often encompass an a-helix that stabilizes the
residues and reduces the fluctuations of flanking residues that is present throughout large portions
of the simulation. The coiling and uncoiling of the gp120rvcEXC — 2dCD4%%C residues appear to

be the reason behind the increased fluctuation of these residues.
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Figure 3.24: Visual representation of residues 214-224 of the V3 loop shows a frequent and persistent
coiling and uncoiling in gp120rvcEXC — 2dCD4%%°C (orange) while the loop of gp120rvcEXC — 2dCD4WT

(green) remains in a predominantly a-helix conformation.

Analysis of the Secondary Structural Elements (SSE) over the period of the simulation corroborate
the presence of the a-helix present in gp120rvcEXC — 2dCD4WVT that is absent in gp120rvcEXC —
2dCD4%%%C at residues 214-224 (Figure 3.25). This analysis of SSE’s represents the secondary
structures (a-helix, B-sheets) in the MD simulation that are present for over 70% of the simulation
time. This causes an increase in mobility of these residues for gp120rvcEXC-2dCD4%C as
observed in the RMSF (Figure 3.21 A). Interestingly, while the introduction of the S60C mutation
in unliganded 2dCD4 appears to reduce the overall conformational flexibility, the putative
disulphide bond introduced due to the mutation in the gp120rycEXC-2dCD4%%°C complex increases

the conformational dynamics compared to the gp120rvcEXC-2dCD4™T complex.
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Figure 3.25: Secondary structural elements of gp120r/cEXC-2dCD45°C™T complexes as determined by
MD simulations of the Maestro (Schrodinger) platform. There is a reduction in an a-helix in the
gp120rvcEXC-2dCD4%6C complex at residues 190-200 (b) compared to the gp120rvcEXC-2dCD4WT
complex (a). Blue bars represent -sheets, and red bars indicate a-helices. The domain bar below the
structure represents the gpl20r/cEXC (grey) component of the complex while domain 1 of 2dCD4 is
indicated in yellow and domain 2 of 2dCD4 is indicated in green. The black square indicates the region
where the a-helix change happens due to the introduction of the putative disulphide bond.
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4. Discussion

It is well recognized that HIV-1 diversity presents a significant challenge to creating a global
vaccine. In an attempt to address this problem, extensive characterization and comparisons of
individual clinical virus, founder virus, consensus, and mosaic sequences have been undertaken
and tested in various platforms. To this end, the current study described conditions for the
successful crystallization of an HIV-1 subtype C FV consensus sequence, designated
gp120rvcEXC, as well as an MD simulation comparison of gp120rvcEXC to the well characterized
gpl20Coree. Through these MD simulations, regions that experience a large difference in the
fluctuations of the residues, which are primarily focussed around the V1, V2, V3, V4, and V5
variable loop regions of gp120 were identified. Additionally, differences observed in the CD4
binding loop were described, as a step towards better understanding the dynamics of transmitted
founder viruses and the observed enhanced immunogenicity of a gp120rvcEXC — 2dCD456C

vaccine immunogen.

4.1.Sequence modifications increase the probability of gp120rvcEXC crystallization

The ability to successfully crystallize unliganded gp120rvcEXC was likely the direct result of the
modifications adapted from Kwon et al. that modified the V1, V2, and V3 regions of gp120 to
reduce conformational heterogeneity. The journey undertaken by Kwon et al started with the
design of the gpl20Coremin Sequence (Kwon et al., 2012). This sequence contained large
reductions in the V1, V2, and V3 regions. The V1 and V2 regions were largely replaced with a -
GAG- sequence while the V3 region was replaced with a -GG- sequence. They found that the
gp120Coremin was able to form protein crystals when bound to 2dCD4 but were unable to form
crystals unliganded. They subsequently designed the first gp120 sequence that was able to generate
unliganded crystals. This gp120 was coined gp120Core. due to an extended linker sequence in the
V3 region -GGSGSG- they employed. The gp120Core. sequence also contains a shorter -GG-
sequence in the V1 and V2 regions. The designed gpl20rvcEXC sequence (Figure 3.1)
incorporated motifs/domains from both gp120Coremin and gp120Core.. We adopted the V1 and
V2 modifications from gp120Coremin along with retaining residues that were omitted since the

study end goal is to crystallize the gp120rycEXC — 2dCD4%¢ complex. The reason for the
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retention of the -GAG- substitution was due to the gp120Coremin protein’s ability to generate
2dCD4 liganded crystals. The additional residues that were retained in the gp120rvcEXC V1 and
V2 region is due to residue 113 being critical in the putative disulphide bond of the gp120rvcEXC
— 2dCD4%°¢ complex. The V3 modification from gp120Core. was included in an attempt to
increase the ability to generate unliganded gpl20rvcEXC crystals to compare to existing
unliganded gp120 structures. It appears that the linker sequence modification of the V3 region in
gp120Coree and gpl20rvcEXC are integral to the generation of unliganded protein crystals.
Additionally, the gp120r/cEXC V1 and V2 region is more mobile than observed for gp120Coree,
as determined by MD simulation analysis when observing the RMSF of these regions (Figure
3.11). While this increase in mobility may have reduced the ability to crystallize gp120rvcEXC, it
was in no way detrimental due to our ability to generate protein crystals and speaks to the
importance of the V3 -GGSGSG- substitution. It is also possible that the lower RMSD observed
for the gp120rvcEXC compared to gp120Core., likely is due to a lower RMSF in the V3 and V5
regions, which may have mitigated some of the increased fluctuations introduced by the additional
residues in the V1/V2 region (Figure 3.10 and 3.11). Reductions in conformational heterogeneity
have been found to be an integral factor in increasing the probability of crystallizing proteins,
particularly for conformationally flexible proteins like gp120 (Kwong et al., 1999). Collectively,
these sequence modifications, particularly to the V3 region have likely been integral in the ability

to produce unliganded gp120rvcEXC crystals.

4.2 .Post translational modifications and protein species homogeneity of gp120rvcEXC further

increase the probability of crystallization

The generation of protein crystals, even with a modified sequence is notoriously difficult (Kwong
etal., 1998), and as such other modifications and methods are employed to increase conformational
heterogeneity and purity of the intended protein. The methods employed in the current study were

likely equally integral in the success of producing gp120rvcEXC crystals.

As gpl120 is a largely glycosylated protein, and critical epitopes are protected by a glycan shield
(Berndsen et al., 2020), it naturally has a large amount of conformational heterogeneity due to the
mobility and multitude of orientations of the glycans. The first step in successful crystallization
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was to reduce the formation of N-linked glycans present on gp120rvcEXC. This was achieved
through the expression of gpl20rvcEXC in  GnTi-deficient cells that lack N-
acetylglucosaminyltransferase activity that prevents the formation of complex N-glycans (Reeves
et al., 2002). These truncated glycans produced by the GnTi-deficient cells leave the mannose
glycans on the surface of gpl20rvcEXC unaffected, allowing the subsequent purification of
gpl120rvcEXC using lectin affinity chromatography. The lack of complex N-linked glycans
importantly facilitate more homogenous deglycosylation through Endoglycosidase H (Endo H) by
targeting now exposed N-linked glycans between two N-acetylglucosamine subunits (GICNAC)
proximal to the asparagine residue of the subunit (Freeze and Kranz, 2010). During the
deglycosylation of gpl20rvcEXC, we observed two distinct species of deglycosylated
gp120rvcEXC between 32 and 46 kDa, which is an overall reduction of ~26 kDa in protein weight
(Figure 3.5).

It is unclear why the deglycosylation of gp120rvcEXC produced two distinct deglycosylated
species instead of uniform deglycosylation. However, a few possibilities may account for this
phenomenon. Variable post-translational modification (PTM) of the individual proteins during
expression may account for subsequent variable cleavage by Endo H and is supported by the width
and smearing observed of expressed g120rvcEXC (Raska et al., 2010). The variable cleavage
resulting from potentially variable PTM may result in altered accessibility of GICNAC residues by
Endo H between the proteins, either due to the presence of multiple cleavage sites or steric
interference of neighbouring glycans preventing the access to cleavage sites. The order of the
cleavage may be responsible for altered deglycosylation. Should Endo H molecules approach the
glycan (Figure 2.4) and cleave certain sites, this may occlude subsequent sites from being cleaved
either by accessibility or structural rearrangement. This could explain the equilibrium shift to a
more complete deglycosylation as observed in Figure 3.7, where a subset of glycans are cleaved
unfavourably preventing complete deglycosylation. A strategy employed in the deglycosylation of
proteins is the denaturation of the protein to increase the accessibility of Endo H to GIcNAc
cleavage sites (Krenkova et al., 2013), and as such it is possible that conformational differences in
the gpl120 protein structure may account for variable accessibility of Endo H residues. To
investigate this phenomenon, it is possible to perform Mass spectrometry to investigate the nature
of the glycans on our sequence for both the more and less deglycosylated species that may validate
the proposed hypotheses.
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The conditions for successful crystallization of gpl20rvcEXC were found in an under-oil
crystallization method using the Morpheus Index kit (Figure 3.9). Attempts at using the vapour
diffusion method, as well as the Hampton Index kit to produce gp120rvcEXC crystals proved futile.
The vapour diffusion method produced primarily needles, resulted in aggregation, or clear drops
(Figure 3.8). The likely benefit of the under-oil method is the rate of evaporation of the mother
liquor resulting in an altered rate of increased protein concentration, leading to the formation of
protein crystals (Brumshtein et al., 2008). Additionally, attempts at producing gp120rvcEXC
crystals using a seeding method for both the Hamptons and Morpheus kits were unsuccessful. It
appears that an initial lower concentration of our protein, or the absence of a source of nucleation
is more suited to the formation of gp120rvcEXC protein crystals, regardless of whether a vapour

diffusion or under-oil method was used.

The two conditions found in the Morpheus kit using under-oil diffusion that were successful at
producing protein crystals were successful over a wider range of protein concentrations. They
produced numerous similarly shaped birefringent crystals that were determined to be protein
crystals. While these crystals appear to be suited to X-ray diffraction, they could not be upscaled
or tested using diffraction due to accessibility of resources and time constraints due to the COVID-
19 pandemic. As such we are unable to state whether these conditions were ultimately successful

at producing diffracting gp120rvcEXC crystals.

Ultimately the success in producing crystals of the unbound gp120rvcEXC (which has been
notoriously troublesome) provides future avenues to further investigate the nature of a founder
virus gpl120 sequence as compared to a non-founder virus gp120 structure. This could provide
valuable insights to relevant Env motifs/domains critical for successful HIV-1 transmission and
establishment of productive infection in a new host. It also provides a measure of confidence in
the future ability to crystallize and compare the gp120rvcEXC—2dCD4%¢C complex and
supplement the gp120rvcEXC and gp120rvcEXC — 2dCD4%%%C structures with data produced in this
study. This would identify critical epitopes responsible for the enhanced immunogenicity of these

complexes in small animals and non-human primates.
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4.3.MD investigation of gp120rvcEXC compared to gp120Core. shows differences in the

variable loop regions

Comparative MD simulations of gpl20rvcEXC and gpl20Coree (PDB ID: 3TGR) provided
insights into the structure of gp120rvcEXC as well as conformational differences that exist in
gp120rvcEXC through the analysis of the residue fluctuations compared to gp120Core. (Figures
3.10 to 3.17). The bulk of the difference in fluctuations observed between gp120rvcEXC and
gp120Core. were observed primarily in the V1, V2, V3, V4, and V5 regions (Figure 3.12).
Observations of the CD4 binding loop have also been included despite the differences not meeting
our criterion for selection due to its functional relevance at establishing infection through the
binding of CD4 (Kwong et al., 1998). The differences observed in the V1 and V2 regions of
gp120rvcEXC compared to gp120Coree have already been discussed above (Section 4.1). Due to
the nature of these differences being introduced to aid crystallization, it does not allow for
reasonable comparison between the structures from an in vivo standpoint. The focus of this
discussion therefore surrounds the comparable V3, V4, and V5 regions of gp120rvcEXC compared

to gp120Coree.

Of these regions that have been identified, the V3 region of gp120rvcEXC experiences the largest
difference in fluctuation compared to gpl20Coree (Figure 3.12 and 3.15). This region has
undergone modification in both gp120rvcEXC and gp120Coree to substitute a large portion of the
loop with a -GGSGSG- sequence. However, the gpl20rvcEXC sequence differs from the
gp120Coree surrounding this substitution region with a point mutation proximal and distal to the
substitution. Through analysis of the MD simulations, it was observed that these point mutations:
Asn-217 to Gly and Asn-266 to Asp, allow for the formation of more hydrogen bonds that result
in a more coiled structure compared to gp120Core. that retains a looser conformation (Figure
3.15). The differences observed for this region does not appear to have been detrimental in the
crystallization of gp120rvcEXC and the reduction in fluctuations may have allowed for more
conformational heterogeneity. The possibility also exists that the differences between the amino
acids of the protein sequences in the region that resides between the V3 loop and the CD4 binding
loop may have contributed to reducing the fluctuations of the V3 region in gp120rvcEXC compared

to gp120Coree (Figure 3.1). However, no analysis has provided insight as to the differences that
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may be induced by these residues. These two point mutations (Asn-217 to Gly and Asn-266 to
Asp) that exist in gp120rvcEXC compared to gp120Coree along with differences in the unmodified
loops of these sequence may affect the function of the V3 loop. The V3 loop has been shown to
be integral to the infectivity of HIVV-1 and neutralizing antibodies directed to this loop, particularly
the tip of the loop that has been shown to be a potent neutralization epitope, and antibodies directed
to this loop inhibit viral entry (Ivanoff et al., 1992; Yokoyama et al., 2016). This is primarily due
to the V3 loop contacting the co-receptors (CCR5 and/or CXCR4) that are required for viral entry
into the host cells (Ivanoff et al., 1992) and are a main determinant of viral tropism (Yokoyama et
al., 2016). It has also been determined that mutations in the V3 loop, particularly in the regions
that are more conserved, such as the tip of the V3 loop, can be deleterious to the function of HIV-
1 viral entry (lvanoff et al., 1992). Structural investigations have also found a synergy between the
V1/V2 region and its masking of the V3 tip that prevents accessibility from neutralizing antibodies
(Yokoyama et al., 2016). It is therefore possible that through innate sequence differences between
the founder virus gp120rvcEXC, as well as the potential increased conformational stability of the
V3 region, that it allows for enhanced viral entry through more efficient binding to the host co-
receptors, a key feature of HIV-1 founder viruses. The decreased fluctuations of the V3 region in
gp120rvcEXC compared to gp120Coree may translate to the non-modified gp120rvcEXC structure
that lacks the linker for crystallization. Should this be the case, it is possible that the V3 region
may be more or less shielded by the V1/V2 loop, altering its immunogenicity and allowing for

increased viral immune escape and establishment of infection.

The V4 region in gp120Coree contains additional resides compared to those of gp120rvcEXC,
resulting in a longer V4 loop structure (Figure 3.1 and 3.16). A direct comparison of corresponding
aligned residues through structural analysis shows that gp120Core is stabilized by hydrogen bonds
that are not as prevalent in gp120rvcEXC (Figure 3.16). More interestingly, is that the larger V4
loop region of gp120Coree contains an anti-parallel B-sheet that appears to stabilize the region due
to the hydrogen bonds that form between the sheets resulting in less fluctuations of the residues in
this region compared to gp120rvcEXC (Figure 3.16). The functions of the V4 loop in gp120 has
thus far not been properly characterized in regards to viral entry into host cells, however it is
suggested that the V4 region affects the conformation of gp120 and may provide steric hindrance
to prevent neutralization by antibodies (Frost et al., 2005; Wei et al., 2003). The V4 region has

also been found to act as a neutralizing epitope during infection (Moore et al., 2008). Interestingly
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the V4 region appears to be more resistant to modification than either V1, V2, or V3 (Nakane et
al., 2015) and the replacement or deletion of the V4 region with a linker sequence of the same
length appears to affect the binding of gp120 to CD4 and the CCR5 or CXCR4 co-receptors (Yuan
et al., 2013). It has also been observed that the deletion of the V4 region negatively affects the
display of gp120 on the cell surface (Yuan et al., 2013). The smaller V4 region of gp120rvcEXC
may be beneficial to the display of Env on the host cells or may allow for a different conformation
of gp120 that aids in the binding of either the receptor or co-receptor, particularly as it doesn’t
contain a highly stable B-sheet as observed in gp120Coree. These are merely speculation to provide
insight into the nature of a founder virus consensus sequence that is capable of establishing an

HIV-1 viral infection and to act as a point of further investigation.

The V5 region of gp120Coree contains additional residues compared to gp120rvcEXC resulting in
a longer more conformationally flexible loop (Figure 3.1 and 3.17). Comparative investigation
through MD simulations appear to show no interactions between the residues that would account
for the increased fluctuation observed in gpl20Coree or the lesser fluctuations observed in
gp120rvcEXC. The fluctuation in residues appear to be primarily due to coiling and un-coiling of
the gp120Core: V5 region through the formation and breakage of bonds with adjacent residues.
As with the V4 region of gp120, the function of the V5 loop has not yet been fully determined but
appears to play a role in the conformation of gp120 as well as potential steric hindrance to shield
epitopes (Yuan et al., 2013). The V5 region also appears to be quite resistant to modifications,
requiring a deletion or complete substitution to affect the functions of gp120 (Yuan et al., 2013).
Consequently the V5 as well as the V4 region appear to undergo limited conformational change
upon CD4 binding, and is therefore not likely involved in the enhancement of immunogenicity
(Nakane et al., 2015). As the V5 loop consists of fewer residues and projects outward from the
gpl120 structure, its role in steric hindrance in CD4 binding and epitope exposure may not be

functionally relevant, further than that of V4.

As mentioned, our criterion excluded the differences observed in the CD4 binding loop. However,
it is pertinent to mention the changes observed in this region due to its functional relevance in a
founder virus sequence and subsequent establishment of an HIV-1 infection, and as such subtle
changes may be functionally relevant. The CD4 binding loop has been shown to be a highly
conserved region among gpl20 sequences (Kwong et al., 2002). It was observed that three
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residues: Gly-267, The-272, and Asn-277 show a sizeable reduction in fluctuation in gp120rvcEXC
compared to gpl20Coree. The stabilization of these residues, particularly with modifications
observed in the V5 region of gp120rvcEXC may stabilize these residues into a conformation that
leads to enhanced CD4 binding. However, the relevance of these residues would need to be further
investigated to establish whether these are functionally relevant in a founder virus sequence and
providing a transmission advantage for that particular variant. It should be noted that the binding
functionality of gp120rvcEXC sequence has been validated with regards to 2dCD4 binding (Cerutti
et al., 2010) and as such these point mutations are not deleterious to the binding ability of our

gp120rvcEXC sequence.

4.4.9p120rvcEXC in the context of HIV-1 founder virus envelopes

As mentioned previously, HIV-1 founder viruses have been found to play an integral role in the
establishment of an infection in the host, with an infection being established by a single virus in
approximately 80% of cases (Abrahams et al., 2009). This reiterates their importance in the role
of prophylactic vaccine design and the prevention of HIV-1 infection. Further investigation of
these viruses has shown that founder viruses exhibit unique characteristics compared to viruses
active during a chronic HIV-1 infection. These characteristics likely have an impact on the results
from this study and will be integral for future investigations regarding gp120rvcEXC.

An important consideration for any HIV-1 Env analysis is the importance of the glycosylation
profile of the Env protein. In this study we have observed a variable deglycosylation pattern despite
our efforts to reduce conformational heterogeneity through the use of GnTi™ cells and Endo H
deglycosylation. This is likely a pattern that will be observed in other HIV-1 Env founder viruses
as the glycosylation profile of both subtype C and B viruses are more alike across subtypes than
with chronic viruses of the same subtype (Go et al., 2011). This heterogeneity of glycosylation
profile is particularly apparent in glycan site occupancy and the amount of complex glycans (Go
et al., 2011) with subtype C founder viruses exhibiting fewer N-linked glycosylation sites
(Rademeyer et al., 2007). This may have implications in improving the deglycosylation of
gp120rvcEXC for further optimization regarding the homogeneity of the deglycosylated protein
species and increasing protein yields for future upscaled crystallization. Unique sequence
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characteristics have also been discovered through recent studies that are corroborated by our MD
simulations as well as our sequence alignment (Figure 3.1, 3.16, and 3.17). It has been shown that
there is a propensity for HIVV-1 founder viruses to have shorter variable loops (V1-V4) (Rademeyer
et al., 2007). This is observed in our sequence alignment (Figure 3.1) as well as our MD analysis
(Figure 3.16). In the instance of the gp120rvcEXC sequence the V5 loop is also longer than that of
gpl20Core, reinforcing existing findings (Figure 3.1 and 3.17). Furthermore, MD analysis on
gp120rvcEXC without the V1/V2, and V3 modifications will provide insight into the dynamics of
the loops and potentially corroborate a lower RMSD for the structure which may allow for a more
representative complete gp120rvcEXC protein structure to be crystallized through more inclusion
of the V1-V3 loops.

In summation, the overall trend of stability and less conformational flexibility of gp120rvcEXC
observed through the calculated RMSD (Figure 3.10), RMSF (Figure 3.11), and visually though
MD simulations compared to gp120Coree appear to be due to large differences of fluctuations in
core regions of the gp120 sequences. These differences may be functionally relevant to the nature
of a founder virus sequence and warrant further investigation, particularly those of the variable
loop regions. Other smaller differences in residue fluctuations were observed but proved difficult
to quantify. Further investigation into the nature of gp120rvcExC may allow the current data to
support and supplement those investigations and provide insight into differences that are
determined to be functionally relevant to the mechanisms specific to founder viruses. However,
the overall trend of increased stability of gp120rvcEXC compared to gp120Coree may allow for

more favourable conformations that lead to increased ability to establish infection into host cells.

4.5.The introduction of a Cysteine residue at position 60 reduces conformational dynamics of
2dCD4

Comparative MD analysis of 2dCD4"T with 2dCD4%%°C containing the S60C mutation provided
considerable insight into the changes in dynamics of 2dCD4 due to the mutation. Overall, the trend
appears to be that the S60C mutation reduces the conformational dynamics of the protein as
observed by the reduction in RMSD and RMSF of the 2dCD4%%¢ protein (Figures 3.18 and 3.19),
which may confer increased stability. This increase in stability as a result of reduced fluctuations
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in the residues of 2dCD4%°C compared to 2dCD4"T may result in these residues adopting a
conformation that confers altered function in the binding abilities of the protein. The introduction
of the S60C mutation has been shown to allow 2dCD4%%°C to bind to gp120 at a higher affinity
than 2dCD4"WT (Cerutti et al., 2010) and the observed reduction in conformational flexibility may
allow for this enhanced binding to gp120 through beneficial conformations of 2dCD45C,
However, overall, it appears that the introduction of this residue does not greatly alter the structure

and in the case of gp120 binding, the function.

Multiple changes in the fluctuation of residues have been observed in the comparative MD analysis
of 2dCD4™T compared to 2dCD4%°C, The following residues: Ser-19, GIn-20, and Lys-21 that
reside proximal to the gp120 binding region experience less fluctuation in 2dCD4%%°C than the
corresponding residues in 2dCD4WT (Figure 3.20). In addition, the gp120 binding region is
comprised of residues that exhibit less fluctuation in 2dCD4%%°C compared to 2dCD4T, namely:
Arg-59, Cys/Ser-60, Trp-62, and Asp-63. There is evidence that Cys/Ser-60 and Asp-63 may be
directly involved in the binding of gp120 to CD4 (Fontenot et al., 2007; Kwong et al., 1998;
Moebius et al., 1992), despite these residues are not the primary residues involved in the binding
of gp120 (i.e. Phe-43 and Arg-59) (Fontenot et al., 2007; Kwong et al., 1998; Moebius et al., 1992).
The reduction of these resides in 2dCD4%C when compared to 2dCD4VT may aid in the binding
of this region to gp120. Particularly, the reduction in fluctuations of Phe-43 and Arg-59 may
stabilize them in a conformation conducive to binding gp120. As mentioned previously, the S60C
mutation increases the binding affinity of gp120 to CD4 (Killick et al., 2015). This may be due to
the nature of the residues in serine to cysteine substitution or the change in fluctuations of the

neighbouring key residues (Arg-59) due to the S60C mutation.

The most significant differences observed for 2dCD4%°C compared to 2dCD4™T were in domain
2 of the protein structure. The Asp-105, Thr-106, Ser-124 and Ser-125 residues experienced the
largest reduction of fluctuation in 2dCD4%%°C compared to 2dCD4VT. Despite the fact that the
binding region to gp120 is in domain 1 of 2dCD4, the binding of 2dCD4 to gp120 is dependent on
the formation and breakage of an allosteric disulphide bond that resides in domain 2 of the protein
between Cys-130 and Cys-159 (Matthias et al., 2002). The reduction of this allosteric Cys-130-
Cys-159 bond results in conformational changes in domain 1 of CD4 that lead to the binding of
gp120 (Owen et al., 2018). As such it has been found that certain mutations in domain 2 of 2dCD4
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can inhibit binding to gp120 (Mizukami et al., 1988). While our prominent fluctuations do not
overlap with the described mutations, it is possible that these fluctuations exert a conformational

impact to gp120 binding.

Interestingly, the gp120 binding region of 2dCD4%°C and the CD4 binding loop of gp120rvcEXC
that are used to generate the gp120rvcEXC — 2dCD4%%%¢ complex show reduced mobility of these
binding regions. This may confer increased stability that facilitates the formation of a stable

gp120rvcEXC — 2dCD4%C immunogen complex and warrants further investigation.

4.6.The putative disulphide bond in gp120rvcEXC — 2dCD4%°C increases conformational
dynamics of the complex compared to gp120rvcEXC — 2dCD4WT

An integral part of this study was the investigation of the gp120rvcEXC — 2dCD456°C complex that
contains the putative disulphide bond integral to the Env — 2dCD4%%%¢ complex that produces
potent, broadly neutralizing antibodies in a rabbit model capable of neutralizing clinically relevant
(tier 2 and tier 3) HIV-1 pseudoviruses (Killick et al., 2015). The investigation of this complex
was performed through MD simulations with the aim of supplementing future structural
information of the crystal structure of gp120gvcEXC — 2dCD4%°¢, as compared to a WT complex.
The MD simulation data was interpreted together with results from our lab using Hydrogen-
Deuterium (HD) exchange to determine the change in accessibility of residues to surrounding
solvent due to the introduction of the putative disulphide bond, since epitope mapping of the rabbit

serum proved inconclusive.

The introduction of the putative disulphide bond between residue Cys-113 and Cys-60 increases
the overall conformational flexibility of the gp120rvcEXC — 2dCD4%°¢ complex when compared
to the gp120rvcEXC — 2dCD4VT complex (Figure 3.21). This increased conformational flexibility
suggests that the basis for enhanced immunogenicity of the covalently bound complexes may be
due, in part, to potential exposure of novel epitopes or the reduction in steric hindrance that shield
neutralizing epitopes. This increase in overall dynamics of the residues in the S60C complex is
observed primarily in the gp120rvcEXC portion of the complex and to a lesser extent the 2dCD4
component of the complex. The putative disulphide bond introduced by the S60C mutation appears
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to stabilize the residues involved in the putative disulphide bond with a reduction in both Cys-113
(gp120rvcEXC) and Cys-60 (2dCD4%%%C) residues in the gp120rvcEXC — 2dCD4%%%C complex
(Figure 3.21).

Through the selected criterion we have determined two regions of gpl20rvcEXC in the
gp120rvcEXC — 2dCD4%%¢ that experience drastic changes in fluctuation when observed through
MD analysis, as compared to gp120rvcEXC — 2dCD4WT (Figure 3.23). The first region is closer to
the N-terminus of the gp120rvcEXC protein at residues 38-43 for which the residues experience
an 85% decrease in fluctuation compared to the complex without the putative disulphide bond
(Figure3.21 B). These residues form a loop structure that in the disulphide bond complex remains
fairly stable compared to the complex without the bond. It should be noted that both complexes
contain the same sequences and as such the disulphide bonds appears to produce structure wide
changes in residue fluctuation. While no effective antibodies have been discovered that interact
with residues 38-43, novel antibodies may potentially be directed to stabilized epitopes in this
region. It is possible that the conformational stability in these residues in the S60C complex affect
the exposure of neighbouring epitopes to the host immune system. In essence, it may be more
stable in a more accessible conformation that increases the exposure of novel epitopes or reduces

steric hindrance, allowing the exposure of neighbouring epitopes in the structure.

The second region that exhibits a drastic change in dynamics is situated in the beginning of the V3
loop with smaller fluctuations observed between the V3 loop and the CD4 binding loop (Figure
3.21) — both of which are highly immunogenic and integral functional regions of gp120 (Han et
al., 2019; Pantophlet et al., 2008; Raja et al., 2003; Zhou et al., 2010). These residues, 214-224, of
gp120rvcEXC — 2dCD4%°C are much more mobile than those of the gp120rvcEXC — 2dCD4WT
complex. These residues of the disulphide linked complex fluctuate between a coiled and un-coiled
conformation that may have implications for the exposure of novel epitopes (Figure 3.24), or the
steric interference of the neighbouring epitopes. The coiling of these residues may allow for the
accessibility of residues in the structure by increasing their exposure, as well surrounding epitopes
by reducing the steric interference that may be caused by a more open loop structure. Interestingly,
for residues 214-224 there is a more constant a-helix structure in the gp120rcEXC — 2dCD4VT
complex (Figure 3.24). This a-helix structure, while not constant, is present for at least 70% of the
MD simulation (Figure 3.25). This further strengthens the impression that the putative disulphide
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bond creates conformational changes throughout the gp120rycEXC — 2dCD4%%C complex. This
may also account for the increased exposure of potential epitopes on residues 214-224, as well as
neighbouring regions in the V3 loop and CD4 binding regions that have been shown to be
immunogenic (Han et al., 2019; Pantophlet et al., 2008; Raja et al., 2003; Zhou et al., 2010). It
should be noted that because the V1, V2, and V3 regions have been modified to aid in the
crystallization of both the gp120rvcEXC and the gp120rvcEXC — 2dCD4%%C complex, it does
present limitations in drawing conclusions through MD analysis. However, these differing
dynamics may be present in an unmodified gp120 founder virus protein and create direction for

further investigation.

It is also pertinent to touch on the increased fluctuations observed in the CD4 binding loop in the
gp120rvcEXC — 2dCD4%%%C complex compared to the gp120rvcEXC — 2dCD4WT complex due to
its functional relevance in CD4 binding and immunogenic epitopes (Raja et al., 2003, p. 4; Wyatt
and Sodroski, 1998). The CD4 binding site on gp120 is located in a depression of which half the
residues of gp120 contact CD4 only through main chain atoms (Wyatt and Sodroski, 1998). The
increased fluctuations of these residues in gp120rvcEXC — 2dCD4%%°C may allow for enhanced
CD4 binding through the increased accessibility of these residues situated in the CD4 binding loop.
It is also possible that the increased fluctuations in the residues of this region allow for increased
epitope exposure, as these have been found to be an immunogenic region in gp120 that prevents
CD4 binding (Raja et al., 2003).

In summation, it appears that the putative disulphide bond introduced through the S60C mutation
in 2dCD4 increases the conformational flexibility of gp120rvcEXC, particularly for residues 38-
43 and residues 214-224 in the V3 loop of gpl20. The resulting increased conformational
flexibility may increase the exposure of novel epitopes, or decrease steric hindrance that may be

responsible for the increased immunogenicity of Env — 2dCD4%6°C complexes (Killick et al., 2015).
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5. Conclusion and future direction

The need for an HIV-1 vaccine remains integral in the eradication of the HIV-1 pandemic despite
the increased quality of life of those afflicted afforded by improved ARV treatments and
intervention. It is to this end that HIVV-1 Env founder viruses remain an attractive avenue as a
potential prophylactic vaccine candidate. The use of an HIV-1 gp120 FV sequence (in conjunction
with a 2dCD4 binding partner) aims to elicit bNAbs to conserved sites on gp120 that will neutralize
and prevent infection from single HIV-1 FV variants that are responsible for establishing
productive infection in 70-80% of transmission cases. To investigate the nature of a gp120 FV
sequence, comparative MD simulation analysis was performed on gp120rvcEXC and compared to
a non-FV variant gp120Coree to investigate potential characteristics unique to this generated
variant, as well as validate methodology of sequence modification to produce protein crystals of
gp120rvcEXC for X-ray diffraction studies. Further, we performed MD simulation analysis to
investigate potential characteristics of the gp120rvcEXC — 2dCD4%°¢ complex compared to
gp120rvcEXC — 2dCD4YT that may be responsible for the enhanced immunogenicity observed in
Env — 2dCD43%C (Killick et al., 2015).

The sequence modifications employed in the truncation of the V1, V2, and V3 loops from Kwon
etal, (2012) have been successfully implemented and validated in the generation of protein crystals
of gp120rvcEXC and form a validation for future gp120 crystallography studies and eventual X-
ray diffraction of gpl20rvcEXC. Marked differences were also observed in the variable loop
regions (V1-V5) that align with previous findings (Rademeyer et al., 2007) and act as a point of
further future investigation into the nature of a gp120 subtype C FV consensus sequence. MD
simulations of the gp120rvcEXC — 2dCD4%°¢ complex show a decrease in fluctuations near the
N-terminus at residue 38-43 with a marked increase in fluctuation of the V3 region of the
gp120rvcEXC component when compared to gp120rvcEXC — 2dCD4WT. The future direction is
the generation of X-ray diffraction crystal structures of gp120rvcEXC to further investigate the
structural characteristics of gp120rvcEXC, as well as the crystallization and structure determination
of gp120rvcEXC — 2dCD4%%C for further investigation into the nature of the immunogenicity
conferred by the putative disulphide bond introduced by the S60C mutation. The results from this
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study create points of investigation for future structural studies regarding these recombinant

proteins and may play a role in the increased understanding of Env FV prophylactic vaccines.
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