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ABSTRACT

The acquired immune deficiency syndrome (AIDS) has caused over 60 million
deaths since the etiological agent, human immunodeficiency virus type 1 (HIV-1),
was first discovered in 1981. Over 6000 new HIV-1 infections are reported every
day, predominantly in economically deprived regions of sub-Saharan Africa.
Despite impressive developments in antiretroviral therapy, current medical
intervention is unable to prevent or cure HIV-1 infection, necessitating expensive
life-long treatment. Difficulties in establishing a vaccine or cure, arise from its
capacity to cause life-long latent infection, and its extraordinary ability to evolve

resistance to therapeutic intervention.

Capsid uncoating is the process by which p24© proteins (CA) disassemble from
the viral ribonucleoprotein during the early phase of the HIV-1 lifecycle. Despite
intensive investigation, much is yet unknown about the spatial and temporal
occurrence of this process within the cell, and the viral or host cellular factors
involved. However, studies investigating p24©A mutations which alter the stability,
and consequently the kinetics of capsid uncoating, have shown that timely capsid

uncoating is crucial for efficient HIV-1 infection.

Recent advancements in microscopic techniques have enabled high resolution
analysis of cellular protein interactions, including the in situ localisation and
dynamics of these events. We have developed three imaging techniques for the
analysis of different aspects of HIV-1 capsid uncoating: 1) a dual-fluorescently
labelled virus 2) a fluorescently labelled antibody targeting a capsid internalised
repeat peptide array, and 3) a split-luciferase system tagging an internalised

component of the capsid core.

Fluorescent labelling of both the CA and IN proteins enabled the sensitive and
specific analysis of uncoating in response to both restriction factors and CA
mutations, and the visualisation of CA colocalised pre-integration complexes
(PICs) within the nucleus. This system is ideally suited for studying the longer-
term kinetics of uncoating, and the in situ visualisation of protein interactions.
The use of the repeat peptide array in conjunction with fluorescently labelled
antibodies, reinforced reports of an initial uncoating event early after viral fusion.
This system enabled the rapid and reproducible imaging of uncoating events in

real-time, within the same cell sample population. Finally, the split-luciferase
v



system added further weight to a primary early uncoating stage, and showed
capsid disassembly responses specific to mutations within the p24©A that affect
the stability of the viral core.

Put together, these three assays support a model of uncoating involving an initial
early phase of uncoating, followed by a more gradual disassembly of CA from the
PICs during cytoplasmic trafficking towards the nucleus. The colocalisation of
these components within the nucleus suggests incomplete uncoating at the time

of nuclear docking.

The user-friendliness of the split-luciferase system, along with its capacity for
high-throughput, real-time analysis, support great potential for its use as a
screening assay for testing antiviral compounds targeting capsid uncoating

events.
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AIM OF THESIS

The CA monomer is one of the most conserved of the HIV-1 proteins, with
studies suggesting it to be stretched to the limit by pressures to produce capsid
cores of optimal stability, which are still able to interact with the numerous host
factors necessary for productive infection. This genetic inflexibility, unlike that of
other HIV-1 proteins, make CA and the process of capsid uncoating, attractive

targets for therapeutic intervention.

Studies utilising mutations in the p24©A protein, which alter the stability and
consequently the kinetics of capsid uncoating, have shown that timely capsid
uncoating is crucial for the productive infection of HIV-1. Although multiple
techniques have been employed to understand this process, the fragility of the
capsid core makes it very sensitive to external manipulation. As such, much is
yet unknown about the in situ temporal and spatial kinetics of uncoating, and the

cellular factors involved.

The principal aim of this thesis was to develop, optimise and evaluate an
imaging-based system for studying the kinetics of capsid uncoating within the 3-
D spatial context of the cell. This system would be used to visualise the subtle
cellular/capsid interactions necessary for functional viral core disassembly within
the cellular environment, to help further the understanding of this complex

process.

An additional objective of this project was to adapt the system for the high-
throughput analysis of capsid uncoating for use in the identification of
compounds which impede the normal process of uncoating, as an alternative

strategy for pharmaceutical intervention.
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ACRONYMS/ABBREVIATIONS

2-LTR Two-long-terminal-repeat

A3F APOBEC3F

A3G* APOBEC3G Mutant

AIDS Acquired Immune Deficiency Syndrome
APOBEC ﬁfeogﬁgt%rigtein B mRNA editing enzyme, catalytic polypeptide-
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BI-1/2 Boehringer-Ingelheim pyrrolopyrazolone compounds 1 and 2
CA p24 capsid monomers

C-Al Coumermcin-Al

Capsid/core The fullerene capsid core

CPSF6 Cleavage and polyadenylation specificity factor 6
CsA Cyclosporine A

CTD Carboxyl-terminal domain

CypA Cyclophilin A

D110E Reverse transcriptase mutant

E128A/R132A CA mutant which stabilises the capsid core
E45A CA mutant which stabilises the capsid core
EGFP (Enhanced) Green fluorescent protein

FEZ1 Fasiculation and Elogation Factor zeta 1
FlasH Fluorescein arsenical hairpin

Gag Group specific antigen

HIiBIiT NanoBIiT HiBIiT

IFN Interferon

IN Integrase

K203A CA mutant which destabilises the capsid core
LEDGF Lens epithelium-derived growth factor

LgBIT NanoBIiT Large BIiT

LTR Long terminal repeat

MDM Monocyte derived macrophages

MHR Major homology region

mKO Monomeric Kusabira Orange

MTOC Microtubule-organising centre

Mx2 Myxovirus-resistance 2

NC Nucleocapsid

Nef Negative factor

NNRTI Non-nucleoside reverse transcriptase inhibitor
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PAMP
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RT
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shRNA
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WHO

WT

Nuclear pore complex
Amino-terminal domain
Nucleoporin

Pathogen associated molecular patterns
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Protease
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Point spread function

Regulator of viral gene expression
Relative luminescence units
Reverse transcriptase

Reverse transcription complex
Reverse transcription units
Superfolder GFP

Short hairpin RNA

Structured illumination microscopy
Short interfering RNA

Simian immunodeficiency virus
Signal to noise ratio
Spacer peptide 1/2

Surface protein
Transactivator of transcription

Transmembrane protein

Transportin 3/transportin-SR2

Tripartite motif-containing protein-cyclophilin

Viral infectivity factor
Virus-like particle

Viral nucleoprotein complex
Viral protein R
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World Health Organisation
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INTRODUCTION

1.1 AIDS

The Acquired Immune Deficiency Syndrome (AIDS) first came to light as a new
disease in 1981, with the reports of unusual occurrences of pneumocystis carinii
pneumonia and Kaposi sarcoma in previously healthy, young homosexual men
[1][2][3]. The causative agent was subsequently isolated and characterised as a
human T-lymphotropic virus Il (HTLV 1ll) in 1983, and was officially named as
the human immunodeficiency virus (HIV) by the International Committee on the
Taxonomy of Viruses in May 1986 [4][5][6][7]. Since then the pandemic form of
HIV-1, also known as the main (M) group, has infected at least 60 million people
and caused more than 35 million deaths [8] (who.int/mediacentre/factsheets).
According to World Health Organisation (WHO) statistics, there were
approximately 36.7 million people worldwide living with HIV-1 by the end of 2015,
but it is estimated that only 54% of people actually know they are infected

(who.int/mediacentre/factsheets).

1.2 HIV-1

The HIV-1 virus is a group VI member of the Retroviridae family. These are
enveloped viruses characterised by their ability to reverse transcribe their RNA
genome into double-stranded DNA intermediates, through use of their own
reverse transcriptase (RT) enzyme, and integrate their genome into host
chromosomal DNA [9]. The resultant ‘provirus’ then serves as a template for the
transcription and translation of the genomic RNA and proteins required for the
development of future viral progeny. These defining features enable the virus to
maintain a persistent infection within the host despite the activation of antiviral
immunity. HIV-1 is further categorised as a lentivirus, which are complex viruses
characterised by having a long incubation period (lente meaning slow in Latin)

and a unique virion morphology, demarcated by the conical capsid cores [9].



1.2.1 Genomic structure

The HIV-1 genome is primarily a coding RNA that contains nine open reading
frames, which translate into 16 proteins, flanked by two long terminal repeats
(LTR) (Fig. 1) [10]. The three primary translational products (Gag, Pol and Env)
encode structural proteins which are initially synthesised as polyprotein
precursors, and subsequently processed into mature particle associated proteins
through the action of viral or cellular proteases [9]. The 55 kDa group-specific
antigen (Gag) precursor is cleaved into the matrix (MA), capsid (CA),
nucleocapsid (NC) and p6 proteins. Autocatalysis of the 160 kDa Gag-pol
polyprotein generates protease (PR), the heterodimeric reverse transcriptase
(RT) and the integrase (IN) proteins. The 160 kDa envelope (Env) precursor is
cleaved into the gp120 surface (SU) and gp4l transmembrane (TM) proteins
through proteolytic digestion by cellular enzymes. The six remaining regulatory
proteins (trans-activator of transcription (Tat) and regulator of the expression of
the virion (Rev)) and accessory proteins (viral infectivity factor (Vif), viral protein
R (Vpr), viral protein U (Vpu) and negative regulatory factor (Nef)) are translated

from spliced mRNA transcribed from the integrated provirus [9].
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Figure 1. Genomic organisation of HIV-1. lllustration depicting the ~9.7 kb HIV-1 genome,
highlighting the three main open reading frames coding for 16 proteins [11]. Long terminal
repeats (LTRs) flank the genome of the integrated viruses, and contain important regulatory
regions for transcription initiation and polyadenylation. The main structural proteins and
regulatory enzymes (Gag, Gag-Pol and Env) are initially synthesised as polyprotein precursors,
which are subsequently cleaved by viral proteases and cellular proteases (Env) into 11 subunits
(Gag = MA, CA, spl, NC, sp2 and p6; Pol = PR, RT (containing RNAse H) and IN; and Env = SU
and TM). Ribosomal frame-shifting permits the expression of the 160 kDa Gag-Pol protein
precursor at a ratio of roughly 1:20 of that of the Gag polyprotein [12][13].

lllustration by Thomas Splettstoesser (www.scistyle.com).
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1.2.2 Replication cycle

The HIV-1 replication cycle is generally characterised by two stages — the early
and late phases of infection (Fig. 2). The early phase encompasses the initial
steps of HIV-1 cellular entry. Primarily, the HIV-1 Env glycoprotein (gp41/gp120)
sequentially binds with the CD4 receptor and co-receptors (CCR5 or CXCR4)
present on the surface of the receptive host cell, which initiates fusion with the
cellular membrane, releasing the viral core into the cellular cytoplasm [14]. A
series of transformational steps occurs commencing with the reverse
transcription of the two copies of positive-sense single-stranded viral RNA, at this
point known as the reverse transcription complex (RTC), into double stranded
copy DNA (cDNA) to form the pre-integration complex (PIC) [15]. The PIC is a
~28 nm patrticle containing the cDNA and various viral (MA, CA, NC, IN, RT and
Vpr) and host proteins [16][17]. The PIC is then transported through the nuclear
pore complex, whereupon the cDNA is integrated into the host genome through
catalases by IN, to produce the provirus [17]. At some point between fusion with
the cellular membrane and nuclear entry, the viral capsid core goes through a
process of progressive disassembly from the viral nucleoprotein, in a process

known as uncoating. This process will be the main subject of this study.

In the late phase of HIV-1 infection, proviral DNA is transcribed by host RNA
polymerase into full length viral RNA. A subset of the transcripts are spliced and
exported into the cytoplasm where they are translated into the regulatory proteins
transactivator of transcription (Tat), which promotes transcription elongation, and
the regulator of viral gene expression (Rev) [18]. The Rev protein mediates the
export of singly spliced and unspliced viral RNAs from the nucleus. A
conformational switch in the 5 untranslated region (UTR) of RNA determines
whether it is translated for the expression of the Gag, Pol and Env gene
products, or dimerised for packaging into new viral particles [19][20]. The
Pr®Gag precursor polyprotein (Gag) binds to dimerised genomic RNA (gRNA)
through two zinc finger motifs present within NC [21][22][23] and the gRNA/Gag
subcomplex traffics through the cytoplasm towards the cellular membrane for
attachment and assembly [24]. The MA domain undergoes myristoylation at the
N-terminal domain enabling the gRNA/Gag subcomplex to embed into the

plasma membrane for early virion assembly [25][26]. This is followed by a rapid



accumulation of Gag, which forms higher-order structures (multimerisation)
mediated by contacts between adjacent MA, CA and NC domains [27][28]. Viral
budding is mediated through the interaction of two motifs on the p6 domain of
Gag (PTAP and YPXnl) with the ‘host endosomal sorting complexes required for
transport’ (ESCRT) machinery [29][30]. Interactions with the p6 domain also
mediate the incorporation of Vpr into the assembling viral particle [31].
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Figure 2. Schematic depicting the principal stages of the HIV-1 replication cycle [32]. A
mature virion binds to a CD4 receptor and co-receptors (CCR5/CXCR4) present on the surface of
a receptive cell, instigating fusion with the cellular membrane and release of the capsid core
within the cytoplasm. The viral RNA is then reverse transcribed (reverse transcription complex)
into double stranded linear DNA to form the pre-integration complex, which is translocated into
the nucleus. At some point during these events the capsid core disassembles, in a process
known as uncoating. The viral DNA integrates into the host genome forming the provirus, which
is subsequently transcribed and translated into new viral RNA and protein molecules. These are
trafficked across the cytoplasm and assembled at the cellular membrane, initiating budding and
release of the immature virions. Viral proteases cleave the structural polyproteins to create the
distinctive fullerene capsid core surrounding the viral nucleoprotein complex (VNC), in the

formation of a mature HIV-1 virus.



1.2.3 Maturation

Viral maturation occurs concomitantly with the budding and release of the
immature virion from the plasmid membrane [33][34][35]. It consists of a series of
coordinated cleavages of the Gag-Pol polyprotein by the viral protease at ten
different sites, producing the fully processed MA, CA, NC, p6, Pr, RT and IN
proteins [36]. Proteolytic processing is a highly regulated event, with the timing
and sequence of cleavage shown to be critical for the formation of infectious viral
particles [37]. The cleavage of spacer peptide 1 (SP1) from the CTD of CA marks
the final step in this process, and is known to be particularly important for
structural rearrangement from a spherical immature core to the mature conical
morphology [38]. The exact means by which rearrangement occurs have yet to
be fully defined. The MA proteins remain associated with the inner layer of the
viral membrane, whilst the CA monomers form a geometric lattice composed of
~250 CA hexamers, with 12 CA pentamers defining the curvature of the core and
its typical cone shaped appearance [36]. The capsid core surrounds the two
single strands of positive-sense RNA and the various enzymes and accessory

proteins required for successful HIV-1 replication.

1.3 Capsid structure

The HIV-1 ‘capsid’ is a term which is often used to refer to both the p24cA
monomers and the capsid fullerene core. To reduce confusion, ‘CA’ will be used
to describe the p24©A protein monomers, and ‘capsid’ to describe the assembled

conical core.

1.3.1 CA p24 monomer

The HIV-1 CA monomer (p24°4) is composed of two independently folded
domains, a ~150 amino acid (aa) amino-terminal domain (CAntp) and an ~80 aa
carboxyl-terminal domain (CActp), bound by a 5-residue flexible linker [39] (Fig.
3). Both domains have a predominantly a-helical secondary structure: the CAnt
is arrowhead shaped, with seven a-helices (numbered 1-7) and an amino-
terminal B-hairpin, whilst the CActp is more spherical, with a short single-turn 310-
helix followed by an extended strand and four a-helices (numbered 8-11)

[39][40]. The alpha helices act as stabilisers for the CA subunits. The CAntp, Or
5



core domain, contains the exposed cyclophilin binding loop and is located on the
outer surface of the mature capsid core, whilst the CAcrtp, also known as the
dimerisation domain, is orientated towards the interior of the capsid core. The CA
protein is relatively well conserved amongst the Gag proteins, with the major
homology region in the N-terminus of CActp displaying significant aa identity

between divergent retrovirus genera [41].
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Figure 3. Structural model of the HIV-1 CA protein [42]. An annotated p24°A model depicts the
7 alpha helices and the cyclophilin-A binding loop of the amino-terminal domain (NTD)
connected, by a 5-resdue flexible linker, to the carboxyl-terminal domain (CTD) comprising 4
alpha helices and the major homology region (MHR) in green. The helices highlighted in blue and
red are involved in the intermolecular interactions which contribute to the formation of hexameric

and pentameric rings, and the subsequent hexagonal lattice [42].

1.3.2 Capsid structure — capsid core

During virion budding and maturation the Gag polyprotein is cleaved through the
action of the autogenous protease enzyme, and the CA monomers reassemble
to form the geometric fullerene core [43]. The CA monomers are organised into
hexameric (Fig. 4B and D) and pentameric rings (Fig. 4C and E), which are
stabilised by interactions between the first three helices of the CAnto [36]. The
capsid rings are in turn stabilised by an exterior ‘girdle’ formed by the CActp that
also forms inter-subunit contacts with adjacent CAnto. The CActp also makes

inter-ring contacts across the local two- and three-fold axes, which stabilises the

6



extended lattice. Larger assemblies of hexamers and pentamers are maintained
by hydrophobic residues within the CActp, which provide the structural support
for the mature capsid core [44]. When assembled into the mature conical core
(Fig. 4A) the CAntp is orientated towards the outer surface of the structure,
whereas the CActp is located within the interior of the core. The CAnxmo and
CActp interface forms a binding pocket between helices 3, 4, 5 and 7, which
interacts with various host cellular factors intrinsic to HIV-1 infection, such as
nucleoporin (Nup) Nup358 and cleavage and polyadenylation specificity factor 6
(CPSF6), and is also a target for the small molecular restriction compounds
PF74 and BI-1 [45][46][47][48].

Figure 4. Model of an HIV-1 capsid core and structure of the CA hexamers and pentamers
[49]. (A) 3D representation of a mature capsid core, showing the spatial configuration of the
hexamers, pentamers and dimers highlighted in orange, yellow and blue, respectively. The
arrangement of 12 CA pentamers at polar ends of the structure create the distinctive cone
shaped appearance of the capsid core. (B and C) Top view of a CA hexamer and pentamer,
respectively, with their corresponding side views depicted directly underneath (D and E). Helices

are represented as ribbons, and each subunit is presented in a different colour.



1.4 Capsid —roles in the early phase of infection

Early work using biochemical methods for isolating the RTC/PICs implied that
capsid only had a small role in the early phase of the HIV-1 replication cycle,
delivering the viral genome and associated proteins into the cytoplasm of the
target cell [15]. The viral capsid core is a relatively fragile complex, and the
detergents/low salt conditions used for hypotonic lysis and removal of the viral
membrane were probably stripping the core from the viral nucleoprotein,
precluding its detection in immunoprecipitation assays [16][50][51][52][53].
Advances in genome-wide analysis and cellular imaging techniques, however,
have enabled the detection of PIC associated CA within the nucleus, suggesting
a more prominent role in HIV-1 infectivity [54][55][56][57][58].

Below is a list of some of the roles in the early phase of infection that CA/capsid

has been linked with.

1.4.1 Housing of the viral ribonucleoprotein

The principle role of the capsid core is to provide an encapsulating sheath with
which to contain two copies of the viral RNA genome and proteins necessary for
infection, such as PR, RT, IN, NC, Nef and Vpr [17][59]. This is produced during
maturation of the nascent viral particle through protease cleavage of the Gag
polyprotein, and ensures the correct delivery of the viral ribonucleoprotein

complex into the target cell.

1.4.2 Immune evasion

Several reports suggest a role in immune evasion for the viral core [60]
[61][62][63]. A recent study by Rasaiyaah and co-workers provided evidence of
the innate immune sensor evasion properties of the capsid core in monocyte-
derived macrophages (MDMs) [60]. HIV-1 is able to replicate in primary human
macrophages without stimulating innate immunity, despite the production of
cDNA, a key trigger for interferon (IFN) mediated restriction in HIV-1 infection
[64]. The capsid mutants N74D and P90A, however, cannot replicate in MDMs
because they trigger innate sensors leading to type 1 IFN production and an
antiviral state [60]. Using the RT (D185E) or IN (D116N) mutants in combination
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with the N74D capsid mutant, IP10 expression (an IFN stimulated gene) was
induced with the CA/IN double mutant but not with the CA/RT double mutant.
This data indicated that viral DNA produced by reverse transcription was the
pathogen-associated molecular pattern (PAMP) that triggered the innate immune
response in MDMs. Depletion or pharmacological inhibition of the cofactors
CPSF6 and cyclophilin A (CypA,) which interact with the CA mutants N74D and
P90A, respectively, also induced wild-type HIV-1 infection to stimulate IFN
secretion in MDMs. The authors propose that CPSF6/CypA recruitment to CA
suppresses premature viral DNA synthesis, allowing evasion of innate immune
sensors, adding weight to the importance of correctly orchestrated HIV-1

uncoating and nuclear entry [60].

1.4.3 Reverse transcription

The capsid core may also act to maintain both the viral genome and RT in a
spatially enclosed environment. Numerous strand transfers are necessary for the
conversion of the viral genome into double stranded DNA, and it has been
suggested that the HIV-1 capsid is essential for maintaining a high stoichiometry
of RT relative to the viral RNA, to offset its tendency to detach from the template
during reverse transcription [65][66]. Dilution of RT in the cellular cytoplasm
would substantially reduce the efficiency of reverse transcription [15].
Interestingly, several studies support a functional link between reverse
transcription and uncoating [67][68], demonstrating that suppressing reverse
transcription delays uncoating. Alternatively, several CA mutations altering in
vitro core stability generated fewer reverse transcripts, indicating that it was
capsid stability that affected reverse transcription [65][69][70]. One theory behind
this relationship is that the double-stranded reverse-transcription product forms a
more rigid structure, which could provide an outward force to destabilise the core
[67]. Thus, the viral core may act as a reaction chamber containing the
necessary reagents just long enough for the completion of reverse transcription.
Another hypothesis holds that at least partial uncoating is required to enable
entry of the cellular factors (nucleic acid binding proteins, DNA repair and
splicing factors) necessary for completion of reverse transcription [54][71][72].

However, the capsid lattice is reported to be an open structure containing inner-



ring gaps of up to 10 nm which would allow, at the least, the entry of the cellular

nucleotide triphosphates for reverse transcription [73].

1.4.4 Trafficking towards the nucleus

HIV-1 capsid/p24 has also been reported to play a role in transporting the viral
nucleoprotein towards the nucleus through the interaction with the host cell
microtubules, hijacking the cytoskeletal networks to support their movement
across the cell [44][74]. Various experiments have been employed to support this
role, including disrupting microtubule mediated trafficking using nocodazole, and
pharmacological or small interfering RNA (siRNA) inhibition of the dynein and
kinesin-1 microtubule motor complexes which interact with the virus particles
[75][76][77]. In vitro assembled HIV-1 CA-NC complexes were shown to directly
interact with the kinesin-1 adaptor protein fasciculation and elongation factor zeta
1 (FEZ1), which regulates movement towards the nucleus [76]. Fluorescently
labelled capsid particles have also been visualised associating with the
microtubule network, providing further evidence of a possible role in CA

mediated cytoplasmic trafficking of HIV-1 particles [53][78].

1.4.5 Nuclear entry

Nuclear pore complexes (NPC) are multiprotein channels that pepper the nuclear
envelope and act as a selective barrier against infection from retroviruses unable
to infect non-dividing cells, such as Murine leukaemia virus (MLV) [79][80][81].
HIV-1 is able to actively transport through the NPC of non-dividing cells by
hijacking the cellular transport machinery [82][83][84]. Capsid was first identified
as having a role in nuclear import when an HIV-1 chimera, in which the HIV-1 CA
coding sequences were replaced with MLV, lost the ability to efficiently infect
non-dividing cells [79]. Several genome-wide siRNA screenings identified a
number of nuclear transport factors as potential cofactors in HIV-1 infection
[54][56][58], with CypA, transportin 3 (TNPO3), CPSF6, and the nucleoporins
Nup358 and Nup153 seeming to have a direct interaction with CA during nuclear
translocation [85][86][87]. It is difficult to determine the significance of these CA-
mediated interactions as depletion of nuclear transport factors alters the structure
and function of the NPC, leading to concerns that the knockdown effects were

actually due to indirect consequences caused by perturbations of cellular activity
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[85]. The role of CA in nuclear trafficking, however, is supported through studies
using a number of CA mutants. For example, the CA mutants T45A/N57A and
Q63A/Q67A exhibit cell cycle dependent infectivity responses as attested to by
PCR quantification of two-long-terminal-repeat (2-LTR) circles, with cell cycle
arrest leading to a decrease in infection after nuclear import with the T45A/N57A
CA mutant, but before nuclear import with the Q63A/Q67A CA mutant [88][89].
Also, the N74D CA mutation was shown to be insensitive to the knockdown of
TNPO3, Nup358 or Nup153 [90][91][92], and the G89V and P90A CA mutants
were less sensitive than WT virus to Nup358 and Nupl53 depletion
[90][91][92][93].

1.4.6 Integration

Evidence is growing that CA may also play a role in post-nuclear events,
including integration [94]. HIV-1 preferentially targets clusters of active genes
within gene dense regions of chromosomes [95]. Although lens epithelium-
derived growth factor (LEDGF/p75) is the predominant factor in directing
integration within active gene bodies [96][97], knockdown studies have revealed
that the nuclear factors TNPO3 and CPSF6, and the Nups 358 and 153 may
have a part in targeting the gene dense regions of chromosomes
[91][98][99][100][101][102]. Similar shifts in integration-site preferences have also
been observed when using CA mutants, suggesting a post-nuclear entry
targeting role for this protein. The HIV-1 CA cyclophilin-binding mutants G89V
and P90A generally integrated in genomic regions with a higher density of
transcription units compared to WT virus, whereas the N74D and N57A CA
mutants, which are insensitive to Nup358 and TNPO3 depletion, favoured
integration in genomic regions sparse in transcription units [91]. Inhibition of
CypA-CA binding through the presence of cyclosporine A (CsA) led to integration
of wild type (WT) virus in regions of higher transcription density, similar to that of
the G89V and P90A binding mutants, suggesting that the CA-CypA association
has a role in influencing nuclear import, and subsequently, site of integration [91].
Studies using the gyrase B targeting antibiotic Coumermcin-Al (C-Al), which
binds to hexameric CA in a binding pocket defined by two adjacent monomers,
showed that C-Al inhibits integration in a CA-dependent way, without affecting
reverse transcription [103]. The N74A and A105S CA mutants negated the
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restrictive capacity of CA-1, enabling normal integration. Further experiments
using the tripartite motif-containing protein-cyclophilin (TRIM-Cyp)/CsA washout
assay seemed to link integration-site selection with earlier CA uncoating events,

influencing the cofactors the PIC associated with during nuclear translocation.

Recent studies employing the knockdown of CPSF6, or the deletion of the CA
binding domain of CPSF6, revealed an obstruction of HIV-1 integration within
transcriptionally active gene-dense regions, intron-rich genes, and the specific
location of integration within the genes [98][99]. Capsid staining revealed a
similar location of CA within the nucleus for WT virus within CPSF6 depleted
cells, to that of control cells infected with a N74A CA mutant virus which prevents
binding with CPSF6 [99]. A preference for proviral integration at the periphery of
the nucleus was also shown for WT type virus in CPSF6 depleted cells, and the
CPSF6 non-binding CA mutants N74D and A105T in control cells.

Collectively, these data indicate that TNPO3, Nups 153 and 358, and particularly
CPSF6, play important roles in the regulation of sites of HIV-1 integration, and

that CA is the component of the PIC most likely to interact with these proteins.

1.5 Models of capsid uncoating

Historically, capsid uncoating has been considered from a structural perspective,
and is defined as the specific dissociation of the capsid shell from the viral core
in the host cell cytoplasm [104]. However, based on recent demonstrations that
CA influences late events including nuclear import and integration [92][98][99]
[100][101][102][105], and has been visualised colocalised with IN within the
nucleus [55][57], it is unlikely that CA loss from the RTC is a single, discrete
event. Thus, some re-evaluation of the traditional definition of uncoating is

required [44].

Although there is general agreement that uncoating occurs after fusion
dependent entry into the cytoplasm and before nuclear entry, the field remains
divided as to the precise moment and location at which this takes place, and the
extent of capsid disassembly from the viral nucleoprotein complex (VNC) before

nuclear translocation. One of the defining features of HIV-1 infection is its ability
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to infect non-dividing cells [79], which necessarily incurs the translocation of the
PIC from the cellular cytoplasm into the nucleus through the NPC. Studies have
revealed that the upper size limit for passage within the NPC to be ~39 nm,
which is considerably smaller than the 50-60 nm diameter of the wide end of the

capsid cone [39][106][107], affirming the model of cytoplasmic capsid uncoating.

Three main models of uncoating have been proposed (Fig. 5):

i.  Arapid core disassembly following cellular entry
ii. A more gradual uncoating as the virus traverses the cytoplasm
towards the nucleus

iii.  Uncoating at the nuclear pore

1) Rapid uncoating

With this model the capsid core disassembles close to the cellular membrane
almost immediately following viral fusion (Fig. 5A). Although most of the capsid
is described to disassociate from the VNC, this does not rule out the presence of
a residual amount of CA remaining with the RTC/PIC after uncoating
[17][108][109][110]. This model was proposed due to the absence of detectable
CA when using biochemical means to study the content of the RTC [16][50]. This
model, however, does not account for the cytosolic sensors that would be
activated in the presence of viral cDONA PAMPs upon rapid core disassembly

[60][61][63], or the loss of a closed environment to facilitate reverse transcription.

1) Gradual/biphasic uncoating

This model proposes that the viral core remains intact for some time post-fusion,
and that uncoating takes place gradually during passage towards the nucleus
through interaction with cytoplasmic host cell factors and reverse transcription
(Fig. 5B) [67][72][111]. Experiments using the intact capsid core targeting
properties of TRIM-Cyp, and immunofluorescent imaging, support this model
[53][67]. Loss of sensitivity to TRIM-Cyp binding was observed 3-4 h post-
infection, and approximately two thirds of RTCs were observed still containing
detectable amounts of CA 4 h post-infection. Some authors suggest that the CA-

CA interactions that create the delicate lattice of the viral core would not tolerate
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a gradual disassembly of CA and, like the rapid uncoating model, the cDNA
would be exposed to cytosolic sensors [44][86]. However, cellular factors
recruited to the RTC/PIC during capsid uncoating may be able to mask the

nascent viral cDNA from antiviral innate immune detection [44].

Iii) Uncoating at the nuclear pore

A third model proposes that the capsid core remains intact during transport
towards the nucleus, and uncoating takes place at the nuclear pore (Fig. 5C)
[86]. In this model, premature uncoating is supressed through the interaction of
CypA and CPSF6. Upon arrival at the NPC the capsid core binds to Nup358 and
uncoating is triggered with the assistance of CA-associating factors (TNPO3,
CypA and CPSF6), upon which the PIC is released and is translocated through
the nuclear pore into the nucleus [86]. With this model the viral genome would be
protected by the capsid core, thus excluding the triggering of the innate DNA
sensor of cyclic GMP-AMP synthase (cGAS). This system is supported by work
performed in MDMs which have been shown to be infected with WT HIV-1
without triggering an innate immune response [60]. Capsid mutations, however,
and HIV-1 infection in CPSF6 and CypA-depleted macrophages, which
potentially generate the premature release of cDNA, activate an antiviral state
within the cell.

There is evidence based data supporting and opposing all of these models for
capsid uncoating, and it may be that the real system contains aspects from each
model. Uncoating may also vary depending on the cell type and the activation
state of the cell at the time of infection [44]. Contemporary thinking seems to
support a model of uncoating involving the initial loss of integrity of the intact
core, leaving a residual amount of CA associated with the viral nucleoprotein for
interaction with the host proteins [44].

14



Capsid core

Viral RNA
\ Viral entry
Plasma membrane
a Immediate uncoating b Biphasic uncoating ¢ NPC uncoating

“‘a @ _~—Reverse

2P transcriptase

@ .“—Integrase
2N

Cop\[® & CA
%" o

|

RTC(';} f
Viral DNA

L]

Figure 5. lllustrations depicting the principal models of HIV-1 capsid uncoating [44]. Three
models of uncoating have been proposed, subjective to the methods deployed for analysis: A)
Immediate uncoating of the entire capsid core directly after viral fusion with the cellular
membrane; this model was supported by early biochemical studies [16][44]; B) Gradual/biphasic
uncoating, in which a measurable amount of capsid disassembly occurs as the VNC traffics
through the cytoplasm, with a portion of the capsid remaining to mediate nuclear docking and
translocation. This model is supported by several imaging-based assays and the CsA washout
assay [67][111]; (C) Uncoating at the NPC, in which the capsid core remains intact up until
mooring at the nuclear pore, whereby uncoating is facilitated through interaction with Nups. With
this model the viral dsDNA is shielded from cellular cytosolic sensors [60][63].
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1.6 Capsid uncoating —why study?

Experiments studying CA mutations that affect the stability of the capsid core
have shown a direct link with the timing of capsid uncoating and the subsequent
infectivity of the virus [65][67][112]. This unique characteristic, along with the
distinctive structure and nature of the individual CA proteins, makes the process
of capsid uncoating a promising target for pharmaceutical intervention. The
gregarious nature of CA, which associates with many cellular host factors during
the early phase of HIV-1 infection, indicates that there are a large number of
processes at which intervention can take place, and binding sites within the CA
protein for small molecular compound interaction. The CA CypA-binding loop and
a binding domain formed through the molecular interaction of helices 1, 2, 4 and
7 of the CAntp, which have been shown to bind to host factors such as CypA,
TNPO3, CPSF6, and Nups 358 and 153, have already been targeted by a
number of small-molecule inhibitors [48].

CA is one of the most conserved proteins within HIV-1, with the MHR in the NTD
and the zinger-finger motif in NC being the only sequences in Gag that show
significant amino acid identity between divergent retrovirus genera [9]. The
assembled HIV-1 capsids also exhibit remarkable structural homology between
those of other retroviruses, despite an overall lack of sequence homology
between these proteins [113][114]. This suggests that CA molecules between the
genera have evolved to capacitate the delicate balance of functional burdens
placed upon them. As such, they are likely to be stretched to the limit by the
pressure to produce functional cores of optimal stability, which are still able to
interact with the numerous host factors necessary for infection [44]. Thus, CA is
unlikely to have the genetic flexibility employed by other HIV-1 proteins, such as
RT and protease, for evolving resistance to restrictive compounds.

The fragility of the CA core, as attested to by the numerous CA mutations
affecting core stability [65][112], makes it an attractive target for therapeutic
intervention at the early stage of infection, whereby it would be possible to
activate intrinsic host defence pathways that induce production of type-1
interferons and the ‘antiviral state’ [60]. This would enable manipulation of

pathways that restrict or alter the sites of productive integration, and the
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stimulation of an innate immunity that would both reduce viral infectivity and
induce an antiviral immune response that would obstruct subsequent infection
cycles [44]. Put together, the conserved structural nature of the capsid core, the
large number of host factors with which CA interacts, and the tight relationship
between infectivity and the kinetics of capsid disassembly, make the process of

capsid uncoating an attractive target for antiviral drug action.

1.7 Systems for studying uncoating

Several in vivo and in vitro methods of studying uncoating have been employed
over the years with varying levels of success. The highly conserved nature of the
p24°A monomers, and fragility of the capsid core, make it very difficult to detect
in pull-down assays, and to label without affecting the maturation and quaternary
structure of the core. Many of the assays measure core stability and uncoating
events in bulk viral samples and therefore would not exclude the analysis of
defective particles. In the field of CA uncoating, the main techniqgues employed

for studying this process can be grouped into four basic approaches [44]:

1.7.1 In vitro core-stability and disassembly assay

This method involves the isolation of HIV-1 cores from the viral supernatant by
ultracentrifugation through a detergent layer (removing the viral membrane) into
a sucrose gradient [65][115][116]. Pelleted capsid cores containing the viral RNA
and associated proteins, but lacking the envelope proteins, can then be removed
from the appropriate sucrose fraction. Disassociation of p24°* from the purified
cores can then be measured by incubation at 37°C and further
ultracentrifugation. This technique has provided valuable information regarding
the stability and infectivity of capsid cores plus/minus mutations or following
pharmacological treatment. However, the assay measures bulk core samples of
which only a proportion may be infectious, and core stability in vitro does not

necessarily reflect in vivo uncoating events [44].
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1.7.2 Fate of capsid assay

In this system, lysates from infected cells are centrifuged through a sucrose
cushion enabling the fractionation of intact capsids cores from soluble CA
proteins and vesiculated virions [44]. Thus, the relative amounts of intact capsid
cores over time following infection can be determined, through which an
estimation of uncoating events can be calculated. This method has been used to
measure the capsid core destabilisation and stabilisation properties of the
restriction factors TRIMS5a [117] and myxovirus-resistance 2 (Mx2) [118],
respectively, and the effects of reverse transcription [68][119] and microtubule
trafficking on capsid uncoating [75][120]. As with the in vitro core-stability assay,
this method focuses on bulk populations of cores, of which only a small
percentage may be infectious [44], and the stability of the core can be effected

during processing.

1.7.3 Cyclosporine A washout assay

This assay takes advantage of the HIV-1 restriction properties of a TRIM-
cyclophilin A (TRIM-CypA) protein first described in Owl monkeys [121]. TRIM-
CypA binds intact capsid cores prior to the onset of uncoating and, by some as
yet identified process, affects restriction leading to premature uncoating
[122][123]. Binding of TRIM-CypA to the viral capsid can be blocked by the
addition of CsA, allowing the core to go through the normal process of uncoating
and infection. At various time points post-infection, CsA is washed from the cells
allowing TRIM-CypA to resume restriction. Because TRIM-CypA binds to intact
capsid cores, insensitivity to restriction is a good indicator for initiation of
uncoating. The half-life of uncoating can be calculated by the time post-infection
of CsA washout. Using GFP labelled viruses, infection can be measured by flow
cytometry. Unlike the previous assays that measure the uncoating of bulk sample
viruses, many of which may not be infective, this system measures the uncoating
of infective viruses that have escaped TRIM-CypA restriction [44]. However,
because uncoating is being indirectly measured by a capsid-binding restriction
factor, it is possible that host factors may be competing with TRIM-CypA for a

limited number of capsid binding sites [86].
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1.7.4 Imaging assays

Many imaging-based techniques have been employed for the direct visualisation
of uncoating through the use of fluorescently tagged capsid core components.
The systems generally involve the fluorescent labelling of a cellular or viral
component within the capsid core, such as Vpr, IN, an APOBECS3 protein or the
viral genome itself, and the level of associated CA can be comparatively
analysed by immunofluorescence using capsid-specific  antibodies
[53][57][67][111][124][125][126][127]. Microscopically based techniques enable
the visualisation and analysis of individual virus particles within the spatial
context of the cell, and various approaches have been used to track virions live
over time. The labelling of p24©A protein can, however, disrupt the proteolytic
processing and proper assembly of the viral cores, and the insertion of
fluorophores into the Gag polyprotein can give rise to fluorescently labelled

vesicles which are difficult to distinguish from true viral particles [127].

Despite the complications associated with studying capsid uncoating using
imaging based assays, we turned to these techniques for our investigation of the
process. This was because of the additional information that can be obtained
through use of visual examination, which is often not possible when using other
techniques, such as the dynamics of uncoating within the spatial-temporal

localisation of the cell.

The methods described above are a general outline of the main approaches
used for studying capsid uncoating, and many novel adaptations have been
employed with these methods, some of which will be described later [section
1.9]. One of the main questions these assays attempt to answer is the precise
timing of capsid uncoating, from which it may be possible to determine the

specific factors (viral and cellular) that are involved in this process.
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1.8 Factors affecting the kinetics of uncoating

As described earlier [section 1.6], timely capsid uncoating is thought to be
crucial for the productive infection of HIV-1 and therefore many factors affecting
the kinetics of uncoating have been investigated, both for the better
understanding of this process and for the establishment of new therapeutic
strategies. These factors, in turn, have proved useful as controls for validating
new assays for measuring uncoating. The main approaches used in the
uncoating assays for influencing the kinetics of capsid disassembly include the
use of CA mutations in the viruses used for transduction, restriction compounds,
and the knockdown of host cell proteins; all of which either directly or indirectly

effect the stability of the capsid core.

1.8.1 Capsid mutations

Many studies have been performed involving mutations in p24©A, as these have
been found to have a knock-on effect on the stability of the viral core [65]. This,
in turn, has been found to influence events in the early phase of the HIV-1 life
cycle, including uncoating, the initiation or completion of reverse transcription,
and viral infectivity [65][128]. CA mutations have also revealed insights into the
interaction of the capsid core with specific cellular host factors, and have been
shown to influence the pathway with which the PIC enters the nucleus and
integrates [91][103]. Some of the CA mutations that have a significant effect on

the dynamics of capsid uncoating are described below [65][112].

1.8.1.1 Mutations that effect the stability of the capsid core

Many experiments conducted in vitro and in vivo have shown a pronounced
effect of CA mutations on the stability of the viral core. In vitro, the CA mutations
Q63A/67A caused the viral core to disassemble more rapidly than WT capsid,
whilst the mutations E45A and R128A/R132A caused the capsid core to
disassemble more slowly [65]. Similar uncoating kinetics have been observed in
vivo, with the CA mutations E45A, T54A/N57A, N74D, E128A/R132A,
E45A/R132A and 5Mut reported to delay uncoating, whereas the mutations
A92E and K203A induced premature uncoating [67][89][103][111][124][129]. All
the viruses containing mutations that altered the stability of the capsid core in

vivo and in vitro exhibited a decrease in relative infectivity from 0 to 20% of that
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compared to viruses containing WT cores [65][112]. Interestingly, the viruses
containing CA mutant cores that disassembled with similar kinetics to the WT
cores in vitro (Q4A, G116A, T119A, N139A and P207A) exhibited similar
infectivity as the WT virus. These observations support a functional correlation
between capsid uncoating and infectivity. The reason why a change in the
stability of the capsid core should affect infectivity has not yet been established,
but may be due to subsequent effects on reverse transcription, cellular trafficking
along the microtubules, interactions with nuclear pore proteins, or even

integration events.

1.8.2 Restriction compounds

Many studies have employed the use of restriction compounds to investigate the
kinetics of HIV-1 uncoating. The CA protein is a popular choice for targeting with
restriction compounds because it is the more conserved of the Gag-Pol proteins,
the structural fragility of the core making it less likely that resistant forms will
evolve. The cyclophilin-binding domain also provides a convenient pocket with
which many of the small molecule inhibitors bind. The binding of these small
molecules often brings about structural changes within the viral core, thereby

increasing or decreasing its stability, which in turn effects its uncoating kinetics.

1.8.2.1 Pfizer-3450074 (PF74)

PF-3450074 was originally identified in a high-throughput screening assay as a
small-molecule inhibitor of HIV-1 that targets the CA protein [47]. Structural
analysis indicates that PF74 binds in a preformed pocket encompassing the
NTD-CTD interface, binding with a higher affinity to intact CA hexamers than to
the monomeric form [130]. Recent studies suggest that it has a multi-modal
action for HIV-1 inhibition, interacting with host proteins CPSF6 and NUP153 at
low doses (<5 uM) and CypA at high doses (=5 uM) [131]. High concentrations of
PF74 have been reported to destabilise the capsid core [111][115][130].

1.8.2.2 Ebselen
Ebselen, an organoselenium compound, was identified as an inhibitor of CA
dimerization in a high-throughput screening method based on time-resolved

fluorescence energy transfer, using the CTD of HIV-1 [132]. Electrospray
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ionisation mass spectrometry analysis revealed that ebselen covalently bound to
the CTD of capsid, most likely through a selenylsulfide linkage with Cys198 and
Cys218. A fate of capsid assay revealed an increase in pelletable capsid in the
presence of ebselen [20 uM], suggesting a stabilisation of the capsid core and

inhibition of capsid uncoating [132].

1.8.2.3 Boehringer-Ingelheim compounds 1 and 2 (BI-1/BI-2)

BI-1/Bl-2 are examples of a novel class of pyrrolopyrazolone HIV-1 inhibitors,
identified in a phenotypic cell-based viral replication screening assay [45]. The
compounds were demonstrated to directly bind within an ‘inhibitor binding pocket’
between CA helices 4, 5, and 7 on the surface of the CAN®, an area
corresponding to the binding site for the host factors CPSF6 and Nup358. The
compounds were shown to modestly stabilise purified HIV-1 cores in vitro, but BI-
2 did not alter the uncoating kinetics of HIV-1 in a CsA washout assay [55].
Further experiments suggest that Bl-2 may exert its effect during the nuclear

import of the PIC, by binding to residual CA patrticles still present after uncoating.

1.8.2.4 Coumermycin-Al

Coumermycin-Al (C-Al) is an antibiotic that is predicted to bind to an extended
binding pocket delineated by two adjacent capsid monomers within the capsid
hexamer of a viral core [103]. A CsA washout assay in the presence of C-Al
significantly reduced the period for which the capsid cores were sensitive to

TRIM-CypA restriction, indicative of premature uncoating.

1.8.2.5 Nevirapine
Nevirapine is a non-nucleoside reverse transcriptase inhibitor (NNRTI) of HIV-1,
which binds allosterically to the enzyme and blocks the RNA and DNA-
dependent DNA polymerase activities by disruption of the enzyme’s catalytic site
[133]. It was discovered by Hargrave and co-workers at Boehringer Ingelheim
Pharmaceuticals, Inc [134]. Binding of nevirapine leads to opening of the NNRTI-
binding pocket, which causes the 3’-end of the DNA primer to shift by ~5.5 A
from its polymerase active site position [133]. As a result, the interactions
between DNA and the polymerase domain are reduced, the dNTP-binding site is
deformed, and the RNase H active site is shifted with respect to the site of
22



polymerase activity. The inhibition of reverse transcription has been found to
delay HIV-1 uncoating [55][67][135]. The relationship between reverse
transcription and uncoating is unsure, but it is thought the transformation of the
more flexible compact viral RNA genome into the more rigid double-stranded
DNA extended structure may provide an outward force that destabilises the

capsid core [67].

1.8.3 Protein knockdowns — CA interaction with host proteins

Protein knockdown studies through the use of short interfering (siRNA) or short
hairpin RNA (shRNA) have provided important information on the specific host
cell proteins that interact with p24¢A [54][56][58]. Using these approaches it has
been possible to identify the effects of these proteins on the stability of the capsid
core, and the knock-on effect of the timing of capsid uncoating on reverse
transcription, nuclear entry and integration, and ultimately HIV-1 infectivity [87]. A
few of the key host factors that have been reported to interact with CA, and

therefore have a potential role in capsid uncoating, are listed below.

1.8.3.1 Microtubules
Microtubules are comprised of a/B-tubulin heteropolymers that form polarised
filaments within the cellular cytoplasm, with the ‘minus-ends’ attached to the
centrosome, the perinuclear microtubule-organising centre (MTOC) of the cell,
and the ‘plus-ends’ extending towards the plasma membrane [136]. Specialised
motor complexes bind the protein cargoes and traffic their movement along the
microtubules, with the minus-end (retrograde) movement predominantly directed
by dynein, whilst the plus-end (anterograde) motion is directed by kinesins [137].
Viruses have evolved a number of approaches for hijacking the cytoskeletal
networks to support their movement across the cell [74]. HIV-1 RTCs have been
shown to interact with both actin and the microtubule cytoskeleton, using the
actin microfilaments for short-range transport towards the plasma membrane,
and microtubule motors for more extensive intracellular movement
[53][138][139][140][141][53]. Various studies have substantiated the movement
of HIV-1 in a dynein-dependent manner along the microtubules to the nucleus,
during which uncoating and reverse transcription take place [53][78][142]. In vitro
assembled HIV-1 CA-NC complexes were also shown to interact with the
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kinesin-1 adaptor protein FEZ1, which regulates HIV-1 movement towards the
nucleus [76]. This study reported that both dynein and kinesin-1 were needed for
viral transfer to the nucleus. Two studies have reported that microtubule
disruption and knockdown of microtubule motors delays HIV-1 uncoating
[75][120]. These observations have led to the suggestion that capsid uncoating
may be mediated through the interaction between the opposing motor proteins

dynein and kinesin-1, creating a ‘tug-of-war’ type effect [44].

1.8.3.2 Cyclophilin A

Cyclophilin A (CypA) is a peptidyl prolyl isomerase that catalyses the cis-trans
isomerisation of proline peptide (xaa-pro) bonds [143]. X-ray crystallography
revealed that CypA binds via an extended loop (the cyclophilin-binding loop)
which encompasses residues 85-93 within helices 4 and 5 of the NTD of CA
[144]. CypA is packaged into HIV-1 virions during the late phase of infection
through interactions with the CA domain of Gag, but its main role in HIV-1
infection is recorded to be in target cells, and the previously packaged molecules
do not appear to play a role in this [145][146][147]. In the mature capsid core the
CypA-binding loop is exposed towards the external surface of the viral core
enabling interaction with target cell CypA proteins. Cyclophilin A has been
reported to catalyse the isomerisation of the Gly89-Pro90 peptide bond of CA,
inducing conformational changes in the CAnto remote from the CypA-binding
loop [148]. It has been speculated that this change may provide the mechanical
force for the disassembly of the capsid core, but experimental data supporting
this has been contradictory [44][149][150]. Through cryoEM structural elucidation
of CypA in complex with the assembled HIV-1 capsid, a non-canonical, second
CypA binding site was revealed, bridging two CA monomers from adjacent
hexamers, thereby strengthening the lattice [151]. It was shown that sub-
stoichiometric amounts of CypA stabilise the capsid assembly, whereas high
levels of CypA reduced capsid stability and promoted capsid disassembly [151].
These apparently contradictory observations can be explained by the steric
hindrance induced between two CypA molecules when simultaneously binding to
neighbouring CA hexamers at high concentrations, weakening the dimer
assembly interface of an intact capsid core. This interaction may explain the
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variations in uncoating times observed between different cell types that express
different levels of CypA [147][152][153].

Cyclophilin A interaction with CA may also play a role in the pathway with which
the PIC transverses the nuclear membrane, and the subsequent host genomic
integration site, through interplay with Nups 358 and 153 [91]. Inhibition of CypA-
CA binding with CsA or the CA cyclophilin-binding domain mutants G89V and
P90A [145][154][155], impairs subsequent PIC interactions with Nup358 and
Nupl53, resulting in proviral integration in areas with a high density of

transcription units (less productive).

1.8.3.3 Myxovirus-resistance B

Myxovirus-resistance B (MxB/Mx2) is an IFN-inducible myxovirus resistance (Mx)
protein belonging to the dynamin-like family of GTPases. Recently, MxB has
been implicated in having potent inhibitory activity against HIV-1 infection
[156][157][158][159]. HIV-1 viruses containing the capsid mutations P90A, G89V
and N57S escaped MxB restriction, suggesting that capsid was the principle
factor in MxB mediated interactions [157][158][159]. Myxovirus-resistance B was
subsequently shown to interact with in vitro assembled CA-NC complexes [118].
Further investigation using a benzimidazole-based capsid-binding compound and
domain mapping experiments, identified an MxB binding domain next to the base
of the cyclophilin binding loop of CA [118]. The binding of MxB with the HIV-1
core has been shown to inhibit capsid uncoating [118]. The function of MxB
appears to be linked to CypA, as CypA depletion or disruption of CypA/CA
interaction prevents MxB mediated restriction [159]. As yet the exact mechanism
of HIV-1 inhibition by MxB is still under investigation, and may occur through
restriction of uncoating, inhibition of nuclear import, or through perturbatory

effects on proviral stability or integration [118][160].

1.8.3.4 Transportin3/transportin-SR2

Transportin 3 (TNPO3) is a member of the karyopherin 8 superfamily of proteins,
which bind serine/arginine (SR) rich proteins and governs their nuclear
localisation [87][161][162]. It was first identified as a potential HIV-1 infection co-
factor in a number of genome-wide RNA interference screens [54][56][58], and
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the subsequent depletion of TNPOS3 in HIV-1 infected cells showed a reduction of
infectivity [91][93]. A decrease in infectivity was not observed, however, when CA
mutant viruses (N74D, E45A or Q63A/Q67A) were used to infect TNPOS3
depleted cells, providing the first link between CA and TNPO3 [90][150][163]. A
study analysing viral DNA concentrations within the cytoplasmic and nuclear
fractions of TNPO3 depleted cells, revealed an accumulation of HIV-1 DNA
within the nucleus [150]. This, in line with various other experiments, provided
evidence that TNPO3 was not required for HIV-1 entry into the nucleus
[164][165], and therefore, the TNPO3-depleted restriction of infection occurred
somewhere between nuclear entry and integration [150]. Wild type capsid (but
not the N74D mutant capsid) was also shown to accumulate in the nuclei of
TNPO3 depleted cells, indicating that TNPO3 may contribute to the removal of
capsid from the nucleus [163]. TNPO3 has also been linked to HIV-1 capsid
uncoating. The addition of recombinant TNPO3 to purified capsid cores in vitro
has been shown to accelerate their disassembly [150]. Conversely, the N74D CA
mutant reduced the effect of TNPO3 on HIV-1 uncoating. Cyclophilin A stabilised
HIV-1 cores, however, seemed to antagonise this TNPO3-mediated uncoating
effect. Taken together, this gave rise to the speculation that TNPO3 and CypA
may interact in the coordinated control of HIV-1 uncoating [150].

Depletion of TNPO3 and/or infection with the TNPO3-independent capsid mutant
viruses (E45A and N74D), has also been shown to alter the integration site of
HIV-1 [90][93][101][150]. Recent models suggest that TNPO3 participates in the
nuclear translocation and maturation of the PIC in a RanGTP dependent system,
in which TNPOS3 coordinates a series of steps where different host factors bind to
and are released from the PIC in a regulated manner, until host genomic
integration [44][87][94].

1.8.3.5 Cleavage and polyadenylation specificity factor 6

Cleavage and polyadenylation specificity factor 6 (CPSF6) is an mRNA-
processing protein that dynamically shuttles between the cytoplasm and the
nucleus [166]. Although active both within the nucleus and cytoplasm, a
serine/arginine (SR)-rich nuclear localisation signal (NLS) on its C-terminus

retains its predominantly nuclear localisation [44][57][167]. This protein has been
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shown to attach to the binding-pocket formed through intermolecular interactions
between the CAnto and CActo of adjacent CA monomers [130][167][168]. An
interaction between CPSF6 and CA has been reinforced by additional studies,
which showed that cytoplasmic CPSF6 stabilised CA-NC tubes in vitro and viral
cores in vivo [93][149]. Further evidence of CA interaction was supplied with a
truncated murine form of CPSF6 lacking the SR-rich C-terminal domain
(CPSF61-358), rendering it predominantly cytoplasmic in its localisation [90]. This
mutant construct potently inhibited HIV-1 infection, but a N74D mutation in the
CA rescued the virus from restriction. The C-terminally truncated form of CPSF6
has also been reported to interact at a stage before reverse transcription,
delaying both reverse transcription and uncoating [93][169][170].

It has also been proposed that CPSF6 binding to HIV-1 CA facilitates its use of
nuclear import factors such as TNPO3, and this was backed up by studies
showing that TNPO3-dependence of HIV-1 infection is correlated with the ability
of CPSF6 to bind to CA [93][167][170]. Thus, it seems likely that the binding of
CA with full length CPSF6 has a role in mediating the nuclear import of the RTC
[44]. Two recent studies have revealed that CPSF6 may also play a role in HIV-1
integration [98][99]. Knockdown of CPSF6 or deletion of the CA binding domain
of CPSF6 led to proviral integration in less gene dense and transcriptionally
active regions of the chromosome, towards the periphery of the nucleus.
Infection of control cells with the CPSF6 non-binding CA mutants N74D and
A105T revealed a similar predilection in the location of proviral integration, and a
matching CA orientation was revealed by immunostaining; thus suggesting that

CSPF6 mediated PIC navigation was implemented by CA binding.

1.8.3.6 Nucleoporins

Genome-wide RNA interference screening identified a number of nucleoporins
as potential nuclear transport factors for HIV-1 infection [54][56][58]. Of these,
Nup358 and Nupl53 have been the most extensively investigated in relation to
HIV-1 nuclear translocation. The CA binding motifs of these Nups have led to the
speculation that these proteins may also play a role in late phase capsid
uncoating at the nuclear pore [86][91].
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Nucleoporin 358 is a large 3224 aa protein that forms cytoplasmic filaments
extending from the NPC into the cellular cytoplasm. These filaments possess
phenylalanine/glycine repeat motifs that actively regulate the traffic of molecules
~40 kDa through the nuclear pore [171][172]. A CypA homology domain is
located at the C-terminus of Nup358, which binds to the NTD domain of CA, with
a slightly weaker affinity than CypA [173][174][175], although NMRZZ-exchange
spectroscopy indicates that Nup358 catalyses a more rapid cis/trans
isomerisation of the G89-P90 bond than CypA [160][175]. This has led to the
speculation that Nup358 may have a role in CA uncoating [86][91]. Nup358
depletion reduced HIV-1 infectivity three to eightfold [91][176][177].
Contrastingly, the CA mutants N57A, N74D, P90A and G89V have been shown
to infect host cells independently of Nup358, and have been shown to retarget
integration within different gene dense regions of the chromosome, suggesting a
role for Nup358 in the CA associated guiding of proviral integration
[91][101][178].

Nucleoporin 153 is 1475 aa protein which is found anchored to the rim of the
nuclear side of NPC by its N-terminal domain [179]. Its highly flexible CTD
consists of Phe/Gly (FG)-repeats which can traverse the nuclear basket towards
the cytoplasmic side of the NPC, where it plays a large role in nucleocytoplasmic
transport [180][181][182]. Nup153 has been shown to bind directly with CA within
a site that overlaps the region at which PF74 and BI-2 bind [105]. This protein
has been shown to interact with WT CA and the N74D CA mutant, although the
CA binding mutants G89V, P90A and N74D are less sensitive to Nupl53
knockdown compared to WT CA [91][90][92][93][100][105]. Depletion of Nup153,
also significantly reduced viral cDNA integration within gene dense regions of
chromatin [102].

The large number of CA mutations, restriction compounds, host cell (and viral)
proteins that have been shown to affect the stability of the capsid core, and in
turn modulate the timing and thus cellular location of capsid uncoating, attests to
the complexity of this process. Collectively, these accounts suggest a specific
and structured interplay between the CA/capsid and viral/host cell proteins which
is crucial for the productive infection of HIV-1. The capsid binding properties of

the host factors localised within different regions of the cell, also suggests that
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CA is involved in many parts of the early phase of HIV-1 infection, such as
reverse transcription, nuclear entry, and viral integration. This raises important
qguestions to our understanding of the definition of capsid uncoating, and
suggests that at least a portion of capsid proteins remain with the RTC/PIC for

interaction with host factors within the nucleus.

1.9 The role of imaging methods in studying uncoating

Much attention has been paid to the studying of capsid uncoating, and many
methods employed for studying this process, but this particular area of the HIV-1
life cycle still remains an enigma. This may be, in part, due to the many different
and novel techniques that have been used for investigating this process, which
may focus on distinct aspects of capsid uncoating. With many of the biochemical
methods for analysing the RTC/PIC failing to detect CA proteins associated with
these complexes, we decided to focus more on the imaging based systems for
investigating uncoating. As such, it is worth exploring these systems in further
detail, with particular reference to some of the more innovative approaches that

have expounded our knowledge of this process.

1.9.1 Imaging within living cells — Vpr-GFP

The observation of HIV-1 in living cells was first made possible by hijacking one
of its accessory proteins for incorporation of a fluorescently labelled protein
within a budding virion [53]. A GFP fluorophore was fused to the NH2-terminus of
Viral protein r (Vpr), which is incorporated into newly assembling viruses through
interaction with the p6 region of Gag [183][184]. Approximately, 100 to 200 Vpr
molecules are incorporated into each virus during conventional viral assembly,
and even more so when Vpr is overexpressed during DNA transfection
[185][186]. Using this system, it was possible to visualise GFP-labelled viral
particles accumulating around the nucleus in close proximity with the
microtubule-organising centre [53]. Virus particles were also observed
associating and trafficking along microtubules in a dynein dependent manner.
Lastly, the Vpr-GFP labelled viruses were observed colocalised with significant
amounts of immunostained CA particles, providing the first evidence of CA

associating with a reverse transcribing complex. Although the direct fusion of
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fluorophores to Vpr still remains a valuable system for studying HIV-1
intracellular interactions, there is speculation as to whether some of these
particles are non-specifically endocytosed particles rather than productively

fused viruses [187].

1.9.2 Fluorescently labelled integrase

One of the issues perceived with fluorescently labelled Vpr was that it could not
be observed within the nucleus, thereby limiting the portion of the HIV-1 life cycle
that can be observed with this system [187]. However, the period for intra-cellular
viral visualisation was extended to include post-nuclear entry steps by using
various techniques for labelling the HIV-1 IN protein. One system involved the
insertion of a small tetracysteine tag within IN, which could be visualised through
the addition of the fluorescein arsenical hairpin (FlasH) [78]. Fluorescein
arsenical hairpin is a non-fluorescent compound when complexed with
ethanedithiol (EDT), but becomes fluorescent upon binding to tetracysteine
motifs [188][189][190]. This, along with the small size of the tetracysteine tag
making it less prone to disrupting the structure and function of the protein into
which it is inserted, made it an attractive candidate for intra-cellular imaging. This
system enabled the observation of viral kinetics during trafficking towards the
nucleus, including a decreased mobility attributed to peri-nuclear docking, and
the more restrained diffuse movements within the nucleus itself [78]. However,
this system was complicated with non-specific binding to endogenous cysteine-
rich proteins, and low sensitivity within the nucleus, possibly due to the fixed
analysis time required for its functioning [125].

An alternative system for tracking the VNC up to and including nuclear
translocation employed the use of a fluorescently labelled IN protein [125]. An
Enhanced GFP (EGFP) fluorophore was fused to the C-terminus of codon
optimised IN, and the resultant IN-EGFP fusion protein subsequently fused to the
C-terminus of Vpr for trans-incorporation into assembling viral particles via
interaction with Gag p6. An HIV-1 sensitive proteolytic site was introduced
between Vpr and IN-EGFP, to enable separation of the proteins during viral
maturation, so that the IN-EGFP molecule could effectively catalyse integration.

By exploiting the Vpr/p6 interaction for incorporation of labelled IN, this system
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effectively avoided the reduced infectivity levels usually observed with the
introduction of a large fluorescent tag within the viral genome [125]. Using this
construct in conjunction with nuclear lamina staining, it was possible to establish
the time point for peak PIC association within the nucleus (6 h post-infection),
and the preferential distribution of PICs at the periphery of the nucleus within
actively transcribed genes in the decondensed areas of chromatin. The Vpr-IN
system of incorporating a moiety within the capsid core was used in all three of

the systems we developed for studying capsid uncoating.

1.9.3 Cyclosporine A washout and internalised GFP (iGFP)

As described above (section 1.7.3), the CsA washout assay uses the CA
specific restricting properties of TRIM-CypA, along with a GFP labelled HIV-1
proviral clone (R7AenvGFP) [67]. This clone contains a GFP-coding sequence in
place of the Nef-coding sequences, providing a fluorescent marker for
quantitation of viral infection [191]. By blocking the TRIM-CypA mediated
restriction of intact capsid cores using CsA, Hulme and co-workers determined a
50% uncoating time for HIV-1 of approximately 39 min post-infection [67]. In the
presence of nevirapine, the half-time of uncoating time was increased to 112 min
post-infection. The same group concurrently performed experiments using Vpr-
GFP and immunostaining for p24¢A as an alternative method for measuring
uncoating. A 50% uncoating time between 1 and 2 h was recorded with a non-
capsid mutated virus, and earlier and delayed uncoating was observed with less
stable (K203A) and more stable (E128A/R132A) capsid mutants, respectively
[65][67]. The use of a fluorescently labelled membrane targeting protein, S15-
mCherry, enabled the differentiation between productively entered and

endocytosed viral particles [192].

Interestingly, a difference in the half-time of uncoating time was also detected in
this study when pseudotyping with different viral envelopes [67]. An average 50%
uncoating time of ~39 min and ~74 min was observed when pseudotyping with
vesicular stomatitis virus G (VSV-G) protein or with WT HIV-1 envelope,
respectively. Using fusion inhibitors, a half-time of ~16 min was determined for
VSV-G and ~48 min for HIV-envelope mediated fusion, suggesting that the

differences in uncoating times could be attributed to viral fusion pathways.
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Hulme and co-workers also used a fluorescent based system for determining
capsid integrity [55]. This consisted of a GFP molecule flanked by proteolytic
cleavage sites, cloned between the MA and CA sequences of Gag — designated
internalised GFP (iGFP). Upon viral maturation, GFP is cleaved out of Gag, and
a subset is retained within the capsid core, which can be used as a marker of
capsid integrity. A CsA washout assay determined that HIV-1 remained
susceptible to the action of two capsid binding drugs (PF74 and BI2) for hours
after initial uncoating, suggesting that a residual amount of CA remained with the
VNC after the loss of the capsid core [55]. However, addition of these
compounds had no effect on capsid integrity as determined by iGFP, suggesting
that PF74 and BI2 do not effect uncoating, but a CA associated step at a later

step in viral replication.

1.9.4 Evidence of a biphasic model of capsid uncoating

Xu and co-workers employed the use of ‘click labelling’ for the tracking of viral
RNA and monitoring of the associative capsid uncoating events [111]. This
system involved the incorporation of the modified nucleoside, 5-ethynyl uridine
(EV), into viral RNA during virus production, and the subsequent detection
through microinjection of an azide-containing fluorescent dye. Uncoating was
determined by when the fluorescent dye could enter the core and bind to the EU
labelled RNA, allowing detection by confocal microscopy. This study showed an
initial increase in fluorescently labelled viral RNA 15 to 45 minutes post-infection,
suggestive of an early uncoating phase soon after viral fusion. This was followed
by a steady, reproducible loss of viral RNA detection consistent with uncoating
and the instability of RNA within the cellular cytosol. The kinetics could be altered
through the introduction of PF74, and CA mutants known to affect the stability of
the capsid core. Interestingly, the inhibition of reverse transcription did not affect
the early events of HIV-1 capsid uncoating. Also, studies using the E45A CA
mutation (creating a more stable capsid core in biochemical assays [65]) showed
an initial early uncoating phase, followed by an independent more gradual
disassociation of CA from the VNC. In conjunction with findings from the
biochemical assay [65], this lead to the hypothesis that capsid uncoating was a
biphasic process: an early uncoating step allowing entry of cellular factors
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necessary for reverse transcription, and a subsequent more gradual disassembly

to prevent disassociation of key components from the RTC.

1.9.5 Live imaging of HIV-1 uncoating

Recently, a group has managed to track the uncoating of individual HIV-1
particles over time using live microscopy [127]. This was accomplished through
the labelling of a known capsid-targeting cellular protein, CypA, with a tetrameric
DsRed fluorescent protein. The oligomerisation properties of the DsRed protein,
in turn drove the oligomerisation of CypA, enabling its high affinity binding to the
capsid core. Various experiments determined that the loss of the CypA-DsRed
fusion protein from superfolder GFP (sfGFP) labelled IN was concomitant with
that of capsid, suggesting it to be an effective tool for studying live uncoating
events. Using this system, the group was able to determine that the majority of
cores uncoated relatively early after fusion (~23 min post-infection), but a small
proportion of VNCs retained their capsid cores for a few hours after infection.
Analysis of the CypA-DsRed capsid labelling system in the presence of
nevirapine and BI-2, and with the K203A CA destabilising mutant, revealed
uncoating kinetics similar to that reported by Hulme and co-workers [67].
Interestingly, the E45A CA mutation reported to stabilise the capsid core in vitro
[65], had little effect on the uncoating dynamics in vivo. However, a moderate

affect in capsid uncoating was detected with the addition of PF74.

1.9.6 Capsid within the nucleus

Two groups have recently reported the visualisation of CA colocalised with IN
PIC within the nucleus of infected cells [55][57]. As described above (section
1.9.3), the effects of the CA binding compounds PF74 and BI-2 on later stages of
viral infectivity led Hulme and co-workers to suspect that a residual amount of CA
remained with the VNC after ‘uncoating’ [55]. CA associated PICs were
subsequently identified within the nucleus via high-resolution structured
illumination microscopy (SIM), using GFP labelled IN viral complexes stained for
p24°A. An average ~6-fold lower level of CA intensity was detected in viral
complexes localising within the nucleus compared with those present at the peri-
nuclear membrane or cytoplasm, indicating a measure of CA loss during nuclear

import [55]. Peng and co-workers also managed to detect CA colocalised PICs in
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the nuclei of primary MDMSs, again using GFP labelled IN stained with p24©4, and
super-resolution microscopy [57]. Aimost all (97%) of PICs were positive for CA
in MDMs, however, CA was absent from all but one nuclear PIC in a HelLa
derived (TZM-bl) cell line. This contrasts with their observations preceding
nuclear translocation, where almost all the VNCs associated with CA in the TZM-
bl cells and less than half associated with CA in the MDMs. The authors
speculate that the CA negative viral complexes within the cytoplasm of MDMs
represent dead end products, which possibly contribute to the strong antiviral
state reported with HIV-1 infected MDMs [60]; and that capsid or a capsid-
derived structure remains associated with the VNC during reverse transcription
and nuclear import, at least in the case of MDMs. The lack of CA associated
PICs in the nucleus of TZM-bl cells may indicate a more rapid loss of CA prior to
or after nuclear import with these cells compared to MDMs [57], although it may
also be due to lack of sensitivity of the CA staining method employed in this
study [55].

The above studies (section 1.9) seem to suggest an uncoating model which
includes an initial uncoating phase, or the uncoating of a large fraction of the
capsid cores, early after (10-45 min) fusion with the cellular membrane with VSV-
G pseudotyped viral particles. This is then followed by a more gradual
disassembly phase, with a portion of the capsid core remaining with the VNC up
to and including nuclear translocation. To assist in the further elucidation of this
process of capsid uncoating, we employed the use of a few recently developed
novel labelling strategies, which will be examined in further detail below.
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1.10 Novel labelling systems

Many systems have been developed over the years to enhance the labelling and
studying of host cell interactions in situ, which have recently led to the long-term
imaging of single proteins within living cells [193]. Some of the latest

developments, which have been employed in this study, will be described below.

1.10.1 Intra-capsid core labelling using APOBEC3F and G

Recent work by Burdick and co-workers 2013, describes how they managed to
label HIV-1 PICs using apolipoprotein B mRNA editing enzyme, catalytic
polypeptide-like (APOBEC) proteins APOBEC3F (A3F) and APOBEC3G (A3G)
fused to yellow fluorescent protein (YFP) [124]. These catalytic proteins belong
to a family of DNA cytidine deaminases, inhibiting viral replication in Vif protein
deficient HIV-1 by inducing G-to-A hypermutation, blocking viral DNA synthesis
and impeding viral DNA integration [194]. The incorporation of A3F and A3G into
the capsid of Vif-deficient virions is reported to occur through the non-
discriminate binding of RNA during viral assembly [195]. Minus-strand DNA is the
target for both A3F and A3G-mediated cytidine deamination, although A3G
obstructs the removal of the tRNA primer forming an aberrant viral DNA end,
whereas A3F specifically inhibits the 3’ processing reaction catalysed by IN
[196]. As such, both A3F and A3G are likely to remain associated with the PIC
during DNA synthesis, although the dsDNA targeting properties of A3F suggest a
longer affiliation [124]. Although a fivefold reduction of viral infectivity was
recorded with A3F and a cytidine deficient E25Q A3G mutant (A3G*),
approximately 60-84% of the virions produced were labelled with these proteins,
and A3F, and to a lesser extent A3G*, were observed associated with the PIC up
to and including nuclear entry. Using this system in combination with
fluorescence in situ hybridization (FISH), a reverse transcriptase mutant (D110E)
and the addition of nevirapine, the authors could detect A3F-YFP signals
colocalised with HIV-1 RNA within the nucleus of infected cells, showing that
inhibition of RT had no impact on the nuclear import of HIV-1 PICs. Previous
studies have suggested a link between RT and capsid uncoating [67], but these
findings indicate that the viral uncoating that is associated with RT is not required
for nuclear import. Two mutations that render the capsid core less (K203A) or

more (E128A/R132A) stable were tested with this system. Although only a
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twofold decrease in cytoplasmic A3F-YFP particles was recorded after 6 h
compared to WT virus (non-mutated CA), a 54- and 13-fold decrease in nuclear
PICs were observed with the K203A and E128A/R132A capsid mutants,

respectively.

1.10.2 SUperNova Tagging (SunTag)

Recently, a novel protein tagging system has been developed enabling
amplification of a signal to the extent by which single protein molecules can be
observed within living cells [193]. This method utilises single-chain variable
fragment (scFv) antibodies, in which the light and heavy chains of the epitope-
binding regions of the antibody are fused to form a single polypeptide, allowing
successful expression in soluble form within cells. This is used in conjunction
with a short peptide epitope, EELLSKNYHLENEVARLKK, derived from the
transcription activator GCN4 (endogenously expressed in the budding yeast
Saccharomyces cerevisiae) with which the scFv binds tightly [197]. Superfolder
GFP was used as the reporter fused to the scFv antibody (scFv-sfGFP), as a
reduced amount of protein aggregation was observed with this compared to
when using other fluorophores [198]. The addition of a small solubility tag (GB1)
to the C-terminal domain of sfGFP, effectively eliminated protein aggregation,
even at high expression levels [193][199]. The addition of short flexible linkers
(GGSGG) between repeat peptide epitopes enabled saturation of the epitopes
without steric hindrance from competing antibodies. Using this system, it was
possible to design a scaffold containing up to 24 repeats of the GCN4 epitope
allowing full occupancy of the scFv-sfGFP fused antibodies (Fig. 6). Because of
the brightness of a fully saturated peptide scaffold, the tagging system was
named SUperNova (SunTag) after the extremely bright stellar explosions. The
authors managed to successfully use this system for single molecule imaging

and tracking, and for measuring the movements of cytoskeletal motors in vivo.
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Figure 6. SUperNova SunTag system of signal amplification. Peptide epitopes flanked by
short flexible linkers are fused together to form a ‘scaffold’, comprising up to 24 of these peptide
epitopes, which can be fused to a target protein. Each epitope can be sterically bound by
fluorescently labelled single chain variable fragment (scFv) antibodies, facilitating extensive

signal amplification and in situ single molecule tracking [193].

There are many positive features associated with this labelling system. The
brightness of the SunTag enables visualisation of single molecules with low
expression levels, and imaging of organelles and molecules with lower laser
intensities, reducing the phototoxicity and bleaching effects associated with
longer-term imaging. Another advantage of indirect labelling compared to
traditional methods (i.e. fusing the peptide epitope, instead of a fluorophore,
directly to the target protein) is that signal intensity can be increased without the
addition of extra fluorophores, which can affect the tertiary structure of the
resultant protein. However, the large size of a fully saturated 24x repeat array
(~1.4 mDa) gives rise to a slower diffusion kinetic through the plasma membrane
(0.76 um?/s) compared to an averaged sized protein labelled with a single GFP
(=20 pm?/s) [193].

1.10.3 NanoBit

Protein-fragment complementation assays are commonly used for investigating
the complex interactions that occur within the cellular microenvironment. These
systems consist of a split reporter molecule, whereby the individual fragments
display little reporter activity separately, but regain activity when re-assembled
through the interaction of the molecules to which they are fused. Assays using
split luciferases are often favoured over fluorescent based systems for cellular
investigation, due to their sensitivity, simplicity and the instantaneous reporter

activity generated with addition of substrate to the growth medium. NanoLuc is a
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small (19 kDa), stable engineered luciferase obtained from the deep sea shrimp
Oplophorus gracilirostris, which is capable of producing bright and sustained
luminescence within intracellular systems [200]. Circularly permutated variants
were created in a method to identify the optimal dissection point within NanoLuc
for the production of a split reporter, resulting in an 18 kDa polypeptide (Large
BiT) and 1.3 kDa (11 aa) peptide (Small BiT) with luminesce properties similar to
that of NanoLuc (Fig. 7) [201]. The system was further enhanced through the
structural optimisation of the individual fragments. Further analysis ascertaining
the interaction affinities and kinetics of the fragments for effective use in protein
complementation assays determined an intrinsic affinity (equilibrium and
dissociation constant - KD) of 190 uM, and association constants of 500 M st

Kon, and 0.2 s Koff; outside the range for protein interaction [201].

Figure 7. Model of the two subunit NanoBiT split luciferase enzyme. The NanoBIiT is a
structurally engineered luciferase, derived from the deep-sea shrimp, capable of bright and
sustained luminescence within intracellular systems. Further engineering led to the production of
an 11 aa peptide with an affinity (Kp) for the large fragment of 700 pM, making it ideal for use in

determining primary uncoating stages.

Further modifications on the small bit peptide resulted in its increased affinity for
the large bit polypeptide, subsequently termed the HiBiT (Promega). The small
size (11 aa) of the peptide and the spontaneous bright luminesce achieved
through fragment complementation, make it an attractive tool for use as a
molecular marker of intracellular events; although as it has only recently been

developed the effectiveness of this system has yet to be evaluated.
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We employed the use of the SUperNova tagging (SunTag) and protein-fragment
complementation (NanoBiT) systems, in conjunction with Vpr-IN and
APOBEC3F/G* capsid trans-incorporation, in the development of two novel

assays for studying HIV-1 capsid uncoating.

1.11 Summary

The above account suggests that CA, and the structure of the capsid core, have
an intrinsic role in many parts of the early phase of the HIV-1 replication cycle,
and it is an area that still requires a lot of investigation for the clarification of
these roles. The large number of systems and methods that have been deployed
for studying capsid uncoating attest to both the importance with which this
process is held, and the difficulties associated in the investigation of this event.
The link between the actual process of uncoating and effective viral genomic
integration seems to play a key part in HIV-1 infection, and therefore the
development of authentic systems for the elucidation of this relationship is
essential. Understanding this process could lead to the development of new
therapeutic approaches for targeting this infection which, due to the conserved
nature of the assembled capsid structure, would be less subject to the

development of resistant mutants.
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METHODS

2.1 Cell lines

HelLa P4 cells stably expressing CD4 were a kind gift from Dr. Zeger Debyser,
(University of Leuven). HEK293T and U-2 OS cells were purchased from the
American type culture collection ATCC. TZM-bl cells were a kind gift from (Dr.
Massimo Pizzato (CIBIO, University of Trento). All cell lines were maintained at
37°C and 5% CO2 and were cultured in Dulbecco's Modified Eagle medium
(DMEM) (GIBCO, Thermo Fisher Scientific) supplemented with 10% Fetal
Bovine Serum (GIBCO, Thermo Fisher Scientific), 2% Glutamine (GIBCO,
Thermo Fisher Scientific) and 100 units penicillin/streptomycin (GIBCO, Thermo

Fisher Scientific), henceforth termed as DMEM complete.

2.1.1 Stable cell lines:
2.1.2 ScFv-sfGFP:

Stable clones expressing the single-chain variable fragment antibody fused to
superfolder GFP (scFv-sfGFP) + a nuclear localisation signal (NLS) were
prepared to use in conjunction with the GCN4 SunTag peptide. The scFv-sfGFP
fluorescent antibody was digested from the pHR-scFv-GCN4-sfGFP-GB1-+NLS
plasmid (Addgene) using Nhel and Notl and ligated into the Xbal and Notl
restriction sites of the puromycin resistant pAIP transfer vector, and viruses
prepared by pseudotyping with VSV-G (10 pg: 3.5 pg). HEK293T, HeLa P4
(including TZM-bl 126/322 stable clones) and U-2 OS cell lines were transduced
with 1 to 4 reverse transcription units (RTU) of pAIP-scFv-sfGFP + VSV-G.
Stable clones were produced by limiting dilution, puromycin selection (1 pg/ml in
293T, U-2 OS cells and HelLa P4 cells, the TZM-bl 126/322 cells were already
puromycin resistant) and visual selection of scFv-sfGFP production under a
fluorescent microscope. Cells expressing a lower intensity of sfGFP in the
nucleus or cytoplasm were selected as too much background made it difficult to
distinguish the scFv-sfGFP antibody bound to the GCN4 peptide repeat arrays.
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2.1.3 LgBiT

The LgBIiT was PCR amplified from the pBiT1.1-C [TK/LgBIT] vector (Promega)
with BamHI and EcoRI restriction sites to enable ligation into the blasticidin

resistant proviral vector pAIB (pAIB-LgBIT):

(BamHI)LgBIT fwd: 5-ATTAGGATCCACCATGGTCTTCACACTCGAAGATTTCG-3
(EcoRI)LgBIT rev: 5-TAATGAATTCTTAGCTGTTGATGGTTACTCGG-3

HelLa P4 cells were transduced with 1 to 4 RTU of pAIB-LgBIiT and selected
using 6 pg/mL Blasticidin. Stable clones were produced by limiting dilution.

2.1.4 TRIM-CypA

TZM-bl cells stably expressing TRIM-CypA (TZM-bl 322) or a mutated
inactivated form (TZM-bl 126) were kindly supplied by Massimo Pizzato (CIBIO,
University of Trento), and kept under selection using DMEM complete
supplemented with 2 ug/mL puromycin (GIBCO, Thermo Fisher Scientific).

2.2 Virus production

Vectors were produced using the viral protein R (Vpr) and envelope (Env)
mutated molecular clone pNL4-3.Luc.R'E- (pNL4-3) [10 pg] and either the
vesicular stomatitis virus envelope glycoprotein (VSV-G) [3.5 ug] or the WT
HXB2 envelope [4 pg] (NIH AIDS Research and Reference Reagent program).

Transfection was performed using polyethylenimine (PEI) reagent (Sigma).
Briefly, 10-cm-diameter culture dishes were seeded with 3.5 x 10® HEK293T
cells and grown to approximately 90% confluency. Plasmid DNA was added to 1
mL DMEM (minus supplements) and 45 pL PEI, vortexed briefly, and incubated
at RT for 10 min. Culture media on the HEK293T cells was replaced with 5 mL
Opti-MEM Reduced Serum Media (GIBCO, Thermo Fisher Scientific) and the
DNA/PEI mixture added drop-wise. Plates were incubated for a minimum of 7 h
before the media was replaced with 10 mL DMEM plus supplements and the
plates re-incubated. Virus containing supernatant was collected at =236 h post

media change, centrifuged at 500 x g for 5 min to remove cellular debris, passed
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through 0.45 puM pore size syringe filters (Sarstedt), aliquoted into 1 mL

microfuge tubes and stored at -80°C.

2.3 Virus quantification

Quantification of HIV-1 was achieved through measurement of reverse
transcriptase activity by real-time PCR or through antibody detection of the p24¢A

protein.

Measurement of reverse transcription activity was performed using the SYBR
Green (SG) | gPCR-based product-enhanced RT (PERT) assay (SG-PERT)
[202][203]. Briefly, 5 yL of cell-free virus was mixed with 5 puL of 2x concentrated
lysis buffer (0.25% Triton X-100, 50 mM KCI, 100 mM Tris-HCI pH7.4, 40%
glycerol) centrifuged at 10,000 x g for 10 min at RT and diluted up to 1 mL with
1x core buffer (50 mM (NH4)2SO4, 20 mM KCL, 20 mM Tris-HCL pH 8.3). Ten
microlitres of PERT master mix (5 mM (NH4)2SO4, 200 mM KCL, 200 mM Tris-
HCL pH 8.3, 10 mM MgClz, 0.2 mg/ml BSA, 1/10,000 SYBR Green |, 400 uM
dNTPs, 1 uM each of forward 5-TCCTGCTCAACTTCCTGTC-GAG-'3 and reverse 5'-
CACAGGTCAAACCTCCTAGGAATG-3 primer, 7 pM/ml MS2 RNA) was aliquoted into
a 96-well PCR plates along with 10 pL of the sample and centrifuged briefly.
PCR amplification was performed using a Bio-RAD C1000 Thermo Cycler using

the following parameters:

Temp (°C) Time (min)  Cycles

42 20:00 Reverse transcription
95 2:00 Hot-start Taq activation
95 0:05 Denaturation

55 0:05 %39 Annealing

72 0:15 Extension

82 0:05 Acquisition

65 0:05

to Melting analysis

95

Fluorescence acquisition was recorded at the end annealing phase. Cycles of
guantification (Cq) were analysed using Bio-Rad CFX Manager 3.0 software and
RTU values extrapolated from a standard curve of MS2 bacteriophage RNA
(Sigma-Aldrich).
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Capsid protein quantification was achieved using the Immunodeficiency Virus
type-1 p24°A protein (high sensitivity) AlphaLISA detection kit per the
manufacturers standard protocol (PerkinElmer).

2.4 Infectivity assay

HEK 293T cells were seeded at 6.0 x 10* cells/well in 24-well cell culture plates
(Eppendorf) and incubated at 37°C for 24 h. Culture media was replaced with 1
mL of 1 RTU/mL viral supernatant and spinoculated (1400 x g, 90 min, 16°C).
Four hours post spinoculation the supernatant was replaced with fresh media
and the cells re-incubated for 36-48 h. The cells were then washed 2x with PBS,
trypsinised with 200 pL 0.25% trypsin for 4 min, resuspended in 1 mL of DMEM
complete and centrifuged at 1500 x g for 5 min. The cells were rinsed in 1 mL
PBS, centrifuged (1500 x g/5 min) and the PBS aspirated. The cells were
resuspended in 100 pL RT Glo Lysis buffer (Promega) and lysed for 5 min. Thirty
microliters of sample was added to 30 pL of Bright-Glo Assay Reagent
(Promega) in a 96-well plate, mixed briefly and the relative luminescence units
(RLU) measured using an Infinate M200 multimode reader (TECAN).
Fluorescence intensity was normalised to protein concentration using the

Bradford assay (Sigma-Aldrich) according to the manufacturer’s protocol.

2.5 Immunostaining

Viral particle immunostaining was performed by adsorbing viral supernatants on
microscope slides (Superfrost Plus, Thermo Scientific) for 2 h at 37°C with 10
png/ml of polybrene (Sigma-Aldrich), followed by rinsing with phosphate-buffered
saline (PBS) and fixation with 4% paraformaldehyde (PFA) in PBS for 10 min at
RT. Intracellular immunostaining was performed in cells grown on coverslips.
Coverslips were fixed with 4% PFA in PBS for 10 min at RT followed by
permeabilisation with 0.1% Triton X-100 in PBS for 5 min. After treatment in
blocking buffer (0.1% Tween and 1% BSA in PBS) for 30 min, primary antibodies
were incubated for 1 h at 37°C in blocking buffer followed by incubation for 1 h at
37°C with secondary antibodies. Coverslips were mounted with VECTASHIELD
Antifade Mounting Medium (Vector Laboratories Inc.) before microscopy

analysis. Primary and secondary antibodies used include:
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Primary antibodies used: HIV-1 p24“4 mouse monoclonal antibody (AG3.0) (NIH
AIDS Research and Reference Reagent program); Lamin B goat polyclonal
antibody (M-20): sc-6217 (Santa Cruz Biotechnology); HIV-1 Integrase Antibody
(IN-2) mouse monoclonal: sc-69721 (Santa Cruz Biotechnology); and GFP (FL)
rabbit polyclonal antibody: sc-8334 (Santa Cruz Biotechnology).

Secondary antibodies used: Alexa Fluor 633 goat anti-rabbit (Thermo Fisher
Scientific); Alexa Fluor 633 rabbit anti-mouse (Thermo Fisher Scientific); Alexa
Fluor 488 donkey anti-mouse secondary antibody (Thermo Fisher Scientific); and
DyLight 633 rabbit anti-goat 1gG (Thermo Fisher Scientific).

2.6 Restriction compounds

All HIV-1 restriction compounds used in this project were resuspended in DMSO
and were used at the following concentrations: Nevirapine (NIH AIDS Research
and Reference Reagent Program) at 5 to 20 uM; Ebselen (Merck Millipore) at 20
UM and PF-3450074 (Sigma-Aldrich) at 10 to 20 uM.

2.7 Preparation of capsid mutants

Viruses containing the p24¢A point mutations E45A (delayed uncoating),
E128A/R132A (delayed uncoating) and K203A (premature uncoating) were
created in pNL4-3, pNL4-3-IN-HiBiT, pcDNA3 MA-CA-GFP, and A8.91/psPAX2
packaging vectors using site-directed mutagensis and phusion high-fidelity DNA
polymerase (Thermo Fisher Scientific). Forward and reverse complimentary

primers were used to create mutations:

In pcDNA3 MA-CA-GFP, A8.91 and psPAX2:
E128A/R132A: 5-CCTATCCCAGTAGGAGCGATCTACAAGGCGTGGATAATCCTGGG-3
K203A: 5-GTAAGACCATCCTGGCGGCTCTCGGCCCAGCG-3;

In pNL4-3.Luc.RE:
E45A: 5—GTTTTCAGCATTATCAGCAGGAGCCACCCCACAAG-3’
E128A/R132A: 5—CTATCCCAGTAGGAGCAATCTATAAAGCATGGATAATCCTGGG-3’

K203A: 5-GATTGTAAGACTATTTTAGCAGCATTGGGACCAGG-3’
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2.8 Capsid uncoating assays:

2.8.1 Dual-labelled system:

2.8.1.1 Matrix-Capsid-EGFP (MA-CA-GFP):

The Matrix and Capsid sequences, were PCR amplified from pNL4-3.Luc.R-E-
and ligated into pcDNA3-EGFP using the Kpnl and BamHI restriction sites, to
give pcDNA3-Matrix-Capsid-EGFP (pcDNA3-MACA-EGFP):

(Kpnl)MACA fwd: 5-ATTAGGTACCATGGGTGCGAGAGCGTCGGTATTAAGC-3
(BamHI)MACA rev: 5-TAATGGATCCCAAAACTCTTGCTTTATGGCC-3

The fluorescent protein mRuby2 (pmRuby2-C1), and those from the mKusabira
Orange family mKO, mKO2 and mKOk (pmKO-N1, pmKO2-N1, pChicken
Mermaid S188, respectively, addgene) were also PCR amplified from their
respective host plasmids and cloned into pcDNA3-MACA-EGFP, in place of
EGFP, using the restriction enzymes BamHI and Notl:

(BamHI)mRuby2 fwd: 5-TAATGGATCCGTGTCTAAGGGCGAAGAGCTG-3’
(Notl)mRuby2 rev: 5-TAATGCGGCCGCTTACTTGTACAGCTCGTCCATCC-3
(BamHI)mKO/mKO2/mKOKk fwd: 5’-TAATGGATCCGTGAGTGTGATTAAACCAG-3’
(Notl)mKO/mKOK rev: 5-TAATGCGGCCGCTTAGGAATGAGCTACTGCATC-3’
(Notl)mKO2 rev: 5-TAATGCGGCCGCTTAGCTATGAGCTACTGCATC-3’

2.8.1.2 Vpr-IN-mCherry (VINC):

pVpr-IN-mCherry was assembled using a construct previously prepared within
the Molecular Virology group [125]. Briefly, pVpr-IN-ECFP was constructed by
cloning PCR amplified Vpr (pNL4-3) in frame with codon optimized IN into the
pPECFP-N1 vector (Clontech Laboratories, Inc., Saint-Germain-en-Laye, France).
An HIV-1 protease cleavage site (IRKVL), flanked at both C- and N- termini by a
flexible linker (KRIQST), was introduced between Vpr and IN. ECFP was
removed from the C-terminal of pVpr-IN-ECFP and replaced with an mCherry

fluorophore.
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Trans-incorporated virions were produced by transfection of HEK293T cells with
16 pg of pNL4-3, 4 pg of MA-CA-GFP, 6 ug of VINC and pseudotyped with 4 pg
of either VSV-G or HXB2 (WT) envelope. Control viruses were prepared as

above minus either MA-CA-GFP, Vpr-IN-mCherry or both plasmids.

2.8.1.3 Time course:

Fifteen-millimetre cover-slips (Thermo Fisher Scientific) were placed into 24-well
cell culture plates (Eppendorf), treated for >30 min with 0.01% poly-L-lysine
(Sigma-Aldrich), rinsed 2x with phosphate-buffered saline (PBS) and dried for 2 h
under a class Il biological safety cabinet. Wells were seeded with 1.2x 10”5 or
6.0x 10" HelLa P4 cells for confocal or infectivity assays, respectively. Twenty-
four hours post-seeding media was aspirated from the cells and replaced with 1
mL of virus at 1 RTU/mL and infection synchronised by spinoculation at 1400 x
g/16°C for 90 min. After spinoculation the plates were incubated at 37°C for 30
min (VSV-G pseudotyped) or 50 min (HXB2 Env pseudotyped), the media
aspirated and the cells washed 2x with PBS. The cells were then treated with
250 pL of 0.05 % trypsin (GIBCO, Thermo Fisher Scientific) for 1 min/37°C to
remove non-fused virions and the media replaced with 0.5 mL DMEM. Plates
were re-incubated and fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich)
for 10 min at 15, 30 or 60 min intervals post-trypsinisation, and stored in PBS at

4°C until mounting.

The fixed samples were either stained with immuno-fluorescent antibodies or the
coverslips mounted directly on to microscope slides (Superfrost Plus, Thermo
Scientific) using 8 pL VECTASHIELD Antifade Mounting Medium (Vector
Laboratories) and sealed using nail varnish. The cells were then visualised using

confocal microscopy.

2.8.2 SunTag — capsid-Tag

The SunTag peptide was inserted into various regions of the cyclophilin-A
binding loop of p24©A through site directed mutagenesis. The matrix and capsid
genes from pCMVdeltaR8.91 were primarily inserted into the cloning vector pUC-

21 using Spel to facilitate mutagensis. Two systems were employed:
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Firstly, region 87 to 97 (11 aa) of the CypA binding loop was exchanged with the
19 amino acid SunTag (CA-Tag v2.1) as this region was predicted to have a
minimal effect on the structure of the protein using LOOPP protein folding

recognition software (http://cbsu.tc.cornell.edu/software/loopp/).

CA-Tag v2.1 fwd and rev complimentary primers:
5-GAATGGGATAGAGTGCATCCAGTGGAAGAATTATTAAGTAAGAATTATCATTTAGAAAATG
AAGTAGCAAGATTAAAGAAAGAACCAAGGGGAAGTGACATAGCAG-3

Secondly, region 79 to 94 (16 aa) of the CypA binding loop was exchanged for
the 19 amino acid sequence of the SunTag peptide (CA-Tag v1) due to a slight

complementarily (2 aa) between the two sequences.

CA-Tag v1 fwd and rev complimentary primers:
5-GAATGGGATAGAGTGCATCCAGTGGAAGAATTATTAAGTAAGAATTATCATTTAGAAAATG
AAGTAGCAAGATTAAAGAAAGAACCAAGGGGAAGTGACATAGCAG-3

The CA-Tag v2.1 construct was used as a template for these primers and the
resultant PCR product was used as a primer to insert the CA-Tag v1 into pNL4-3
and pUC21-A8.91 (through a pCDNAS3 intermediate containing the matrix and

capsid genes). All mutations were verified by sequencing.

Vectors were produced in HEK293T cells (both in cells expressing or not-
expressing scFv-sfGFP) using a self-inactivating lentivirus vector (SIN-Luc),
VSV-G envelope, and different ratios of A8.91-CA-CypA v2.1 to WT A8.91 to see
the effects of the CA-Tag on viral infectivity (measured via PERT, luciferase
assay and western blot). Vectors were also prepared using increasing ratios of
the NL4.3-CypTagV1 vector with WT NL4-3.

48


http://cbsu.tc.cornell.edu/software/loopp/

2.8.3 SunTag — repeat peptide array

The 10x and 24x GCN4 (SunTag) peptide repeats were PCR amplified from the
transfer vectors pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP and HRASV40-NLS-
dCas9-24xGCN4_v4-NLS-P2A-BFP-dWPRE (Addgene), respectively:

(Ahel)10x/24xSunTag fwd: 5-ATTAACCGGTGGCAGCGGCAGCGGCGAAGAACTTTTGA
GCAAGAATTAT-3

(EcoRI/Xhol)10xSunTag rev:  5-TAATCTCGAGAATTCTCACTTTTTGAGCCTAGCAACTTC-3’

(Sall)24xSunTag rev: 5-TAATGTCGACTCACTTTTTAAGTCGGGCTACTTC-3

The resultant bands were then digested and ligated onto the C-terminus of HIV-1
integrase in either a A8.9 packaging vector (A8.9-IN-10xSunTag) or an
expression vector (pcDNA3) containing HIV-1 Vpr-IN for trans-incorporation into
virions (pcDNA3-Vpr-IN-10x/24xSunTag).

Vectors were produced using 10 ug of the transfer vectors pNL4-3 (for pcDNA3-
Vpr-IN-nxST) and SIN-Luc for (A8.9-IN-10xSunTag), and were pseudotyped with
3.5 or 4 ug of VSV-G or HXB2 derived envelope, respectively. A titration study
was then perfomed to determine the effects of increasing concentrations of A8.9-
IN-10xSunTag versus A8.9 packaging vector, and pcDNA3-Vpr-IN-
10x/24xSunTag trans-incorporation on virus production (measured using PERT
assay) or infectivity (measured through luciferase activity). The viruses were then

analysed using confocal and and Operetta high-content imaging.

2.8.3.1 APOBEC SunTag

The apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like
(APOBEC) 3G and 3F (A3F and A3G) genes were incorporated into the
pcDNAS3-Vpr-IN-24xSunTag plasmid through PCR amplification of the pBTe2-
A3F/G*-HiBIT vector (section 2.8.4), using a forward primer (containing a Kpnl
restriction site) complementary to the 5 end of both A3F and A3G*, and a
reverse primer (containing an Agel restriction site) complementary to the 3’ end
of the V5 tag:

(Kpnl)A3FG* fwd: 5-ATTAGGTACCGCCACCATGAAGCCTCACTTCAGAAACACAG-3
(Agell)A3FG* rev: 5-TAATACCGGTCCCCGTAGAATCGAGACCG-3’
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The A3F/G* PCR fragments were ligated into the pcDNA3-Vpr-IN-24xSunTag
plasmid in place of Vpr-IN. Viruses were prepared as with the A3F/G* HiBIT
(section 2.8.4), but with a SIN-Luc transfer vector (in place of SIN-GFP) which
does not express Vif or GFP: SIN-Luc (10 pg), A8.91/psPAX2 (6.5 ug), A3SF/G*
(5 pg) and VSV-G (3.5 pg) or HXB2 Env (4 ug).

2.8.4 NanoBIiT

The sequences for the Large Bit (LgBiT) and High Bit (HiBiT) of the two-subunit
based system were obtained from pBiT1.1-C [TK/LgBiT] and
pBTe2(CtermHiBIiT), respectively (NanoBiT PPl MCS Starter System, Promega).

The A3F and A3G genes were PCR amplified from cDNA derived from HEK293T
cells using reverse primers containing the sequence for a V5-tag on the C-
terminal of the APOBEC genes. Nhel (forward), and EcoRI/Sall (reverse)
restriction sites were incorporated into the primers for ligation of the A3F/G
genes into pBTe2(CtermHiBIT), subsequently named pBTe2-A3F/G-HiBIiT:

(Nhel)A3F/G fwd: 5-ATTAGCTAGCGCCACCATGAAGCCTCACTTCAGAAACACAG-3

(Sall)A3F rev: 5-TAATGTCGACCCCGTAGAATCGAGACCGAGGAGAGGGTTAGGG
ATAGGCTTACCCTCGAGAATCTCCTGCAGCTTG-3’

(ECORI)A3G rev: 5-TAATGAATTCCCCGTAGAATCGAGACCGAGGAGAGGGTTAGGGA

TAGGCTTACCGTTTTCCTGATTCTGGAGAATGG-3

Site-directed mutagenesis was used to incorporate a glutamic acid to glutamine
mutation at point 259 of A3G to create a cytidine deaminase deficient mutant

(pBTe2-A3G*-HiBiT). Forward and reverse complimentary primers:

pBTe2-A3G* fwd: 5-GAAGGCCGCCATGCACAGCTGTGCTTCCTGG-3

The HIBIT was also cloned into pNL4-3 (pNL4-3-HiBiT) using a method
described by Petit and co-workers whilst cloning hemagglutinin (HA) and flag
epitopes into an HIV-1 BRU infectious molecular clone [204]. Briefly, two sets of
primer pairs were used. For the 15t set a forward primer (Agel pre-IN forward)

was designed overlapping an Agel restriction site upstream from the IN gene and
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was used in conjunction with a reverse primer (BspEl HiBiT reverse)
complementary to the C-terminal sequence of IN and containing part of the &’
sequence of the HiBiT epitope including a BspEl restriction site. For the 2" set
the forward primer (BspEl HiBit forward) contained the remaining part of the
HIiBIT epitiope, including the BspEl restriction site, and a portion complementary
to the sequence downstream of IN, and a reverse primer (PfIMI post-IN reverse)
overlapping a PfIMI restriction site further downstream. After PCR amplification
and digestion, equimolar concentrations of the two PCR products were ligated
forming a template for further PCR amplification using the Agel pre-IN forward
and PfIMI post-IN reverse primers. The resultant PCR product was digested with
Agel and PfIMI and ligated into pNL4-3. The sequences for the primers were as

follows:

(Agel)pre-IN fwd: 5-GATTCTAAAAGAACCGGTACAT-G-3'

(BSpENHIBIT rev: 5-CGCCATCCGGACACATCCTCATCCTGTCTACT-TGC-3’

(BSpENHIBIT fwd: 5-ATGTGTCCGGATGGCGGCTGTTCAAGAAGATTAGCTAACACATG
GAAAAGATTAGTAAAACAC-3

(PfIMI)post-IN rev: 5- TTCCTCCATTCTATGGAGACTC-3.

Viruses were prepared using the self-inactivating vector pHR.SIN.CSBgallGW-
GFP (10 pg), which does not express the Vif or luciferase proteins, the
packaging vectors A8.91/psPAX2 (6.5 pg), APOBEC 3F/G* (5 ug), and were
pseudotyped with either VSV-G (3.5 pg) or HXB2 (4 pg) envelope.

2.8.4.1 NanoBIT assay
HeLa P4 pAIB-LgBiT stable clone and HeLa P4 WT cells were seeded at

1.5x10™M cells/well into 96-well tissue culture plates (PerkinElmer). Twenty four
hours later the control cells were transfected with 50-100 ng of pNL4-3-HIBiT or
pBTe2-A3F/G*-HiBiT plasmid DNA using Lipofectamine 3000 Reagent (Thermo
Fisher Scientific) and re-incubated for 20-24 h. The following day the cells were
infected with 200 pL of virus plus associated restrictive compounds and
spinoculated for 90 min at 1400 x g/16°C. During spinoculation a stock of Nano-
Glo Live Cell Reagent was prepared according to the NanoBIiT PPI
Luminescence protocol (Promega). After spinoculation the virus was replaced

with 100 pL pre-warmed (37°C) DMEM complete plus HEPES (plus associated
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restrictive compounds) and 25 pL of Nano-Glo Live Cell Reagent per well, and
analysed using an Infinate M200 multimode reader (TECAN). The plate reader
was pre-warmed to 37°C before use, and upon insertion mixed the plate with an
orbital motion at 500 rpm for 15 seconds. Luminescent readings were acquired

every 5 min for 150 min, using an integration time of 2 s.

2.9 Operetta High-Content screening

Ninety six-well cell carrier plates (PerkinElmer) were treated with poly-L-lysine
and then seeded with 1.5x10"4 HelLa P4 scFv-sfGFP stable clone cells per well.
Twenty-four hours later the cell culture media was replaced with 200 pL of virus
containing the Vpr-INJAPOBEC-24xSunTag constructs and spinoculated for 90
min at 1400 x @g/16°C. The virus was replaced with pre-warmed 200 pL
fluoroBrite (Thermo Fisher Scientific) supplemented with HEPES (GIBCO,
Thermo Fisher Scientific) and imaged directly in the live cell chamber (5%
C0O2/37°C) of the Operetta high-content imaging system (PerkinElmer). Images
were acquired every 5 min over a 150 min time frame and analysed using the

Harmony High-Content Imaging and Analysis Software.

2.9.1 Harmony High-Content Imaging and Analysis Software

Input Images were selected and a flat-field correction using the ‘Advanced’
method was applied to correct uneven illumination in the field of view. To
facilitate the segmentation of cells in the images, the signal to background
window was enhanced using the ‘Calculate Images’ building block, and an
arbitrary formula was applied to keep only the pixels with a green fluorescence
intensity greater than 150, with the rest reset to zero. Cells were segmented
using the ‘M’ method of the ‘Find Cells’ building block, with the cell lower limit
diameter set at 40 uM, the splitting coefficient at 0.45, and a common threshold
(the lower level of pixel intensity for the whole image that may belong to cells) of
0.15 (Fig. 8A). Since applying a common threshold resulted in a reduced area of
segmentation in these image conditions, the cells were then resized by 10 pixels

to ensure the inclusion of the cell border (Fig. 8B).
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Figure 8. Segmentation and counting of cells and spots using the Harmony high-content
imaging and analysis software. (A) Cells were primarily segmented using the ‘Find cells’
building block. (B) Cells were resized by 10 pixels to incude the cell borders. (C) Spots were
segmented using the ‘Find spots’ building block (total spot count). (D) Spots were resized to
define a ring region that include the background of the area immediately surrounding the spot to
determine the S-B of the spots. (E-F) A threshold was set based on the value of S-B in the
negative control cells (E) to remove aspecific segmentation (red) and identify true spots (green)

representing the ‘spot selected’ population.

Spots were detected using method ‘A’, which detects the local intensity maxima,
and the relative intensity of the spot peak to background was set at >0.020, with
a splitting coefficient of 1.0 (Fig. 8C). The spot region was resized by -0.5 pixels

of ‘Inner Border and -1.5 pixels of ‘Outer Border’ to select a ring region in which
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the background value immediately surrounding the spot was determined (Fig.
8D), and the signal minus background (S-B) value calculated. A threshold was
set based on the value of S-B in the negative control cells (infected with NL4-3 +
VSV-G minus the epitope peptide array) to be able to distinguish a true spot from
segmentation artefacts (red spots) (Fig.8E). This selection was applied to derive
the ‘spot selected’ population (green minus red spots) (Fig. 8F) displayed in the

results.

2.10 Confocal Microscopy

Images were acquired using a Leica TCS SP5 laser-scanning confocal
microscope and the Leica Application Suite Advanced Fluorescence (LAS AF)
user interface. High resolution images were obtained using the 63x/1.4 NA HCX
PL APO oil immersion objective. An argon (Ar) and Helium Neon (HeNe) laser
was used for excitation of EGFP/sfGFP (A = 488 nm), mKO/mCherry (A = 543
nm), and Alexa-633/680 (A = 633 nm). Unless otherwise stated the Ar laser was
set at 29% power and 15% intensity, and the HeNe laser at 30% intensity. The
fluorescence emission spectra were collected in the ranges of 493-510 (sfGFP),
493-550 (EGFP), 550-700 (mKO), 560-630 (mCherry) and 645-795 nm (Alexa-
633/680). A pinhole of 1.5 and 1.0 airy units (AU) was used when acquiring the
CA-GFP/IN-mCherry and CA-mKO/IN-sfGFP images, respectively. A pinhole of
1.0 AU is the standard setting for confocal acquisition, producing images with
high contrast and low background in the presence of sufficient fluorescence, as
with the CA-mKO and IN-sfGFP labelling. However, due to the reduced signal
obtained with the mCherry fluorophore, a pinhole of 1.5 AU was employed which
enabled greater exposure of mCherry-labelled particles without significantly
affecting resolution from out of focus light. Sequential imaging was used for two
and three-colour acquisition to reduce the crosstalk between the signals. Unless
otherwise stated, A zoom 6x was used in the time courses, and cells were
selected (~4 cells per field) using the bright-field illumination to reduce bias in cell

selection.
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A z-step (axial resolution) of 300 nm was used for acquisition of the images in
the time courses, determined from the numerical aperture of the objective using

the following formula:

1447
Taxial = TNAZ

Where A is the emission wavelength (543 nm), n is the index of refraction (1.5)
and NA is the numerical aperture (1.4); thus giving a raxar of 582 nm. According
to the Nyquist criterion the optimal sampling rate is half that of the axial
resolution, approximately 300 nm. The CA-GFP/IN-mCherry images were
acquired using a frame/line average of 1 and 3, and the CA-mKO/IN-sfGFP

signal was captured using frame/line averages of 2 and 5.

2.10.1 Semi-automatic colocalisation

The first set of images (up until the capsid was tagged with the mKO fluorophore)
were analysed in a semi-automated approach using the open source image
processing package ImageJ. A macroinstruction (Macros) was developed using
the ‘Record...” function plugin detailing a sequential set of tasks for segmenting
and determining colocalisation between the fluorescently labelled CA and
integrase proteins. After acquisition the images were imported into ImageJ and
the channels were split. The channel containing the images of the IN
fluorescence were processed using the Gaussian Blur 3D function, a filter that
uses convolution with a Gaussian function for smoothing (using an X, Y and Z
sigma of 1.0) to reduce the background signal and enable segmentation.
Segmentation was performed using the ‘3D Objects Counter’ function and a
threshold that was manually determined for each time course. This resulted in a
map of ‘objects’, with the number of voxels (volume picture elements) constituent
for each object. The objects map was imported into the ‘3D Manager’ plugin (Add
Image) followed by the channel containing the images of CA fluorescence
(Select All). Colocalisation was performed using the ‘Quantif 3D’ function of 3D
Manager and derived from the maximum ‘Max’ colocalising voxels readout.
Colocalisation was calculated as the number of CA objects colocalising with IN
objects (over various thresholds) divided by the total number of integrase objects

and was presented as a percentage.
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2.10.2 Bleed-through

In the calculation of the percentage of colocalised vs. uncoated PICs, the number
of colocalised CA-GFP and IN-mCherry particles was determined using the 3D
Manager plug-in (ImageJ) and then divided by the total number of IN-mCherry
particles counted within that time point. A readout was displayed listing the IN-
mCherry segmented objects and the highest CA-GFP signal colocalised within
that object. Because of the closeness between the excitation and emission
spectra a small amount of bleed-through was transferring from the GFP into the
mCherry channel (GFP excites at ~2.12% with the HeNe laser (A = 543 nm),
which meant a certain amount of ‘mCherry’ signal was colocalising with itself
(Fig. S1), giving artificially high percentages at low colocalisation thresholds (Fig.
9). Although some of the localisation at low thresholds would be true data, to limit

bias from false spots a colocalisation threshold from 10 to 20 of the gray level

range was chosen.
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Figure 9. Percentage of colocalisation between CA-GFP and IN-mCherry depending on the

threshold for colocalisation selected. Colocalisation was determined by segmenting the IN-
mCherry puncta using the 3D Object Counter (ImageJ) and establishing the maximum CA-GFP
signal within the segmented object using the 3D Manager plug-in (ImageJ); percent colocalisation
was then calculated by dividing the number of colocalised objects by the total number of
segmented IN-mCherry objects. (A and B) Examples of colocalisation when the threshold

(determining colocalisation of CA with IN) in the green channel (CA) was set at 23 of =20 gray

level units.
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2.10.3 DeconvolutionLab

To reduce the time it took to analyse colocalisation between the capsid
(EGFP/mKO) and integrase (mCherry/stGFP) proteins a pipeline was developed
to automate the process, in collaboration with the Predictive Models for
Biomedicine & Environment (MPBA) and the Molecular Imaging groups in
Fondazione Bruno Kessler (FBK). Using DeconvolutionLab open source software
and Python scripting the pipeline used a series of algorithms to improve the
contrast and resolution of the image. Deconvolution was performed using an
experimental point spread function (PSF) and a Tikhonov-Miller algorithm, which
consisted of 30 iterations and a regularisation factor of 0.01 (determined
experimentally). The deconvolution was comparable to that performed with
(Huygens Remote Manager), but the former was used as it was compatible with

DeconvolutionLab open software.

The images were then segmented, a process of partitioning a digital image into
multiple quantifiable segments through image thresholding and connexity
analysis to locate the objects or ‘spots’ to be colocalised and the boundaries of
the image. The individual spots were detected using ImageJ based on the local
maxima of the fluorescence intensity, each pixel being marked as a ‘spot’ if its
intensity was maximum within its surrounding region. Colocalisation was
determined if a fluorescent spot denoting a CA particle fell within 5 pixels
distance of the centroid (central pixel) of a fluorescent spot signifying an IN

particle.
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RESULTS

3.1 A dual-fluorescent virus for studying uncoating

The ultimate system for studying capsid uncoating would be to visualise single
capsid cores and their associated viral nucleoprotein in real time. This would
make it possible to determine exactly when, where and how the capsid cores
disassemble in relation to the nucleoproteins, within the 3D spatial context of the
target cell. This requires labelling of both the p24©* protein and a component of
the RTC/PIC. Albanese and co-workers developed a system for labelling the
RTC without impairing the genome processing capacity of the provirus by cloning
Vpr in frame with codon optimised IN into a pEGFP-N1 vector [125]. During viral
assembly and budding Vpr-IN-EGFP is incorporated into the viral particle through
interaction with the p6 domain of Gag without significantly impairing infectivity.
Using this system, it was possible to track the virus from fusion with the target

cell membrane until integration with the host genome.

We developed a p24©A labelling system that could be used in conjunction with
fluorescently labelled Vpr-IN, to allow visualisation of capsid disassembly
(uncoating) from the RTC/PIC. The MA and CA proteins from an envelope and
Vpr deficient provirus, pNL4-3.Luc.RE" (pNL4-3), were cloned into pcDNA3 and
an enhanced green fluorescent protein (EGFP) was fused to the C-terminus of
the CTD of capsid (MA-CA-GFP). During viral maturation the matrix protein
would be cleaved from the NTD of capsid leaving the CA-GFP fusion protein.
Similarly, the mCherry fluorophore was fused to the CTD of Vpr-IN (Vpr-IN-
mCherry) as it had good brightness and bleaching profiles, and its fluorescent
spectra was compatible with the EGFP fused to capsid. As the insertion of
exogenous coding sequences into the Gag gene can lead to loss of viral
infectivity [205], we tested this by producing virions with the pNL4-3 provirus and
the WT HXB2 envelope, and different concentrations [ug] of the MA-CA-GFP,
Vpr-IN-mCherry and pcDNA3 (control) vectors. HeLa P4 cells were transduced
with 1 RTU of the subsequent vectors and infectivity was measured through
luciferase activity 48 h post infection (Fig. 10). A loss of infectivity compared to
the WT control (pNL4-3 + HXB2) was observed with all the trans-incorporated
viruses. An infectivity of 28% and 18% with respect to WT was observed with
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trans-incorporation of 2 pg or 4 pg of MA-CA-GFP with 6 pug of Vpr-IN-mCherry,
respectively. However, the latter combination was chosen for use in the future

experiments to increase the probability of CA-GFP incorporation into the viral

core.
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Figure 10. Infectivity of viruses transfected with increasing concentrations of MA-CA-GFP
and Vpr-IN-mCherry vectors. HeLa P4 cells were transduced with viruses prepared with pNL4-
3 and HXB2 envelope, and varying concentrations [ug] of the MA-CA-GFP, Vpr-IN-mCherry and
pcDNAS3 (plasmid control) vectors. Infectivity was measured 48 h later through luciferase activity
against a standard WT (non trans-incorporated) virus. Graph showing SEM of n = 3 technical
repeats, with the left vertical access displaying the RLU and the right vertical access showing the
percentage of infection normalised to the WT control (100%). Labels on the x axis = [MA-CA-
GFP] [Vpr-IN-mCherry] [pcDNA3].

The insertion and/or deletion of sequences from the Gag gene can also have an
effect on the protease cleavage of the precursor Gag polyprotein during
maturation of the virus [206][207], influencing the rate of cleavage and,
subsequently, the proper assembly of virions. As the SP1, NC, spacer peptide 2
(SP2), and p6 sequences were absent from the MA-CA-GFP vector, we wanted
to assess the effect this would have on the assembly of the trans-incorporated
virus and, specifically, the cleavage of capsid from the matrix protein. Virions

were produced with increasing concentrations of the MA-CA-GFP vector and
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pelleted through ultracentrifugation. Western blot was performed on the
concentrated virus, and lysate from the producer cells, using antibodies specific
for CA (24 kDa), EGFP (27 kDa) and IN (32 kDa). Bands corresponding to the
expected cleavage products were observed, confirming that protease cleavage
at the expected sites was occurring, including CA-GFP (~51 kDa) (Fig. 11). A
large proportion of the matrix, however, remained attached to CA-GFP (MA-CA-
GFP ~68 kDa). Apart from this, bands of similar intensity were observed to that
of the NL4-3 control, including: Gag (~55 kDa), MA-CA-SP1-NC (~48 kDa), MA-
CA (~41 kDa) and CA (~24 kDa). The intensity of the band corresponding to CA-
GFP, however, was substantially lower to that of p24©A.
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Figure 11. Protease cleavage of CA-GFP. Viruses were prepared with pNL4-3, HXB2 envelope
and increasing concentrations of MA-CA-GFP and pelleted by ultra-centrifugation through a 20%
sucrose cushion. Samples were analysed by western blot using antibodies targeting p24cA,
integrase and GFP. DC = dual colour (MA-CA-GFP + Vpr-IN-mCherry).

3.1.1 Colocalisation of CA-GFP with IN-mCherry in CD4" cells

Because of the relatively low cleavage product obtained with CA-GFP compared
to p24°A, we wanted to see if enough CA-GFP molecules were present to
observe colocalisation with IN-mCherry. Vectors were prepared using the pNL4-3
provirus [16 pg], MA-CA-GFP [4 pg], Vpr-IN-mCherry [6 ug] and the WT HXB2
envelope [4 ug] and used for transducing HelLa P4 cells containing the CD4

receptor as well as HeLa WT cells lacking the CD4 receptor. These cell lines
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were used to distinguish between productive HIV-1 entry (HeLa P4) and
endocytosis (HeLa WT). The cells were fixed and mounted on microscope slides
for confocal acquisition. Images were acquired using the argon (A=488 nm) and
Helium Neon (A=543 nm) lasers, and fluorescent emission collected at 500-550
and 560-700 nm, respectively (Fig. 12). For HeLa WT cells (Fig. 12A),
fluorescent puncta were only observed surrounding the cell, in accordance with
the HXB2 enveloped viruses being unable to productively fuse to the cell. The
high intensity profiles of the GFP spots also demonstrated that the capsid-EGFP
proteins were being incorporated sufficiently into the virus to enable confocal

visualisation.

Fluorescent puncta were, however, observed within HeLa P4 CD4 expressing
cells (Fig. 12B), indicating the productive entry of HXB2 enveloped viruses.
Measurement of the fluorescence profiles of these puncta established the
overlapping of EGFP and mCherry fluorophores within the same pixels. This
colocalisation of fluorescence confirmed that MA-CA-GFP and Vpr-IN-mCherry

were being incorporated into the viruses.

Figure 12. Colocalisation of CA-GFP and IN-mCherry can be observed within HeLa P4
cells. (A) HeLa WT cells (not expressing the CD4 receptor) were transduced with HXB2
enveloped viruses produced with the MA-CA-GFP fluorescent protein. Fluorescent puncta were
only observed on the outside of the cells (white arrows). (B) HeLa P4 cells stably expressing the
CD4 receptor were transduced with HXB2 enveloped viruses produced with both the MA-CA-
GFP and Vpr-IN-mCherry fluorescent proteins. EGFP and mCherry colocalised puncta were
observed within the cells (white arrows). Colocalisation was conformed using the ‘Plot Profile’
plugin (ImageJ).
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3.1.2 Development of a time course for studying uncoating

An assay was designed to see if the dual-labelled virus could be used to study
the process of uncoating. Briefly, HeLa P4 cells were seeded on coverslips
treated with poly-L-lysine in 24-well plates. The following day the media was
replaced with 1 RTU of the dual labelled virus and the plates spinoculated at
1400 x g for 90 min at 16°C, to synchronise infection [208]. The plates were then
incubated at 37°C for 30 min or 50 min, for VSV-G and HXB2 enveloped viruses,
respectively, to allow fusion with the cellular membrane [67]. The cells were then
trypsinised, briefly, to remove non-bound viruses, acting as a ‘0 min’ time point at
which the maximum number of viruses with intact capsid cores would be present.
The cells were then re-incubated, fixed at regular intervals after trypsinisation
and mounted on to microscope slides for confocal acquisition. Images were
acquired with the standard excitation and emission parameters (section 2.10),
together with: zoom (x4), line average (x4) and a z-step of 0.3 um (Fig. 13). In
the preliminary images the IN-mCherry spots were appreciably dimmer than
those of the CA-GFP and so the pinhole was increased to 1.5 AU to be able to
capture the less intense IN-mCherry spots. Although this interfered with the
resolution of the image, particularly on the XZ axis, and is not the recommended
setting for confocal acquisition, the enhanced signal-to-noise ratio (SNR) enabled
the discernment of more spots. Since the viral particles are smaller than the PSF,
and the actual position of the particle is defined by the xyz position of the

centroid, there was no real loss of 3D resolution.

Large numbers of yellow (CA-GFP (green) and IN-mCherry (red)) puncta were
observed both intra- and extracellularly (Fig. 13A), and subsequent plot profiles
confirmed a high level of colocalisation. A brief trypsinisation removed most of
the particles that remained outside of the cells (Fig. 13B). Although high
numbers of green spots could be observed at this stage (Fig. 13A and B), plot
profiles revealed the presence of colocalised IN-mCherry. A steady increase in
the number of IN-mCherry puncta compared to CA-GFP/colocalised spots could
be observed 60 min after trypsinisation, indicating the disassembly of CA-GFP
from IN-mCherry (Fig. 13C). Finally, only a small number of spots remained 360

min post-trypsinisation (Fig. 13D). These preliminary, qualitative, examinations of
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the data, encouraged the further analysis of the images using more quantitative

means of establishing colocalisation.

A 0 min (- trypsin)

C 60 min post-trypsinisation D 360 min post-trypsinisration

Figure 13. Example images from a representative time course used in the measuring of
capsid uncoating. HelLa P4 cells were transduced with viruses trans-incorporated with MA-CA-
GFP + Vpr-IN-mCherry. The cells were then incubated for 50 min (HXB2 envelope), and either
directly fixed (A), or trypsinised for 1 min to remove non-bound viruses and fixed at 0 min (B), 60
min (C) or 360 min post-trypsinisation (D). Images were acquired using confocal microscopy.
Green spots represent CA-GFP, red spots IN-mCherry, and yellow spots are indicative of

colocalisation.
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3.1.3 Effects of restriction compounds and capsid mutants

Capsid uncoating was determined by the loss of colocalisation between CA-GFP
and IN-mCherry over time. To determine the amount of colocalisation between
CA-GFP and IN-mCherry, a semi-automated system was developed to segment
and count the fluorescent puncta and establish colocalisation, using the 3D
Objects Counter and 3D Manager plugin (ImageJ), respectively (section 2.10.1).
Capsid uncoating was calculated by dividing the total number of colocalised CA-
GFP and IN-mCherry puncta by the total number of IN-mCherry spots per Z-

stack.

To assess whether the fluorescently labelled virus was behaving like WT virus,
HIV-1 restriction compounds and viruses prepared with capsid mutations known
to alter the kinetics of capsid uncoating were tested in the time course assay
(Fig. 14). The restrictive compounds nevirapine, a non-nucleoside reverse
transcriptase inhibitor, and PF74, a molecule that binds to the NTD of capsid,
were tested due to their reported capsid destabilisation properties [131][115].
TZM-bl cell lines stably expressing the TRIM5-CypA fusion protein were also
tested, as this protein has been reported to target intact capsid cores for
premature disassembly [209][126]. Two mutations, which have been shown to
effect the stability of the viral core both in vitro and in vivo, were introduced into
the capsids of both pcDNA3-MA-CA-GFP and the pNL4-3 provirus - a lysine to
alanine mutation (K203A) and a glutamic acid/arginine to alanine double
mutation (E128A/R132A), which have been reported to decrease and increase
core stability, respectively [67][65].
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Figure 14. Effects of restrictive compounds/proteins and capsid mutations on the
uncoating kinetics of the dual-labelled virus. HeLa P4 cells were transduced with dual-
labelled viruses and fixed at regular intervals post-trypsinisation. Images were acquired using
confocal microscopy, segmented, and colocalisation between CA-GFP and IN-mCherry
determined using the 3D Manager plug-in (ImageJ). (A-G) Colocalisation of the dual labelled
virus over time: (A) compared to an IN-mCherry only trans-incorporated virus immunostained with
an p24CA antibody, (B-C) + the restriction compounds nevirapine and PF74, (D) in TZM-bl cell
lines stably expressing a TRIM-CypA fusion protein or a non-restrictive mutant, (E) compared to
viruses containing the less stable (K203A) and (F-G) more stable (E128A/R132A) capsid

mutations. Graphs show the SEM from n =5 technical repeats.
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Generally, an initial peak of colocalisation was observed at the zero-minute time
point (plus/minus trypsinisation), followed by a steady loss of colocalisation over
time (CA uncoating); but colocalised puncta were always detected at the end of
the time course (up to 360 min post-trypsinisation) (Fig. 14A-F). A half-time of
uncoating (the time by which 50% of the particles had uncoated compared to the
‘0 hr’ time point) was recorded from 60 to 240 min post-trypsinisation with the
regular dual-labelled virus without the addition of restriction compounds. A similar
kinetic of uncoating was observed with the dual-labelled virus compared to the
IN-mCherry only trans-incorporated virus stained with an anti-p24“A antibody
(Fig. 14A). A 50% uncoating time of 175 min post-trypsinisation was recorded
with the dual-labelled virus, and 240 min with immunostaining, but visibly larger
puncta when staining may have exaggerated colocalisation. The addition of
nevirapine delayed the 50% uncoating time from 85 to 170 minutes compared to
the DMSO control (Fig. 14B). The addition of PF74 resulted in a slight premature
uncoating event compared to the DMSO control (Fig. 14C), in line with the
capsid destabilising properties reported with this small molecule compound
[111][115][130]. A 50% half-time of uncoating was recorded at the 180 min time
point + PF74, with a subsequent stabilisation of uncoating in the presence of
PF74 compared to the DMSO control. A sharp decrease in colocalisation was
observed in both TZM-bl cell lines infected with the dual-labelled virus (Fig. 14D).
A 50% half-time of uncoating was recorded at the 0 min ‘plus’ trypsin time point
with the TRIM-CypA producing cell line, and at 60 min post-trypsinisation with the
cell line producing a mutated non-restrictive form of TRIM-CypA. The former
result can be explained by the presence of a large amount of colocalised
(coated) particles external to the cellular membrane in the directly fixed 0 min
timepoint, whereas the 0 min ‘plus’ trypsin time point would contain only fused
and internalised particles; most of the internalised particles in this case having
already uncoated. A similar drop in colocalisation at the 0 min ‘plus’ trypsin time
point was also observed with the dual-fluorescent virus containing the less stable
(K203A) capsid mutation (Fig. 14E). A slightly delayed 50% half-time of
uncoating was observed when the dual-labelled virus was assayed in parallel
with the more stable (E128A/R132A) capsid mutant. However, a higher
percentage of colocalisation was observed throughout the time course with the
E128A/R132A CA mutant (Fig. 14F). When the threshold determining capsid
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colocalisation with IN was increased (Fig. 14G), a substantial drop in the area
under the curve (AUC) was observed with the non-mutated capsid compared to
the more stable mutant. This suggests that increased uncoating was occurring
with the virus without the CA mutation, but a certain amount of capsid was
remaining with the IN to enable colocalisation at lower thresholds. A small
increase in colocalisation was also observed at the end of the time point (300
min post-trypsinisation) with both the WT and more stable capsid mutant (Fig.
14F and G).

These results suggest that labelling of both the CA and the IN is an effective
system for tracking uncoating, but biological replicates are needed to further

evaluate this.

3.1.4 High-throughput analysis of uncoating

To improve the method for analysing capsid uncoating, we exchanged the
fluorophores used for labelling the proteins with ones more suitable for the lasers
on the confocal microscope. The IN-mCherry fluorophore was exchanged for
superfolder GFP (sfGFP). As CA-EGFP was no longer compatible with IN-
sfGFP, we tested four different fluorophores for their suitability in labelling capsid
based on their excitation and emission profiles, brightness and photostability
(Table 1) - monomeric Kusabira Orange (mKO), mKO2, mKOk and mRuby
[210][211].

Table 1: Values for the excitation, emission, brightness and photostability of the

fluorophores used for labelling the capsid and integrase proteins [210].

Fluorophore | A ex (nm) | Aem (nm) | Brightness | Photostability*
EGFP 488 507 33.6 174
sfGFP 485 510 54.1 157
mKO 548 559 31.0 122
mKO2 551 565 39.6 228
mKOk 551 563 64.0 ?
mRuby?2 559 600 43.0 123t
mCherry 587 610 15.8 96

1 (Bajar et al. 2016)
* Time for bleaching from an initial emission rate of 1,000 photons/s down to 500 photons/s; data are not

indicative of photostability under focused laser illumination

68



The fluorophores were exchanged for EGFP on the CTD of capsid, viruses
prepared with the pNL4-3 provirus and VSV-G envelope, and HelLa P4 cells
transduced by spinoculation. Images were acquired under confocal microscopy
using the HeNe laser excitation A 543 nm (50% intensity), an acquisition window
of 550-700 nm, a pinhole of 1 AU, and a frame and line average of 2 and 4,
respectively. The signal to noise ratio was determined using ‘Plot Profile’ analysis
from ImageJ (Fig. 15), the average of >10 plot profiles for each image can be
seen in the table (Fig. 15F).

A B C

D E B F
Fluorophore SNR
mKO 8.37
mCherry 271
mKO2 4.05
mKOK 7.36
mRuby 3.45

Figure 15. Signal to noise ratios of mKO, mKO2, mKOk, mCherry and mRuby fluorophores
in HeLa P4 cells. HeLa P4 cells were transduced with viruses trans-incorporated with the
following fluorescent fluorophores fused to the CTD of capsid: (A) mKO, (B) mKO2, (C) mKOK,
(D) mCherry and (E) mRuby, and images acquired with the confocal microscope. Signal-to-noise

ratios (SNR) were determined using ‘Plot Profile’ (ImageJ).

The highest SNR in HeLa P4 cells were achieved using the mKO, mKO2 and
mKOk fluorophores (SNR of 8.37, 4.05 and 7.36, respectively), therefore, further
analysis of their spectral and fluorescent intensity profiles was conducted to

establish the fluorophore most suitable for the time course. Maximum emission
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was observed at 570 nm for all fluorophores (Fig. 16A). A rapid loss of
fluorescent intensity (bleaching) was observed, compared to when using arc-
lamp illumination (Table 1), in a semi-quantitative comparison of the intensity
profiles (Fig. 16B). The fluorescent intensity profiles were indicative of a double
exponential, as opposed to the single exponential line plot usually observed with
bleaching kinetics, suggesting that the fluorescent molecule may exist in two
distinct populations, with one population having a more delayed bleaching profile
than the other. However, a slight delay in the bleaching kinetics was observed
with mkO compared to mKO1 and mKOk. As mKO also had the highest SNR in
our experiments, we used this to label capsid, along with IN-sfGFP in all future

experiments.
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Figure 16. Fluorescent spectra and intensity profiles of mKO, mKO2 and mKOk. HeLa P4
cells were transduced with viruses trans-incorporated with MA-CA-mKO, MA-CA-mKO2 or MA-
CA-mKOk and imaged using confocal microscopy. (A) Graph showing the fluorescent spectra
obtained for mKO, mKO2 and mKOk. (B) Graph showing the fluorescent intensity profiles of
mKO, mKO2 and mKOKk. The fluorescent spectra and intensity profiles were acquired using the
HeNe (A=543 nm) laser set at 60% and 40% intensity, respectively, with a detection bandwidth of
550 to 615 nm.

To increase the speed and reduce the bias in image analysis we devised a
pipeline for the high-throughput deconvolution, segmentation, counting and
colocalisation of the images. The deconvolution pipeline was designed using
Python scripting and the DeconvolutionLab open source software package
(Imaged), and consisted of a chain of three processing elements -

deconvolution, segmentation and object counting, and colocalisation (Fig. 17).
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Figure 17. Deconvolution, segmentation, object counting and colocalisation of CA-mKO
and IN-sfGFP. A pipeline was designed using Python scripting and ImageJ DeconvolutionLab
open source software. (A) Confocal images were primarily deconvolved using an experimental
PSF and the Tikhonov-Miller Algorithm. (B) Images were then segmented and the resultant
objects counted using an empirically derived background threshold and the Image 3D Objects
counter. (C) Colocalisation was established if two objects (CA-mKO and IN-sfGFP) from the two

separate channels fell within five pixels’ distance of the central pixel (centroid) of each object.

The images were deconvolved to increase the SNR, as a significant amount of
noise was still detected in the mKO channel, despite increasing the frame and
line averages in the image acquisition. It was reasoned that the background
noise may lead to false spot identification in the semi-automated analysis
pipeline. Deconvolution was performed using an experimental point spread
function (PSF) and the Tikhonov-Miller Algorithm with a regularisation factor of
0.01 and 30 iterations (Fig. 17A). The deconvolved images were then
segmented using a background threshold derived from the extreme planes of z-
stacks, all pixels with an intensity above this threshold being considered as
object’s pixels, and the number of spots determined using the 3D Object counter
plug-in (Imaged) (Fig. 17B and C). Colocalisation was established if two objects
(CA-mKO and IN-sfGFP) from the two separate channels fell within five pixels’
distance of the central pixel (centroid) of each object. The sensitivity and

accuracy of the system was verified by comparison with deconvolution through
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Huygens Remote Manager (Scientific Volume Imaging B.V.) using an
experimental PSF, and manual object counting and colocalisation using ROI
Manager (ImageJ).

As there was a slight variation in the SNR between time courses, the optimal
segmentation thresholds for both mKO and sfGFP needed to be re-evaluated
within each data set (from 5 to 40 intensity graduations in an 8-bit image).
Example segmentation threshold boxplots (from data set 7, DMSO control) can
be seen in Fig. 18.
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Figure 18. Segmentation thresholding of CA-mKO and IN-sfGFP. Example graphs (from
dataset 7, DMSO control) showing the difference in the ratio of colocalisation between CA-mKO
and IN-sfGFP, after processing with DeconvolutionLab, depending on the segmentation threshold
employed. Segmentation thresholds for CA-mKO/IN-sfGFP of 10/10 (top) and 40/40 (bottom), led
to median ratios of colocalisation at the 50 min time point of ~0.58 and ~0.07, respectively, and
the loss of data points from 110 to 290 min in graph B.
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A lower segmentation threshold (<10 in both channels) led to more colocalised
spots being detected over time (Fig. 18A), but increased the chance of false
positives being detected. A higher segmentation threshold (=40) reduced the
number of false positives being detected due to background noise, but also
diminished the detection of true signal leading to a loss of genuine positive spots
recorded. This led to the loss of data points from 170 to 290 min in Fig. 18B.
This added an element of operator bias to the system, but the optimal thresholds

were typically <10 intensity graduations.

The time course was repeated, as described earlier, with HelLa P4 cells
transduced with the dual-labelled virus pseudotyped with a HXB2 envelope.
Nevirapine was used to validate the system because it had been shown to inhibit
capsid uncoating in a previous study [67], and meant that the same viral
preparation could be used in both the control and the challenge samples, to
ensure that any affects observed were due to the action of the compound and
not through differences in viral preparation. The images were acquired using
confocal microscopy and then processed, and colocalisation between CA-mKO
and IN-sfGFP determined using the DeconvolutionLab pipeline. Three readouts
were produced: the absolute number of CA-mKO and IN-sfGFP colocalised
spots over time (Fig. 19A), and the number of CA-mKO and IN-sfGFP spots
colocalising over time divided by the total number of CA-mKO or IN-sfGFP spots,

i.e. the ratio of colocalisation (Fig. 19B).

For the absolute number of CA-mKO and IN-sfGFP colocalised spots (Fig. 19A)
a compilation of four datasets showed a significant drop in colocalisation
(increased uncoating) 170 min post-trypsinisation (P <0.01) with both nevirapine
(blue) and the DMSO control (red). When assessing the ratio of colocalisation
(number of colocalised spots divided by the total number of CA-mKO spots) (Fig.
19B), a similar increase in uncoating was observed between 110 and 170 min
post-trypsinisation. However, a significant delay in uncoating was also
determined in the presence of nevirapine from 170 to 230 min post-trypsinisation

compared to the DMSO control.
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Figure 19. Effects of nevirapine on the uncoating kinetics of the dual-labelled virus over
time. HeLa P4 cells were transduced with the dual-labelled virus + nevirapine [10 puM] (blue) or
DMSO control (red), and fixed at regular intervals post-spinoculation. Images were acquired
using confocal microscopy and the fluorescent puncta counted, and colocalisation determined,
using the DeconvolutionLab pipeline. (A) Boxplot showing the absolute number of colocalising
spots over time (min) *+ nevirapine as a percentage of the total nhumber of spots, with the IN-
sfGFP (g) segmentation threshold set at 5. SEM of n = 4 datasets (ds). (B) Boxplot of the ratio of
the CA-mKO spots colocalising with IN-sfGFP spots over time, with the CA-mKO (r) threshold set
at 5. SEM of n = 5 datasets.
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3.1.6 Colocalisation of capsid with integrase within the nucleus

Recent studies have reported the presence of immunostained capsid proteins
colocalised with integrase-GFP within the nucleus of infected cells using super
resolution microscopy [55][57]. To ascertain whether we could observe
colocalised particles within the nucleus using CA-mKO, HelLa P4 cells were
transduced with the dual-labelled virus pseudotyped with VSV-G and fixed at 4 to
6 hr post-spinoculation (p.s.) - the period when most PICs complexes are likely to
be observed within the nucleus [125]. Nuclei were immunostained with anti-
Lamin B polyclonal antibody. Z-stacks of the cells were acquired with a zoom 8
and a 0.1 uM z-plane, and the images deconvolved using Huygens Remote

Manager.

Colocalised CA-mKO with IN-sfGFP puncta were observed within the nucleus of
HeLa P4 cells at 6 h p.s. (Fig. 20), another indicator that the dual-labelled
fluorescent virus was behaving like WT HIV-1 virus. The plot profile was
generated along the y axis of the spot in this example, to reduce the offset which
can be observed between the two channels (Fig. 20B). This offset may have
been due to under-corrected extra-axial chromatic aberration due to the
wavelengths converging at different positions along the focal plane. This offset
could also have influenced the colocalisation analysis in the DeconvolutionLab
pipeline. To avoid this, individual spots were detected by the local maxima of the
fluorescence intensity, and colocalisation was determined if the centroid from the

separate channels fell within 5 pixels distance from each other.
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Figure 20. Colocalisation of CA-mKO with IN-sfGFP within the nucleus of HeLa P4 cells.
(A) The dual-labelled virus was pseudotyped with VSV-G and used to transduce HelLa P4 cells
through spinoculation. Cells were fixed 4-6 hr p.s. and immunostained with anti-Lamin B
antibody. A Z-stack (0.1 uM) of the nuclei was acquired and images deconvolved using Huygens
Remote Manager and an experimentally derived PSF. Puncta containing both the CA-mKO and
IN-sfGFP are marked with white arrows. (B) Plot profiles of the colocalising spot — CA-mKO (top),
IN-24xST (bottom).

The CA-mKO and IN-sfGFP dual labelled virus behaved similarly to that of WT
virus in regards to the decrease in colocalisation observed over time, responses
to the various CA mutations and restriction compounds, and the detection of
colocalised spots within the nucleus (Fig. 14, 19 and 20). However, even with
the introduction of DeconvolutionLab analysis, the confocal acquisition of fixed
cell time points was still a very labour intensive process. There was also a large
disparity in the number of spots observed per cell, and colocalisation between
biological repeats, as attested to by the large standard deviations between the
data sets (Fig. 19). Part of this was likely due to variations inherent to recording
uncoating events within distinct cell populations at different time points. But there
were also concerns that fusing a fluorescent molecule on to the CTD of CA may
affect the assembly of the capsid core [207][212][213].
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3.2 SunTag capsid-tag (CA-SunTag)

Since there were concerns that fusing a 26.9 kDa fluorescent protein on to the
CTD of capsid might be effecting the maturation and structure of the viral core,
we tested the SunTag system (SUperNova tagging) as an alternative method for
labelling capsid proteins [193][70]. This method utilises single-chain variable
fragment (scFv) antibodies fused to a fluorescent reporter (sfGFP), which can
bind a short peptide inserted into the target protein (section 1.10.2). Because
the antibody can be expressed in soluble form within cells, this system can be

used for live particle tracking.

The cyclophilin-binding loop in the NTD of capsid was selected as a suitable site
for the insertion of the 19 aa SunTag as it interacts with various host proteins
during the early phase of infection and therefore would be accessible to the
scFv-antibody [167]. There were also no reports in the literature of mutations at
this site affecting capsid uncoating [70][214][215]. Using LOOPP protein folding

recognition software (http://cbsu.tc.cornell.edu/software/loopp/), it was possible

to predict the structural effects the insertion of this peptide within the loop would

have on the capsid protein.

Two sites on the p24©A binding loop were chosen for exchange with the GCN4
peptide: region 87 to 97 (11 aa) (CA Tag v2.1) (Fig. 21) and region 79 to 94 (16
aa) (CA Tag vl1). The epitopes were cloned into both the pNL4-3 proviral vector
and the A8.91 packaging vector and viruses prepared incorporating increasing
ratios of the CA-SunTag mutant compared to the original vector, to ascertain the
effects of these mutants on viral infectivity (Fig. 22A). As the cyclophilin-binding
loop is known to be important in the interaction with host proteins, we wanted a
certain proportion of WT capsid monomers to be present within the core to allow

for this association [154].
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Figure 21. Schematic of the NTD of p24°A showing the insertion site of the GCN4 peptide
tag (v2.1) within the cyclophilin A binding loop. Adapted from a figure derived from Schur et
al., 2015 [42].

For confocal imaging, viral vectors were produced in both standard 293T cells or
those stably expressing the scFv-sfGFP fusion antibody, the latter to enable the
antibody to bind to the capsid tag during viral assembly. Viruses were then
transduced into HeLa P4 cells £ the scFv-sfGFP fusion antibody and fixed at
various time points prior to and after viral fusion. Cells were then stained for
P24CA,

The RTU for viruses prepared with increasing concentrations of A8.91-CA-
SunTag were similar to that of viruses containing A8.91 alone, but a steady
decrease in infectivity was observed (Fig. 22A). Initial experiments, transducing
HelLa P4 cells stably producing the scFv-sfGFP antibody with the A8.91-CA-
SunTag v2.1 virus, revealed very few green spots within the cells, and of these
fewer still colocalised when stained for p24©A. More colocalised spots were
observed with the transduction of 10 RTU of HXB2 enveloped virus (1/5 A8.91-
CA-SunTag v2.1 to 4/5 WT A8.91) (Fig. 22B), but the concentration was
considered too high for use in further experiments. As the infectivity with the
incorporation of 1/5 A8.91-CA-SunTag v2.1 was just under half that of the WT
virus (Fig. 22A), we reasoned more spots should be visible with this system. We

therefore tried producing the viruses in 293T cells stably expressing the scFv-
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sfGFP, and also tested the CA-SunTag v1 mutant, inserted into regions 79 to 94
of the p24©A cyclophilin binding loop. Many more green fluorescent puncta were
observed in WT HelLa P4 cells transduced with CA-SunTag v1 when produced in
scFv-sfGFP expressing 293T cells (Fig. 22C). A high proportion of these were
also observed to colocalise with p24©A stain, suggesting that the two antibody
sites were not mutually exclusive. No green fluorescent puncta were observed in
the HelLa P4 cells transduced with wild-type virus produced in scFv-sfGFP
expressing 293T cells (Fig. 22D), suggesting the incorporation of the intrabody

was epitope specific.
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Figure 22. Infectivity and colocalisation of CA-SunTag v2.1. (A) Infectivity (RLU) of VSV-G
pseudotyped virus with increasing ratios of the A8.91-CA-SunTag v2.1 vs. WT A8.91 packaging
vector. (B) Colocalisation of A8.91-CA-SunTag v1 (green) (1/5 A8.91-CA-SunTag v2.1 + 4/5 WT
A8.91) with p24©A stain (red) in HeLa P4 cells stably expressing scFv-sfGFP [10 RTU]. A
colocalised spot, along with the respective plot profiles, is shown. (C) Colocalisation of A8.91-CA-
SunTag vl (1/4 A8.91-CA-SunTag v1 + 3/4 WT A8.91) with p24©A stain in WT HelLa P4 cells, with
virus produced in 293T cells stably expressing scFv-sfGFP. (D) WT A8.91 with p24€A stain (red)
in WT HelLa P4 cells, with virus produced in 293T cells stably expressing scFv-sfGFP.
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To test whether the incorporation of the CA-SunTag was influencing the
maturation of the virus, a western blot was performed on HXB2 pseudotyped
viral preparations containing decreasing ratios of pNL4-3-CA-SunTag v1 with
respect to WT pNL4-3 (Fig. 23). Immunostaining for p24©A revealed bands at
~55 kDa, ~48 kDa, ~41 kDa and ~24 kDa for the control virus (NL4-3 Full)
representing all the products associated with normal HIV-1 cleavage. Smaller
bands for MA-CA protein (41 ~kDa) in respect to CA (24 ~kDa) were observed in
viruses containing ¥2 and ¥ CA-SunTag compared to the WT virus. For the virus
containing full CA-SunTag, no bands were observed at 48 kDa or 41 kDa, and
only a very small band was observed for p24©A. This suggested that normal
protease cleavage was not occurring in the presence of the CA-SunTag, and that
the appropriate bands in the viruses prepared with % and ¥4 CA-SunTag were

probably derived from WT pNL4-3 that was incorporated with them.

CA- CA- CA- NL4-3
Tag Tag Tag Full

Full 12 1/4
GAG  55kDa P————
MA-CA 41 kDa —

a-p24/CA

CA  24kDa ”

Figure 23. Western blot of virus containing decreasing ratios of pNL4-3-CA-SunTag v1.

Viruses were prepared with decreasing ratios of pNL4-3-CA-SunTag v1 with respect to the pNL4-
3 provirus and pseudotyped with HXB2 envelope. Viral supernatant was collected, pelleted and
analysed using western blot and anti-p24©A antibody.
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3.3 Studying capsid uncoating with Vpr-IN-24xSunTag

Because we could not be sure whether the viruses produced when inserting the
SunTag in the capsid were being correctly cleaved, we decided to try an
alternative approach that would have less impact on viral maturation.
Amplification of the signal derived from the scFv-sfGFP antibody could be
achieved by joining repeat GCN4 peptide epitopes with a short flexible linker
(GGSGG) [193]. Tests with up to 24 of these epitope arrays have been
successfully implemented which, when bound by the scFv-sfGFP antibody, have
produced enough signal amplification to enable live tracking of individual
particles. We decided to test this system by fusing the repeat GCN4 peptide
array onto the C-terminus of integrase. Instead of following individually labelled
capsid particles detaching from a fluorescently labelled PIC, uncoating could be
measured through the internalisation and binding of the cytoplasmic scFv-sfGFP

antibodies onto the SunTag array upon disassembly of the capsid core.

The 24x SunTag (24xST) array was cloned onto the C-terminus of Vpr-IN (IN-
24xST) and trans-incorporated IN-24xST viruses produced using the pNL4-3
transfer vector pseudotyped with VSV-G. The viruses were used to transduce
HelLa P4 cells stably expressing the scFv-sfGFP fusion antibody, and the cells
fixed and stained for p24©A at regular intervals p.s. Confocal images of the cells
revealed very few IN-24xST bound scFv-sfGFP spots at 0 min p.s. with both the
trans-incorporated vector and the WT control, although the capsid stain revealed
the presence of the virus on the surface of the cells (Fig. 24A and C). However,
a high number of IN-24xST (green) spots were observed colocalised with the
capsid stain (red) at 60 min p.s. with the trans-incorporated vector (Fig. 24D).
Few green and no colocalised spots were observed with the WT control 60 min
p.s (Fig. 24B). The green spots observed with the WT control were less localised
and intense compared to the IN-24xST spots seen with the trans-incorporated
vector, and were most likely due to aggregations of the scFv-sfGFP and
autofluorescence. Fewer IN-24xST, capsid and colocalised spots were observed
at 180 and 240 min p.s. (images not shown).
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Wild type

C 0 min p.s. D | 60 min p.s.

Figure 24. Vpr-IN-24xST construct vs. wild type control at 0 and 60 min post-spinoculation.
HelLa P4 cells stably expressing scFv-sfGFP were transduced with VSV-G pseudotyped viruses
containing the pNL4-3 proviral vector alone (WT control) or trans-incorporated with Vpr-IN-
24xST, fixed at 0 and 60 min p.s., and immunostained with the anti-p24°A antibody (red). (A and
B) The capsid stain reveals plenty of viruses on the surface of the cells at 0 min p.s with the WT
control, but few scFv-sfGFP spots (green) at 0 or 60 min p.s. (C and D) Few green spots at 0 min
p.s., but many green, red and colocalised (white arrows) spots present 60 min p.s. with the IN-
24xSunTag trans-incorporated virus.

To evaluate whether the appearance of green spots corresponded to capsid
uncoating events, and whether the IN-24xST containing viruses were functioning
like WT viruses, time courses were repeated +/- the addition of nevirapine (Fig.
25).
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Figure 25. SunTag spots per cell over time. HeLa P4 cells stably expressing scFv-sfGFP were
transduced with IN-24xST trans-incorporated viruses, fixed at regular intervals p.s., and images
acquired using confocal microscopy. The number of green spots per time point was calculated
using 3D Object Counter (ImageJd), threshold 6. (A-E) Graphs showing the number of spots per
cell over time in individual experiments — SEM of 5 technical repeats. (F) Graph showing the

number of spots per cell when graphs A-E are assembled (SEM).

In contrast to the dual-labelled system for measuring capsid uncoating (sections
3.13 and 3.14) which measured the loss of fluorescently labelled CA from
fluorescently labelled integrase, the SunTag system measures uncoating by

when the cytoplasmically expressed scFv-sFGFP antibody is able to enter the
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disassembling capsid core to bind to the epitope peptide array. Thus, analysis
was performed on the kinetics over time in the fluctuations of scFv-sfGFP bound
SunTag arrays (green spots). Although CA staining may have provided a useful
reference/normalisation point for the assay, due the labour intensiveness in the
acquisition of two-channel images (approximately 18 h per data set for
acquisition of the dual-labelled viral uncoating in section 3.14), we dispensed
with the capsid stain and focused on the appearance and loss of SunTag spots
as indicators of uncoating. As the scFv-sfGFP can be expressed within cells, the
eventual objective was to use this system in live cell imaging, which precludes

the immunofluorescent staining of CA.

Few spots were observed in cells fixed directly after spinoculation (Fig. 25A-E),
consistent with the virus initiating fusion with the target cell, and uncoating having
not yet taken place. This was followed by a sharp increase in spots, with a peak
number of spots per cell recorded from 30 to 60 minutes p.s. The addition of
nevirapine delayed the peak in spots per cell recorded in two of the time courses,
but a similar kinetic as the DMSO control was observed in two more experiments
(Fig. 25B-E). When the graphs were compiled, however, a significant delay in
the peak number of spots per cells was observed with the addition of nevirapine
(220 min p.s) compared to the DMSO control (45 min p.s) (Fig. 25F).

3.3.1 24xSunTag analysis with Operetta High-Content Imaging

One of the drawbacks of measuring uncoating using confocal microscopy was
the requirement to fix the samples, meaning that the images acquired between
time points were of different cell populations. To track the viral particles within the
same cells throughout the time course, a series of experiments was performed
using the Operetta High-Content Imaging System. Viruses were prepared using
pNL4-3 pseudotyped with VSV-G envelope. HeLa P4 clone cells stably
expressing scFv-sfGFP were seeded into 96-well cell carrier plates, and
transduced with IN-24xST trans-incorporated viruses. Viral supernatant was
replaced with warm fluorobrite media directly after spinoculation and the plate
was transferred to the Operetta for image acquisition. Images were acquired at
5-15 minute intervals using the 40x objective, Xenon laser and the standard
Alexa 488 filter set.
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~26 min p.s. ~170 min p.s.

Figure 26. Detection of IN-24xST labelled viruses in HeLa P4 cells using the Operetta high-
content imaging system. HelLa P4 cells stably expressing the scFv-sfGFP intrabody were
transduced with ~0.6 RTU of IN-24xST labelled virus (A and B) or NL4.3 + VSV-G CTRL virus (C
and D) and imaged at regular intervals p.s. Arrows indicate examples of IN-24xST spots. (A)
Many spots were observed in cells transduced with the IN-24xST labelled virus at ~26 min p.s.,
far fewer spots were observed ~170 min p.s. (B). Little to no spots observed in the NL4-3 + VSV-
G CTRL (C and D).

Fluorescent puncta were clearly evident within the cytoplasm of infected cells 25
min p.s. (Fig. 26A), indicating successful fusion and uncoating of the IN-24xST
trans-incorporated virus. Fewer spots were observed 170 min p.s. suggesting
most of the viruses had uncoated (Fig. 26B). A 24xST signal profile in relation to
background levels of scFv-sfGFP over time, indicated that bleaching of the signal
was not occurring (Fig. S2).
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Repeat time courses were conducted comparing the original IN-24xST virus
along with viruses containing CA mutations making the capsid core less stable
(K203A) and more stable (E45A and E128A/R132A) compared to WT CA, a virus
containing a mutation in the active site of RT (D110E), and the addition of the
inhibitory compounds nevirapine, ebselen and PF74. After live acquisition the
cells and fluorescent puncta were segmented and analysed using the Harmony
High-Content Imaging and Analysis Software (section 2.9.1). Transduction with
a VSV-G pseudotyped pNL4-3 virus without IN-24xST provided a negative
control from which we could optimise the spot segmentation, removing the

pseudo-spots derived from autofluorescence.

As with confocal imaging, few fluorescent puncta were observed in the initial time
point, from 4-10 min p.s., however, a consistent peak in the number of spots per
cell was detected from 20 to 30 min p.s. (Fig. 27A and B). This is in
concordance with the reports on the 50% capsid uncoating time recorded with
VSV-G pseudotyped viruses [127][67]. A sharp drop in the number of spots per
cell was observed thereafter, which levelled off at approximately 60 to 80 min

p.s. to a population just above that of the WT control.
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Figure 27. Number of SunTag spots per cell time post-spinoculation. HeLa P4 cells stably
expressing the scFv-sfGFP intrabody were transduced with ~0.15 RTU IN-24xST labelled virus
preparations and imaged at 5 min intervals p.s. (A) = capsid restriction compounds and a RT

mutant. (B) CA mutations. Error bars indicate the SEM of 6 technical and 2 biological repeats.

Similar kinetics were observed with all the viruses + the CA mutations or
restriction compounds, with a sharp peak in the number of spots per cell from 21-

26 min p.s., followed by a sharp decline, levelling off to a point just above that of
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the WT control at the end of the time course (Fig. 27A and B). The latter,
suggesting that uncoating was occurring right up until the end of the time course.
No significant difference was observed for the time point with the peak number of
spots per cell between the IN-24xST trans-incorporated virus = nevirapine or the
RT mutant (Fig. 27A), or with the addition of ebselen and PF74 (Fig. 28A).
Viruses containing CA mutations also failed to elicit any significant difference in
peak uncoating (Fig. 27B).

To establish whether the fluorescent puncta observed were fluorescently labelled
virus particles and not VSV-G enveloped vesicles [124], IN-24xST particles
pseudotyped with VSV-G were prepared without the pNL4-3 provirus. Trans-
incorporated viruses were also prepared with the HXB2 envelope as earlier
experiments had shown that these viruses only enter cells expressing the CD4
receptor (Fig. 12). As expected, background levels of fluorescence similar to that
of the WT control (minus IN-24xST) were observed with the particles prepared
with IN-24xST but without the viral genome (Fig. 28A). Fewer puncta were
detected with viruses prepared with HXB2 envelope compared to VSV-G
pseudotyped viruses (Fig. 28B), with approximately 1 spot for every 3 cells, but
this is in accordance with the reports of lower fusion efficiency with the WT
envelope [216]. However, the peak in the number of SunTag spots per cell
occurred within the same time frame as that recorded with VSV-G pseudotyped
particles (22 min p.s.), which is in contrast to that observed by Hulme and co-
workers [67], who reported a delay in fusion of 23 min with WT envelope. Apart
from the more pronounced peak seen with the VSV-G pseudotyped virus, the
overall kinetics were similar, with a levelling off after 60 min of around 1 spot for
every 4 cells with HXB2 enveloped viruses, and 1 spot every 2-3 cells with VSV-
G. Background levels of fluorescence were observed with viruses prepared
without an envelope (Fig. 28B).
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Figure 28. Number of SunTag spots per cell time post-spinoculation with addition of HIV-1
restriction compounds, = the HXB2 envelope and viruses prepared without the NL4-3
provirus. HeLa P4 cells stably expressing the scFv-sfGFP intrabody were transduced with ~0.15
RTU IN-24xST labelled virus preparations. (A) Number of IN-24xST spots per cell over time * the
restriction compounds PF74 and ebselen, and a vector prepared without the NL4-3 provirus. (B)
Number of SunTag spots per cell with vectors prepared + HXB2 envelope. Error bars indicate the
SEM of 3 technical repeats.

A number of experiments were conducted to try to generate a change in the time
when the peak number of spots per cell were observed to verify if we were
actually tracking uncoating events. Trans-incorporated viruses were produced in
the presence of saquinavir, a protease inhibitor, to restrict the development of a
mature capsid core; without a functional capsid core we expected scFv-sfGFP
SunTag bound spots to be seen immediately upon fusion. A scFv-sfGFP
expression clone was also developed using the TZM-bl cell line stably
expressing the TRIM-CypA fusion protein, which is reported to bind to intact
capsid cores triggering premature uncoating events [209]. Neither of these tests,
however, significantly altered the time at which the peak number of spots per cell

was observed (Fig. S3).

3.4 Studying uncoating with APOBEC3-24xSunTag

As it was difficult to establish whether the spots observed with Vpr-integrase
trans-incorporation of the SunTag were derived from uncoating events of real
infective viruses, we decided to test an alternative method for the insertion of the
repeat peptide epitope array into the viral capsid core. Burdick and co-workers
managed to track HIV-1 PICs by the fusion of a yellow fluorescent protein on to
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the C-terminus of the APOBEC human cytidine deaminases APOBEC3F (A3F)
and APOBEC3G (A3G) (section 1.10.1) [124]. The A3F/G proteins are thought
to be encapsulated within HIV-1 viral cores through interaction with viral RNA
and the nucleocapsid domain of the Gag protein [217][195][218]. Although the
proteins actively restrict Vif-deficient HIV-1 replication [219][220], as uncoating
occurs in the early phase of infection we reasoned the viral ribonucleoprotein
targeting properties of A3F/G would provide a suitable alternative method for the

incorporation the 24xSunTag array into the capsid core.

The 24xSunTag peptide array was fused to the C-terminus of A3F and an A3G
E259Q mutant (A3G*) reported to reduce the HIV-1 restriction properties of this
protein [124]. These vectors were used in the production of viruses, along with
the Vif negative pHR-SIN-Luc molecular clone [221], the A8.91 packaging vector
and VSV-G envelope. The viruses were used to infect HeLa P4 scFv-sfGFP
stable clone cells in 96-well tissue culture plates and analysed using Operetta
high-content imaging (Fig. 29).
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Figure 29. Number of SunTag spots per cell time post-spinoculation with APOBEC3F/G*
trans-incorporated viruses. HelLa P4 cells stably expressing the scFv-sfGFP intrabody were
transduced with ~0.15 RTU APOBEC3F/G*-24xST labelled virus preparations and imaged at 5
min intervals p.s. Error bars indicate the SEM of 3 technical repeats.

As with the Vpr-IN-24xST system, few spots were observed in the initial time
points p.s., but a sharp increase in spots per cell were seen hereafter, with a
peak in the number of spots recorded 22 min p.s. This was in the range of the

peak in spots per cell recorded with Vpr incorporation of the 24xST (20 to 30
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min), and also other reports on the 50% uncoating time of VSV-G pseudotyped
viruses [67][127]. In contrast to the Vpr incorporated SunTag, a slower reduction
in spots per cells was observed with the A3G*-24xST trans-incorporated virus.

3.5 Operetta High-Content Imaging using a 60x objective

In the above experiments (section 3.3 and 3.4) the images were acquired using
a 40x objective, and it was suspected that the lower resolution compared to
confocal acquisition using the 63x objective, meant that some of the subtler
aspects of uncoating were being lost. This may have contributed to the
consistent peak of spots per cell observed in the presence of restriction
compounds and CA mutants. Thus, analysis of the Vpr-IN/A3F-24xST vectors
was repeated with the Operetta high-content imaging system using a 60x
objective (Fig. 30). Repeat experiments in the presence of nevirapine or the
DMSO control showed a significant delay in the reduction of the number of spots
detected per cell, after the initial peak, in the presence of nevirapine (Fig. 30A, B
and C). This levelled off to a point just above that of the DMSO control,
suggesting that in the presence of nevirapine spots were being detected, or
uncoating was occurring, at a higher rate than with the DMSO control, right up to
the end of the time course. A less stable CA mutant (K203A) was also analysed
alongside the non-mutated IN-24xST vector, and a significantly premature peak
in uncoating (15 min as opposed to 23 min p.s.) was observed with the less

stable capsid core (Fig. 30D).
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Figure 30. Number of SunTag spots per cell time post-spinoculation with Operetta High-
Content Imaging using a 60x objective. HeLa P4 cells stably expressing the scFv-sfGFP
intrabody were transduced with ~1 RTU Vpr-IN/A3F-24xST labelled virus preparations and
uncoating analysed using a 60x objective. (A and B) Number of IN-24xST spots per cell over time

+ nevirapine. (C) Number of A3F-24xST spots per cell over time £ nevirapine. (D) Number of Vpr-

IN-24xST compared to a virus prepared with a less stable (K203A) capsid core. SEM of 3
technical repeats.
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3.6 NanoBiT luciferase analysis of HIV-1 uncoating

As there was little significant difference in the timing for the peak number of spots
per cell observed with the two 24xSunTag array capsid uncoating systems, we
decided to try an alternative strategy for studying uncoating. One of the
perceived drawbacks to the 24xST repeat epitope was the size of the non-bound
~63 kDa SunTag array, and what effect this would have on the assembly of the
capsid core. NanoLuc Binary Technology (NanoBiT) is a two-subunit system
used for intracellular detection of protein:protein interactions using an engineered
luciferase (section 1.10.3) [222][200]. Luminesence is achieved upon binding of
the 1.3 kDa peptide (HiBiT) with the 18 kDa polypeptide (LgBiT), in the presence
of substrate. The small size (19 kDa) and stability of the enzyme made it an

attractive option to use as an alternative to the SunTag.

The 11 aa HiBIT peptide was cloned on to the c-terminus of the A3F/G* proteins,
and the LgBIT peptide inserted into a pAIB provirus and used in the production of
HelLa P4 cells stably expressing the LgBiT. Because of the small size of the
HIiBIiT we also decided to insert it onto the C-terminus of integrase in the pNL4-3
proviral vector, as similar sized peptides had previously been inserted here
without affecting the infectivity of the virus [204]. The fusion of the HiBIT to a
proviral vector would prevent the formation of labelled VSV-G pseudotyped
vesicles which may have been present in the previous systems. Viruses were
prepared using the pHR-SIN-GFP molecular clone and the A8.91 packaging
vector for the A3F/G* trans-incorporated HiBiT or with pNL4-3-HiBiT proviral
vector alone, and pseudotyped with VSV-G or HXB2 envelope. HeLa P4 cells
expressing the LgBIiT were seeded into 96-well tissue culture plates and
transduced using spinoculation. Viruses prepared without the HIBIiT and
transfection with the HiBiT containing plasmids were used as negative and
positive controls, respectively. Nano-Glo Live Cell reagent was added
immediately after spinoculation and the cells analysed using a TECAN Infinite

M200 microplate reader for 150 min at 5 min intervals (Fig. 30).

92



-— A3F HiBiT+VSV-G -~ A3F-HIBIT
' ' -
1000000+ toilasE ~ A3G* HiBIT+VSV-G 600000  [49 min]} ~ A3F-HIBIT + Nevirapine
1 1
2 [asG* i — NL4.3+VSV-G 2 | —— NL4.3 + VSV-G
5 8000004 S
€ A3F = 45 min e
3 $ 400000
@ 6000007 A3G* = 35 min 2
£ £
£ 400000- g
2 2 200000
k5] <
I 200000 : &
[a'e : o
0 i, O s gy
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180 200 220
Time post-spinoculation (min) Time post-spinoculation (min)

Non-mutated - A3F-HIBIT + VSV-G -~ Vesicle (A3F-HIiBIT + VSVG)
50 min 120004

500000 : - A3F-HIBIT + VSV-G (K203A)
i ] il ~ A3F-HIBIT (E128A/R132A) é 10000
T 4000004 — NL4.3 + VSV-G z
= g 8000
S 3
@ 300000+ o
2 £ 6000
£ =
3 200000 o-d-g-4 i
> Hesdy g 4000
2 N £
2 1000001 ix) T © 2000
@ E1258/R132A -2 = SO [0
7 LA 55 min o
O | T T T T T T 1 O v T T T T T T 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time post-spinoculation (min) Time post-spinoculation (min)

Figure 31. Relative luminescent units (RLU) time post-spinoculation for APOBEC3F/G*-
HiBiT trans-incorporated viruses. HelLa P4 cells expressing the Large Bit (LgBiT) enzyme
fragment were transduced with 1.2 RTU VSV-G pseudotyped A3F/G*-HiBiT labelled virus
preparations and the plates analysed at 5 min intervals p.s. with the TECAN Infinite M200
microplate reader. (A) A3F/G*-HiBIiT (n = 3 biological repeats). (B) A3F-HiBiT virus + nevirapine
[10 puM (n = 3 technical repeats]. (C) A3F-HiBIT alongside a less stable (K203A) or more stable
(E128A/R132A) capsid mutant (n = 3 technical repeats. (D) A vector prepared without the viral

genome (2 biological repeats). Error bars show the SEM.

A pronounced peak in RLU was observed with both the A3G* and A3F-HIiBIiT
viruses at 35 min and 45 min p.s., respectively, with a slower decline in RLU after
this point (Fig. 31A). RLU double of that for the A3SG*-HIBIT virus were recorded
with the A3F-HIBIT trans-incorporated virus. The addition of nevirapine to the
samples failed to change the kinetics of the curve with the A3F-HIBIT (Fig. 31B).
CA mutations in the A8.91 packaging vector which destabilised (K203A) and
stabilised (E128A/R132A) the viral core, showed an earlier and delayed peak in
RLU, respectively, compared to the non-mutated virus (Fig. 31C). A 50%
decrease in RLU was also recorded with the CA mutants. The sharp peak in RLU
at ~80 min p.s. was a result of an extra orbital shake upon the addition of fresh

Nano-Glo substrate in one of the wells (Fig. S4). Vectors prepared lacking the
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viral genome (VLPs) exhibited different RLU kinetics compared to true viruses
(Fig. 31D), suggesting that the initial increase in RLU observed with normal viral
vectors (Fig. 31A, B and C) was a result of capsid uncoating rather than VLP

fusion events.

Preliminary studies using the HiBIT moiety cloned onto the C-terminus of
integrase in NL4-3 showed a similar peak in RLU to the A3F/G*-HiBIT, at around
37 min p.s. (Fig. 32). This suggested that the peak in luciferase was a result of
capsid uncoating, and not through fusion with VSV-G pseudotyped vesicles. A
shift in the kinetics of the peaks in the presence of capsid restriction compounds
was also observed. A delay of ~10 min was observed in the presence of PF74
compared to the DMSO control with both the WT (HXB2) envelope and the VSV-
G pseudotyped viruses (Fig. 32A and B). A premature peak in RLU (=10 min)
was observed in the presence of ebselen compared to the DMSO control, with
the VSV-G pseudotyped virus (Fig. 32B). The addition of nevirapine had little
effect on the peak in the RLU, with only a ~5 min delay compared to the DMSO

control in viruses prepared with the WT envelope (Fig. 32A).
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Figure 32. Relative luminescent units (RLU) time post-spinoculation for pNL4-3.Luc.R-
E-HiBiT trans-incorporated viruses. HeLa P4 cells expressing the Large Bit (LgBIiT)
enzyme fragment were transduced with HXB2 (WT) enveloped [8 RTU] or VSV-G
pseudotyped [3 RTU] NL4-3-HiBiT labelled viruses, in the presence of the restriction
compounds nevirapine, ebselen, PF74 or the DMSO control. The cells were analysed at 5
min intervals p.s. with the TECAN Infinite M200 microplate reader. (A) NL4-3-HiBiT + HXB2
(WT) envelope. (B) NL4-3-HIiBIiT + VSV-G. SEM of n = 3 technical repeats.
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DISCUSSION

The early phase of HIV-1 infection has been intensively studied over the past 35
years, and it is becoming increasingly clear that the viral capsid (the individual
proteins and the assembled fullerene core) plays a fundamental role in
productive infection [44][160][85][94]. Initially, the viral core was thought to be
solely a vessel for the containment and effective transport of the viral
ribonucleoprotein into the target cell [15]. However, investigations into HIV-1
trafficking pathways and integration site preferences using wholescale genomic
knockdown studies and CA mutations [54][56][58][65][88][89][91][103],
emphasise the intrinsic role of CA in multiple steps leading up to incorporation
with the host genome. These insights must have an impact on the historical
interpretation of uncoating as solely the process by which the capsid core
dissociates from the RTC [44][223]. Thus, the process of uncoating should be
understood in the wider context of the large number of host factors with which
CA interacts during cytoplasmic trafficking and nuclear import of the viral

genome.

The principal aim of this project was to devise a system with which to study the
process of uncoating within the spatial and temporal context of the cell, to help
clarify some of the questions regarding where, when and how the capsid
disassembles after productive cellular fusion. For this purpose we developed
three uncoating assays, with each one encompassing different properties which
in combination would give a more comprehensive picture of in situ CA
disassembly: 1) a dual-labelled virus, in which uncoating could be measured by
the separation of fluorescent labels fused to the CTD of both CA and IN; 2)
capsid incorporation of a repeat peptide array (SunTag), which facilitates signal
detection through attachment of cytoplasmically expressed, fluorescently labelled
antibodies after breaching of the capsid core; and 3) capsid incorporation of a
small peptide from a split luciferase system, which generates luminescence upon
fusion with the cytoplasmically expressed polypeptide moiety (in the presence of
substrate). By approaching capsid uncoating using different techniques it was
possible to get a more holistic understanding of this process, which can

otherwise lead to a biased interpretation when using individual systems of
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analysis. A table summarising the advantages/disadvantages of each system

can be seen at the end of the discussion (Table 2).

4.1 A dual-fluorescent system for studying uncoating

The labelling of proteins with fluorescent probes is a well-established method for
studying intracellular events using high resolution microscopy [187]. This has
enabled the direct visualisation of interactions between HIV-1 and cellular
proteins, providing a wealth of information regarding the physical location and
temporal aspects of these exchanges. Although in vivo analysis of HIV-1
infection had been performed through the fluorescent labelling of other regions of
the Gag gene [187], this was the first study whereby a fluorophore was fused
directly to the CTD of CA. The capsid core is notorious for its sensitivity to CA
mutations, with even point mutations effecting the stability and consequently the
infectivity of the virus [65][112]. It has also been reported that the
peptides/proteins, and the correct cleavage events of the Gag polyprotein,
downstream from CA can have a direct effect on the proper assembly and
functioning of the capsid core [207][212][213]. The production of viable capsid
cores containing CA monomers with fluorophores fused to the CTD of the protein
was made possible by the ability of the Gag protein to multimerise (primarily
through interactions with the CTD of CA) at the cellular membrane before viral
assembly and budding [36][224]. Thus, through the co-transfection of a vector
containing the gene for a full Gag polyprotein (pNL4-3) and the vector containing
a fluorophore fused to the CTD of CA, it was possible to produce infectious
virions with correctly assembled, fluorescently labelled, capsid core. A system for
tracking the RTC/PIC up to and including nuclear entry had already been
developed by Albanese and co-workers, through the fusion of a fluorophore on to
the CTD of IN [125]. This, in turn, was fused to HIV-1 Vpr, with the inclusion of a
proteolytic cleavage site, which enabled the efficient trans-incorporation of the
fluorescently labelled IN into the assembling capsid core through protease
activation during viral maturation. A titration assay was performed to determine
the optimal concentration of vectors to use in the production of CA and IN
fluorescently labelled (dual-labelled) viruses (Fig. 10). A plasmid transfection
concentration was selected which limited the loss of infectivity to 18% of that

compared to WT virus. Although this was significantly lower than the WT virus,
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subsequent confocal analysis ensured that enough fluorescently labelled virus

was present for visualisation of colocalisation (Fig. 12).

Western blot analysis of viral supernatant produced when transfecting with
increasing concentrations of MA-CA-GFP vector, revealed bands corresponding
to the expected cleavage products (Fig. 11), including CA-GFP (~52 kDa). A
large proportion of the matrix, however, remained attached to CA-GFP. This may
have been due to the presence of immature viruses within the viral supernatant.
Alternatively, the MA-CA-GFP protein may have been overly expressed in the
producer cells and was in excess to that which could be processed by the NL4-3
protease. The absence of the proteins downstream from the MA-CA-GFP vector

may also have had an effect on the upstream protease cleavage [206][207].

When the dual-labelled virus was pseudotyped with an HXB2 (WT) envelope and
used to infect cell lines stably expressing the CD4 receptor (HeLa P4) or WT
HeLa cells, CA-GFP and IN-mCherry colocalised particles were observed only in
the CD4 expressing cell line (Fig. 12). The lack of fluorescent spots within WT
HeLa cells indicated that the spots observed within the HeLa P4 cells entered
productively through fusion with the CD4 receptor, rather than through
endocytosis. A high percentage of colocalisation could also be observed
between the CA-GFP and IN-mCherry signals, and the subsequent loss of
colocalisation when imaging the dual-labelled virus at later time points post-
infection lent further evidence for its potential use for the tracking of uncoating
events (Fig. 13).

4.1.1 Validation of dual-labelled virus

A series of time courses were performed with the dual-labelled virus in the
presence of CA-targeting restrictive compounds, and with the addition of
mutations in the CA known to affect the stability of the capsid (Fig. 14). These
were performed to verify whether the loss of colocalisation between the CA-GFP
and IN-mCherry was a marker of real uncoating events, and from this to
ascertain whether the dual-labelled virus was functioning like WT HIV-1 virus.
Analysis in conjunction with a Vpr-IN-mCherry only trans-incorporated virus,
stained with an anti-p24“* antibody, showed a similar trend in loss of
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colocalisation over time (Fig. 14A), with both viruses containing a residual
proportion of the population that retained CA up until the end of the time course.
This could also be observed directly under the confocal microscope (Fig. 13D).
Visibly larger fluorescent puncta were obtained with the p24¢A stain compared to
the fluorescently labelled CA, probably due to stoichiometric effects i.e. only a
portion of the CA monomers present within the capsid core would be directly
labelled by the fluorophore (trans-incorporation along with WT CA), whereas a
higher percentage would be available for staining. This would account for the
constantly higher percentage of colocalisation observed over time for the CA

stained particles.

The addition of restriction compounds had a similar effect on the uncoating of the
dual-labelled virus as has been reported in other uncoating assays
[67][111][127]. The addition of the RT inhibitor, nevirapine, significantly delayed
uncoating (Fig. 14B), in accordance with reports of a functional link between
reverse transcription and CA disassembly [67][127][129]. The addition of PF74
[10 uM] promoted a moderate but significant increase in uncoating at 60 min
prior to that of the DMSO control (Fig. 14C), consistent with reports that the
capsid core destabilises in the presence of high concentrations [25uM] of PF74
[47][115][130][225]. A 50% half-time of uncoating was observed for both viruses
at the 180 min time point post-trypsinisation. PF74 has also been reported to
inhibit the binding of CA with the phenylalanine-glycine (FG) repeats of Nup358
and Nup153, impeding the interaction of these Nups with capsid at the nuclear
envelope [46][91][105][130][131][176]. This may account for the levelling-off of
colocalisation observed from 180 to 240 min post-trypsinisation in the presence
of PF74 compared to the DMSO control.

The infection of TZM-bl cells stably expressing the TRIM-CypA restriction factor
and a dual-labelled virus containing a less stable capsid core (K203A), both
showed premature uncoating compared to the control viruses, in agreement with
other reports (Fig. 14D and E) [67][127]. TRIM-CypA has been reported to target
intact capsid cores soon after viral cellular entry, leading to premature capsid
uncoating [122][123]. Both conditions exhibited increased uncoating at the ‘0 min
plus trypsin’ compared to the ‘O min minus trypsin’ time point. In our assay, we

allowed a 50 min incubation period post-spinoculation before trypsinisation, for
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the optimal fusion of the HXB2 (WT) envelope with the cellular membrane. This
is in line with previous experiments and a report on the half-time for HXB2 fusion
[67]. However, a large amount of virus was still entering the cells before the ‘0
min’ time point, and these studies suggest that uncoating was occurring almost
immediately after viral entry (before the 30 min post-trypsinisation time point).
Compared to the directly fixed non-trypsinised cells (O min minus trypsin), which
would contain a large proportion of colocalised virions outside of the cell, a
significant increase in uncoating could be observed within the trypsinised cells.
Although spinoculation at 16°C increased the synchronisation of viral fusion
events, these experiments highlight the dynamic kinetics of HIV-1 fusion, and the
complications entailed in studying the uncoating events of bulk populations of

viruses.

Finally, a double mutation (E128A/R132A) was introduced into the CA of the
dual-labelled virus which has been reported to increase the stability of the capsid
core, leading to delayed uncoating kinetics [65][67][124]. When assayed
alongside a non-mutated dual-labelled virus, a similar trend in uncoating kinetics
could be observed with both viruses (Fig. 14F). However, when the threshold for
CA colocalisation with IN was raised (i.e. a higher intensity of CA within the
segmented IN region was required to establish colocalisation) an almost 3-fold
lower colocalisation (represented by the area under the curve — AUC) was
observed with WT compared to the CA mutant virus (Fig. 14G). This means that
a significantly larger proportion of capsid was remaining with the viral genome
with the CA mutant compared to with the WT capsid, suggesting that the
mutation was also affecting the stability of the remaining core after the initial
uncoating event. This is similar to what was observed by Xu and co-workers
[111].

A relative increase in colocalisation was occasionally observed at the end of the
time course with this assay (Fig. 14 A, F/G), and visual inspection of the images
revealed a number of colocalised particles. Some authors have reported a
delayed uncoating at the periphery of the nucleus [15][86][142]. As the
percentage of colocalisation using the 3D manager plugin was determined by the
number of colocalised particles divided by the total number of IN-labelled

particles, what we may be observing here is a loss of IN-labelled particles from
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previously uncoated PICs (through diffusion or proteasome degradation) in
comparison to the colocalised ‘intact’ capsid particles, which are remaining
relatively stable in numbers. Thus, we are not actually observing an increase in
total colocalisation, but an increase compared to the number of IN-labelled

particles.

Taken together, these results show a decrease in colocalisation (capsid
uncoating) over time, with a proportion of the CA remaining colocalised with IN
up until the end of the time course - up to 6 hr post-spinoculation in some of the
time courses (Fig. 14A, B, D and F/G). This is the period when most of the PICs
were observed associated within the nucleus in a study performed by Albanese
and co-workers [125]. There is the possibility that the colocalised particles
observed at the end of the time course were aberrant viruses, and one of the
current drawbacks in using imaging methods for tracking HIV-1 uncoating is the
inability to distinguish between these and the particles which will eventually lead
to productive infection [44][226]. However, it is tempting to speculate that the
PICs containing a residual amount of CA may be the ones that lead to nuclear

translocation, and subsequent integration into the host genome.

4.1.2 High-throughput analysis of uncoating

The tracking of the dual-labelled viruses using confocal microscopy was a very
labour intensive process, taking up to 18 h just to acquire the images for a data
set. To speed up the process a pipeline was devised using DeconvolutionLab
open source software (Imaged), which performed the automatic deconvolution,
segmentation, counting and colocalisation of the images (Fig. 17). The IN-
mCherry fluorophore was replaced with sfGFP, and the CA-GFP fluorophore
subsequently swapped for mKO. In combination, these fluorophores provided a
brighter fluorescence, enabling the reduction of the pinhole from 1.5 to 1.0 AU
(Table 1; Fig. 15). This, in turn, reduced the background signal in the images,
and resulted in smaller and more defined puncta. Time courses were repeated
with the dual-fluorescent virus in the presence of nevirapine or the DMSO
control. This enabled the use of the same virus stock between conditions,
reducing the confounding effects associated with using two different viruses (i.e.

those prepared with CA mutations). Again, the optimal segmentation
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thresholding had to be adjusted manually, due to slight differences in the SNR
between data sets (Fig. 18). This system drastically reduced the time it took to
analyse the images (from a few days to a few hours). The accuracy of the
DeconvolutionLab analysis was assessed by manual counting. Uncoating was
determined by both the loss of the absolute number of CA-mKO and IN-sfGFP
colocalised spots over time (Fig. 19A), and the number of colocalised spots
divided by either the total number of CA-mKO (Fig. 19B) or IN-sfGFP spots. A
clear drop in colocalisation, similar to that seen in Fig. 14, was observed over
time using DeconvolutionLab analysis (Fig. 19). When assessing the absolute
number of colocalised spots, a 50% half-time of uncoating was observed
between the 110 and 170 min time points post-trypsinisation for both the
nevirapine and the DMSO control samples (Fig. 19A). An additional sampling
between these two time points may have enabled the elucidation of the capsid
stabilising effects of nevirapine. However, when assessing the ratio of
colocalised spots a significant delay in uncoating was recorded in the presence
of nevirapine compared to the DMSO control at the 170 to 230 min time points
(Fig. 19B). The disparity in results derived from these different systems for
calculating uncoating can be explained by the fact that the first system considers
solely the total number of colocalised spots, without addressing the uncoated
particles. As the spot counts were derived from separate cell populations at
different time points, it is highly likely that there were fluctuations in the number
of viral particles per cell between disparate time points i.e. it is unlikely that each
cell will be infected with exactly the same number of viral particles. When
calculating the ratio of colocalisation, however, the method considers the number
of CA-mKO or IN-sfGFP puncta in relation to the total number of colocalised

particles, which should not be effected by disparities in cellular infection.

Although high-throughput analysis drastically reduced the time it took to analyse
samples, and a clear difference in uncoating kinetics could be observed for the
dual-labelled virus plus/minus the addition of nevirapine (Fig. 19B), a large
deviation in the percentage/ratio of colocalisation was detected between
separate time courses (Fig. 19A and B). There are many factors involved in an
experiment of this sort — differences between viral productions, quality of the

cells, even disparities through confocal acquisition on separate days. The
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analysis of different cell populations within separate time points presented an

additional factor that could lead to fluctuations within biological repeats.

4.1.3 Colocalisation within the nucleus

Contrary to some of the early studies, suggesting a model of complete capsid
uncoating from the VNC directly after cellular entry of the virus [16][50], two
groups have recently published the first images of CA particles colocalised with
IN within the nucleus [55][57]. Both groups used the Vpr-IN-GFP system for
labelling the PIC, and capsid colocalisation was detected using p24¢* antibody
staining. Super-resolution microscopy was required in both cases because of the
low levels of CA associated with the PICs in the nuclear compartment, with Peng
and co-workers using photoactivated localisation microscopy (PALM) alongside
direct stochastical optical reconstruction microscopy (dSTORM), whilst the
Hulme group employed high resolution structured illumination microscopy (SIM).
Using CA-mKO in conjunction with IN-sfGFP, we were also able to detect capsid
particles colocalised with IN within the nucleus using conventional confocal
microscopy and Huygens Remote Manager deconvolution software (Fig. 20).
However, with the dual-fluorescently labelled virus it should be possible to track
the translocation of the PIC through the nuclear membrane in real time, enabling
live visualisation of the interaction of CA with the proteins involved in the nuclear
import pathway (Nup358, Nup153, TNPO2, CPSF6). This presents many exciting
possibilities for the further elucidation of viral interactions at the nuclear pore, and
may confirm the growing literature reports suggesting a link with HIV-1 CA and
PIC nuclear translocation and integration [85][86][87][91].

4.2 SUperNova tagging (SunTag) system — CA-SunTag

Reports that interfering with the protease cleavage sites and proteins
downstream of the CA protein of Gag [207][212][213] might affect the maturation
and assembly of a correctly functioning capsid core, led us to try an alternative
method for labelling the capsid core. The SunTag provided an attractive
alternative system for labelling of the capsid core because of its relatively small
size 19 aa (2.3 kDa) compared to a fluorophore (27 kDa) [193]. The fluorescently
labelled reporter antibody (scFv-sfGFP) was ideally suited for targeting the
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SunTag, because the fused light and heavy chains of its epitope-binding regions
enabled its productive expression within cells — facilitating its use in live
microscopy. The CypA-binding loop was selected as the site for the incorporation
of the SunTag peptide because of its prominent location on the surface of the
capsid core, and literature reviews and protein folding algorithms suggested
minimum impact for peptide insertion within this domain [65][112][215][214]. A
mature capsid core is composed of approximately 1500 CA monomers [39][43].
Thus, it was reasoned that trans-incorporation of a viral vector containing the CA
SunTag in conjunction with a standard viral vector, would provide enough sites
for the binding of the fluorescently labelled antibody (scFv-sfGFP) for confocal
visualisation, and the binding of cellular factors (e.g. CypA) necessary for

productive infection.

Viral infectivity was significantly reduced for the CA-SunTag incorporated virus,
but this could be rescued to almost half of the WT infectivity levels through co-
transfection with greater ratios of a non-tagged packaging vector (Fig. 22A).
When infecting HeLa P4 cells stably expressing scFv-sfGFP, very few spots
were observed at various time points post-spinoculation (Fig. 22B). However,
many spots could be observed in target cells when the CA-SunTag virus was
produced in 293T cells stably expressing the scFv-sfGFP antibody (Fig. 22C).
This may have been due to increased accessibility of the CA-SunTag epitope to
the scFv-sfGFP antibodies during viral production. These spots were also shown
to colocalise with a p24©A antibody stain, which meant that the CA-SunTag
system did not interfere with AG3.0 antibody binding. Finally, no CA-SunTag
spots were observed when WT virus was produced in 293T cells expressing the
scFv-sfGFP, and used to infect HeLa P4 cells (Fig. 22D); confirming that
antibody incorporation was epitope specific.

Western blot analysis, however, revealed that proper protease cleavage was not
occurring in viruses produced solely using the viral vector containing the CA-
SunTag (Fig. 23). Bands of the correct size were observed when the CA-SunTag
was co-transfected together with a non-mutated packaging vector, but these may
just represent the cleavage products derived from the non-mutated vector. If the
polyproteins derived from the CA-SunTag vector were not being correctly

cleaved, then properly assembled capsid cores would not be formed, and the
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CA-SunTag spots observed colocalised with the p24¢A antibody stain likely
contained amalgamations of cleaved and non-cleaved Gag products. Many
studies report the sensitivity of CA to mutations [65][112][227][129], and so it was
decided to try an alternative strategy for studying capsid uncoating which did not

involve manipulation of the CA protein.

4.3 Non-capsid based reporter assays

An alternative strategy for determining initial capsid uncoating events, is to label
a component of the VNC within the capsid core that can produce a signal upon
binding with an externalised capsid component. The SunTag system was ideally
suited for this as the small epitopes could be linked together to form an array
containing up to 24 repeats of this peptide [193]. Studies showed that the peptide
epitopes within the array could be fully occupied by the fluorescently labelled
antibody without steric hindrance, enabling massive signal amplification. The use
of the scFv antibody fused to sfGFP also enabled successful expression in
soluble form within the cell, with limited aggregation, facilitating its use in live cell
microscopy. The 24x repeat peptide array was fused to both the CTD of Vpr-IN
(IN-24xST) and the APOBEC 3F/3G* proteins (A3F/G*-24xST), for incorporation
into the capsid core via interactions with the Gag p6 domain [183][184] and viral
RNA [195][228], respectively. The principle behind this system was that when the
capsid core started to disassemble, the fluorescently labelled antibodies present
within the cytoplasm of the cell would be able to enter the capsid and bind to the

SunTag peptide array, creating a signal.

Preliminary studies showed this to be a creditable candidate for studying
uncoating, with many more spots observed in HeLa P4 cells at 60 min compared
to 0 min post-infection with the 24xST virus, suggestive of uncoating events (Fig.
24). Staining with a p24©A antibody revealed colocalised and CA only stained
puncta, indicative of newly uncoated and intact cores, respectively. The IN-
24xST system was initially tested in fixed cells using confocal microscopy, with
viruses prepared in the presence of DMSO or nevirapine (Fig. 25). Five
biological replicates showed an initial peak of uncoating in the DMSO control
from 30 to 60 min post-spinoculation (Fig. 25A-C). The addition of nevirapine

delayed the uncoating kinetics in two of the replicates (Fig. 25C and E), but no
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significant difference compared to the DMSO control was observed in two more
experiments (Fig. 25B and D). When the data sets were combined, however, a
significant delay in peak uncoating from 45 to 120 mins p.s. (75 min) could be
observed in the presence of nevirapine compared to the DMSO control (Fig.
25F). This was almost exactly the same delay recorded by Hulme and co-
workers in the presence of nevirapine (73 min) when using the CsA washout
assay for studying uncoating [67]. This also correlates with the delay in uncoating
recorded with the dual-labelled virus in the presence of nevirapine, with a delay
of 85 min and 60 min observed when using 3D manager (Fig. 14B), or
DeconvolutionLab (Fig. 19B) for establishing colocalisation, respectively.
Interestingly, uncoating events were still observed with the 24xST system right

up to the end of the time course, 240 min post-spinoculation.

4.4 High-throughput analysis of uncoating

4.4.1 Analysis of the 24xSunTag with High-content imaging

The considerable signal amplification provided by the 24x repeat array opened
up new options for image acquisition, including Operetta High-Content Imaging.
Although Operetta has a lower resolution capacity compared to confocal
microscopy, a wide field of view enables the imaging of many cells within the
specimen area. Also, an inbuilt temperature and CO:2 regulator allows the
tracking of viruses within the same cells over time, thus dispensing with the issue
of different infection levels within different sampling populations associated with
fixed cell analysis. Many well-defined spots could be observed at the initial time
points, with a loss of spots per cell clearly seen over time (Fig. 26). Repeat time
courses showed a significant peak in the number of spots per cell from
approximately 20 to 30 minutes p.s., followed by a sharp decline to a level just
above the negative control (Fig. 27). This peak is consistent with the 50% half-
time recorded when using the CsA washout method for studying uncoating [67],
suggesting that with this system the peak in spots per cell determines the half-
time of uncoating. However, in contrast to the CsA washout study, no significant
difference in the peak number of spots per cell was observed with the
introduction of various CA mutants known to effect capsid stability, or the

introduction of restriction compounds reported to alter the kinetics of capsid
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uncoating (Fig. 27, and 28A). In fact, a slightly premature peak was observed
with the more stable CA mutants (E45A and E128A/R132A) compared to the
non-mutated virus (Fig. 27B). This lack of kinetic change raised concerns that
we were observing viral fusion, rather than actual uncoating events. However,
repeating the assay with vectors prepared without a viral genome, which
produces VSV-G enveloped vesicles without a capsid core, elicited a response
equal to that of the negative control (Fig. 28A).

Viruses were produced in the presence of saquinavir, a protease inhibitor which
obstructs the cleavage of the Gag and Pol polyproteins by HIV-1 protease,
preventing the formation of capsid cores. The rationale behind this being that
prevention of capsid core formation would lead to the production of SunTag
spots directly after viral fusion with the cellular membrane. Unfortunately, no shift
in peak spot formation kinetics was observed in this experiment (Fig. S3A). This
may in part be due, however, to issues with viral quantification, as protease
inhibition also prevented the production of the RT used in PERT analysis. As
such, equivalent volumes of viral preparation were used in both the control
viruses, and those produced in the presence of saquinavir. As a result, a 6-fold
increase in the number of SunTag spots was observed with the latter, which may
have influenced the kinetics of spot formation. To properly analyse the effects of
saquinavir, the experiment needs to be repeated with viral stocks adjusted to

allow for the equivalent numbers of SunTag spots.

Hope and co-workers also reported a delay in uncoating kinetics when using a
HIV-1 WT envelope as opposed to VSV-G pseudotyped viruses [67], which they
attributed to the slower viral fusion with the cellular membrane. However, viruses
prepared with an HXB2 envelope showed a similar, albeit less pronounced, peak
with Operetta analysis (Fig. 28B). Interestingly, unlike VSV-G pseudotyped
viruses, no sharp decline in spots per cell was observed with the HXB2
enveloped viruses, with more of a low, residual count over time; but this may be
due to the low efficiency in infectivity recorded with WT as opposed to VSV-G
pseudotyped particles [216].

In an alternative strategy to confirm whether the spots observed in this assay

were depicting real uncoating events, we made use of the viral RNA binding
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priorities of the APOBEC proteins for the incorporation of the SunTag into the
capsid core [124]. Fascinatingly, a peak in the number of spots per cell was
recorded within the same time frame for the APOBECS3 incorporation of the 24x
repeat array, as with Vpr-IN incorporation (Fig. 29). The only difference in the
kinetics between these two systems being a slower decline after the peak with
APOBEC3G* incorporation of the SunTag.

The use of the Operetta high-content imaging system with a 60x objective
increased the resolution of the images, enabling the discernment of a small but
significant change in the kinetics of SunTag spot formation in the presence of
nevirapine, after the initial peak (Fig. 30A-C). A premature peak in the number of
SunTag spots per cell was also observed with a less stable CA mutant (K203A),
indicative of earlier capsid uncoating (Fig. 30D). It is possible that the 40x
objective was only able to detect the larger, bulk events of capsid uncoating, and
the more intricate events detected using confocal acquisition (Fig. 25) were
missed. Unfortunately, further analysis with the 60x objective was curtailed as

the objective was available on a short-term lease.

Taken together, the 24x SunTag system seems to suggest a prominent initial
uncoating event occurring soon after (20-60 min) viral fusion (Fig. 25, 27-30),
with further uncoating events occurring towards the end of the time course, as
ascertained by confocal microscopy (Fig. 25); the resolution of the Operetta
being too low to capture these later events. Further validation of the 24x SunTag
needs to be carried out, but this system would be ideally suited for live

microscopy performed with higher resolution.

4.4.2 Luciferase analysis of capsid uncoating using the NanoBIT

Capsid uncoating was also analysed using the NanoBIT split luciferase system,
with the small bit (HiBIT) of the split enzyme fused to both the ABOPEC3F/G*
proteins, and to the CTD of IN in a viral vector. A HeLa P4 cell line was prepared
stably expressing the large polypeptide (LgBIiT). Similar to the SunTag peptide
array system, uncoating was measured upon capsid disassembly, in this case
allowing the entry and binding of the cytoplasmic LgBIiT with the capsid

internalised HiBIT, eliciting luminesce in the presence of the NanoLuc substrate.
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Initial tests showed very repeatable peaks of luciferase (representing uncoating)
at approximately 35 min and 45 min p.s. with the HIBIiT fused to A3G* and A3F,
respectively (Fig. 31A). An explanation for the difference could be the action of
the A3F cytidine deaminase inhibiting minus strand DNA transcription, thus
impeding uncoating. Cytidine deaminase activity was restricted with the A3G*
mutant [124], therefore reverse transcription and uncoating could proceed as
normal [67]. Further analysis of the AS3F incorporated HiBiT revealed no
difference in the RLU in the presence of nevirapine compared to a DMSO control
(Fig. 31B). As reverse transcription may already be affected with this cytidine
deaminase, further studies using the NNRTI might be more appropriate with
A3G* HiBIT incorporation. The introduction of the destabilising (K203A) and
stabilising (E128A/R132A) CA mutations caused slightly premature and delayed
peaks in RLU, respectively, compared to the non-mutated CA (Fig. 31C).

Replications of the assay using vectors lacking the viral genome generated
different RLU kinetics compared to true viruses (Fig. 31D), indicating the
observation of uncoating events rather than the fusion of VLPs. This was also
substantiated by transfection with the A3F/G* plasmid alone, which showed
similar RLU kinetics as the VLPs (Fig. S4).

The HIBIiT moiety fused directly to the integrase domain of the molecular clone
resulted in similar peaks in RLU as those derived from the A3F/G* incorporated
HIBIiT (~37 min p.s.) (Fig. 32), indicating that the luminescence kinetics were
derived from the disassembly of the capsid core, rather than from non-specific
events consequent of VSV-G pseudotyped vesicles. A change in the luminescent
kinetics in the presence of restriction compounds known to affect the timing of
uncoating, lent further support to the validity of this assay in tracking capsid
uncoating events. Although some studies suggest that PF74 has a destabilising
effect on the capsid core at high concentrations (= 5 yM) [111][115][130] (Fig.
14C), and we observed a delay in uncoating indicative of capsid stabilisation with
this assay, recent work by Saito and co-workers have suggested a multi-modal
action of PF74 on capsid uncoating, depending on the concentrations used [131].

This highlights the complexity surrounding this process, which is likely to be cell
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line dependent, and the requirement for further validation of this assay, also

within distinct cell lines.

The table below (Table 2) highlights some of the strengths and weaknesses of

the three capsid uncoating systems developed in this project.

Method Criteria  Score Comments

Very sensitive (x,y resolution <300 nm), detects

restriction compound/CA mutant specific changes

in uncoating kinetics

CA- v Imaging different cell sets over time, large
Robustness difference in kinetics between biological replicates

GFP/mKO + > .

Preparation of samples on separate coverslips and

Sensitivity/ VY
Specificity

Vpr-Integrase :-'r:rgohu- hout x confocal acquisition of individual time points very
(Confocal) ghp labour intensive; two conditions per assay
Cost Standard reagents used (with the exception of
_- // . . .
effectiveness microscope slides and VECTASHIELD mounting
medium)
Sensitivity/ v Limited kinetic changes upon addition of restriction
Specificity compounds or capsid mutations
24xSunTag Robustness v’y Similar fluorescence kinetics between assays
(Operetta) High- VY 96-well plate, many conditions per assay
throughput
Cost- v Requires use of CellCarrier-96-well, tissue culture-
effectiveness treated plates with optically clear base

Small kinetic changes upon addition of restriction

Sensitivity/
y vV compounds or capsid mutations

Specificity
HiBiT Robustness v'v" Similar luminescence kinetics between assays
High- 96-well plate, many conditions per assay
(Tecan) throughput Y
Cost- Requires use of 96 well plates, white flat bottom

x tissue culture plates and Nano-Glo® Live Cell

effectiveness
Reagent

Table 2. Summary of the three systems developed for studying capsid uncoating. The table
shows a qualitative summary of the strengths and weaknesses of the three assays developed in
this project, using the criteria — sensitivity and specificity, robustness, high-throughput capability
and cost-effectiveness. Sensitivity and specificity was judged on the response of the capsid
uncoating assay to CA mutations and restriction compounds and, in the case of the dual-labelled

assay, comparison with manual counting of spots for false positives/negatives.
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CONCLUSION

Much is yet unknown about the process of capsid uncoating. The fragility of the
capsid core and its sensitivity to structural and chemical manipulation make it
very difficult to study in vivo, which can be attested to by the diverse techniques
that have been employed to investigate capsid uncoating (section 1.7). Different
results can be obtained depending upon the system employed to study it, which
is why three models of uncoating have been proposed (section 1.5). Capsid
disassembly can also vary depending on the cell type infected, and is affected by
the envelope used for pseudotyping (Fig. 28) [67][150][229]. This is likely to be
due to the large number of cellular host factors that CA has been reported to bind
and interact with (section 1.8.3) [58][54][56], which would be expressed in
variable amounts depending on the cell line used. Using three distinct systems
for studying uncoating: 1) dual-fluorescent labelling, 2) incorporation of a SunTag
peptide array, and 3) a split luciferase reporter, we have shown that capsid
uncoating is likely to be a biphasic process, with an initial peak of uncoating
shortly after cellular entry (Fig. 25, 27-32) followed by a more gradual
disassembly as the PIC traffics towards the nucleus (Fig. 14 and 19). A portion
of the capsid is likely to remain with the PIC to facilitate docking with nuclear
proteins at the NPC (section 1.4.5). This may explain the observation of CA
colocalisation with IN at the end of the time courses, when studying uncoating
with the dual-fluorescently labelled virus using confocal microscopy (Fig. 14).
That a portion of the capsid remains with the PIC until nuclear translocation, fits
well with the view that the capsid core may act as a shield to protect the viral
genome from detection by cellular innate immune sensors (section 1.4.2). The
visualisation of CA colocalised with IN in the nucleus of infected cells (Fig. 20),
also lends further evidence to the notion of a potential role for CA in the nuclear
import and integration of the PIC (section 1.4.5/6).

Finally, preliminary studies using the split-luciferase system for measuring capsid
uncoating, show great potential for the development of a high-throughput assay
for screening candidate compounds that restrict HIV-1 infection by targeting the
stability of the capsid core. The conservative nature of the viral core and the
large number of cellular factors it has been shown to associate with, suggests

that it is very unlikely to be able to evolve resistance to restriction factors, making
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it an ideal target for therapeutic intervention. Restriction compounds that speed
up uncoating would be particularly effective, as this would have the twofold
action of impairing infection due to the close interconnectedness between timely
uncoating and optimal integration; and the activation of an innate cellular antiviral

response through the exposure of the viral genome.
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FUTURE PERSPECTIVES

All three systems developed for analysing uncoating need further validation to
determine the sensitivity and specificity of these assays. Analysis of these
assays within separate cells lines will also determine the robustness of these
systems, and provide essential new understanding on the host-specific effects on

uncoating.

The dual-labelled virus and the 24xSunTag assays will be further optimised for
use with high-resolution live microscopy, such as the TILL Photonics iMic2 total
internal reflection (TIRF) system. This will enable more sensitive live analysis of
the uncoating events occurring towards the end of the time courses, at the point
at which the PIC attaches to the NPC.

Further investigation of the dual-labelled virus in conjunction with protein
knockdowns or the fluorescent labelling of cellular proteins (e.g. CypA, Nup358,
Nupl153, TNPO3 and CPSF6) would be useful for analysis of the interaction of
CA with these proteins during nuclear import and viral integration.

High-resolution live microscopy of the repeat peptide SunTag system with
viruses prepared with the S15-mCherry membrane marker (a fluorescently
labelled fusion protein containing the 15 N-terminal amino acid membrane
targeting domain of the Src tyrosine kinase p60°S [192]), would allow better

elucidation of the uncoating events occurring directly after membrane fusion.

Finally, further analysis needs to be done on the split-luciferase system of
analysing uncoating, including additional tests with the HIBiT peptide fused
directly to the CTD of IN in the NL4.3 molecular clone. The advantage of the
latter being that VLPs are less likely to be produced when using full length viral
vectors in the production of viruses. The speed, sensitivity and reproducibility of
the split-luciferase capsid uncoating assay, makes this an ideal system for the
screening of candidate compounds restricting one of the more conserved events
of the HIV-1 lifecycle.
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SUPPORTING INFORMATION
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Figure S1. Graph showing the bleed-through from the GFP into the mCherry channel. HeLa
P4 cells were transduced with 1 RTU of a HXB2 enveloped NL4-3 virus trans-incorporated with
MA-CA-GFP only, and confocal images acquired using the standard settings for mCherry

fluorophore acquisition (ex. at 543 nm, emission capture from 560 to 800 nm).
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Figure S2. Bleaching profile of SunTag spots over time. HeLa P4 cells stably producing scFv-
sfGFP were transduced with SunTag incorporated viruses and the spot intensity in relation to the
background scFv-sfGFP in the cellular cytoplasm measured over time. SEM n = 4 technical

repeats.
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Figure S3. Number of SunTag spots per cell time post-spinoculation with viruses
produced in the presence of saquinavir and in virus restricting TRIM-CypA producing cell
lines. (A) IN-24xST viruses were produced in the presence of the protease inhibitor saquinavir
and used to infect HeLa P4 cells stably producing the scFv-sfGFP antibody. (B) Transduction of
scFv-sfGFP TZM-bl clone cells stably producing TRIMCypA or the TRIMCypA mutant. SEM n =3
technical repeats.
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Figure S4. Depletion of Nano-Glo substrate. To ascertain whether we were observing the
kinetics of capsid uncoating, and not the depletion of the Nano-Glo substrate, the experiment was
repeated using the A3F-HiBiT virus with the addition of extra substrate at 75 min p.s. (when a
reduction in signal in previous tests was detected). An immediate increase in signal was
observed, with an instantaneous depletion in RLU after this time point, suggesting the addition of
substrate fuelled the enzyme already present. Also shown is the pBTe2-A3F plasmid only
positive control, which displays completely different RLU kinetics to the HiBiT incorporated

viruses. SEM n = 3 technical repeats.
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