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Abstract

The HIV-1 capsid has been recognised as an attractive antiviral target due to its central
role during infection. It acts as a shield to protect the viral genome, facilitates reverse
transcription, engages with the nuclear pore complex, and directs integration site
targeting. To achieve all of these functions, the capsid disassembles, in a process
referred to as uncoating, with temporal and spatial precision. HIV has evolved to exploit
a network of host cofactors to regulate capsid stability while the cell has developed
restriction factors that recognise the CA lattice to block infection. Despite of that, only
few host binders have been identified, and their precise role is not well understood. The
fragility of the capsid has so far hindered the development of methods sensitive enough
to identify different uncoating behaviours in a high throughput way to allow detailed

kinetic studies of how molecules alter capsid stability.

Here, we have developed a single-particle fluorescence microscopy method to follow
the real-time uncoating kinetics of authentic HIV capsids in vitro. This novel assay
allows us to visualise the dynamic interactions of molecules with hundreds of individual
capsids and determine their effect on capsid stability. We found that spontaneous
uncoating is initiated shortly after the viral membrane is compromised. The opening of
the first defect in the lattice is the rate-limiting step of uncoating, which is followed by a
rapid, catastrophic collapse. Interestingly, we found that the two phases of uncoating
can be modulated differentially. Binding of factors to the CAnto.cto hexameric interface,
such as PF74 and CPSF6,, accelerate or do not alter capsid opening but strongly
stabilise the remaining lattice. In contrast, binding of polyanions to the central capsid
pore, such as hexacarboxybenzene and the newly discovered CA-binders IP6 and
ATP, strongly delay initiation of uncoating but do not prevent subsequent lattice
disassembly. We also determined that CPSF6 binds the HIV-1 capsid with higher
affinity than previously reported. This is the first report demonstrating the differential
effect on uncoating of capsid binders, and we believe that our novel assay can provide

a powerful tool on the development of antiviral drugs.
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Chapter 1

Literature Review




1. Literature Review

1.1. HIV and AIDS

The acquired immune deficiency syndrome (AIDS) is the final stage of the human
immunodeficiency virus (HIV) infection. It is characterised by a severe weakening of
the immune system which lead to increased susceptibility to a wide range of
opportunistic infections (OIs) such as Pneumocystis pneumonia, bacterial enteric
infections, candidiasis, and tuberculosis, the leading cause of AIDS-related deaths
[1][2]. The earliest known case derives from a blood sample collected in 1959 in the
capital of the Democratic Republic of the Congo, where fragments of the HIV-1
genome were found [3]. In 1981 an alarming number of cases were reported in the
United States, and three years later, with more than 8000 cases were reported in the
US and Europe, the new T-lymphotropic virus Il (HTLV Ill) isolated by Frangoise
Barré-Sinoussi and colleagues [4] was identified as the causative agent of AIDS [5]. In
1986 the virus was officially re-named as the human immunodeficiency virus (HIV) by
the International Committee on the Taxonomy of Viruses [6]. Since then, HIV/AIDS has
become a worldwide epidemic causing more than 34 million deaths in addition to

almost 37 million people infected by 2016 [7].

Two types of HIV have been identified. HIV type 2 (HIV-2) is less prevalent and it is
found principally in western Africa, while HIV type 1 (HIV-1) is the most widespread and
pathogenic. Within HIV-1, several groups are recognised: the main group (M), outlier
group (O) and non-M/non-O group (N). 10 different subtypes (clade A-K) have been
identified within the group M, exposing a high genetic variability of HIV [8].

HIV-1 can be transmitted through mucosal surfaces contact, perinatal route and
percutaneous inoculation, however nearly 70% of infections are due heterosexual
unprotected sex [9]. Upon transmission, the virus infects primary CD4 positive (CD4+)
T lymphocytes [10], but also macrophages, dendritic cells and other cell types [11],
[12]. It causes a systemic infection that leads to a progressive death of infected and

non-infected CD4+ T cells, resulting in a chronically suppressed immune system.

Antiretroviral therapy is the only treatment available, since preventive HIV-1 vaccines
have not been successfully generated yet [13]. Currently, there are almost 40 approved
compounds that target different stages of the viral cycle [14]. The combined use of

three or more of them, known as combination antiretroviral therapy (CART or HAART),



has been considerably more effective than single drug use and has increased life
expectancy by 13 years, converting AIDS from a fatal diagnosis to a chronically
managed disease. Despite the success of HAART in suppressing active viral
replication and spread, AIDS is still an incurable disease due to HAART-associated
toxicities [15], persistence of drug-insensitive latent provirus in viral reservoirs [16] and
multi-antiviral resistance variant appearance [17]. HIV-1 has extremely high mutation
rates, which increases its probability of evolving resistance against antiretroviral drugs
to successfully evade the immune system [18]. It is therefore necessary to develop new

therapeutic strategies to control HIV infection.

1.2.  Viral structure and life cycle

1.2.1. HIV-1 virion

HIV-1 belongs to the Lentivirus genus, within the Retroviridae family. Retroviruses are
enveloped viruses with a positive-sense single-stranded RNA ((+)ssRNA) genome. To
successfully achieve infection, they reverse transcribe their genetic material into DNA
by using their own reverse transcriptase (RT) enzyme. The double-stranded viral DNA
is then integrated into the host chromosome and the resultant provirus is used as a
template for the production of future viral progeny, maintaining a persisting infection
within the host [19]. As a lentivirus, HIV-1 is able to efficiently infect dividing cells as
well as non-dividing cells. Lentiviruses can import their genome into the host nucleus

independently of cell cycle stage [20].

Electron microscopy (EM) images of mature HIV-1 virions revealed that they are
roughly spherical with a diameter between 120 to 160 nm [21]. The envelope of a viral
particle consists of a lipid bilayer derived from the plasma membrane of the infected
cell (Figure 1.1). Proteins derived from the host plasma membrane such as HLA-DR, a
cell surface receptor from the major histocompatibility complex (MHC) family of
proteins, are embedded in the viral envelope [22]. About 14 trimeric envelope
glycoprotein (Env) spikes are anchored to the viral membrane. Each spike is composed
of three surface envelope glycoprotein (gpl120) and three transmembrane envelope
glycoprotein (gp41) subunits [23]. The inner leaflet of the viral membrane is associated
with an irregular matrix made of MA (p17) proteins [24]. Inside, the conical capsid shell
formed by the CA (p24) protein [25] encloses two copies of the (+)ssRNA viral genome
[26]. Each copy is covered by multiple molecules of the NC protein (p7), and
associates with the viral RT, integrase (IN), and with cellular tRNAs forming the

ribonucleoprotein complex (RNP) [27], [28]. The viral proteins P6, Vpr, Nef and Vif are



also incorporated into the viral particles, mainly within the viral core [29]-[31] (Figure
1.1).

Figure 1.1. Structure of a mature HIV-1 particle. HIV-1 particles are spherical
particles with a diameter of ~120 - 160 nm. The outermost layer of a mature virion is
composed of a lipid bilayer containing the envelope glycoproteins gp120 and gp41. MA
proteins are associated with the inner leaflet of the viral membrane. The viral core on
the inside of the particle consists of the viral capsid assembled from CA proteins and
the ribonucleoprotein complex (RNP). The RNP consists of two copies of a positive-
sense single-stranded RNA covered by NC proteins and associated with the viral
integrase (IN), reverse transcriptase (RT) and cellular tRNAs. The viral proteins P6,
Vpr, Nef and Vif are also packaged within the viral particles. lllustration modified from

ViralZone (www.expasy.org/viralzone, SIB Swiss Institute of Bioinformatics).

1.2.2. HIV-1 genome

The HIV-1 RNA genome is approximately 9.7 kilobases (kb) in length and encodes
fifteen viral proteins contained in nine open-reading frames (ORF). These nine genes
can be classified in three different groups: structural genes (gag, pol, env), regulatory

genes (tat, rev) and accessory genes (nef, vif, vpr, vpu) (Figure 1.2) [32].

Structural genes

The gag gene produces a 55 kDa polyprotein precursor that is the main component

responsible for particle assembly. It comprises four smaller proteins, MA, CA, NC and



p6 (from N-terminus to C-terminus), as well as two spacer peptides, SP1 located
between CA and NC, and SP2 located between NC and P6 (Figure 1.2). In the
immature viral particle, ~5000 Gag precursors assemble in a radial manner [33]. It has
been shown that MA mediates binding of Gag with the host cell membrane and is
required for incorporating Env into the virions [34], [35]. During assembly, the CA
protein drives Gag multimerisation, forming a hexameric lattice [36]. NC protein is
involved in packaging the viral RNA into the virion during assembly and facilitating
structural rearrangements of the genome to allow reverse transcription, a process that
occurs after cell entry [37]. The P6 domain recruits the endosomal sorting complex
required for transport (ESCRT) machinery through two late assembly domains (L-
domains) facilitating budding and release from the producer cell [38]. During
maturation, the individual proteins are cleaved, and the CA molecules rearrange to

form the fullerene-like capsid [39].

The pol gene gives rise to the viral protease (PR), responsible for proteolytic cleavage
after budding of the viral particle, and to reverse transcriptase (RT) and integrase (IN),
enzymes involved in the reverse transcription and integration of the viral DNA into the
host genome [40], [41] (Figure 1.2). During replication, the transcription of pol occurs
as part of the Gag-Pol precursor (p160) due to a frame shift during translation. This
frame shift happens approximately 1 every 20 translations, resulting in a 1:20

stoichiometry Gag:Gag-Pol [42].

The env sequence encodes the envelope glycoprotein precursor gpl60, which is
cleaved into two subunits: the surface domain gp120 that mediates the recognition and
attachment to the target receptor and the transmembrane domain gp4l1, which

promotes membrane fusion [43].

Requlatory genes

The tat gene encodes the viral transcriptional trans-activator (Tat), responsible for
enhancing the efficiency of viral transcription. It binds to the trans-activating response
element (TAR), a loop structure found at the 5' end of all HIV-1 mRNAs, and recruits
the cyclin T1-CDK9 complex that phosphorylates the RNA polymerase Il allowing

efficient elongation of the nascent viral RNAs [44].

The regulator of the expression of the virion (Rev) is produced by the rev gene and
mediates the export of unspliced HIV mRNAs from the nucleus to the cytoplasm by

binding to the Rev-response element (RRE) [45].

5



Accessory genes

The accessory genes nef, vif, vpr and vpu encode elements that play crucial roles
during HIV infection [46]. The negative regulatory factor (Nef) and the viral protein U
(Vpu) promote virion infectivity by down regulating several host cellular proteins, such
as CD4 and MHC I. The viral infectivity factor (Vif) neutralises the innate antiviral
activity of the host factor APOBEC3G (apolipoprotein B  mRNA editing enzyme,
catalytic polypeptide-like 3G) by poly-ubiquitination and degradation via the
proteasome pathway. The viral protein R (Vpr) assists in the nuclear transport of the
reverse transcription complex (RTC) during infection in quiescent cells and arrests

infected cells in the G2 phase of cell cycle causing apoptosis of the cell [46].

Figure 1.2. HIV-1 genome. The HIV-1 RNA genome is ~9.7 kb, and encodes 9 open
reading frames flanked by two long terminal repeats (LTRs) that contain regulatory
regions for gene expression. The main structural proteins, Gag and Pol, are
synthesised as polyproteins, whereby the Gag-Pol protein precursor is expressed as a
result of a ribosomal frame-shift. The polyproteins are subsequently cleaved by viral
protease (PR) into subunits. Gag gives rise to MA, CA, spl, NC, sp2 and p6; and Pol
subunits are PR, reverse transcriptase (RT) and integrase (IN). The env gene produces
gpl20 and gp4l, and the regulatory (tat and rev) and accessory genes (nef, vif, vpr
and vpu) are also codified. Image modified from ViralZone (www.expasy.org/viralzone,

SIB Swiss Institute of Bioinformatics).

HIV-1 gene expression is driven by the long terminal repeats (LTR) regions located on
both ends of the genome. Each LTR is an almost-identical noncoding region of 640
base pairs (bp), which contain regulatory signals and binding sites for host and viral
factors to allow gene expression. Furthermore, the end of the LTRs are used for
integration into the host genome. Once integrated, the 5 end LTR functions as
promoter to initiate production of mMRNA transcript for the entire genome while the 3’

end LTR acts in transcription termination and polyadenylation [47], [48].
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1.2.3. Replication cycle

The HIV replication cycle is generally divided in two phases, the early stage (pre-
integration) and late stage (post-integration). It includes the following steps: binding to
the target membrane and fusion (Figure 1.3A-B); uncoating and reverse transcription
(Figure 1.3C); nuclear import and integration (Figure 1.3D); viral gene expression

(Figure 1.3E-F); assembly, budding and maturation (Figure 1.3G-I).

Figure 1.3. HIV-1 replication cycle. (A) A mature virion binds to a CD4 receptor and
co-receptors (CCR5 orCXCR4) present on the surface of the target cell. (B) These
interactions promote the fusion of the viral membrane with the cellular membrane and
the release of the core into the cytoplasm. (C) The RNA genome is then reverse
transcribed to yield double-stranded viral DNA, which becomes part of the pre-
integration complex (PIC). At some point during these events the capsid core
disassembles, in a process known as uncoating. (D) The PIC is translocated into the
nucleus and the viral genome is integrated into the host genome forming the provirus.
(E-F) Production of progeny is initiated by transcription and translation of the provirus
to yield new viral RNA and proteins. (G-H) Viral components are transported across the
cytoplasm and assembled at the cellular membrane, where they bud as immature

virions. () The viral protease then cleaves Gag and Gag-Pol precursors leading to a



structural rearrangement that ends with the formation of the fullerene capsid. Figure
adapted from [49], [50].

Early stage of HIV infection

The HIV-1 life cycle starts when the virion recognises the target cell and binds to the
CD4 receptor through the gp120 glycoprotein (Figure 1.3A). This binding promotes a
conformational change in gp120, exposing its co-receptor binding site, where either C-
C chemokine receptor-5 (CCR5) or CXC chemokine receptor-4 (CXCR4) can bind. Co-
receptor binding triggers a conformational change in gp41, resulting in the fusion of the
viral with the cell membrane, and the release of the core into the cytoplasm (Figure
1.3B) [43]. Even though the conventional model for HIV-1 entry is its direct fusion with
the plasma membrane, there is evidence to support the existence of an alternative
endocytic pathway for entry. Both pathways may not be mutually exclusive, since HIV-1

infects diverse cell types and uses different modes of viral transmission [51]

Following entry, reverse transcription occurs and the viral capsid disassembles in order
to allow nuclear import of the viral dsDNA and establish infection (Figure 1.3C).
Whether uncoating happens concurrently with reverse transcription is unclear, and
different models for this process will be discussed in detail in the following sections.
Reverse transcription is initiated upon entry of the capsid into the cytoplasm, leading to
the formation of the reverse transcription complex (RTC). During reverse transcription,
a linear double-stranded DNA is produced by using the (+)ssRNA genome as template
and cellular deoxynucleoside triphosphates (dNTPs) as substrates [52], [53]. The
resulting viral dsDNA is associated with IN and various other viral components and
host proteins to form the pre-integration complex (PIC) [54]. Genome-containing
complexes (RTC/PIC) travel through the cytoplasm to the nucleus, initially using the
actin cytoskeleton and then the microtubule network [55]-[58]. Once it reaches the
nuclear membrane, the viral PIC is actively translocated through the nuclear pore
complex into the nucleus. IN catalyses the integration of the viral genome into a host
chromosome, giving rise to the HIV-1 provirus (Figure 1.3D) [59]. The location in the
host genome where the viral genome integrates is not specific, but weak palindromic
sequences within active transcription units are favoured [40], [60]. An alternative
outcome to integration is the circularisation of the viral DNA, a process that does not
lead to infection [61]. In this case, dissociation of the PIC proteins permits the ligation

of the two ends of the viral DNA, forming a 2-long terminal repeats (2-LTR) circle.



Late stage of HIV infection

In order to produce new viral particles, transcription of the provirus is initiated from the
5" LTR by the host RNA polymerase Il (Figure 1.3E). The first transcripts are fully
spliced mRNAs encoding tat and rev. Early translated Tat and Rev proteins enhance
the transcription and translation of singly spliced or unspliced viral sequences to
synthetise the rest of the viral components [62]. Translation of the viral genes occurs
on free cytoplasmic ribosomes except for the Env precursor, which is translated at the
membrane of the endoplasmic reticulum (ER) (Figure 1.3F). The membrane-bound
gpl60 protein is then processed in the Golgi complex where is glycosylated and
cleaved into its two subunits, gp120 and gp41, followed by its transportation to the cell

membrane [63].

Particle assembly takes place in lipid rafts at the plasma membrane were Gag/Gag-Pol
accumulation orchestrates packaging of viral proteins and genomic (+)ssRNA (Figure
1.3G) [64]. The MA domain of Gag promotes its targeting to the membrane and assists
in Env incorporation via interaction with the cytoplasmic tail of the gp41 subunit. The
CA domain mediates Gag multimerisation, forcing a spherical arrangement. The two
copies of the RNA that will serve as genome for the virion are encapsidated through
interactions with the NC domain of Gag. Other viral proteins are also packaged within
the viral particle, including RT, IN and Vpr [25], [65]. Finally, P6 recruits the ESCRT
machinery enabling budding of immature viral particles (Figure 1.3H). Maturation of
these non-infectious virions follows soon after their release and is the result of
proteolytic processing of Gag and Pol by the viral protease. Cleavage of the precursors
induce dramatic structural rearrangements ending with the assembly of the conical

capsid (Figure 1.3I) [66]. Viral progeny can now spread and infect other cells.

The HIV-1 replication cycle is a very complex process, which is reflected in the low
infectivity rates. It was found that just one particle per 3,500 virions are infectious [67],
although a more austere number, 1 in 8 virions, was also reported [68]. Proper
formation of the viral capsid has been shown to be critical for infectivity, as only mature

viruses are infectious [69].

1.3. HIV-1 capsid
The term ‘capsid’ is often used to refer to both the CA (p24) monomer and the fullerene
core. In this thesis, ‘CA’ will be used to describe the monomeric protein while ‘capsid’

will be used to describe the assembled conical shell.



The HIV-1 CA lattice plays essential roles in both early and late stages of the viral
replication cycle (see section 1.3.3). Studies have shown that it acts as a shield to
protect the viral genome [70], [71], facilitates reverse transcription [72], engages with
the nuclear pore complex [73]-[75], and directs integration site targeting [76]-[78].
Spatiotemporal control of the capsid disassembly is then crucial for the virus, as it has
to achieve all of these functions within the cell. To do so, the virus has evolved to
exploit a network of supplementary proteins or cofactors to regulate uncoating and
evade its detection. On the contrary, the cell has developed restriction factors that
recognise the capsid lattice and block infection either promoting premature uncoating
or preventing uncoating. Overall, the capsid has evolved as a finely tuned molecular
complex that serves as an interaction platform for different proteins but also needs to
be optimised for assembly and stability, whereby interfering with these properties can
disrupt critical steps in the infection pathway. As such, HIV-1 CA exhibits extreme
genetic fragility, whereby many single point mutations are associated with replication

deficiency [79].

Due to the importance of the viral capsid during the replication cycle and the genetic
fragility of CA, the HIV-1 capsid has been recognised as an attractive antiviral target.
The development of compounds targeting the HIV-1 capsid has several advantages:
capsid-targeting compounds could stop HIV-1 replication in a large number of steps of
the life cycle; they could prevent binding of host molecules required for infection; the
probability of the virus to give rise to mutations that confer resistance to the drug are

very low as it has to maintain a delicate balance in the functions of the capsid.

Despite the central role of the capsid in the HIV-1 life cycle, only few host capsid-
binding proteins have been identified and the precise mechanisms of how they
modulate infection are not clear. Understanding capsid-binding host factors is therefore
particularly necessary, but the lack of rapid and sensitive methods to screen for capsid-
binding molecules and test their effect on uncoating has prevented progress in this

matter.

1.3.1. CA monomer

The HIV-1 CA is a 24 kDa protein with two independently folded domains linked by a 5-
residue flexible peptide (Figure 1.4A) [80]-[83]. The amino-terminal domain (CAntp,
residues 1-145) is made up of 7 a-helices (H1-H7) and an amino-terminal p-hairpin,
forming an arrowhead shape. Between the helices 4 and 5, an extended loop forms a

hydrophobic motif (residues 85-93) that binds the host protein cyclophilin A (CypA),
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known as the CypA-binding loop [84], [85]. The carboxyl-terminal domain (CActp,
residues 150-221) has a more globular geometry. It contains 4 a-helices (H8-H11) and
a short single-turn 330 helix at the N-terminal end [86]. In helix 8, there is a highly
conserved 20 residue long motif known as the major homology region (MHR), which
has been shown to be critical for particle assembly [87]. In solution, HIV- 1 CA
dimerises with a dissociation constant (Kp) of 18 puM and the dimerisation interface is

highly dependent on the residues Trp*®* and Met'®* from H9 helix of the CAcrp [86].

Figure 1.4. HIV-1 CA, hexamer and assembled capsid. (A) HIV-1 contains 11 a
helices (H1-H11) arranged into an amino-terminal domain (NTD) and a carboxyl-
terminal domain (CTD). The cyclophilin-A binding loop (CypA-BL) in CAntp is coloured
in cyan and the helices highlighted in purple, yellow and black are involved in the

intermolecular interactions, which contribute to the formation of hexameric and
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pentameric rings. The helices H9 (orange), H10 (dark blue) and H11 (fuchsia) in CActp
engage in interactions that hold together different hexamers and pentamers to
assemble a larger structure. (B) Top and side view of a CA hexamer, including a cross-
section that shows the cavity above the R18 ring (cyan) with the B-hairpin (pink) in an
open conformation. (C) Arrangement of hexamers within the HIV-1 capsid lattice. The
2-fold, 3-fold, and 6-fold symmetry axes are indicated by red ellipses, triangles, and
hexagons, respectively. (D) 3D representation of a mature capsid core, showing the
spatial configuration of the hexamers (orange) and pentamers (yellow). The twelve CA
pentamers are present at the ends of the structure creating the distinctive fullerene

shape. Figures adapted from [88]—[90].

When the HIV-1 CA is compared with CAs from other retroviruses, minimal sequence
conservation is observed (~20%), except for the MHR in CActp. However, the tertiary
structure of CA is highly conserved among retroviruses [91]. This conservation
suggests that the CA structure has crucial characteristics as a building block to

construct the capsid shell.

1.3.2. Capsid structure

Assembled HIV-1 capsids have a cone/fullerene shape, with sizes ranging 100-200 nm
in length and 45-60 nm in width (Figure 1.4D) [21], [92]. It is composed of CA
organised in ~250 hexamers and exactly 12 pentamers [21], [33]. The distribution of
the pentamers, seven located at the base and five at the tip, induces high curvature

allowing the closure of the capsid shell [92], [93].

Within the assembled pentamers and hexamers, each CAyp is located to the centre of
the ring structure, oriented to the outer surface of the capsid (Figure 1.4B). The NTD-
NTD interface is formed by intermolecular interactions between the H1 and H3 from
one CA with the H2 of the adjacent CA. This forms an 18-helix bundle at the centre, a
structure that obeys a 6-fold rotational symmetry [81]. The interactions between the
NTDs are the main interactions that stabilise the pentameric/hexameric subunit
although the interface formed between CAyrp-CActp from contiguous monomers is also
involved in maintaining the intra-subunit structure [89], [94]. This NTD-CTD interface,
which involves helices 4, 7, 8 and 11 serves as a binding pocket to diverse host factors
such as nucleoporin 153 (NUP153) and the cleavage and polyadenylation specificity
factor 6 (CPSF6) [75], [95]-[97]. The small compounds PF74 and BI-2 also target the
same binding interface [96], [98].
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The six CTDs are positioned to the ring’s edge and oriented towards the interior of the
capsid shell. Neighbouring hexamers/pentamers in the capsid lattice are held together
by CTD-CTD contacts (Figure 1.4C). This interface is stabilised by hydrophobic
interactions between H9 of two CAs from different hexamers forming the dimer
interface (2-fold axis) [81], [86]. Residues from H10 and H11 have also been shown to
be involved in the interconnection of hexameric subunits by the formation of a three-
helix bundle at the 3-fold interface formed between hexamers [92], [99]. The intrinsic
flexibility of this region, especially of the H9 helix, is probably essential to allow the

curvature needed for the assembly of a closed core.

In 2016 Jacques et al. described a new feature of the CA hexamer [72]. A cavity of
about 25 A deep and 3,240 A® in volume exist at the centre of the hexamer (Figure
1.4B, bottom side view). On the outer surface, the p-hairpins act as a cap that can
open and close depending on pH. Low pH causes the p-hairpins to open while high pH
triggers a closed conformation. At the bottom of the chamber there is a highly positively
charged pore formed by a ring of six arginine residues (R18). This R18 pore can also

adopt multiple conformations with a maximum diameter of 8 A [72].

What drives CA proteins to join together and create a fully closed core with exactly 12
pentamers is not clear. The position of the pentamers allows different geometries to be
formed: tubular capsids arise when 6 pentamers are located at each end of the
cylindrical tube, or spherical capsids are formed if pentamers are evenly distributed in
the lattice [100], [101]. Indeed, different capsid forms such as cylinders and
pleomorphic shapes can be found in HIV-1 virions, as well as many unclosed cones or
multiple small capsids [21], [25], [102], [103].

Around ~5000 copies of the Gag polyprotein are packaged into the viral particles, but
the HIV-1 capsid comprises just 1000-1500 copies of CA. This means that more than
half of the CA proteins contained within the virion do not form part of the main lattice
[33]. The role of the free CA is not well understood, but it has been speculated that the
high protein concentration inside the virus may assist in maintaining the capsid
organisation. Efforts to isolate HIV-1 cores from virus preparation have shown that they
are extremely unstable, with just ~15% of the input CA recovered as assembled lattice
[104], [105]. Furthermore, CA complexes can be assembled in vitro but high ionic
strength or crowding agents are needed to stabilise them [106]-[108]. The stability of
the HIV-1 capsid within the virion not only depends on itself, but also relies on the

interaction with other viral components. For example, it has been shown that Vif [30]
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and the viral integrase [109] are essential for optimal stability of the viral core. Overall,
the high degree of polymorphism, poor assembly fidelity and intrinsic core instability

has made the HIV capsid a technically challenging entity to study.

1.3.3. Roles of CA/ Capsid during infection
The HIV-1 capsid orchestrates several steps of the viral cycle. Here, different roles of

CA in the early phase of infection are described.

1.3.3.1. Protection of viral genome and immune evasion

The most recognisable role of the capsid is the protection of the viral RNA and proteins
within the cytoplasm of the infected cell. The capsid shell is assembled upon
maturation of the virus, encapsidating the genetic material inside. In early years, it was
thought that its only role was to ensure the correct delivery of the genome into the
target cell. This idea was based on analysis of the RTC components, where CA was
not found [52], [54]. However, latest evidences revealed new roles of CA in HIV-1

infectivity, including immune evasion.

Typically, an innate antiviral response is triggered in cells following viral entry in order
to create a hostile environment for the infectious agent. In that situation, the cell
recognises the viral nucleic acids and then induces an interferon (IFN) response to
activate the immune system to fight the pathogen. Surprisingly, HIV-1 infection of
lymphocytes and macrophages does not induce antiviral IFN responses, even though
the high error rate of the viral RT produces high amounts of non-productive dsDNA that
should trigger the host sensors [110]. Studies have shown that evasion of the immune
system recognition is accomplished by the viral capsid [70], [71]. HIV-1 bearing the CA
mutations N74D and P90A cannot replicate in primary human monocyte-derived
macrophages because these cells activate the innate response [71]. Interestingly,
these mutants are impaired for CA interaction with the host proteins CPSF6 and CypA,
respectively, suggesting that the capsid utilises host factors to hide from the immune
sensors. Capsids with increased affinity for CypA also fail to prevent detection by
immune sensor [70], implying that binding per se is insufficient, but the interaction has

to be functional.

1.3.3.2. Reverse transcription
Conversion of the viral ssRNA into dsDNA is a key step in HIV-1 infection. This reverse
transcription reaction is a complex process requiring different catalytic activities that are

carried out by RT, and includes strand transfer events [111]. It is generally accepted
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that reverse transcription is initiated in the closed capsid, which served as a reaction
compartment that maintains association of RT with the viral genetic material. Whether
reverse transcription is also completed inside the closed capsid or after the capsid has
started to disassemble is not clear, as there is evidence supporting both alternatives. It
has been shown that reverse transcription can take place within the closed capsid
[112], as long as it is supplied with dNTPs. The recently discovered electropositive pore
at the centre of the CA hexamers supports the binding of nucleotides with high affinity
[72]. This pore was shown to be essential in an in vitro reverse transcription assay,
suggesting that the virus could use it for nucleotide recruitment to regulate reverse
transcription inside the host cell. Nevertheless, several host proteins have been
identified to be critical for efficient completion of reverse transcription within the cell.
This observation suggests that capsid must open, or at least be permeable, to host

cofactors in order to allow their interaction with the RTC [113].

Regardless of whether the capsid uncoats during or after the formation of the viral
dsDNA, optimal stability of the core has been shown to be crucial for efficient reverse
transcription. Mutations that either reduce or increase its stability impair reverse
transcription [105], [114], and induction of premature uncoating with PF74 [115] or
TRIM5a. also decreases RT activity [116]. Conversely, reverse transcription has been
shown to influence capsid stability. Inhibition of reverse transcription with drugs or
mutations in RT results in increased stability of the viral core [117], [118]. A recent
paper proposed that viral DNA mechanically triggers initiation of capsid disassembly
[119], whereby conversion of the flexible sSRNA into a rigid dsDNA molecule provides
the pressure to initiate capsid uncoating. Although the precise timing of uncoating and
reverse transcription is still not well understood, it is apparent that there is a tight

relationship between these processes.

1.3.3.3. Transport towards the nucleus

The trafficking of the viral genetic material towards the nucleus utilises the microtubule
network. Several studies have linked the HIV capsid with the movement through the
cytoplasm, more specifically by interaction with dynein [55], [57]. Disruption of the
microtubule-mediated transport or depletion of the microtubule motors such as dynein
or kinesin-1 delays uncoating [57], [58], supporting the role of CA in the transport

towards the nucleus.
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1.3.4. Nuclear entry and integration

One of the characteristics of lentiviruses is that they can efficiently infect non-dividing
cells because they actively translocate their genome into the host nucleus [20]. The
ability to enter the nucleus via the nuclear pore complex is dependent on the capsid.
Chimeric viruses in which HIV-1 CA is replaced with the corresponding sequence from
murine leukemia virus (MLV) are unable to infect nondividing cells [120]. The same
result is obtained with viruses containing mutated CA [121]. Additionally, HIV-1 CA
plays an important role in viral integration and site integration targeting [40]. CA
T54A/N57A mutant viruses efficiently translocate their PIC into the nucleus but fail to
integrate [121], while a virus with a CA P90A substitution favoured integration into

regions with an increased density of transcription units compared to WT CA [77] .

The mechanism by which the capsid regulates nuclear entry and integration is unclear,
mainly because the spatiotemporal control of uncoating remains poorly understood.
There is a wide variety of diverging observations of where uncoating occurs. Some of
them postulate a very early disassembly while others propose capsid disassembly at
the nuclear membrane [50]. However, it is now widely accepted that in order to control
nuclear transport and integration, a significant level of CA remains associated with the
PIC [122], [123]. Furthermore, it has been shown that HIV-1 CA interacts with cellular
transport machinery to regulate nuclear entry and integration. Several host factors have
been identified in genetic screens that are involved in active transport of the PIC across
the nuclear membrane and in viral integration [124]. CypA, CPSF6, NUP358, NUP153
and transportin 3 (TNPO3) area among these potential modulators [125], [126] and

their specific functions related to capsid will be discussed in the section 1.4.2.2.

Collectively, these data suggest that the HIV-1 capsid plays important roles in several

steps of the viral life cycle.

1.4. Uncoating

Uncoating is described as the disintegration or disassembly of the viral capsid [127].
Even though it has been studied for almost 30 years [128], there are still many
unresolved questions regarding the precise moment, location and mechanism of
uncoating. Understanding the HIV capsid disassembly has been incredibly hard due to
numerous reasons: the wide range of roles in which the capsid involved, the high rate
of unproductive entry events [67], the interplay between cofactors and restriction

factors, its cell-type dependence [129], the heterogeneity of the HIV population [102],
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and its intrinsic fragility [105]. Additionally, the apparently conflicting evidence that

suggest different modes of uncoating has made its study even more challenging.

For long time the leading model of uncoating proposed that the disassembly of the viral
capsid take place shortly after its release into the cytosol, i.e. close to the plasma
membrane. This model was based on results from early work when more sensitive
technologies to detect capsid inside the cell, such as fluorescence microscopy, were
limited. The main evidence that supported the early uncoating model are electron
microscopy images of infection events where no intact cores beneath the fusion site
could be found, suggesting that cores must disintegrate shortly after entry [128].
Moreover, a biochemical study found that CA was no longer associated with the
reverse transcription complex (RTC) at 1 hour post-infection. This short period,
compared with the 8-12 hours that the complex spent in the cytosol before
translocation, suggested that the capsid disassembles very early in the viral life cycle
[52]. However, several recent observations contradict this model, such as the need for
CA to allow infection of nondividing cells and viral genome integration [40], [121].
Additionally, it has been widely shown that premature disassembly of the viral core
leads to aborted infection. For example, viruses bearing CA mutations that produce
intrinsically more unstable capsids compared to wild type (WT) CA, such as P38A,
inhibit infection in almost 100% [105]. The same result was obtained when
destabilisation factors, like the host restriction factor TRIM5a, were used [116]. In
summary, these observations suggest that rapid uncoating does not support successful

infection.

Recent research results have led to a general agreement that capsid disassembly
occurs after release of the core into the cytoplasm and before nuclear import, yet is still
not clear whether it is a gradual process in the cytoplasm or a discrete event at the
NPC (Figure 1.5) [50].

The significant sensitivity of reverse transcription to changes in intrinsic core stability
[105], [114], the binding of host cell factors to the RTC within the cytoplasm [113], and
the detection of dissociated CA in the cytoplasm of the infected cells support the
cytoplasmic uncoating model (Figure 1.5A). Hulme et al. showed that assembled CA
steadily decreases during the first 4 hours after infection, with an uncoating half-life of
39-85 min post-infection by using a fluorescence in situ hybridisation approach and
cyclosporine A (CsA)-washout assay, [118], [130]. A similar result was obtained using a

dye that stains viral RNA only after uncoating is initiated [131]. In this study, an initial
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increase of the dye signal was observed at 30-45 minutes post-infection indicating
opening of the capsid within this period of time. The initial signal increase was then
followed by a gradual signal loss over time, which was interpreted as the release of
RNA into the cytoplasm due to a more advanced dissociation of the CA lattice [131]. A
novel live-cell imaging approach that follows HIV-1 viral particles that lead to successful
infection gave a median capsid opening time of 30 minutes, and revealed that loss of

the majority of CA occurs in the cytoplasm [132].

Figure 1.5. Models of viral uncoating. (A) In the cytoplasmic uncoating model
uncoating occurs gradually in the cytoplasm but some amount of CA remains
associated with the reverse transcription complex (RTC) until it reaches the nucleus.
(B) The NPC uncoating model proposes that the core remains intact until it reaches the
nuclear pore complex (NPC) were it disassembles. Some CA remains associated with
the viral DNA after entry into the nucleus but is lost upon integration. Illustration
adapted from [50].
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Even though the cytoplasmic uncoating model is compatible with available data, it is
still unclear how the virus can lose a large portion of CA from the capsid and still hide
its dsDNA from host DNA sensors [70]. A model where the capsid remains intact during
its transport towards the nucleus but disassembles once it reaches the nuclear pore
complex support that observation (Figure 1.5B). Furthermore, several other findings
support this uncoating at the NPC model. Fluorescent immunostaining approaches
have found high levels of CA at the nuclear membrane and even inside the nucleus,
implying that an assembled viral core reaches the nuclear pore complex [133], [134].
The CA-binding cell factor NUP153, which is involved in nuclear import of the RTC,
binds with higher affinity to hexamers than non-assembled CA in an interface that is
lost after disassembly. This suggests that an assembled CA surface is needed at the
nuclear pore for this factor to bind [96]. Additionally, a recent research that track
particles that lead to successful infection revealed that the capsid is required for
docking into the nuclear pore and that the disassembly of most of the CA lattice occurs
at the nuclear envelope [135], [136]. Despite all of these observations that support
uncoating at the nuclear pore, the need for binding of host proteins to the RTC/PIC
before nuclear translocation, as well as the impaired integration observed with PICs

that contain elevated levels of CA [123] challenge this model.

Regardless of whether the capsid disassembles gradually in the cytoplasm or at the
nuclear pore, it is still controversial at what extent CA remains associated with the PIC
during and after nuclear translocation. CA has been detected within the nucleus of
infected cells [137]. The diameter of the nuclear pore complex (NPC) allows
translocation of cargos with a width of up to ~39 nm [138], while the fullerene cone is
about 45-60 nm in width [21], [92]. This size constraint for import has led to the view
that a substantial amount of CA must dissociate from the PIC before it can translocate
through the NPC. However, recent data suggest that the NPC to be a flexible and
dynamic gate [139]. This model allows re-evaluation of the need to shed most of the

capsid before nuclear entry.

1.4.1. Known factors that affect uncoating
Irrespective of where uncoating takes place, it has been shown that uncoating is
influenced by different factors such as CA mutations and binding of host cell proteins,

small molecules or antiviral drugs.
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1.4.1.1. CA mutations

Much of our knowledge of HIV-1 uncoating is derived from studies of CA mutations that
disturb capsid stability and its functionality. It is important though to differentiate
between mutations that directly alter capsid stability from others that indirectly have an

effect due to altered interactions with host factors that facilitate or restrict uncoating.

Numerous CA studies have demonstrated that point mutations in CA can increase or
reduce the inherent stability of the viral capsid [79], [105], [114], [140]. Examples of this
extreme fragility are the single residue substitutions P38A and E45A. Both amino acids
are located in the CAyrp, forming part of the H2 helix. Even though both mutations lead
to the production of viral particles with conical capsids at levels comparable to WT CA,
they reduce infectivity by ~30-fold relative to WT virus. While CA P38A yields capsids
with reduced stability, the CA E45A mutation generates hyperstable lattices that
disassemble more slowly than WT capsids [105], [114]. In addition, these mutations
alter reverse transcription kinetics, whereby reverse transcription is faster with CA
P38A than for virus with WT CA, and slower with CA E45A. These opposite effects on
reverse transcription kinetics reflect the effect of capsid stability on this process during
infection [105]. Another difference between these mutants is their ability to infect
nondividing cells. Viruses containing the CA P38A mutation do not discriminate
between stages of the cell cycle for infection, but virus containing CA E45A displays
just 18% infectivity in nondividing cells relative to dividing cells [121]. An important
finding is the relationship between these mutants and PF74, a small drug that inhibits
infection. Even though the binding of PF74 to capsids assembled with CA E45A and
CA P38A was maintained or even increased, respectively, the CA E45A substitution
gave resistance to the drug while P38A was even more sensitive than WT, showing an
increased inhibition of infection [115]. To further investigate these differences, a study
selected for second-site suppressor mutations, T2161 for P38A and R132T for E45A,
that were able to restore infectivity of these mutants up to 40% of WT [141]. Despite
the higher levels of infectivity obtained, the double mutants CA P38A/T216]1 and CA
E45A/R132T exhibited similar core yields and disassembly levels compared to the
respective single mutants, indicating that the second mutations did not restore normal
capsid stability in vitro. Still, the CA R132T mutation relieved the cell-cycle dependence
imposed by the CA E45A mutation as well as restoring sensitivity to PF74 [141]. Taken
together, the data suggest that the structure of CA is exceptionally delicate and that a
balance is needed to have an optimal stability of the viral capsid. Interestingly, the
E45A CA substitution is also insensitive to the inhibitory effect of CPSF6-358 and to
depletion of TNPO3 and NUP153, even when the E45 residue is not part of their
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binding surface [142], [143]. For more information about the role of these host proteins

please refer to the next section.

Some CA substitutions have been found to disrupt the binding of host proteins to the
viral capsid. The CA G89V and CA P90A mutations exhibit marked defects on binding
of cyclophilin A (CypA). These residues are part of the proline-rich region located on
CA, which serves as CypA binding domain. Virions containing these mutations do not
incorporate CypA and are unable to replicate [144]. In addition to CypA, HIV-1 CA
P90A mutant was found to be insensitive to NUP153 and NUP358 depletion, and to
promote integration in regions with a higher density of transcription units compared to
WT [77], [145]. The P90 residue does not localise with the binding region for these
proteins, suggesting that its effect is not necessarily by a defect in direct binding, but

rather implies a potential connection between CypA and nuclear import proteins.

The HIV-1 CA N74D mutant was described to prevent binding of CPSF6. Experiments
using in vitro CA assemblies bearing the N74D mutation exhibited a severe decrease in
CPSF6 binding [143], [146], [147]. The reduced affinity was also shown by isothermal
titration calorimetry (ITC), where there was practically no binding of CPSF6 peptide to
the HIV-1 CA N74D N-terminal domain (Kp of 5.3 mM against 362 pM to WT CA) [95].
This mutation gives resistance to the restriction imposed by expression of cytoplasmic
CPSF6 and to depletion of NUP153 and NUP358 [143]. However, CA N74D binding to
the C-terminal domain of NUP153 is still observed [75]. Binding of PF74 is also just
slightly decreased by the mutation, even though it binds to the same binding surface
than CPSF6 [95]. The CA N74D substitution was shown to delay capsid disassembly,
increasing the uncoating half-life by 30% [130], although another study indicated that
N74D does not change the intrinsic stability of CA assemblies [108]. Intriguingly, the
CA N74D mutant has also been reported to alter CypA dependence and impair
macrophage infection [148]. CypA was found to bind 70% less in vitro to CA tubes
assembled from CA N74D than from WT CA, and N74D HIV-1 infectivity is reduced in
CypA depleted Hela cells [148].

The CA A105T, N57A and K70A substitutions have also been shown to disrupt binding
of capsid binders [95], [142]. CA A105T disrupts the interaction between CA and
CPSF6, and is resistant to the inhibitory effects of CPSF6-358 and to TNPOS3 depletion
[142]. The HIV-1 CA N57A and K70A mutations abolish PF74 binding completely,
reduce affinity to CPSF6 peptide and lose the dependency on TNPO3 and NUP358
[95].
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1.4.1.2. Host cell factors

Several host cell factors have been identified to interact with the viral capsid and to
modulate its stability [149]. Some of the binders, called cofactors, are part of the cell
machinery hijacked by the virus to control uncoating, while others are restriction factors
that recognise the capsid lattice and reroute the capsid into degradative pathways as a
defence mechanism from the host cell to block infection. Despite the key role of the
capsid in the HIV-1 replication cycle, very few capsid-binders have been identified
(Figure 1.6). Host factors known to interact with the capsid are described in the

following sections.

Figure 1.6. Capsid-dependent host cell factors involved in HIV-1 entry. During the
transport of the viral capsid towards the nucleus, several host cell factors directly
interact with the CA lattice and either promote (cofactors shown in blue) or restrict
(restriction factor shown in red) HIV-1 infection. Cyclophilin A (CypA) is thought to bind
the viral core very soon after release into the cytoplasm and remains bound to the
capsid until arrival at the nucleus. HIV-1 nuclear entry is mediated by interaction with
the nucleoporins NUP153 and NUP358 and import receptors CPSF6 and TNPO3. The
positioning of the different factors in the figure does not necessarily reflect the location

or timing of the virus—host interaction. Image adapted from [149].
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1.4.1.2.1. Cyclophilin A

Cyclophilin A (CypA) is a cytosolic proline isomerase that catalyses cis-trans
isomerisation of proline peptide bonds. It regulates various biological processes in
mammalian cells including intracellular signalling, protein folding, transcription,
inflammation and apoptosis [150]. Even though it is one of the most studied capsid
binding proteins, its role in HIV infection remains unclear. Around 200 CypA molecules
are incorporated into the HIV-1 virion during assembly and prevention of its inclusion
reduces infectivity by 50 to 100-fold [151]. Although it has been shown that packaged
CypA is key for viral replication, other studies suggest that the CypA present in the
target cell plays a more important role in the HIV life cycle [152], [153].

CypA binds to monomeric and hexameric CA with a similar dissociation constant (Kp)
of 12-16 UM [154], [155]. The proline-rich loop in the CAnp is the main binding site for
CypA [154], [156]. This CypA-binding loop is very flexible and protrudes to the outer
surface of the assembled capsid [92] which allows the binding of CypA without the
need of substantial rearrangement of the capsid lattice (Figure 1.4A). CA residues
A88, G89 and P90 are key for the CypA interaction, and become buried in the CypA
active site upon binding. The interface between CA and the canonical binding site of
CypA is stabilised by several van der Waals interactions as well as hydrogen bonds
[85]. A recent cryoEM structure of CypA associated with CA tubular assemblies
revealed that CypA molecules bind preferentially to high curvature regions within the
lattice and that steric hindrance limit the binding of CypA to a 1:2 CypA:CA ratio.
Further, single CypA molecules appeared to interact with two CA proteins at the same
time, bridging the dimer interface between neighbouring hexamers. In this binding
mode, each CA CypA-binding loop interacts with different CypA regions, one with the
canonical binding site and the other with a new non-canonical binding site on the
opposite side of the CypA molecule [157]. This new binding interface in CypA might
strengthen its binding to the CA lattice through avidity. CypA binding to CA can be
prevented by the use of the competitive inhibitor cyclosporine A (CsA), which binds to
CypA [158], [159], or by mutations in the CypA binding loop on CA, specially CA
residues G89 and P90 [154] (reviewed in section 1.4.2.1).

The precise role of CypA for HIV infection is still an open question. CypA-binding
deficient viruses are unable to replicate in primary human monocyte-derived
macrophages because they trigger an antiviral state, suggesting that CypA is used by
HIV-1 to cloak its replication in primary human macrophages [71]. An early publication

revealed that reduced incorporation of CypA into budding virions does not affect viral
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assembly, budding or maturation of the particles but interrupt reverse transcription. The
reduced infectivity could not be overcome by the binding of CypA present on the target
cell during infection [151]. This defect was not associated with a change in capsid
stability, as WT and CypA-depleted virions exhibited same levels of core recovery,
suggesting that CypA was not modulating capsid stability [151]. In contrast, several
other studies have shown CypA to modulate uncoating. There is evidence to suggest
that CypA stabilises isolated cores and assists in the in vitro assembly of CA-NC
complexes, but other studies indicate that CypA binding promotes capsid
destabilisation [160]-[163]. A recent study found that different CypA concentrations
cause different effects on core stability [157]. This observation could help explain the
contradictory results obtained using different cell types [129], [153]. Indeed, intracellular
concentration of CypA can be quite dissimilar in different cell types, making the
comparison of results from different studies very challenging. In general, it is
considered that intracellular concentrations of CypA are typically around 20 uM [158],
but CypA levels in HeLa cells have been found to be 3-fold higher than in Jurkat cells
[161].

How exactly CypA modulates uncoating is still unclear. It has been proposed that CypA
regulates uncoating in a concentration manner by a direct effect on the capsid
structure. At low concentrations, as inside the virion, CypA stabilises the CA lattice. Its
release into the cytoplasm allows more CypA molecules to bind, increasing the stability
of the core but binding saturation promotes the lattice to collapse due to steric
hindrance between CypA bound to adjacent hexamers starting the uncoating process
[157]. Another theory proposes that CypA catalyses the isomerization of the G89-P90
bond in CA, changing the conformation of the CypA-binding loop and destabilising the
capsid structure [164]. De Laco et al. studied the effect of CypA depletion in 27
different cell lines and found that HIV-1 reverse transcription was diminished equally in
all of them, but restriction at the level of nuclear entry was differently affected. He
postulated that these differences are due to an unknown restriction factor that requires
CypA binding to CA, and that this factor is expressed differently in the different cell
lines [165]. Similarly, another study indicated that viruses, which are unable to bind
CypA, integrate their viral genome in regions with higher density of transcription units.
This altered pattern was due to a defective interaction of CA with other host factors
such as NUP153 and NUP358, implying that the CypA interaction dictates the use of
other CA-binding factors for nuclear entry [77], [145]. CypA has also been shown to
modulate the activity of TNPO3 [160], strengthening the idea that the CypA role in HIV-
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1 infection is to the regulate the binding of other host factors to CA rather than to

directly control the capsid stability itself.

14.1.2.2. NUP358

Nucleoporin 358 (NUP358), also called RanBP2, is the largest nuclear pore protein out
of the ~30 that make up the nuclear pore complex (NPC). It is the main component of
the eight NPC filaments that are projected to the cytoplasmic face and it functions in
several processes such as cell cycle control and nuclear import and export [166].
NUP358 contains a cyclophilin domain-like moiety in its CTD [167]. Several studies
have demonstrated using either recombinant CAytp or CA-NC in vitro assemblies that
CA binds directly to this Cyp domain [77], [133], [167], [168]. Lin et al. found that
NUP358-Cyp domain binds to CA with extremely low affinity (Kp > 200 uM) [167], in
contrast to the 94 pM found by Bichel et al. or the 16 uM found by Schaller et al. [77].
In the last case, the dissociation constant for the NUP358-CypA/CA interaction was
twice of the one obtained with CypA protein (7 uM). They also found that NUP358-Cyp
interaction with CA was not inhibited by CsA suggesting that NUP358 and CypA do not
form identical interactions with CA. The crystal structure of the complex revealed that
the CA P90 residue is key for NUP358-CypA binding, in the same way that it is for
CypA binding [168].

Depletion of NUP358 reduces HIV infectivity [133], [169], [170]. Production of 2-LTR is
diminished, and integration of the viral genome decrease by 12-fold [133], [170]. All
these observations suggest that NUP358 is a cofactor required for HIV-1 infection, but
how specifically it is used is still unclear. By using fluorescent immunostaining and
cellular fractionation, it was shown that during infection CA localises less with the
nuclear membrane in NUP358-depleted cells than in control cells. This indicates that
NUP358 mediates the docking of HIV-1 cores on NPC cytoplasmic filaments [133].
Contrarily, another study revealed that HIV-1 infection promotes relocalisation of
NUP358 to the cytoplasm and that NUP358-depletion promotes higher localisation of
CA at the nuclear membrane [74]. Interestingly, CA N74D or CA P90A HIV-1 mutants
were shown to be insensitive to NUP358 depletion in HelLa cells; infectivity and nuclear
import were similar in NUP358-depleted and control cells, and relocalisation of
NUP358 to the cytoplasm was not promoted. These results suggest that CA P90A and
CA N74D use a NUP358 independent route to enter the nucleus. However, when
tested in human monocyte derived macrophages (MDM), replication of N74D or P90A
CA HIV-1 was seriously diminished, and NUP358 proteins were located within the

nuclear compartment [74]. The different results obtained with different cell types that
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express proteins differently, reveal the importance of cofactors for HIV-1 infection,
especially for nuclear translocation. CA N74D and P90A mutations are known to
disrupt interactions with CPSF6 and CypA, respectively, so the authors tested whether
NUP358 was still re-localised to the cytoplasm in CPSF6 or CypA-depleted cells.
CPSF6 but not CypA depletion, prevented the redistribution of NUP358 to the
cytoplasm [74].

NUP358 also influences the selection of chromosomal sites for HIV-1 integration,
reducing integration frequency in gene-dense regions [76]. Taken together, all the
observations suggest CA can interact with different NPC proteins and that differential
interaction may direct transport through different nuclear import pathways with different

effects on integration.

The mechanism by which NUP358 influences uncoating is unknown. Using fluorescent
immunostaining it was shown that NUP358-depletion delays uncoating [74].
Additionally, NUP358 was shown to catalyse a more rapid isomerisation of the G89-
P90 peptide bond from cis to trans conformation than CypA, which has been proposed
to destabilise the CA lattice [168]. A plausible possibility is that NUP358 cytoplasmic
filaments facilitate recruitment of viral cores to the vicinity of NPC. This interaction
stimulates uncoating by accelerating CA isomerisation and at the same time facilitates

interaction of the PIC with the nuclear transport machinery.

1.4.1.2.3. NUP153

Nucleoporin 153 (NUP153) is another component of the NPC, forming part of the
nuclear ring [171]. It anchors to the nuclear side of the NPC through its NTD, while its
flexible ~220 nm long CTD can potentially reach through the nuclear basket towards
the cytoplasmic side. The C-terminal domain contains 29 Phe/Gly (FG)-repeats that are
natively unfolded and allows NUP153 to play several roles in nuclear translocation
[169], [172], [173].

Depletion of NUP153 reduces HIV-1 infectivity [77], [133], [143], [174]. Further
characterisation revealed that 2-LTR circle production is reduced and integration is
decreased by 6-fold [133]. NUP153 binds directly to CA, which is mediated by the
NUP153 FG motifs, as revealed with mutagenesis experiments. The complex between
the C-terminal domain of NUP153 (NUP153C) and CANTD has an estimated KD of 28
UM [75] while binding of NUP153-FG peptide binds to hexameric CA with a KD of 49
MM[155], but does not bind to monomeric CA [97]. A different group also tested the FG-

26



peptide and determined a KD of 3300 uM for binding to CANTD, and 484 uM for
binding to CA hexamers [96]. Even though different dissociation constants have been
obtained, it is clear that there is a tighter binding to assembled CA than to monomeric
CA.

The crystal structure of NUP153-FG peptide in complex with CA hexamers revealed
that the binding site corresponds to a hydrophobic pocket involving helices 2, 3, 4 and
7 from the CANTD and helices 8 and 9 of the adjacent CACTD (Figure 1.7A) [97].
Strikingly, the same binding interface is used by the small molecule PF74 and the host
protein CPSF6 (sections 1.4.2.2.5 and 1.4.2.3.1). Indeed, competition experiments for
HIV-1 CA binding showed a dose-dependent reduction of NUP153 binding to CA when
PF74 was present. This effect was not observed with N74D CA, a mutation that
abolishes PF74 binding but not the interaction with NUP153. Similarly, CPSF6 binding
to CA is reduced in the presence of NUP153 [75], [97].

The stronger binding of NUP153-FG peptide to the assembled CA lattice supports the
idea that the viral core must reach the nuclear pore in a largely intact state [96], and
that NUP153 promotes nuclear import of the PICs. NUP153 has been shown to interact
with chromatin and plays a direct role in HIV-1 integration. NUP153 depletion causes a
significant reduction in the tendency of viral DNA to integrate into gene-dense
transcriptionally active regions of chromosomes, although this effect is in less in
magnitude when compared with TNPO3 or NUP358 depletion [174].

1.4.1.2.4. TNPO3

Transportin 3 (TNPO3), also known as Tnp3 or TRN-SR2, is a member of the importin-
B family of proteins. It shuttles between the cytoplasm and the nucleus to assist with
nuclear import. It usually interacts with cellular serine/arginine-rich proteins (SR
proteins) that are involved in the splicing of mMRNA, trafficking them through the nuclear
pore [175].

Depletion of TNPOS3 has been shown to inhibit HIV-1 infectivity [77], [134], [160], [176],
[177]. Furthermore, it reduces 2-LTR circle formation, inhibits nuclear translocation,
and alters the selection of chromosomal sites for integration, reducing integration
frequency in gene-dense regions [76], [142], [178]. TNPO3 was first identified as a
cofactor for HIV import to the nucleus by using pull-down experiments with HIV
integrase (IN) [178], but later reports demonstrated that TNPO3 binds directly to HIV-1
CA in its soluble form [134] and to CA-NC in vitro assemblies [176]. Shah et al. showed
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that incubation of purified HIV-1 cores with recombinant TNPO3 promoted accelerated
uncoating in vitro [160]. Zhou et al. observed by immunofluorescence an accumulation
of CA levels in the nucleus of TNPO3-depleted cells compared to control cells where
most of the CA signal was localised in the cytoplasm [134]. Based on these results, the
authors proposed that high levels of CA accompany the PIC into the nucleus, followed

by TNPO3-mediated export of CA to the cytoplasm.

Several CA mutations confer resistance to TNPO3 depletion, such as N57A, A105T,
N74D, E45A and T107N [134], [142], [143], [160]. These mutations do not necessarily
alter the CA binding surface for TNPO3, which is unknown, but could disrupt CA
interactions with other host factors that may work in conjunction with TNPO3. Indeed,
pull down experiments with CA N74D demonstrated normal binding to TNPO3 even
though the same substitution confer resistance to its depletion [134]. Furthermore,
Shah et al. showed that addition of CypA into the in vitro uncoating assay with TNPO3
reduced its disassembly effect as well as CsA treatment enhanced HIV infection in
TNPO3-depleted cells, suggesting a link between TNPO3 and CypA [160]. Another
research suggests that the TNPO3 influence on HIV infection is due to direct
interaction with CPSF6 instead of binding directly CA (see next section) [142], [179].

1.4.1.2.5. CPSF6

The cleavage and polyadenylation specificity factor-6 (CPSF6) is a 68 kDa protein,
which is part of the mammalian cleavage factor | (CF Im). It is required for processing
of the mRNA precursors in the nucleus prior to their export to the cytoplasm where they
are used for protein synthesis [180]. It contains a serine/arginine-rich (RS) domain in its
CTD, thus it is a possible partner of TNPO3. It localises primarily to the nucleus but can
dynamically shuttles between the nucleus and the cytoplasm in a transcription-
dependent manner [181]. Deletion of the RS domain relocates CPSF6 to the

cytoplasm.

Lee et al. identified CPSF6 as a capsid binder from a mouse cDNA expression library
in 2010. The protein identified in that study was a truncated form, mCPSF6-358, that
lacked the C-terminal RS-domain required for nuclear localisation [143]. When
expressed in cells, the variant is enriched in the cytoplasm, in contrast to the
endogenous protein that is mainly nuclear. Depletion of the cellular CPSF6 gives
normal HIV-1 infection, suggesting that it does not act as a cofactor for infection [143],
[147]. However, expression of the truncated form inhibits infection [95], [142], [143],

[147]. Restriction is not due to altered synthesis or reverse transcription, but
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accumulation of 2-LTRs is reduced, which suggested that HIV-1 PICs were unable to
enter the nucleus. mMCPSF6-358 was shown to bind CA directly via its phenylalanine-
glycine (FG) motif, and its binding is reduced by the CA N74D mutation. Also, infection
with CA N74D HIV-1 virus was normal in cells expressing mCPSF6-358, which
indicates that the CA residue N74 is key for CPSF6 binding [142], [143], [147]. The
restriction of HIV-1 infection by mCPSF6-358 was shown to be due to its
mislocalisation to the cytoplasm. mCPSF6-358 fused to a nuclear localisation signal
(MCPSF6-358-NLS) was localised only in the nucleus and did not restrict HIV-1
infectivity. Moreover, full-length CPSF6 tagged with a nuclear export signal (INnCPSF6-
NES) localised in the cytoplasm and inhibits HIV-1 infection [142].

Different mutations revealed a very tight correlation in the behaviour of CA with TNPO3
depletion and CPSF6 suggesting a common mechanism of action for HIV-1 infection
[142]. Since CPSF6 has an RS-domain and TNPO3 imports RS proteins, TNPO3 may
serve as an import factor for CPSF6, and TNPO3 depletion may cause endogenous
CPSF6 to accumulate in the cytoplasm. Indeed, it has been shown that TNPO3 binds
CPSF6, and that disrupting this interaction leads to inhibition of HIV infection [179]. De
Laco et al. observed by immunofluorescence that endogenous CPSF6 is aberrantly
detectable in the cytosol when TNPO3 is depleted [142]. Furthermore, they showed
that HIV-1 infection in cells simultaneously depleted for TNPO3 and CPSF6 was
normal. These results are consistent with the view that CPSF6 acts as a restriction
factor for HIV-1 infection when it is in the cytoplasm and that the role of TNPO3 is to
relocate CPSF6 to the nucleus, thus avoiding restriction. Contrary to these
observations, a parallel study found that CPSF6 subcellular distribution does not
change upon depletion of TNPOS3, and the authors suggested that the effect of CPSF6

on viral replication occurs inside the nucleus [147].

How CPSF6 binding in the cytoplasm restricts HIV infection is not clear. Recovery of
viral cores from infected cells expressing mCPSF6-358 or depleted of TNPO3 was
higher than in control cells [142]. Incubation of in vitro CA-NC assemblies with
recombinant CPSF6 (first 321 residues) also stabilises the complexes in a
concentration manner [108]. This suggests that inhibition of HIV-1 replication might be
due a hyperstabilisation of the CA core, delaying transit of the PIC to the nucleus. In
contrast, binding of endogenous full-length CPSF6 from control cells and TNPO3-
depleted to CA-NC complexes was similar, although capsid recovery from infected
cells expressing CPSF6-NES is 10-fold higher, supporting the idea that cytoplasmic
CPSF6 increases the stability of HIV-1 capsids [147]. A noteworthy report studied the
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human CPSF6 instead of mouse CPSF6. The main difference between them is that the
mouse CPSF6 (MCPSF6-358) has several extra residues encoded by exon 6 (residues
232 to 268) that the human form (hCPSF6-375) does not have as a result of splicing.
Both forms inhibit infection and localise to the cytoplasm but hCPSF6-375 promotes
destabilisation of cores and inhibits viral cDNA synthesis, while mMCPSF6-358 stabilises
cores and does not affect synthesis or accumulation of early or late reverse

transcription products but interferes with the nuclear entry of the PIC [182].

Recently recombinant mCPSF6-358 was produced using a mammalian expression
system with albumin as a secretion signal [183]. The authors showed that the protein
purifies as dimers and higher-order oligomers. These species bind to in vitro
assembled CA tubes and physically break them into small fragments but without
dissociation into soluble proteins. Binding to CA hexamers was not observed,
suggesting that the assembled CA lattice is needed for CPSF6 interaction. Using
fluorescently tagged mCSPF6-358 they observed that upon HIV-1 infection the protein
formed higher-order complexes in the cytoplasm of the infected cell. Fluorescent
punctae are observed as early as 10 minutes post infection and their number increases
after 30 min. CPSF6-358 assembly was avoided with addition of PF74 or when N74D
CA HIV was used, but was increased when CsA was used. This suggests that CypA
might shield the capsid lattice in the cytoplasm. The CPSF6 signal often colocalised
with IN signal, suggesting that it is formed around the viral capsid, although both signal
generally separate from each other after 3 minutes of interaction [183]. Even though
this work is a breakthrough in the study of CPSF6, it is puzzling that many CPSF6

punctae in the cell do not colocalise with IN.

Besides being involved in capsid stability, CA-CPSF6 binding directs HIV-1 integration.
Depletion of CPSF6 or the deletion of the CA binding domain of CPSF6, revealed

decreased proviral integration into transcriptionally active genes [78], [184].

CPSF6 residues 313-327 constitute the minimal binding epitope for interaction with CA
[146]. Binding affinity experiments have yielded different Kp values for the interaction of
CPSF6 peptide (CPSF6313-327 or CPSF6,) with CA. Price et al. determined a Kp of 362
UM for binding of CPSF6, to CAntp, half of the value determined by Saito et al. (730
uM) [95], [185]. Bhattacharya et al. obtained a Kp of 1170 uM for binding of CPSF6, to
CAnrp, 436 pM for binding of CPSF6, to full-length CA and 80-100 uM for binding of

CPSF6, to CA hexamers [96]. Zhou et al. calculated a much lower Kp value for binding
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of CPSF6, to hexamers, 50 pM [155], similar to the value obtained by Lad et al.(17 pM
for binding of CPSF6, to hexameric CA) [186]. In all cases, CPSF6, was found to bind
more tightly to assembled than unassembled CA. The crystal structures of CPSF6313_
327 in complex with HIV-1 CAyrp and CA hexamers have been solved [95]-[97]. The
structure of the complex with CA N-terminal domain revealed that CPSF6313 37 lies in a
binding pocket formed between helices 3, 4 and 5. The interaction is stabilised by intra-
and intermolecular hydrogen bonds. The N- and C- ends of the CPSF6313 3,7 project out
of the binding site, suggesting that the peptide protrudes from the full-length CPSF6
structure, allowing its binding to the CA interface [95]. The conformation of the CPSF6
peptide in the CA hexamer revealed that the bound CPSF6,, sits is in close proximity to
the CTD of the adjacent CA (Figure 1.7B). In this structure, the H8 and H9 of the
neighbouring CAcrp flank the peptide from the bottom side, with the flexible linker
between the two helices making contacts with the peptide. CA K182 may form a
hydrogen bond with the G318 of the CPSF6,, while Q179 interacts with P317 and
G319 [96]. NUP153 and PF74 bind to the same NT interface and it has been shown to
compete for CPSF6 binding (Figure 1.7).

Figure 1.7. Structure of NUP153-FG peptide, CPSF6313.3,7, PF74, and BI-2 in
complex with HIV-1 CA hexamers. Top view (top) and close up (bottom) of a crystal
structure of HIV-1 CA hexamer in complex with (A) NUP153-FG peptide, (B) CPSF6313
327, (C) PF74, and (D) BI-2. Peptides and drugs (shown in red) interact with the NTD-
CTD surface between adjacent CA subunits within the hexamer (shown in different
colours). Images were generated from PDB 4UOA (CPSF6), 4U0C (NUP153), 4UOE
(PF74), and 4UOF (BI-2) using Chimera.
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Intriguingly, the CA E45A substitution was found to be resistant to mCPSF6-568
expression, while G89V/A92E or P90A/A92E displayed a greater sensitivity to it. As
observed for the other host factors, it seems that CPSF6-358 restriction can be
modulated by the binding (or lack of binding) of other host factors to the capsid, or by

the appropriate assembly of the CA lattice.

Even though there is structural information of the interaction between the CA hexamer
and CPSF6 peptide, the mechanism by which CPSF6-358 restricts HIV-1 infection is
not fully understood. A better understanding will require both a fully assembled HIV-1
capsid and purified full-length CPSF6-358 protein, which has been a challenge to

obtain.

1.41.2.6. Nucleotides

Deoxynucleoside triphosphates (ANTPs) are used by RT as substrates to synthesise
viral DNA. A recent paper proposed that reverse transcription can occur in the closed
core [72]. This proposal is based on the discovery of an electropositive pore at the
centre of the CA hexamers. dNTPs bind to this positively charged channel with very
high affinities (6-40 nM). Binding and unbinding kinetics are very rapid, suggesting that
nucleotides are recruited efficiently by the capsid and imported into the capsid as
substrates for reverse transcription. This interaction can be prevented by the addition of
the small polyanionic compounds such as hexacarboxybenzene (mellitic acid), which

compete with dNTPs for binding to the electropositive pore (Figure 1.8).

Figure 1.8. Crystal structure of CA hexamer in complex with
hexacarboxybenzene. The R18 electropositive pore at the centre of the CA hexamer

coordinates the polyanionic molecule. Reproduced from [72].
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Binding of dNTPs or hexacarboxybenzene with CA hexamers increases hexamer
stability, and the stabilising effect is less pronounced with tetra- or tricarboxybenzene
molecules [72]. This result suggests that binding of negatively charged molecules to
the R18 pore can modulate the capsid stability. Strikingly, dNTPs are not the only
polyanion molecules in the cell. Adenosine triphosphate (ATP) is typically present with
>100-fold in excess to dNTPs and could be potential competitor for dNTP. Similarly,
inositol hexakisphosphate (IP6), also known as phytic acid, is a strongly negatively-
charged metabolite abundantly present (~35-50 uM) in cells [187], [188]. IP6 has been
shown to interact with immature capsid lattice and catalyse its in vitro assembly [189],

but its effect on the mature capsid lattice had been unknown until recently.

1.4.1.3. Antiviral drugs
A large number of small chemical compounds and peptide inhibitors that target HIV-1

CA have been developed [190]. This review focuses on PF74 and BI-2.

1.4.1.3.1. PF74
PF-3450074 or PF74 is the most studied chemical compound that binds to HIV-1 CA. It
was identified in 2010 by Blair and colleagues as a potent inhibitor of infection, showing

a half maximal effective concentration (ECso) of 0.57 uM [98].

The inhibitory activity of PF74 is concentration-dependant, exhibiting a triphasic curve
[97], [160], [191]. HIV-1 infectivity is ~90% reduced when ~1.5 pM or lower
concentrations of PF74 are used. In the range of ~1.5-5 pM inhibition remains
unchanged. HIV infectivity decreases steadily again when cells are incubated with
higher PF74 concentration, yielding almost complete inhibition at 10-30 pM. At the
same time, high but not low concentrations of PF74 reduce the production of viral
cDNA [97], [98], [115], [192]. RT inhibition is reversible when <30 uM PF74 is used and
then washed out, but reversibility is not observed with higher concentrations [97]. This
observation suggests that low and high doses of PF74 inhibit HIV-1 infection in
different ways, probably by competing for host factors binding at low concentrations

and by causing irreversible changes to the capsid structure at high concentrations.

The crystal structure of PF74 in complex with CAyrp showed that it occupies a pocket
in between the helices 4, 5 and 7. The binding is mediated by hydrophobic interactions
between the R1 and R2 aromatic moieties of the compound with CAntp residues while
the R3 moiety protrudes from the NTD [98]. The subsequent crystal structure of the

drug in complex with CA hexamers revealed that the R3 interacts with the R173 and
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L172 residues from the neighbouring CActp, demonstrating that the principal surface
for binding is the assembled capsid and not the monomeric CA (Figure 1.7C) [96], [97].
This observation is reflected by the different binding affinities obtained with monomeric
or assembled CA. PF74 binds to isolated CAyrp and full-length CA with similar
dissociation constants in the range between 1.3 - 4.3 uM [96]-[98], [186]. The K to
disulfide-stabilised CA pentamers or hexamers CA is >10-fold lower, ranging from 0.02
to 0.26 uM depending on the method used to determine affinity [96], [97], [186]. As
mentioned before, this binding pocket is shared with the host proteins CPSF6 and
NUP153 [95]-[97].

The influence of PF74 on viral uncoating has been investigated with several methods,
giving seemingly contradictory results. On one side, PF74 decreases the stability of
authentic viral cores. This conclusion is based on the observation that PF74 reduces
the amount of core-associated CA recovered from isolated viral particles or from the
cytoplasm of infected cells [115], [192]. Moreover, PF74 accelerates the in vitro
disassembly of isolated cores [115], [160]. When tested in infected cells, it allows
access of ribosomes to the viral genome more readily, indicating that shedding of CA
from PICs is higher than in untreated cells [193]. However, with a different approach it
was shown to modestly delay capsid uncoating during infection [136]. On the other
side, it significantly increases the stability of in vitro CA assemblies. It promotes higher
rates of CA multimerisation [98], and improves the stability of HIV-1 CA-NC complexes

in a concentration dependent manner [96], [108], [192].

Other studies support an effect of PF74 not only in uncoating, but also in later steps of
the viral replication cycle. HIV-1 is susceptible to PF74 restriction even when is added
twelve hours post-infection, presumably long after capsid uncoating and reverse
transcription has occurred [137], [191]. Live-cell imaging approaches have shown that
PF74 (both 2 and 10 uM) block nuclear entry of PICs, disrupting its nuclear envelope
docking [135]. Furthermore, PF74 (1.4 uM) retargets HIV-1 integration site distribution,
significantly decreasing integration within genes and gene-dense regions [191]. Is not
clear yet how PF74 modulates all these steps, but a possible explanation is that PF74
binding to CA disturbs the binding or activity of host factors that have been implicated

in late steps of viral infection, such as CPSF6 or NUP153.

PF74 competes with CPSF6 and disrupts its binding to HIV-1 CA-NC assemblies [75],
[147]. During infection, CPSF6 depletion significantly reduces the potency of PF74 at
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low concentrations but not at high doses. The same result was observed when CPSF6
binding to CA was prevented via the CA K182A mutation, which abolishes CPSF6
binding but not PF74 binding [191]. These findings reveal not only that PF74 restrict
CPSF6 binding to CA, but also that CPSF6 contributes to the unique dose-response of
the small antiviral drug. A comparable outcome is obtained with NUP153, NUP358 and
TNPO3. PF74 competes for NUP153 binding to CA in a dose-dependent manner [75].
PF74-mediated inhibition of HIV-1 infection at low concentrations is less drastic in
NUP153-, NUP358- and TNPO3-depleted cells [75], [160], [191]. At high PF74
concentrations, the level if inhibition of infection is comparable in control and TNPO3-
depleted cells [160]. When incubated with isolated cores, TNPO3 and PF74 exhibit a
synergistic interaction, promoting an accelerated CA disassembly than observed when
the two factors are used separately [160]. Surprisingly, a similar result is achieved with
CypA. Its binding to HIV-1 CA enhances the antiviral activity of PF74 [115]. In presence
of CsA, CypA-depleted cells or CA P90A subtitution, the inhibitory effect of PF74 at low
concentrations is lower than in control conditions, but similar when a concentration of 5
UM or more is used [191]. Taken together the studies indicate that CypA, CPSF®6,
NUP153, NUP358 and TNPO3 interactions are required for the triphasic dose-

response curve for PF74.

Several CA substitutions, such as Q67H, K70R, T107N and L111l, confer reduction in
susceptibility to the drug due to loss of binding [98], [115]. CA E45A exhibit reduced
sensitivity to PF74 inhibition even though it binds to similar levels as wild type [115],
[137], [141]. The N74D substitution was shown to decrease PF74 binding by just 2-fold
[95]. Some reports found that the PF74 inhibitory effect for CA N74D is as strong as
with WT CA [137], while other found a 7-fold decrease in sensitivity [160].

1.4.1.3.2. BI-2

Another antiviral compound that targets the HIV-1 capsid is BI-2 [194]. It inhibits HIV-1
infection at a step after reverse transcription but prior nuclear import. BI-2 targets CA
and interacts with the same binding pocket as PF74, CPSF6 and NUP153 (Figure
1.7D). However, unlike PF74 that interact with two neighbouring CA subunits in the
hexamer, BI-2 interacts only with a monomeric CAntp unit [97]. Indeed, BI-2 binding
affinity to CA hexamers is just 2-fold higher than with monomers (1.2 uM and 3 uM
respectively) [97], [194]. In a similar way to PF74, BI-2 destabilises HIV-1 cores but
increases the stability of in vitro-assembled CA complexes [108], [192], although its

activity is less potent.
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As expected, BI-2 also prevents binding of CPSF6 and NUP153 to the HIV capsid [97],
[192]. In contrast to PF74, Bl-2 does not affect the production of early or late RT
products at any concentration [137], [194]. The need for a higher concentration to
match the same level of restriction obtained with PF74 is a consequence of its weaker
binding to CA. When their inhibition activities are normalised to their respective
affinities, the block in infection is the same for PF74 and BI-2 [97].

1.4.2. Current methods to study capsid stability

Understanding the HIV-1 capsid disassembly process has been a challenging task.
Several in vivo and in vitro approaches have been employed, but none of them can
resolve different uncoating steps of individual capsids. The intrinsic instability of HIV
capsids complicates its isolation to perform biochemical assays. Its genetic sensitivity
obstructs experimental manipulation, such as the addition of fluorescent labels.
Furthermore, the high variability and low infectivity rate hinders the understanding of
genuine uncoating because it is hard to distinguish between particles that will lead to
successful infection from impaired particles that will produce an abortive one. Despite
all of these obstacles, several experimental approaches have been used to measure

uncoating.

1.4.2.1. In vitro CA assemblies

The use of in vitro CA assemblies has been key to identify CA mutations that increase
or decrease the CA lattice intrinsic stability, as well as to evaluate the influence of
cellular factors, chemical compounds or macromolecular crowding on CA stability
[100], [105]-[108], [147], [157], [192], [195], [196]. Two different assays are generally
used, (1) and assay to measure the rate of CA multimerisation and (2) an assay to

measure the stability of CA assemblies.

In vitro CA multimerisation assay

HIV CA spontaneously oligomerises in presence of high salt, causing changes in
optical density [106]. The kinetics of CA multimerisation can be detected easily by
measuring the sample absorbance. This assay allows testing the effect of proteins or
compounds on the rate of formation of higher order CA multimers. Some examples of
compounds tested with this method are PF74 [98] or E45A substitution [197].

Stability of in vitro assembled CA

Recombinant CA can be assembled in vitro to form tubes made of CA hexamers [106],

[195]. Spheres or cone-shaped assemblies are also observed, and can be enriched by
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introducing CA mutations that stabilise pentameric arrangements or when the CA
protein is incubated with RNA [100], [106], [198]. Efficient formation of CA tubes
requires high protein concentration and salt. Those requirements can be reduced when
CA-NC protein is used [100], [195]. CA-NC tubes have been widely used to investigate
the structure of the HIV-1 capsid [162], to detect direct binding of proteins to CA
assemblies [176], and to study the effect of CA-binding proteins on lattice stability
[108], [192]. Typically, assembled CA-NC complexes are incubated with the factor to
be tested and then the sample is centrifuged through a sucrose cushion to separate
assembled and soluble protein. The degree of CA-NC disassembly is determined by

the amount of soluble and assembled protein compared to the input.

Even though the CA-NC tubes are a suitable model to study the viral capsid, they do
not fully recapitulate the fullerene-shaped capsid structure. This became evident with
the conflicting results obtained with PF74 and BI-2, where they were shown to stabilise

CA-NC tubes but destabilise isolated viral cores.

1.4.2.2. Isolated viral cores

Purification of viral cores has been used extensively over the past years. HIV-1 cores
can be purified from virions to perform biochemical or genetic studies, or recovered
from infected cells to measure the level of disassembly under different conditions (fate

of capsid assay).

In vitro stability of isolated viral cores

To isolate viral cores, virions are subjected to ultracentrifugation through a sucrose
density gradient containing a mild detergent layer to remove the viral membrane. As a
result, intact cores and free CA are separated into different fractions, which can be
detected by Western blot or ELISA [29], [104], [105]. Notably, only a low proportion of
the input (~16 % of total CA) is recovered in the fraction corresponding to assembled

cores.

The relative amounts of CA present as assembled cores and as soluble CA is used as
a measure to assess the intrinsic stability of the viral cores under different conditions,
for example to compare CA mutants or viral particles produced in cells with or without

expression of a specific factor [105].

Furthermore, the isolated cores can be used to analyse the influence of capsid binders

on their stability in vitro. To do so, purified capsids are incubated in the presence of the
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molecule to be tested for various times, and then the sample is pelleted by
ultracentrifugation. The amount of released CA (supernatant) from the large
assemblies (pellet) is quantified to determine the extent of capsid disassembly [104],
[105]. Isolated WT cores are usually stable at 4-25°C, showing only 20-30%
disassembly in two hours. Incubation at 37°C induces disassembly at higher rates (20-
50% in 30 min; 75% in two hours). Addition of proteins or small compounds can

change the rate of disassembly.

Despite the important insights into capsid stability this approach has provided, it is
considered a bulk assay that does not resolve the high heterogeneity of capsids
observed in the viral population. In particular, the isolation method is likely to enrich for

highly stable capsid architectures.

Fate of HIV capsid

The fate of capsid assay measures the stability of the HIV-1 capsid during infection.
After virus entry, cells are lysed and the cytosolic fraction is layered onto a sucrose
cushion for ultracentrifugation. Assembled CA present in the pellet and soluble CA in
the supernatant is then detected by Western blot [116], [199]. The effect of cellular
factors on capsid stability can be assessed by comparing the amount of CA in both
fractions from cells that express or lack the desired protein. Like the previous

approach, this assay measures the ensemble properties of cores.

1.4.2.3. CsA-washout

The cyclosporine A washout (CsA-washout) assay is based on the ability of the CA
restriction factor TRIM-cyclophilin A (TRIM-CypA) to inhibit HIV-1 infection. Restriction
is abolished with the addition of cyclosporine A (CsA), that binds to TRIM-CypA and
competes with its binding to CA [118], [200], [201]. To monitor uncoating, cells
expressing TRIM-CypA are infected with a GFP reporter virus in presence of CsA. In
this condition, CsA is bound to TRIM-CypA preventing its inhibitory effect, so that
capsids can disassemble normally and infection can proceed. CsA washout at different
time points of infection will release TRIM-CypA, allowing it to bind to still intact cores
and restrict infection, while cores that have already undergo uncoating are no longer
susceptible to TRIM-CypA inhibition. Infectivity for each time point is determined by
flow cytometry giving an estimate of the uncoating half-life [118], [201]. Unlike the
previous assays, CsA-washout just measures the viruses that can successfully infect
the cell, giving a more precise understanding of uncoating. However, the mechanism of

TRIM-Cyp-mediated restriction is not completely clear, which is a weakness of the
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method that needs to be considered when interpreting the results. TRIM-CypA
restriction can be disturbed by the competition of other host factors present in the cell,

giving some artefacts in the uncoating measurement.

1.4.2.4. Fluorescence imaging

The recent progress in live cell imaging thanks to the improvements in microscopy
techniques as well as fluorescent probes, has allowed to visualisation HIV-1 uncoating
at the level of individual viral particles within the spatial context of the cell. Several
strategies have been used to fluorescently tag different components of the virion, as

direct labelling of CA may have a detrimental impact on capsid stability or interactions.

Membrane staining is usually used to discriminate between virions that have been non-
specifically endocytosed from those that have productively fused their membrane with
the host cell [118], [202]. Fluorescent tagged Vpr and integrase have been utilised to
indirectly detect uncoating as they remain associated with the viral RTC after capsid
disassembly [55], [73], [118], [137], [203]. In a similar way, RNA detection has been
used to determine capsid disassembly. Ma et al. labelled the viral RNA with a
([Ru(phen)2(dppz)]**) complex during viral assembly to follow it during infection [204].
Xu et al. incorporated the modified nucleoside 5-ethynyl uridine (EU) that can be
detected by ligation with an azide-containing fluorescent dye. However, the detection is
done after fixation of the cell, limiting its use [131]. In a different approach, Da Silva
Santos et al. used RNA translation as a reporter of capsid opening. In this approach, a
packaging sequence derived from HIV-1 together with the firefly luciferase open
reading frame (called EU-repRNA) is incorporated into HIV-1 virions. When the capsid
structure is compromised, ribosomes have access to the viral RNA and can translate
the luciferase sequence, which is detected via generation of luminescence. If the
capsid is stabilised or destabilised, the level of luciferase produced will be altered
accordingly [193]. This approach can be useful to assess proteins or molecules that
can alter the capsid stability in general, but lacks the sensitivity to follow uncoating of

individual virions.

Direct detection of CA has been attempted in diverse ways. Immunofluorescence
labelling of CA has been very useful to detect the localisation of the viral capsid under
different conditions. However, cells need to be fixed giving a limited information of the
disassembly process [122], [137], [202]. Real-time imaging has been achieved by
labelling CA with smalls tag, such as the tetracysteine (TC) tag. The TC tag is

introduced within the CA protein and then is labelled with a fluorescent FIAsSH or
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ReAsH dyes, although a mix of WT CA and modified CA needs to be used to produce
replication competent virions [132], [204]-[206]. CA has been also followed in vivo by
the use of CypA fused to a tetrameric fluorescent protein (CypA-DsRed) that is
incorporated in sub-stoichiometric amounts into budding virions. CypA-DsRed binds
tightly and irreversibly to the capsid lattice, allowing its visualisation as it travels
through the cytoplasm of the infected cell [135], [136]. Nevertheless, the binding of an
oligomeric CypA to the capsid lattice might perturb its normal disassembly. As an
alternative that avoids perturbing the intrinsic capsid stability, GFP has been used as a
fluid phase marker. In this case, GFP is expressed as part of the Gag polyprotein
between the MA and CA sequences flanked by proteolytic cleavage sites (Gag-iGFP)
[207], [208]. The GFP molecules are released by proteolysis during maturation, where
a fraction is incorporated inside the viral core [102], [209]. The Gag-iGFP viruses
exhibit a slight attenuation in infection relative to WT, but infectivity can be recovered
without reducing the GFP signal intensity excessively when it is co-expressed with the
plasmid lacking the GFP sequence [208]. By using this approach, Mamede et al.
observed that indeed a subset of the GFP gets trapped within the intact viral capsid,
and determined a median capsid rupture of ~30 minutes in the context of productive
infection [132].
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1.5. Research proposal and aims

The development of new antiviral drugs that target HIV-1 capsid require a molecular
understanding of how the virus regulates uncoating. It is generally accepted that HIV
has evolved to exploit a network of host cofactors that interact with the capsid to
regulate its stability. At the same time the cell has evolved restriction factors that
recognise the CA lattice to block infection. However, only few host capsid-binders have

been identified so far, and their precise roles in capsid stability are not well understood.

Most of the current methods to study HIV capsid stability, such as in vitro uncoating of
isolated cores, the fate of capsid assay or CsA washout assay rely on observing the
average behaviour of large numbers of viral cores, which obscures the observation of
intermediates in the uncoating process. Fluorescence microscopy methods can resolve
the uncoating of individual capsids in the cytoplasm, but complementary in vitro
methods that allow high throughput measurements and detailed kinetic studies under

defined conditions are still missing.

Research Aim

The overall aim of this thesis is to develop a single-particle fluorescence microscopy
method to follow the real-time uncoating kinetics of authentic HIV capsids in vitro and
to visualise the effects of host proteins and molecules on capsid stability. This imaging
assay will allow us to follow the uncoating kinetics of hundreds of individual HIV
capsids in a single experiment, resolving intermediates in the disassembly pathway
that are otherwise averaged out in traditional assays. With this new method, we will
study how host proteins and small molecules influence capsid disassembly.
Furthermore, we will use this approach as a platform to study the kinetics of protein
binding to authentic HIV capsids at the single-particle level. This thesis is divided into

three results chapters followed by a general conclusion.

Chapter 3 describes the development of the single-particle fluorescence microscopy
methods to follow the real-time uncoating kinetics of authentic HIV capsids in vitro. The
assays utilise immobilised viral particles that are permeabilised on the coverslip using
the pore-former protein perfringolysin O (PFO) and are designed to detect the following

molecular processes:

- Capsid opening detection. The precise moment at which the capsid develops its

first defect is detected by the release of a solution phase marker (GFP).
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- Dynamic interactions of proteins with authentic cores. Permeabilised viral
particles containing intact capsids are used as a platform to quantify the binding
of labelled proteins or molecules at the single-particle level. As an example, the

interaction of fluorescently labelled CypA with the capsid will be assessed.

- Visualisation of lattice disassembly. Labelled CypA is used to “paint” the CA

lattice to determine the integrity of the capsid lattice over time.

The capsid opening and lattice disassembly assays will be used to study the intrinsic
stability of capsids assembled from WT CA and CA E45A (a mutant known to yield

hyperstable capsids), and to determine the effect of cell lysate on capsid stability.

The aim of Chapter 4 is to study how molecules and proteins that bind to the interface
formed between CAxmp-CActp Of neighbouring subunits in the CA hexamer affect the
stability of the capsid. Capsid opening and lattice disassembly kinetics will be
measured in the presence of the known antiviral drugs PF74 and BI-2. Additionally, the
host binding protein CPSF6 will be studied by using its minimal binding peptide
(CPSF6,) to determine its binding to the capsid. Binding competition with PF74 and

effect on capsid uncoating will be also determined.

The aim of Chapter 5 is to study how polyanionic molecules that bind to the highly
positively charged pore formed by the ring of six arginines at the centre of the hexamer
affect the stability of the capsid. Capsid opening and lattice disassembly kinetics will be
measured in the presence of hexacarboxybenzene as well as the cytosolic compounds
inositol hexakisphosphate (IP6) and ATP.

Chapter 6 will summarise the main conclusions and future directions for the research.
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Chapter 2

Materials and Methods
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2. Materials and Methods

2.1.  HIV-1viral particles

2.1.1. Culture of HEK-293T cell line

The adherent HEK-293T cell line was cultured in DMEM supplemented with 10% v/v
fetal calf serum (DMEM, Gibco) in plastic tissue culture flasks (Corning), and
maintained at 37°C with 5% CO2 in a humidified environment. Cells were passaged
when they approached 90% confluency by removing the culture medium, washing the
monolayer with PBS and incubating with 1x trypsin-EDTA (Thermo Fisher Scientific) for
5 min at 37°C. Cells were then resuspended in new culture media and 20% of the total

volume was re-seeded in a new flask.

2.1.2. Plasmid constructs

2.1.2.1. pNL4.3-iGFP-AENnv

The pNL4.3-iGFP-AEnv [207], [208] construct has the pNL4.3 HIV-1 provirus as
backbone with two modifications which upon transfection will generate non-infectious
viral particles loaded with the enhanced green fluorescent protein (eGFP). The

alterations are:

- A stop codon was introduced at the start of the Env gene to block the expression
of the envelope protein (gp160), preventing the docking and fusion of the virus with

the target cell.

- The eGFP gene flanked by protease cleavage motifs was inserted between the
coding sequences for MA and CA within the Gag open reading frame (ORF). In
this way, monomeric eGFP molecules will be released inside the viral particle
during the maturation process; this design has previously been referred to as
internal GFP (iGFP).

The construct was generated by a member of Stuart Turville’'s group as described
previously [208]. For propagation, a small aliquot from a glycerol master stock
containing frozen Stbl2 Escherichia coli (Invitrogen) transformed with the plasmid was
inoculated into 150 mL of LB media containing 100 ug/mL ampicillin for antibiotic
selection. The culture was incubated overnight at 30°C to minimise recombination of
the retrovirus sequence, and the plasmid DNA was extracted using a HiSpeed Plasmid

Maxi Kit (QIAGEN) according to the manufacturer’s instructions.
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2.1.2.2. pNL4.3-iGFP-E45A-AEnvV
The CA E45A substitution was introduced to the pNL4.3-iGFP-AEnv by subcloning a
fragment encoding that mutation from another plasmid using the Xba-Sbfl restriction

sites (Figure 2.1).

Residue 710 1240 1940 2670 3600

0
T
a
m

Figure 2.1. Gag region of the pNL4.3-iGFP-AEnv sequence map with restriction

Xbal
Sofl

sites.

The ligation reaction mixture (pNL4.3-iGFP-E45A-AEnv) was transformed into MAX
Efficiency Stbl2 Competent E. coli (Life Technologies) according to the manufacturer’s
instructions. Transformed bacteria were streaked on LB agar plates containing 100
pg/mL ampicillin for antibiotic selection and incubated overnight at 30°C. Individual
colonies were inoculated in 5 mL of LB media with antibiotic selection, grown over night
at 30°C and DNA was extracted using a miniprep kit (QIAPREP) following the
manufacturer’s instructions. A clone containing the desired mutation was identified by
DNA sequencing (Ramaciotti Centre for Genomics facility, UNSW Sydney, Australia)
using the primers P5 (5'-GGAGCCACCCCACAAGATTTAAATACCATG-3’) and P6 (5'-
TATCCACGCTTTATAGATGGCTCCTACTGG-3). The plasmid pNL4.3-iGFP-E45A-

AEnv was then propagated as detailed above (see 2.1.2.1)

2.1.2.3. psPAX2

The second-generation lentiviral packaging plasmid psPAX2 (Cat# 11348, from Didier
Trono) encoding the Gag, Pol, Rev, and Tat genes was obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH. The plasmid was propagated as
described above (see 2.1.2.1)

2.1.3. Production of HIV-1 viral particles
HIV-1 viral particles used in this thesis were generated by transfecting HEK-293T cells
using polyethylenimine (PEI Max) reagent (Polysciences, 9002-98-6) with the plasmid

combinations shown in Table 1.
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Table 1. Plasmid combination used to generate WT and CA E45A HIV-1 viral

particles.
Viral particle name Plasmid 1 Plasmid 2
. _ pNL4.3-iIGFP-AENnv psPAX2
WT Viral particles
(6.6 pg) (3.3 Hg)
_ _ pNL4.3-iIGFP-E45A-AEnv
CA E45A Viral particles n/a

(10 ug)

The DNA solution for transfection was prepared by mixing 10 ug of the corresponding
plasmids with 60 pl of 1 mg/mL PEI max solution in a final volume of 500 pl of 0.9% wi/v
sodium chloride (Sigma-Aldrich). The mixture was incubated for 30 min at room
temperature to allow formation of DNA-PEI complexes and then added to a suspension
of 7 x 10° HEK-293T cells in 1 mL of culture media. After 5 minutes, the mixture was
homogeneously added drop by drop to a 10 cm? culture dish (BD Biosciences)
containing 6.5 mL of culture media, and incubated at 37°C with 5% CO,. The virus-
containing supernatant was collected 48 h post transfection and centrifuged (2100 x g,

10 min, 4°C) to remove cellular debris.

2.1.4. Biotinylation of HIV-1 viral particles

To allow immobilization of the viral particles on the coverslip surface for imaging, the
viral membrane proteins were biotinylated with EZ-LinkTM Sulfo-NHS-LC-LC-Biotin
(Thermo Scientific, 21338). 1 mg of biotinylation reagent was added to 7 mL of virus-
containing medium and the mixture was incubated for at least 90 minutes at 4°C with

rotation.

2.1.5. Purification of HIV-1 viral particles by size exclusion

Biotinylated viral particles were then separated from proteins contained in the culture
medium and from free biotin by size exclusion chromatography using a HiPrep 16/60
Sephacryl S-500 HR column (GE Healthcare). The column was washed with 2 column
volumes (CV) of de-gassed distilled water to replace the storage solution (20% ethanol)
and then equilibrated with 2 CV of HBS pH 7.5 (50 mM HEPES, 100 mM NacCl). The
sample containing biotinylated viral particles was loaded onto the column using a 50-
mL loop and 1 mL fractions were collected until a total of 1.5 CV was reached. The
elution of viral particles and other components was monitored by absorption at 280 nm
and the fractions containing viral particles were collected (corresponding to the first

peak (void) eluting from the column), combined stored at 4°C for use within 7 days.
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2.2.  Perfringolysin O (PFO)

Recombinant cysteine-less (C459A) N-terminal His-tagged Perfringolysin O (PFO) was
generously supplied by Sara Lawrence and Michael Parker (University of Melbourne).
The protein stock solution (3 mg/mL [54 pM] in 20 mM Tris pH 8, 20 mM NaCl) was
stored in aliquots at -80°C. When required, an aliquot was thawed by submerging itin a
water bath at 37°C for 10 seconds followed by a short spin in a table top centrifuge.

Once thawed, protein was kept at room temperature for use within several weeks.

2.3. Small Molecules

Small molecules binders were obtained from different sources:

- PF74 (PF-3450074, SML0835, Sigma Aldrich) was dissolved at a concentration
of 10 mM in DMSO (Invitrogen), stored in aliquots at -80°C. Once thawed, the aliquot
was kept at room temperature for use within several weeks. PF74 was used at final
concentrations of 0.1-10 uM in HBS pH 7.

- BI-2 (21982491200, Enamine) was dissolved in DMSO at a concentration of 10
mM, and stored in aliquots at -80°C. Once thawed, the aliquot was kept at room
temperature for use within several weeks. BI-2 was used at a final concentration of 50
UM in HBS pH 7.

- IP6 (Inositol hexaphosphate, P8810-10G, Sigma Aldrich) was dissolved in 50 mM
HEPES buffer pH 7 at a concentration of 10 mM. The stock solution was stored at 4°C.

IP6 was used at final concentrations of 1-100 uM in HBS pH 7.

- Hexacarboxybenzene (Mellitic acid, M2705-1G, Sigma Aldrich) was dissolved at
a concentration of 200 mM in 50 mM HEPES buffer pH 7. The stock solution was
stored at 4°C. Hexacarboxybenzene was used at final concentrations of 10-1000 uM in
HBS pH 7.

- ATP was dissolved at a concentration of 100 mM in distilled water, adjusted to pH
6.5, stored in aliquots at -40°C. The solution was thawed on the day of use and the
remainder was discarded. ATP was used at a final concentration of 1000 uM in HBS
pH 7.
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- Cyclosporine A (CsA) (#9973, Cell Signaling Technology) was dissolved in 100%
ethanol to a concentration of 50 mM and stored at -40°C. CsA was used at final

concentration of 10 uM in HBS pH 7.

2.4.  Cyclophilin A protein
Recombinant cyclophilin A (CypA) used in this thesis was purified by Vaibhav Shah
and Derrick Lau, and labelling with fluorescent probes was carried by Derrick Lau and

Amir Mousapasandi.

2.4.1. Expression and purification of CypA

Human CypA was expressed using a pET expression vector in BL21 (DE3) E. coli cells
were grown in LB medium at 37°C. Protein expression was induced for 3 hours by
addition of isopropyl B-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
Bacterial cells were collected by centrifugation, resuspended in cold (4°C) lysis buffer
(25 mM HEPES, pH 7.6, 1 mM DTT, 0.02% NaN3, supplemented with "Complete”
protease inhibitor and 1 mg/mL lysozyme) and lysed by sonication on ice. The lysate
was clarified by centrifugation (29000 x g, 30 min, 4°C) and the supernatant was
passed through a syringe filter (0.22 um) and further purified by subtractive anion
exchange chromatography using a 10 mL HiTrap Q HP column (GE Healthcare Life
Science, 17-1154-01) equilibrated with a buffer containing 25 mM HEPES, pH 7.6, 1
mM DTT, 0.02% NaN3. CypA fractions (eluted in the flowthrough) were collected and
adjusted to a pH of 5.8 with 1% v/v acetic acid. Aggregates were removed by
centrifugation (29000 x g, 1 h, 4 °C) and the supernatant containing the soluble
proteins was applied to a cation exchange chromatography column (5 mL HiTrap SP
HP, GE Healthcare Life Science, 17115201) equilibrated with a buffer containing 25
mM sodium phosphate pH 5.8, 1 mM DTT and 0.02% NaN3 for further purification.
CypA was eluted with a NaCl linear gradient (0 to 1 M) over 20 CV. Fractions
containing purified CypA were dialysed against CypA storage buffer (25 mM MOPS, pH
6.6, 1 mM DTT, 0.02% NaN3), concentrated using an Amicon-15 Ultra centrifugal
filtration device (10k MWCO, Merck, UFC901024) to a final concentration of 300 uM,
aliguoted and frozen in liquid nitrogen for storage at -80 °C. The yield was

approximately 3 mg/g of cell mass.

2.4.2. Labelling of CypA
Purified CypA was labelled with Alexa-Fluor 568-C5-maleimide (Thermo Fisher
Scientific, A10254) at the Cys-51 residue. The reaction was carried out using a 4-fold

molar excess of dye in PBS (pH 7.4, 0.1 mM TCEP) for 10 minutes at room
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temperature, followed by quenching of the unconjugated dye by addition of 1 M DTT to
a final concentration of 17 mM. Removal of unconjugated dye was achieved using
Zeba desalting spin columns (Thermo Fisher Scientific, 89883) equilibrated with
AF568-CypA storage buffer (50 mM Tris, pH 7.9, 20% v/v glycerol, 1 mM DTT).
Labelled AF568-CypA was aliquoted, frozen in liquid nitrogen and stored at -40°C.

2.5. CPSF6 peptide and labelling

The peptides CPSF6313 327 (CPSF6,, PVLFPGQPFGQPPLG) and CPSF6313_3,7 with an
extra cysteine at the C-terminal (CPSF6,-Cys) were synthetized by GenScript.
Peptides were dissolved in water at a concentration of 2.5 mM, aliquoted and stored at
-40°C.

CPSF6,-Cys was labelled with Alexa-Fluor 568-C5-maleimide (A10254, Thermo Fisher
Scientific) using an equimolar ratio in HEPES buffer pH 8. Labelling was verified by thin
layer chromatography (TLC). No conjugated dye was observed on TLC. CPSF6,-Cys-
AF568 solution was aliquoted and stored at -40°C.

2.6. Helacell lysate

HelLa cell lysate was prepared by Derrick Lau as follows: HeLa cells were washed with
PBS, resuspended in lysis buffer (10 mM Tris-HCI pH 8, 10 mM KCI, 1.5 mM MgCI2,
protease inhibitor and phosphatase inhibitor), and incubated for 15 minutes at 4°C.
Lysis was achieved by passing the cell suspension through a 30.5 g needle (130
strokes with cooling the sample on ice for 2 minutes at every 10th stroke). Cell lysis
was verified by staining a sample of the lysate with trypan blue (added to a final
concentration 0.2% wi/v). The lysate was centrifuged (18000 x g, 30 min, 4°C) to
remove cell debris and protein levels in the supernatant were estimated from the

absorbance at 280 nm. Lysate was frozen in liquid nitrogen and stored at -40°C.

2.7. TIRFM

2.7.1. Microscope set up

Images were collected on a TIRF microscope built by Philip Nicovich and James Walsh
based on an ASI-RAMM frame (Applied Scientific Instrumentation) with a Nikon 100x%
CFl Apochromat TIRF (1.49 NA) oil immersion objective. Lasers were incorporated
using the NicoLase system [210]. Images were captured on two Andor iXon 888
EMCCD cameras (Andor Technology Ltd) and 300 mm tube lenses were used to give

a field of view of 88.68 pm x 88.68 um.
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2.7.2. Microfluidic flow cells set up
Poly-dimethylsiloxane (PDMS) microfluidic devices were prepared by standard
protocols for soft lithography using the Sylgard184 silicone elastomer kit (Dow

Corning).

Two different master moulds were used for fabrication of microfluidic flow cells
depending on the experiment performed (Figure 2.2). For core opening and binding
experiments, the device contained five straight channels of 0.8 mm width, 0.06 mm
height, and 10 mm length (Figure 2.2A). For dissociation experiments requiring rapid
solution exchange, the channel design contained one inlet and two outlets (Figure
2.2B). In this design images were acquired in the part of the main channel behind the
restriction (0.2 mm wide section). Solutions were pre-loaded into the part of the
channel in front of the restriction by passing it through the side outlet, and then drawn
through the main channel by passing it through the outlet at the end of the main

channel.

A 10 mm

1 [osm

OUTLET

INLET
OUTLET

10.2 mm

Figure 2.2. Schematic representation of the microfluidic channels. Two different
channels were used for imaging. Capsid opening and protein binding was done by
using channel shown in (A) while dissociation kinetics experiments were done using

channel shown in (B).

The transparent polymer mixture (elastomer/curing agent ratio 10:1 w/v) was poured
onto the master, degassed in a vacuum desiccator for 20 min and allowed to cure at
70°C overnight. Cured PDMS devices were then removed from the mould and holes for
inlets and outlets were created with a Harris Uni-Core 1.0 mm punch. The device was
then cleaned by immersion in water, isopropyl alcohol (100%) and water (10 min each

step).
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Round glass coverslips (25 mm diameter, Karl Hecht GmbH&Co KG) were cleaned by
sonication in absolute ethanol for 30 minutes followed by sonication in 1 M NaOH for

30 min, and finally rinsed 3 times with ultrapure water and dried.

PDMS devices and coverslips were exposed to plasma inside a plasma cleaner for 3
min (PDC-32G, Harrick Plasma). The PDMS device was then immediately mounted on
the coverslip. Assembled microfluidic flow cells were heated in an oven at 70°C for at

least 15 minutes to improve bonding between the glass and the PDMS.

2.7.3. Capture of viral particles onto the flow cell surface

To allow specific binding of the viral particles inside the flow cell and prevent
nonspecific adsorption of proteins or other molecules, the glass surface was modified
with a PLL-g-PEG-biotin monolayer followed by a layer of streptavidin for capture of the

biotinylated viral particles.

The assembled microfluidic device was mounted in a magnetic chamber (Chamlide
chamber, Live Cell Instrument) and 1 mg/mL solution of biotin-poly-L-lysine-g-poly-
ethylene glycol (PLL-g-PEG-biotin, PLL(20)-g[3.5]-PEG(2)/PEG(3.4)-biotin(20%)
SuSoS AG) was injected into the flow channels with a micropipette for 30 minutes
incubation at room temperature. Inlet and outlet tubing were connected to the PDMS
device. The channels were rinsed by drawing water through the tubing with a syringe
and dried by drawing air through the tubing. The channels were then incubated for 15
minutes with a solution of 0.2 mg/mL streptavidin (SNN1001, Life Technologies
Australia) in blocking buffer (20 mM Tris pH 7.5, 2 mM EDTA, 50 mM NacCl, 0.03%
NaN3, 0.025% Tween 20, 0.2 mg/mL BSA) and rinsed with HBS pH 7.5. The
microfluidic device was mounted on the microscope stage and a syringe pump was
connected to the outlet tubing. The syringe pump was operated in "withdraw" mode to
pull solutions through the channels. Biotinylated viral particles in HBS pH 7.5 were
flowed through the channel at a flow rate of 25 pL/min until a density of ~1000 viral
particles per field of view was obtained (typically 30-100 pL). Unbound viral particles
were washed out with 50-100 pL of HBS pH 7.5 at a rate of 65 pL/min.

2.7.4. Core opening assay

Core opening assays were performed by injection of 30 uL of HBS pH 7 containing

PFO (200 nM) and the protein or molecules to be tested, at a flow rate of 65 puL/min.
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TIRF images were acquired with excitation from a 488 nm laser with 20 ms exposure
time and ~200 nm penetration depth. For “short” experiments, two different acquisition
regimes were used to image over 30 minutes: (1) 900 frames were acquired with a
frequency of 1 frame per second for the first 800 frames and then 100 frames at 1
frame every 10 seconds; (2) 600 frames were imaged with a frequency of 1 frame
every 3 seconds. For “long” experiments, a total of 880 frames were acquired with a

frequency of 1 frame every 6 seconds, for a total acquisition time of 88 minutes.

2.7.5. Lattice disassembly assay

Lattice disassembly assays were carried out with HBS pH 7 containing an oxygen
guenching system (2 mM trolox, 2.5 mM protocatechuic acid (PCA) and 0.25 U/mL
protocatechuate-3,4-dioxygenase (PCD)) to reduce photobleaching during the dual

colour experiments.

To initiate the assay, HBS (30 pul) containing 200 nM PFO, 1 uM AF568-CypA and the
molecule to be tested was injected into the flow channel. TIRF images were acquired
sequentially with 488 nm and 561 nm lasers (20 ms exposure time each, ~200 nm
penetration depth). Most of the experiments were obtained with a frequency of 1
frame/s for a total of 800 frames (13.3 min). Long lattice disassembly assays were
imaged for a total of 880 frames with a frequency of 1 frame every 6 seconds, for a

total time of 88 minutes.

2.7.6. CA binder-capsid interaction assay

Binding of fluorescent CA-binding molecules to the capsid was imaged using
sequential acquisition (488 nm and 561 nm lasers, 20 ms exposure time each, 1
frame/s) after flowing \HBS pH 7 (30 ul) supplemented with the PCA/PCD oxygen
guenching system and containing PFO (200 nM) and different concentrations of
AF568-CypA (0.1 - 20 uM) or CPSF6,, -Cys-AF568 (0.1 - 50 pM) into the flow channel.
Binding experiments with concentrations above 1 uM were carried out with a mixture of
unlabelled and labelled binder, whereby the concentration of the labelled molecule was
kept at 1 pM.

Dissociation experiments were carried out by exchanging the solution using the rapid
exchange solution PDMS device. 100 pl of imaging buffer was injected at a rate of 60
pl/min while images were acquired using excitation with the 561 nm laser (20 ms

exposure time, 5 frame/s).
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2.7.7. Single Molecule Photobleaching
Single molecule photobleaching was carried out for every repetition of the lattice

disassembly and/or CA binder-capsid interaction assay.

A clean coverslip (previously described in section 2.8.2) was mounted in a magnetic
chamber and passivated by incubation with 0.02 mg/mL BSA for 2 minutes followed by
washing with HBS. A solution of 10 nM of AF568-CypA or CPSF6,-Cys-AF568 in HBS
pH 7 was added to the coverslip and incubated in the dark at room temperature for 3 to
5 min. Unbound molecules were removed by washing with HBS and the sample was
mounted on the microscope stage for imaging. Usually, four different field of views
were acquired with a 561 nm laser with exposure times of 200 and 400 ms until most of

the single molecules were photobleached (~150 frames).

2.7.8. Image analysis
Images were analysed with a software written in MATLAB (The MathWorks, Inc.)

adapted from previous work [211].

First, images in the time series were aligned by cross-correlation to the first frame to
correct for x/y-drift. Then, GFP-loaded viral particles, which appear as diffraction limited
objects, were detected as local maxima in the first frame and their positions determined
by Gaussian fitting. Overlapping particles were excluded from analysis. Next,
fluorescence traces were calculated by integrating the fluorescence intensity in a 7x7
pixel region for each channel. The fluorescence intensity for each object was corrected
for background fluorescence determined from pixels in the vicinity of the object.
Fluorescence traces were then fitted with step traces to identify the presence and time
of steps corresponding to permeabilisation and capsid opening. Traces were sorted
into five classes on the basis of the following criteria: (1) loss of entire GFP signal in
one step; (2) loss of GFP intensity in one large (permeabilisation) and one small
(capsid opening) step; (3) loss of the majority of the GFP signal in one step with
residual GFP signal persisting for the rest of the experiment; (4) no permeabilisation;
(5) uninterpretable traces. Pre-assignment to classes was done automatically but all
traces were verified by visual inspection and re-assigned if necessary. Traces with very

low GFP levels were excluded from analysis.

For the core opening assay, capsid opening times were calculated for traces in class 2
as the time difference between permeabilisation and capsid opening. Capsid opening

times were plotted as a survival curve of intact cores and capsid opening half-life was
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estimated by fitting of the survival curve with a bi-exponential decay function, whereby

the reported half-life corresponds to that of the majority of capsids.

For CA binder-capsid interaction assays, AF568-CypA or CPSF6,-Cys-AF568 binding
traces from classes 2 and 3 were aligned at the time of membrane permeabilisation
and plotted as a heatmap. For each concentration, the median binding trace was
calculated and the number of bound fluorescent molecules at equilibrium was
determined from the ratio of the binder fluorescence intensity associated with the
capsid to the fluorescence intensity of a single fluorescent binder molecule obtained
from single molecule photobleaching experiments. Dissociation constant (Kp) was
obtained by fitting the median number of bound molecules at equilibrium as a function
of the molecule concentration with the following equation: N(eq) = [binder] x N(max) /
([binder] + Kp), where N(eq) is the number of molecules bound at equilibrium for a
given binder concentration, [binder] is the concentration of the binder, N(max) is the

number of molecules bound at saturation and Ky, is the dissociation constant.
For lattice disassembly assays, median disassembly kinetics were obtained. Individual

binding traces from class 1 were aligned at the time of membrane permeabilisation

while traces from class 3 were aligned at the time of core opening.
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Chapter 3
Kinetics of HIV-1 capsid uncoating

revealed by single-molecule analysis
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3. Kinetics of HIV-1 capsid uncoating revealed by single-

molecule analysis

3.1. Introduction

The HIV capsid has emerged as an attractive therapeutic target due to its multiple roles
in the replication cycle and its genetic fragility. To develop capsid-targeting antiviral
compounds, it is necessary to (1) understand how uncoating is regulated, including the
precise role of host factors in capsid disassembly and their interaction dynamics, and
(2) have a high throughput method with which the effect of different molecules on

capsid stability can be determined.

To contribute in this matter, in this chapter we describe a new single-particle
fluorescence microscopy method to follow in real-time the uncoating of authentic HIV
capsids in vitro. The assay enables us to measure the two processes involved in
capsid uncoating, (1) the opening of the first defect in the capsid sand (2) the
disassembly of the lattice thereafter. Furthermore, we can utilise this assay to study
how different molecules and proteins modulate these two phases of uncoating and the

dynamic interactions of them with the viral capsid.
The content of this chapter was published in the following peer-reviewed journal:

Chantal L Méarquez, Derrick Lau, James Walsh, Vaibhav Shah, Conall McGuinness,
Andrew Wong, Anupriya Aggarwal, Michael W Parker, David A Jacques, Stuart Turville
and Till Bocking, “Kinetics of HIV-1 capsid uncoating revealed by single-molecule
analysis”, eLife, June 2018. 10.7554/eLife.34772.

The paper includes the following work undertaken as part of this PhD thesis:

1. Development of the imaging assay

2. Description of the uncoating kinetics of WT CA viral particles.

3. Effects of capsid-binding factors (CypA, BI-2, PF74, and hexacarboxybenzene) or of
cell lysate on capsid opening and lattice disassembly.

4. Effect of the CA E45A mutation on capsid opening. The effect of the CA E45A
substitution on the kinetics of lattice disassembly is included in section 8.1 of this thesis

as additional information to the paper.
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Abstract Uncoating of the metastable HIV-1 capsid is a tightly regulated disassembly process
required for release of the viral cDNA prior to nuclear import. To understand the intrinsic capsid
disassembly pathway and how it can be modulated, we have developed a single-particle
fluorescence microscopy method to follow the real-time uncoating kinetics of authentic HIV capsids
in vitro immediately after permeabilizing the viral membrane. Opening of the first defect in the
lattice is the rate-limiting step of uncoating, which is followed by rapid, catastrophic collapse. The
capsid-binding inhibitor PF74 accelerates capsid opening but stabilizes the remaining lattice. In
contrast, binding of a polyanion to a conserved arginine cluster in the lattice strongly delays
initiation of uncoating but does not prevent subsequent lattice disassembly. Our observations
suggest that different stages of uncoating can be controlled independently with the interplay
between different capsid-binding regulators likely to determine the overall uncoating kinetics.
DOI: https://doi.org/10.7554/eLife.34772.001

Introduction

HIV is an enveloped virus that carries its RNA genome and associated viral proteins within a protein
shell called the capsid (Welker et al., 2000). Upon engagement of CD4 and the chemokine receptor
CCR5 or CXCR4, the viral membrane fuses with the plasma membrane of the host, depositing the
viral core (defined here as the capsid and its contents) in the cytoplasm (Blumenthal et al., 2012). In
order to establish infection, the virus must reverse transcribe its single stranded RNA genome into
double stranded DNA, traverse the cytoplasm and cross the nuclear membrane, after which it inte-
grates into the host chromosome (Bukrinsky, 2004). We now know that the capsid plays a key role
in these processes and is critical for successful infection. It not only acts as a shield to protect the
viral genomic material from pattern recognition and degradation (Lahaye et al, 2013;
Rasaiyaah et al., 2013), but is also thought to facilitate reverse transcription (Jacques et al., 2016),
engage with the nuclear pore complex (Burdick et al., 2017, Dharan et al., 2016; Matreyek et al.,
2013), and direct integration site targeting (Ocwieja et al., 2011; Schaller et al., 2011;
Sowd et al., 2016). In order to achieve many of these proposed functions, the capsid must interact
with host proteins and small metabolites, as well as disassemble to release the viral DNA at the
appropriate place and time (Campbell and Hope, 2015). The nature of this ‘uncoating’ process and
how it is influenced by host co-factors remains a key unanswered question in HIV biology.
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elLife digest Viruses need to enter their host's cells in order to replicate their genetic material
and produce more copies of the virus. A protein shell called a capsid protects the virus during this
journey. But the structure of the capsid presents a mystery. How can this protein shell be strong
enough to remain intact as it enters a host cell, and yet quickly open up to release the viral genome
after replication?

Unlike the capsids of many other viruses, those of HIV have irregular structures that rapidly fall
apart once removed from the virus. This has thwarted attempts to study intact HIV capsids in order
to understand how they work. However, we do know that HIV hijacks a range of molecules
produced by the invaded host cell. Dissecting their effects on the capsid is key to understanding
how the capsid disassembles.

Maérquez et al. have now developed a method that can visualize individual HIV capsids — and how
they disassemble - in real time using single-molecule microscopy. This revealed that capsids differ
widely in their stability. The shell remains closed for a variable period of time and then collapses
catastrophically as soon as it loses its first subunit.

Using the new technique, Mérquez et al. also found that a small molecule drug called PF74
causes the capsid to crack open rapidly, but the remaining shell is then stabilized against further
disassembly. These observations reconcile seemingly contradictory observations made by different
research groups about how this drug affects the stability of the capsid.

The method developed by Marquez et al. enables researchers to measure how molecules
produced by host cells interact with the viral capsid, a structure that is fundamental for the virus to
establish an infection. It could also be used to test the effects of antiviral drugs that have been
designed to target the capsid. The new technique has already been instrumental in related research
by Mallery et al., which identifies a molecule found in host cells that stabilizes the capsid of HIV.

DOI: https://doi.org/10.7554/eLife.34772.002

The HIV capsid comprises 1000-1500 copies of a single viral protein, CA, corresponding to less
than half of the total CA released by proteolytic processing of the Gag polyprotein during matura-
tion (Briggs et al., 2004). CA is a two-domain protein, which can form both hexameric and pen-
tameric assemblies. The conical capsid is a fullerene structure, which incorporates 12 pentamers into
the otherwise hexameric lattice, a geometric constraint that must be satisfied in order to achieve
capsid closure (Li et al., 2000; Pornillos et al., 2011). However, there is no such constraint on the
number of hexamers nor the positions of pentamers and, as such, HIV capsids are polymorphic. Typi-
cally, capsids have a conical shape with an average length of 119 nm and an average width of 61 nm
(Briggs et al., 2003). In addition, a large fraction of viral particles contain ‘defective’ capsids, which
do not have closed surfaces (Frank et al., 2015; Mattei et al., 2016; Yu et al., 2013). This high
degree of polymorphism and poor fidelity of assembly mean that the HIV capsid is a technically chal-
lenging entity to study, especially when compared to the more regular icosahedral viruses, many of
which can even be crystallized.

Current biochemical methods used to study HIV capsid stability include an in vitro uncoating
assay for the release of CA from isolated capsids (Ambrose and Aiken, 2014; Shah and Aiken,
2011), the fate of capsid assay (Stremlau et al., 2006; Yang et al., 2014) and the cyclosporin A
washout assay (Hulme et al., 2011). These assays measure uncoating in bulk, that is rely on observ-
ing the average behavior of large numbers of viral cores. Fluorescence microscopy methods that
track the uncoating process in fixed or live cells (Francis et al., 2016, Mamede et al., 2017) can
resolve steps in the uncoating process of individual capsids in the cytoplasm but complementary in
vitro methods that allow high throughput measurements and detailed kinetic studies under defined
conditions are still missing.

Here we describe an in vitro single-molecule fluorescence imaging assay that allows us to follow
the uncoating kinetics of hundreds of individual HIV capsids in a single experiment. This type of sin-
gle-molecule analysis has the advantage that it can resolve intermediates in the disassembly pathway
that are otherwise averaged out in traditional ensemble assays. By observing the properties of many
individual capsids, it is possible to classify them according to their uncoating behaviors. This versatile

Mérquez et al. eLife 2018;7:e34772. DOI: https://doi.org/10.7554/eLife.34772 2 of 23
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method enables ‘bottom-up’ approaches to determine the effect of individual host molecules and
drugs and is also compatible with ‘top-down’ studies in which the influence of whole-cell lysates can
be observed. Using this method, we are able to classify virions into three categories based on their
uncoating behavior. We have also been able to define two discrete uncoating events that we term
‘capsid opening’ and ‘lattice disassembly’ and show that known cofactors and drugs have different
effects on these two processes. This observation has allowed us to resolve the ambiguity as to what
is meant by ‘uncoating’ and how it can be influenced by external factors.

Results

Single-particle fluorescence imaging of capsid opening

Fusion of the viral particle with the plasma membrane marks the point in time when the viral core is
first exposed to the cytoplasm, but the effects of cellular proteins and small molecules on the stabil-
ity of the capsid lattice are largely unknown. Here, we designed a fluorescence imaging assay to pin-
point the time of capsid opening at the single-particle level after exposing capsids to biochemically
different environments in vitro. We produced viral particles containing GFP as a solution phase
marker using a proviral construct with Gag-internal GFP (Figure 1A) (Aggarwal et al., 2012;
Hiibner et al., 2007). GFP is expressed as part of the Gag polyprotein and released by proteolysis
during maturation, whereby a fraction of GFP molecules are compartmentalized within the viral cap-
sid, with the remainder enclosed outside the viral capsid but within the viral membrane
(Mamede et al., 2017; Yu et al., 2013). As a control we also used constructs containing a mutation
in the late domain of Gag that leads to a block in the abscission of viral particles from the producer
cell. The number of GFP-positive particles in the cell supernatant decreased by 99.7% when viral
release was blocked (Figure 1B), confirming that essentially all GFP-positive particles released in the
absence of the block represent viral particles. The fluorescent viral particles were biotinylated, puri-
fied by gel filtration and captured via streptavidin onto the surface of a coverslip modified with an
inert polymer layer that prevents non-specific adsorption of viral particles and proteins (Figure 1B).
Using microfluidics, we then delivered a solution containing the bacterial pore-forming protein per-
fringolysin O (PFO). PFO efficiently permeabilized the viral membrane by assembling into character-
istic ring-shaped membrane pores with a mean pore diameter of about 35 nm (Figure 1D and E),
consistent with its activity on cholesterol-containing membranes (Dang et al., 2005). These pores
are sufficiently large to permit the passage of proteins while the viral core is retained within the per-
forated viral membrane allowing the core to be observed over time while it can undergo
disassembly.

In our assay, we detected viral membrane permeabilization and capsid opening using time-lapse
total internal reflection fluorescence (TIRF) microscopy to monitor the release of GFP molecules
trapped in these compartments. GFP-loaded viral particles captured onto the coverslip appeared as
bright diffraction-limited spots in the fluorescence image (Figure 1F), whereby a typical field of view
contained several hundred to a thousand particles with a broad distribution of GFP intensities
(Figure 1G). We extracted GFP intensity traces for each particle by summing the total fluorescence
intensity above background of the diffraction limited spot in each frame of the TIRF movie (see
Figure 1H for selected traces and for snapshots of the corresponding particles over time). A com-
mon feature of the vast majority of traces was a large drop in the GFP signal that occurred from one
frame to the next at a variable time point after addition of PFO to the flow channel. We attributed
this sudden drop in signal to the release of the pool of GFP molecules enclosed by the viral mem-
brane as a result of PFO-mediated permeabilization. This process was not synchronized and typically
occurred at random times for individual particles over a period of several minutes, as expected for
the stochastic process underlying assembly of PFO into membrane pores. The precise time of per-
meabilization could, nevertheless, be determined from the large drop in the GFP fluorescence inten-
sity traces (indicated by ‘P’ in Figure TH) obtained by single-particle analysis.

Tracking of the residual GFP signal after permeabilization then permitted us to distinguish
between three different classes of particles with ‘leaky’, ‘opening’ or ‘closed’ capsids. The majority
of traces was characterized by a complete loss of GFP fluorescence upon membrane permeabiliza-
tion (Figure 1H, left panel, see also Figure 2A). These particles were classified as containing leaky
capsids with a defective and/or unstable CA lattice that did not retain the pool of GFP inside the
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Figure 1. HIV capsid opening assay. (A) Map of the proviral DNA contained in the vector pNL4.3-iGFP-AEnv. Viral particles with Gag-internal GFP
(released as a solution phase marker by proteolysis during maturation) were generated by transfection of HEK293T cells with pNL4.3-iGFP-AEnv and
psPAX2 in a molar ratio of 1.4:1. (B) GFP-positive particles released from HEK293T cells transfected with either wild type or PTAP motif mutants of
pNL4.3-iGFP-AEnv and psPAX2. (C) Schematic diagram of the TIRF assay to measure capsid opening. (D) Gallery of negative staining TEM images of
viral particles incubated with the pore-forming protein PFO. (E) Distribution of PFO pore diameters (34.8 + 5.2 nm, mean +standard deviation, N = 347).
(F) TIRF image of immobilized viral particles in a 450 x 370 pixel region of the field of view. (G) Distribution of GFP intensity for each particle in the field
of view. (H) Fluorescence intensity traces of viral particles with leaky, opening and closed capsids showing the release of GFP contained by the
envelope at the point of envelope permeabilization ('P’) with PFO and release of encapsidated GFP after spontaneous opening (‘O’) of the HIV capsid.
The capsid opening time (A1) is the time from permeabilization to capsid opening. The black squares indicate the frames at which the snapshots shown
below each trace were taken. The TIRF movie was recorded with an imaging frequency of 1 frame s™".
DOI: https://doi.org/10.7554/eLife.34772.003

The following figure supplement is available for figure 1:

Figure 1 continued on next page
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Figure 1 continued

Figure supplement 1. Histogram of the fraction of encapsidated GFP.
DOI: https://doi.org/10.7554/eLife.34772.004

capsid (Welker et al., 2000; Yu et al., 2013). The remainder of traces showed a residual GFP signal
after membrane permeabilization that constituted on average 13% of the total GFP signal prior to
permeabilization (Figure 1—figure supplement 1). This fraction was consistent with the amount of
GFP expected to be randomly trapped inside the volume of the capsid (relative to the volume of the
viral particle) during maturation. Loss of this residual GFP signal to background levels at a later point
in time was attributed to the spontaneous opening of the capsid lattice to create a hole sufficiently
large to permit the passage of GFP (indicated by ‘O’ in Figure 1H, middle panels). We then calcu-
lated the capsid opening time (denoted as At in Figure 1H) for each trace as the difference between
the time of membrane permeabilization and the time of capsid opening. In a fraction of traces the
residual GFP signal remained constant until the end of the TIRF movie and the corresponding par-
ticles were classified as having closed capsids that retain GFP for the duration of the experiment
(Figure 1H, right panel). We conclude that monitoring the steps of GFP release from viral particles
at the single-particle level reveals differences in capsid opening times.

Effect of capsid-binding molecules on capsid opening kinetics

We used the capsid opening assay to characterize the intrinsic stability of the HIV capsid in the
absence and presence of molecules known to affect the stability of the CA lattice. Figure 2A shows
the fraction of capsids that are leaky, undergo opening or remain closed within 30 min of adding
PFO to the immobilized particles. Leaky capsids constituted the largest fraction of particles (60-
80%), irrespective of which type of capsid-binding molecules were present in the solution. Even in
the absence of capsid-binding molecules, we observed variability in the fraction of leaky capsids in
this range for different batches of particles. These observations suggest that leaky particles result
from assembly defects during maturation, which are unaffected by modulators of CA lattice stability
that the capsid encounters at a later stage (e.g. after entry into the cell).

To obtain an estimate of the half-life of the opening process, we analyzed the distribution of cap-
sid opening times determined for hundreds of particles that undergo opening (Figure 2B, C). The
survival curve of intact capsids (i.e. those that remain positive for encapsidated GFP) exposed to
buffer without additives could be approximated with an exponential decay function (Figure 2B,
black lines and Figure 2—source data 1) yielding an estimate for the capsid half-life of 8 min
(Figure 2C), which is similar to a previous estimate of 10 min for the half-life of capsid uncoating in
vitro (Francis et al., 2016). Fitting a bi-exponential decay made it possible to quantify a sub-popula-
tion of capsids (~20%) that were substantially less stable and opened with a half-life of less than 1
min (Figure 2B, dashed grey line and Figure 2—source data 2).

To validate that the GFP release kinetics depend on capsid stability, we assessed the effect of the
E45A mutation in CA on capsid opening. This mutation is known to yield hyperstable capsids
(Forshey et al., 2002; Yang et al., 2012), which was also apparent in our capsid opening assay with
a 4.5-fold increase in half-life compared to capsids assembled from wild-type CA (Figure 2C).

The ability to identify different subpopulations of capsids and to extract a half-life for capsid
opening allowed us to quantitatively compare the effect of known capsid-binding proteins and small
molecules on capsid stability. Cyclophilin A (CypA) is a host cell protein that binds to the cyclophilin
binding loop of CA exposed on the exterior of the capsid (Gamble et al., 1996), and this interaction
is thought to control capsid stability after cell entry (Shah et al., 2013). In our assay, CypA had no
effect on capsid half-life when added at a concentration of 1 uM and lead to an approximately two-
fold increase in half-life at 20 uM (Figure 2C).

The small molecules PF74 and BI2 bind to hexameric CA and inhibit HIV infection at an early
post-fusion event (Bhattacharya et al., 2014; Blair et al., 2010; Lamorte et al., 2013; Price et al.,
2014). Addition of these inhibitors to the capsid opening assay at high concentrations within the
range typically used in cellular and biochemical assays revealed an increase in the ratio of opening
to closed particles after 30 min (Figure 2A) and a pronounced acceleration of capsid opening with
half-lives of 41 s and 2.4 min, respectively (Figure 2C). In contrast, the small molecule
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Figure 2. Kinetics of capsid opening. (A) Bar chart showing the fraction of capsids classified as ‘leaky’, ‘opening’ and ‘closed’ that are present 30 min
after addition of PFO to permeabilize the envelope, recorded in the absence and presence of capsid binders. (B) Survival curves of capsids with
encapsidated GFP after permeabilization with mono- (black line) and bi-exponential (dotted grey line) fit. The parameter values of the fits are provided
in Figure 2—source data 1 and 2. The data in panels A and B was combined from multiple measurements (total number of repeats/number of viral
preparations): No binder (3/2); CypA - 1 uM (4/2); CypA - 20 uM (5/2); PF74 - 10 uM (4/2); BI2 - 50 uM (5/3); hexacarboxybenzene - 10 uM (3/2);
hexacarboxybenzene - 1000 uM (2/1); CA E45A (5/3). (C) Half-lives of intact capsids determined by fitting survival curves from individual repeats with a
mono-exponential decay function. The error bars represent 95% confidence intervals; unpaired t-test with Welch's correction, p=0.2797 (1 uM CypA),
p=0.0403 (20 uM CypA), p=0.0403 (20 uM CypA), p=0.0014 (10 uM PF74), p=0.0022 (50 uM BI2), p=0.0043 (CA E45A). The half-lives of capsids in the
presence of hexacarboxybenze (C4(COOH)4) could not be determined with certainty and were estimated to be >1 hr.

DOI: https://doi.org/10.7554/eLife.34772.005

The following source data is available for figure 2:

Source data 1. Table of coefficient values from a mono-exponential fit of the survival curves in Figure 2B.

DOI: https://doi.org/10.7554/eLife.34772.006

Source data 2. Table of coefficient values from a bi-exponential fit of the survival curves in Figure 2B.

DOI: https://doi.org/10.7554/eLife.34772.007
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hexacarboxybenzene (C4(COOH),), which binds to hexameric CA (Jacques et al., 2016), showed the
opposite effect by strongly inhibiting capsid opening (Figure 2A). There was an insufficient number
of opening events to allow a robust fit of the survival curves but we estimated that the half-lives in
the presence of 10 and 1000 uM hexacarboxybenzene were in the order of 1 hr and 10 hr, respec-
tively. Taken together, our observations show that measuring GFP release from authentic viral cap-
sids at the single-particle level is suitable to reveal the heterogeneity of capsid assembly states and
quantify the effect of capsid binders on the opening kinetics of intact capsids.

Kinetics of protein binding to intact HIV capsids

The half-life of the HIV capsid is sufficiently long to use PFO-permeabilized viral particles as a plat-
form to quantify the binding of labeled proteins to authentic viral capsids at the single-particle level
as shown in Figure 3A. To demonstrate this approach, we added CypA labeled with Alexa Fluor 568
(AF568) at the same time as PFO to the flow channel and followed the fluorescence signals of GFP
packaged into the virion and AF568-CypA using dual-color TIRF microscopy. For binding analysis,
we selected particles with capsids that remained intact (GFP-positive) for a sufficient period of time
to obtain a binding equilibrium. Using a calibration value obtained by single-molecule photobleach-
ing, we converted the AF568 intensity to obtain the number of CypA molecules bound at each loca-
tion corresponding to a closed capsid.

Representative traces of CypA binding to closed capsids are shown in Figure 3B. As before,
PFO-mediated permeabilization of each individual particle was evident from the large drop in GFP
intensity to a level corresponding to the pool of GFP trapped inside the closed capsid. Coincident
with GFP signal loss, we observed a rapid increase in the CypA signal up to an equilibrium binding
level. We then obtained the CypA binding kinetics for the entire population of closed capsids in the
field by aligning all single-particle traces at the time of membrane permeabilization. The aligned
traces recorded in the presence of 1 UM CypA are shown as a heatmap in Figure 3C. The median
binding trace showed that binding equilibrium was rapidly established, suggesting that the PFO-per-
meabilized membrane does not present a significant barrier for diffusion of proteins to and from the
capsid. The number of molecules bound at equilibrium in the experiment shown in Figure 3C had a
median of 73 molecules per capsid. Across 12 independent experiments, we measured 58 + 8 mole-
cules per capsid in the presence of 1 uM CypA (Figure 3—figure supplement 1). When imaged for
longer periods of time, the plateau level increased slowly, suggesting that a low level of irreversible
or non-specific binding may occur over time. However, binding of CypA was completely abolished in
the presence of the competitive inhibitor cyclosporin A, which binds to the binding pocket on CypA
(Figure 3C, bottom panels) (Mikol et al., 1993). This observation indicates that the interaction with
the permeabilized viral particle is largely driven by an interaction with sites recognized by its binding
pocket.

Next, we used the binding assay to obtain an estimate of the dissociation constant (Kp) for the
CypA-capsid interaction and the number of binding sites that can be occupied simultaneously on
the assembled capsid. Mean binding curves were obtained from aligned single-particle traces
recorded at concentrations ranging from 0.1 to 20 pM (Figure 3D). Analysis of the equilibrium bind-
ing levels gave an estimate of the Kp of 10-12 uM with an estimated 500-1000 molecules bound per
capsid at saturation (Figure 3E and Figure 3—figure supplement 2). This number of sites repre-
sents roughly half of the number of CA proteins in an assembled capsid (Briggs et al., 2003). The
expected CypA:CA ratio at saturation is also 1:2, because binding to both cyclophilin loops of CA
molecules connecting neighboring hexamers in the lattice would lead to steric clashes (Liu et al.,
2016). This observation suggests that the lattice is completely coated with CypA at saturation, and
that binding sites on different locations of the capsid are equivalent.

Finally, we obtained the rate of CypA dissociation by measuring the decay of the mean fluores-
cence intensity associated with closed capsids after removing CypA from solution by flushing the
flow channel with buffer (Figure 3F). The majority of the fluorescence signal (85%) disappeared rap-
idly with a rate of 1.5 s~". This rate was close to the rate of solution exchange achievable in our
microfluidic set-up, such that the off-rate of CypA measured here may be limited by mass transport.
The residual CypA signal associated with the particles, possibly representing irreversibly bound
CypA, decayed with a rate consistent with photobleaching. For comparison, we also measured the
binding and dissociation of unlabeled CypA to CA and cross-linked CA hexamers using surface plas-
mon resonance. Equilibrium binding analysis of the SPR data gave a Kp of 21.8 uM and 19 uM for
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Figure 3. Kinetics of CypA binding to the intact capsid. (A) Schematic diagram of the TIRF assay for measuring protein binding to the intact capsid
and snapshots of the GFP signal and AF568-CypA signal of a selected viral particle at different times. (B) Example traces of CypA binding (vermillion) to
individual closed capsids that retain GFP (green) after permeabilization of the viral envelope (note the residual GFP signal after the large drop). The
concentration of CypA was 1 uM. (C) CypA binding traces (vermillion) to all closed capsids in the field of view aligned with respect to the time of
envelope permeabilization (tp = 0). The bold black line represents the median binding trace. CypA binding was recorded in the absence (top) and
presence (bottom) of cyclosporine A (CsA). The histograms at the right show the distribution of intensities after binding equilibrium is reached (at

tp = 10 s). Gaussian fitting gave a mean +standard deviation of 73 + 20 and 1.6 + 2.9 in the presence and absence of CsA, respectively. Representative
data from four (—CsA) and two (+CsA) independent experiments using different viral preparations. (D) Median CypA binding traces recorded at CypA
concentrations ranging from 0.1 to 20 uM as indicated above the corresponding trace. Binding experiments with concentrations above 1 uM were
carried out with a mixture of unlabeled and labeled CypA, whereby the concentration of the labeled CypA was kept at 1 uM. (E) Median number of
CypA molecules bound at equilibrium as a function of CypA concentration (vermillion circles) and fit of an equilibrium binding model (black line). The fit
gave the following estimates for the interaction: KD = 10 uM; number of CypA-binding sites on the intact capsid ~1000. See Figure 3—figure
supplement 2 for an independent repeat experiment. (F) Mean CypA intensity measured at closed capsids after wash-out of CypA from the flow
channel at t = 0. The black line represents a fit of the data with an exponential decay function.

DOI: https://doi.org/10.7554/eLife.34772.008

The following figure supplements are available for figure 3:

Figure supplement 1. Variation in the median number of molecules bound at equilibrium per closed capsid measured in independent experiments at
different CypA concentrations.

DOI: https://doi.org/10.7554/eLife.34772.009

Figure supplement 2. Equilibrium binding analysis of CypA binding to capsid.

DOI: https://doi.org/10.7554/eLife.34772.010

Figure supplement 3. SPR measurements of the CypA-CA interaction.

DOI: https://doi.org/10.7554/eLife.34772.011

interaction with immobilized CA (consistent with previous data [Yoo et al., 1997]) and CA hexamer
(Figure 3—figure supplement 3), respectively, while the off-rates determined after removal of
CypA from solution were 4 + 0.3 s™' and 3.5 + 0.4 s™, respectively. We conclude that CypA binds
with low affinity to the authentic viral capsid lattice shortly after membrane permeabilization in an
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interaction that is governed by rapid kinetics and not fundamentally different from its interaction
with CA that is not part of a lattice.

Visualizing capsid lattice disassembly using CypA paint

The capsid opening assay pinpoints the start of the uncoating reaction. To also measure the kinetics
of lattice disassembly beyond the appearance of the first defect, we explored the possibility of using
labeled CypA to ‘paint’ the CA lattice, whereby the signal of bound CypA is proportional to the
number of CA molecules that remain at a given point in time during disassembly, similar to a previ-
ous approach using CypA-DsRed (Francis et al., 2016). Our observations above revealed that CypA
fulfils two important requirements for its use as a capsid lattice paint. Firstly, CypA binding does not
have a measurable effect on capsid opening when used at concentrations of up to 1 uM (Figure 2C).
Secondly, CypA binds (and dissociates) with fast rates to binding sites all over the surface of the lat-
tice (Figure 3). In the experiments shown here, we added labeled CypA to the buffer at the same
time as adding PFO, but in principle it is possible to add (and withdraw) the label at any point in
time during the uncoating experiment. We then observed the CypA signal as a function of time for
each GFP-positive particle in the field of view, whereby the vast majority of particles showed the
appearance of a CypA signal above background shortly after permeabilization. Below we focus on
the analysis of leaky and opening capsids, whereby the intensity of the CypA signal was converted
into a measure for the integrity of the capsid lattice.

Particles with leaky capsids (complete disappearance of the GFP signal in a single step) showed a
spike in the CypA signal upon membrane permeabilization that typically decayed rapidly (within sec-
onds to minutes, see Figure 4B for example traces). The median CypA intensity trace obtained by
aligning all traces with leaky capsids at the time of membrane permeabilization showed instanta-
neous accumulation of CypA intensity followed by a short dwell time of 5-7 s and exponential decay
characterized by a half-life of 14-25 s (Figure 4C). We interpreted this signal as follows: particles
with leaky capsids contain a CA lattice that is poised to fall apart and only persists for a short period
of time before disassembly. The distribution of CypA molecules bound per capsid at the intensity
peak (Figure 4C, middle panel) suggested the presence of particles containing almost complete
capsids with only minor defects as well as particles with only partially assembled lattices. The distri-
bution of CypA paint intensities measured 5 min after permeabilization (Figure 4C, right panel)
revealed a small residual signal, suggesting the presence of residual CA.

Single-particle traces of opening capsids (Figure 4D) were characterized by the following phases:
First, rapid binding of CypA upon membrane permeabilization, reaching a binding equilibrium while
the capsid remained closed (Figure 4E, left heatmap). Second, the CypA fluorescence signal started
to decay within a short dwell time of capsid opening (GFP release) and then reached a stable level
above background. We interpret the second phase as the disassembly of most of the CA lattice. The
median disassembly kinetics after capsid opening (Figure 4E, right heatmap) were governed by a
half-life of approximately 70-100 s. The rapid decay of the lattice after initiation of uncoating
observed here with labeled monomeric CypA is consistent with previous measurements in vitro and
in cells using a tetrameric probe, CypA-dsRed, that binds irreversibly to the capsid lattice
(Francis et al., 2016). As observed for leaky capsids, we detected residual CypA intensity at the end
of the disassembly phase, possibly due to the presence of some CA molecules remaining associated
with the viral RNA inside the permeabilized viral particle.

Overall, the disassembly process after capsid opening followed a similar process as observed for
leaky capsids, but with slower kinetics. We conclude that capsid opening is the rate-limiting step for
capsid uncoating, and lattice disassembly will proceed rapidly once the capsid has developed the
first defect.

CypA paint reveals the effects of PF74 and hexacarboxybenzene on
capsid lattice disassembly

As shown above, PF74 accelerated capsid opening, while hexacarboxybenzene strongly inhibited
this step. A simple explanation of these observations is that binding of these compounds globally
affects capsid stability. In this case, we would predict that the rates of lattice disassembly are
affected in the same way as capsid opening, that is increased in the presence of PF74 and decreased
in the presence of hexacarboxybenzene. To test this prediction, we used CypA paint to determine
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Figure 4. Painting the capsid with CypA to visualize lattice disassembly kinetics. (A) Schematic diagram of the TIRF CypA paint assay. (B) Example
traces of AF568-CypA binding (vermillion) to individual leaky capsids that do not retain GFP (green) after permeabilization of the viral envelope. The
concentration of CypA was 0.7 uM. (C) Heatmap of CypA binding traces to all leaky capsids in the field of view aligned with respect to the time of
envelope permeabilization (t = 0). The bold black line represents the median CypA trace. The histograms at the right show the distribution of
intensities at tp = 5 s and 300 s. (D) Example traces of AF568-CypA binding (vermillion) to individual capsids that initially retain a fraction of the GFP
signal (green) after permeabilization of the viral envelope, and then open to release this residual GFP signal. The concentration of CypA was 0.7 uM. (E)
Heatmap of CypA intensity traces of all capsids in the field of view that undergo opening. The traces in the left panel are aligned with respect to the
time of envelope permeabilization (tp = 0), while the traces in the right panel are aligned with respect to capsid opening. The bold black line represents
the median CypA trace. The histograms at the right show the distribution of intensities after binding equilibrium is reached (at tp = 10 s) and at the end
of lattice disassembly. Representative data from three independent experiments using different viral preparations.

DOI: https://doi.org/10.7554/elife.34772.012

the effect of these compounds on the kinetics of lattice disassembly. CypA binding to the capsid
was indistinguishable in the presence and absence of these compounds (Figure 3—figure supple-
ment 1), suggesting that binding of either compound does not interfere with CypA binding. Surpris-
ingly, in the presence of PF74, we observed no decrease in the CypA paint signal after capsid
opening (Figure 5B, right heatmap). This observation suggests that the lattice develops a defect to
allow the passage of proteins but is otherwise highly stabilized such that no (further) CA proteins are
released from the lattice. The amount of CA protein lost during the opening step was below the limit
of detection in our assay (compare the CypA paint intensity histograms before and after capsid
opening, Figure 5B). This stabilization of the lattice was also observed for leaky capsids (Figure 5A).
Here, too, the CypA paint signal remained constant for at least 8 min. The observations indicate that
the lattice did not release a substantial number of individual CA subunits (or small multimers), but
we cannot rule out breakage of the capsid into stable parts that are too large to traverse the PFO
pores. In contrast to the strong stabilization observed with PF74, hexacarboxybenzene only had a
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Figure 5. PF74 but not hexacarboxybenzene stabilizes the CA lattice after capsid opening. (A, C) Heatmaps of CypA binding traces to all leaky capsids
in the field of view aligned with respect to the time of envelope permeabilization (tp = 0) in the presence of PF74 (A) or hexacarboxybenzene (C). The
bold black line represents the median CypA trace. (B, D) Heatmaps of CypA intensity traces of all capsids in the field of view that undergo opening in
the presence of PF74 (B) or hexacarboxybenzene (D). The traces in the left panel are aligned with respect to the time of envelope permeabilization

(tp = 0), while the traces in the right panel are aligned with respect to capsid opening (to = 0). The bold black line represents the median CypA trace.
Heatmaps are representative of data acquired in two independent experiments using different viral preparations.

DOI: https://doi.org/10.7554/elife.34772.013

modest stabilizing effect on the CA lattice after capsid opening, as seen from the CypA paint signal
decay from that point onwards (Figure 5D); the inability to prevent collapse of the lattice was also
apparent for leaky capsids (Figure 5C). We conclude that while PF74 promotes a structural change
leading to a defect in the capsid that allows passage of proteins, only little (if any) CA protein is lost
during this step, and the remaining lattice is highly stabilized. In contrast, hexacarboxybenzene
strongly inhibits capsid opening but has little effect on uncoating once the process has started.

Cell lysate slows capsid opening but not lattice disassembly

Finally, we conducted capsid opening and CypA paint experiments in the presence of cell lysate to
test whether it was compatible with our single-particle approaches. PFO-mediated permeabilization
was unaffected when Hela cell lysate was added to the buffer at a final protein concentration of 1
mg mL~". However, capsid opening was slowed down with a four-fold increase in the half-life of this
process (Figure 6A and B). CypA bound to the exposed capsid in the same manner as observed in
buffer (Figure 6C). The number of CypA molecules bound on intact (closed) capsids at equilibrium
was comparable to that measured in buffer (Figure 3—figure supplement 1), indicating that there
was no competition with endogenous CypA due to the high dilution factor used in this experiment.
CypA paint revealed that the process of uncoating in diluted cell lysate was in principle the same as
is buffer, with the lattice falling apart shortly after it had opened up, albeit with a slightly reduced
rate (Figure 6D and E). The stabilizing effect exerted by the diluted cell lysate is consistent with pre-
vious observations (Francis et al., 2016; Fricke et al., 2013; Guth and Sodroski, 2014), and it may
be amplified when components are present at cytosolic concentrations. Identification of components
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Figure 6. Capsid opening and lattice disassembly measured in the presence of Hela cell lysate. (A) Survival curve of GFP-positive capsids in the
presence of Hela cell lysate. The half-life determined from the curve is 48 min. Combined data from a total of five repeats using two different viral
preparations. (B) Half-life of intact capsids determined by fitting survival curves from individual repeats with a mono-exponential decay function. The
error bars represent 95% confidence intervals; unpaired t-test with Welch's correction, p=0.0184. (C) Example traces of AF568-CypA binding (vermillion)
in the presence of Hela cell lysate to individual capsids (green) after permeabilization of the viral envelope. The concentration of CypA was 1 uM. (D)
Heatmap of CypA binding traces to all leaky capsids in the field of view aligned with respect to the time of envelope permeabilization. The bold black
line represents the median CypA trace. (E) Heatmap of CypA intensity traces of all capsids in the field of view that undergo opening. The traces in the
left panel are aligned with respect to the time of envelope permeabilization, while the traces in the right panel are aligned with respect to capsid
opening. The bold black line represents the median CypA trace.

DOI: https://doi.org/10.7554/elife.34772.014

The following source data is available for figure 6:

Source data 1. Table of coefficient values from a mono-exponential fit of the survival curves in Figure 6A.

DOI: https://doi.org/10.7554/elife.34772.015

Source data 2. Table of coefficient values from a bi-exponential fit of the survival curves in Figure 6A.

DOI: https://doi.org/10.7554/eLife.34772.016

contributing to this effect is the subject of future investigation, whereby the single-particle methods
introduced here are suitable to dissect the effect of specific perturbations in the context of a com-
plex mixture such as cell lysate.

Discussion

Measurement of the single-particle uncoating kinetics of authentic HIV capsids immediately after
removing the protective barrier of the viral membrane has allowed us to observe the effects of cap-
sid-binding molecules on discrete steps in the capsid uncoating process. The order of events estab-
lished with our new assays would have been obscured in ensemble measurements due to
dephasing. We observed the following main characteristics of HIV-1 capsid uncoating and its interac-
tions with capsid-binding molecules: (1) The integrity and stability of capsids in a population is highly
heterogeneous, whereby the majority of capsids contain defects and/or uncoat immediately after
removal of the viral membrane. (2) In the absence of capsid binders, uncoating is an all-or-none
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process that proceeds rapidly after the first defect is created. (3) Capsid-binding molecules exhibit
differential effects on the steps that control initiation and continuation of uncoating.

The structural heterogeneity of the HIV capsid is well described, with the assembly process yield-
ing a variety of conical, tubular and other shapes that often contain structural defects such as gaps
in the CA lattice (Briggs et al., 2003; Frank et al., 2015; Mattei et al., 2016; Yu et al., 2013).
Here, we identify functionally distinct classes of capsids on the basis of their GFP release kinetics,
allowing us to quantify the functional heterogeneity for hundreds of capsids within a population and
relate them to different assembly states. By utilizing a pore-former to permeabilize the viral mem-
brane in a controlled manner while recording capsid opening traces, we are able to observe early
events that occur upon exposure of the capsid to a change in conditions and thus capture unstable
assembly states. This approach circumvents the need for isolating viral cores, a process which
exposes cores to experimental buffer conditions for extended periods of time (Shah and Aiken,
2011) and would result in a loss of this information. Our results show that the assembly states range
from incomplete or imperfect (leaky) lattices to fully assembled (closed) capsids that nevertheless
exhibit pronounced differences in uncoating kinetics. Here, we have quantified the fraction of par-
ticles of different stability for a viral particle that lacks HIV envelope protein and has GFP inserted
into the Gag polyprotein. These features may affect maturation and capsid assembly or lead to mis-
classification of some particles, for example as a result of incomplete proteolysis. It is therefore
important to note that wild type HIV may exhibit a different distribution of capsid stability types.
Nevertheless, it is striking that 60-80% of capsids in our experiments are not fully closed and are
unable to retain GFP upon membrane permeabilization. This category includes early assembly inter-
mediates but mostly structures that are essentially fully assembled (as judged by our CypA paint
method, see below) yet unable to form a closed cone. We assign the latter class of leaky structures
to capsids with holes that are also observed in intact viral particles by cryo-electron microscopy
(Mattei et al., 2016) and by GFP release in vivo (Yu et al., 2013). The abundance of these types of
particles obtained here using a viral preparation protocol that avoids harsh treatments (such as cen-
trifugation) suggests that capsid assembly frequently becomes trapped at this stage, whereby
remodeling of the lattice to allow it to close might be a slow process.

Host cell proteins that interact with the viral capsid after cell entry often recognize assembled CA
rather than CA monomers (Yamashita and Engelman, 2017). Cross-linked CA hexamers and self-
assembled lattices from recombinant CA (Ganser-Pornillos et al., 2004; Pornillos et al., 2010) or
CA-NC protein (Campbell and Vogt, 1995) are powerful tools for identification and structural stud-
ies of capsid-binding molecules but do not fully recapitulate the structural features (including curva-
ture and flexibility) of the lattice that may be required for binding. In contrast, our assay provides
access to the authentic, wild-type capsid lattice for determining interaction kinetics, affinity and stoi-
chiometry, and thus assess structural models for the binding mode of host proteins on the intact lat-
tice. A recent study of self-assembled CA lattices in complex with CypA using cryo-electron
microscopy and solid-state NMR spectroscopy suggested that each CypA bridges two hexamers in
the lattice by simultaneously contacting the cyclophilin loops on two neighboring CA proteins, one
via its canonical binding site and one via a postulated non-canonical binding site located on the
opposite side of the CypA molecule (Liu et al., 2016). While our binding measurements are consis-
tent with a 1:2 CypA:CA stoichiometry at saturation, we observed that the Ky and off-rate for the
CypA-capsid complex were only two-fold lower compared to complex with CA. Further, CypA bind-
ing resulted in only modest stabilization of the capsid (two-fold increase in half-life). Our data is con-
sistent with a binding mode that relies primarily on an interaction via the canonical binding site and
suggests that binding via the non-canonical binding site is either very weak and/or not immediately
accessible for most CypA molecules interacting with the capsid. The fast interaction kinetics imply
rapid turn-over of CypA and/or exchange with other host proteins that compete for binding to the
capsid lattice.

The observation that CypA binding at low concentrations is neutral with respect to capsid open-
ing provides an added dimension to our single-particle assay. The ability to ‘paint’ the capsid with
fluorescent CypA at sub-stoichiometric ratios (about 1:20 CypA:CA) enables kinetic studies of capsid
disassembly. We observed that defective capsids collapsed rapidly after membrane permeabilization
suggesting that they are only stable in the presence of the high concentrations of free CA inside the
viral membrane (most CA released by proteolysis during maturation is not incorporated into the cap-
sid and remains in solution at a concentration in the low mM range). Similarly, we found that lattice
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disassembly of an initially intact capsid is a rapid process that ensues as soon as the first gap in the
lattice has appeared, that is uncoating is primarily controlled by the slow rate of removing the first
(few) CA subunits.

The ability to simultaneously monitor appearance of the first defect and overall lattice stability
allows us to define different stages of ‘uncoating’ and study how they may be influenced by external
factors, as demonstrated here by dissecting the effects of two known capsid-binding molecules,
PF74 and hexacarboxybenzene. PF74 is a drug molecule designed to target CA (Blair et al., 2010).
At high concentration (>10 puM), it blocks HIV infection at a stage before reverse transcription
(Price et al., 2014). It has been described as stabilizing self-assembled hexameric CA or CA-NC
tubes but destabilizing HIV cores (Bhattacharya et al., 2014; Da Silva Santos et al., 2016;
Fricke et al., 2013; Shi et al., 2011). In our assay, PF74 uncoupled the step of capsid opening from
lattice disassembly. Addition of PF74 led to a pronounced acceleration of capsid opening but the
remaining lattice was highly stabilized. This observation reconciles the previous ambiguity regarding
the mode of action of PF74. It stabilizes CA lattices, but in a manner that makes it incompatible with
a closed structure. Binding rapidly leads to capsid rupture in a manner that releases little CA but
removes the barrier for free diffusion of proteins. In contrast, we found that hexacarboxybenzene is
a potent inhibitor of capsid opening as seen from the remarkable increase in the half-life of this pro-
cess. But in the event that the core does open, disassembly proceeds in a manner similar to the
untreated capsid.

Taken together our observations suggest that the CA lattice has enhanced stability as long as it
forms a closed surface, as predicted from coarse-grained simulations of capsid lattice disassembly
(Grime et al., 2016). Appearance of a local defect leads to catastrophic failure of the lattice whereby
the defect could rapidly propagate via dissociation of CA subunits that are no longer stabilized by
dimer and/or trimer interfaces linking neighboring hexamers in the lattice (Figure 7). The interac-
tions between subunits in a hexamer (or pentamer) represent a weak link in the CA lattice. Hexacar-
boxybenzene stabilizes the hexamer by binding in the its central electropositive pore
(Jacques et al., 2016), leading to an increase in the energy barrier for dissociation of the first CA
molecule(s), but only if the surrounding lattice is intact. Progressive loss of hexamer subunits would
be expected to destroy the binding site for hexacarboxybenzene, leading to its dissociation and fur-
ther destabilization of the disassembling part of the lattice. PF74 on the other hand binds in a
pocket between CA subunits in a hexamer and stabilizes the hexameric lattice (Bhattacharya et al.,
2014; Price et al., 2014). We speculate that PF74 may stabilize a particular conformation that is
incompatible with the highly curved section of the capsid, leading to breakage at those points,
whereby the restructured lattice is sufficiently stable to prevent dissociation of CA from hexamers
adjacent to the gap.

What are the implications of our findings for uncoating in the cell? Two currently debated, non-
mutually exclusive models for uncoating pose that core opening occurs either en route towards the
nucleus (cytoplasmic uncoating) or after docking of the core at the nuclear pore complex
(Campbell and Hope, 2015). In both models, residual CA protein remains associated with the pre-
integration complex during and after nuclear import, but to what extent CA protein is lost from the
capsid in the cytoplasmic uncoating model remains unclear. The intrinsic instability of the lattice after
capsid opening observed here suggests that partially uncoated states with the capsid largely intact
do not exist unless stabilized by host cell proteins. Such a stabilizing role has been suggested for
CypA (Liu et al., 2016; Shah et al., 2013); however, the only modest stabilization of the lattice
observed here in the presence of physiological concentrations suggests that other factors may be
involved in this process. While not naturally present during an infection, the effect of the capsid-
binding molecules, PF74 and hexacarboxybenze, offer insight into additional mechanisms that may
be at play. PF74 binds at a junction between two neighboring CA proteins within the hexamer. This
site can also be occupied by two host proteins: CPSF6 and Nup153 (Matreyek et al., 2013,
Price et al., 2014). The observation that small-molecule binding at this site results in what could be
described as a partially uncoated state raises the possibility that these two cofactors may also play
roles in regulating the core-opening/uncoating event in vivo. In addition, the inhibition of capsid
opening in the presence of hexacarboxybenze suggests that polyanionic species bound at the Arg18
cluster in the central pore of a hexamer could greatly enhance the lifetime of the closed core as it
travel through the cytoplasm. Rapid uncoating could then be initiated, for example after docking at
the nuclear pore complex, by catalyzing removal of a few CA subunits. In an accompanying paper,
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Figure 7. Schematic of the hexameric CA lattice and proposed disassembly pathway. (A) Intact CA lattice with dimeric and trimeric interfaces between
hexamers highlighted as rectangles and triangles, respectively. Removal of a CA subunit (dark cyan) from a hexamer in the lattice leads to
destabilization and dissociation of its dimer partner (light cyan) in the neighboring hexamer; GFP release may occur as early as at this stage. The defect
propagates by dissociation of subunits (dark magenta) that have now lost contacts within the hexamer and at the trimer interface, followed by (or
concomitant with) loss of their corresponding dimer partners (light magenta). Disassembly continues in all directions from the initial defect with
increasing rate while the length of the defect edge grows. (B) Binding of hexacarboxybenzene (circles) to the central pore stabilizes the hexamer,
reducing the probability of dissociation of the first CA subunit(s). Once the defect is created, the stabilizing effect of hexacarboxybenzene is insufficient
to prevent disassembly via the pathway described in A. (C) Binding of PF74 (black lines) may lead to capsid rupture instead of loss of CA subunits,
whereby PF74 molecules bound at the interfaces between CA subunit act as a glue to prevent dissociation of CA subunits from hexamers adjacent to
the defect.

DOI: https://doi.org/10.7554/elife.34772.017

we show that the naturally occurring polyanion inositol hexakisphosphate is selectively packaged
into viral particles and stabilizes the mature lattice against spontaneous opening as observed here
for the non-natural compound hexacarboxybenzene.

The competition for binding to the capsid between host molecules that facilitate or restrict infec-
tion, and their effect on uncoating remain to be fully determined, but our assay is ideally suited to
answering these questions. The advantages of our approach include the ability to extract hundreds
of single-particles traces in a single experiment for detailed kinetic analysis under defined conditions
and the low requirements for reagents. The compatibility of the assay with lysates should prove pow-
erful to dissect the effect of capsid-binding proteins and small molecules in complex mixtures con-
taining components of different pathways and allows the study of perturbations via knock-down or
overexpression of candidate proteins and lysates from different cell types or cells stimulated with dif-
ferent treatments, for example to induce antiviral states. The methods described here could readily
be extended to competition binding studies or screening of the effect of small molecules on proper-
ties of the viral capsid for drug discovery.
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Recombinant
DNA reagent

Recombinant
DNA reagent

pNL4.3-iGFP-AEnv DOI: 10.1371/journal.

ppat.1002762

pNL4.3-iGFP-CA E45A-AEnv This paper Proviral construct generated by subcloning

psPAX2

a fragment with the CA E45A mutation into
pNL4.3-iGFP-AEnv using the Xbal-Sbfl
restriction sites.

NIH AIDS Reagent #11348
Program

Cell line (human)

HEK293T

ATCC ATCC CRL-3216

Cell line (human)

Chemical
compound, drug

Hela
PF74

ATCC ATCC CCL-2
Sigma Aldrich SML0835

Chemical
compound, drug

BI2

Enamine 71982491200

Constructs for production of viral particles

The proviral construct pNL4.3-iGFP-AEnv was generated as described previously (Aggarwal et al.,
2012). It contains the open reading frame for eGFP flanked by protease cleavage sites inserted into
the Gag gene between the coding sequences for MA and CA. In addition, it contains the Sall-BamHI
fragment from HXB2, in which the start codon of the Env gene is mutated to a stop codon (TGA) to
prevent expression of the envelope protein. The proviral construct pNL4.3-iGFP-CA E45A-AEnv con-
taining an additional mutation to produce CA E45A was generated by subcloning a fragment with
that mutation into pNL4.3-iGFP-AEnv using the Xbal-Sbfl restriction sites. Constructs with PTAP to
LIRL mutation in the late domain of Gag were generated by moving the Sphl-Sbfl fragment of a
pNL4.3 construct with Gag-LIRL (courtesy of Eric Freed) into pNL4.3-iGFP-AEnv and into psPAX2.
The second-generation lentiviral packaging plasmid psPAX2 (Cat# 11348, from Didier Trono) encod-
ing the Gag, Pol, Rev, and Tat genes was obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH.

Cell lines
HEK-293T cells and Hela cells were obtained from ATCC. Identity testing was carried out by PCR.
Cell lines tested negative for mycoplasma.

Production, purification and biotinylation of viral particles

Viral particles were produced by transfecting HEK293T cells with a mixture of pNL4.3-iGFP-AEnv
and psPAX2 (1.4:1, mol/mol) using polyethylenimine (PEl Max) reagent (Polysciences, 9002-98-6).
The virus-containing medium was collected 48 hr post-transfection and centrifuged (2100 x g, 20
min, 4°C) to remove cells. Next, viral membrane proteins were biotinylated to allow immobilization
of viral particles on surfaces. The biotinylation reagent EZ-Link Sulfo-NHS-LC-LC-Biotin (Thermo Sci-
entific, 21338) was added to the virus-containing medium (~1 mg per 7 mL of medium) and the mix-
ture was incubated for 90 min at 4°C. Biotinylated viral particles were then purified by size exclusion
chromatography using a HiPrep 16/60 Sephacryl S-500 HR column (GE Healthcare) equilibrated with
HBS (50 mM HEPES pH 7.5, 100 mM NaCl) and stored at 4°C for use within 7 days.

Counting of GFP-positive viral particles

PTAP mutant virus was produced alongside WT pNL4.3-iGFP-AEnv as outlined in the methods
above. To enumerate HIV particles per mL, 5 uL of each virus preparation was added to 45 uL of
DMEM complete media and spinoculated onto poly-L-lysine-coated glass-bottom (175 um thickness)
96-well plates (Greiner Sensoplate, Sigma) at 1200 x g for 60 min at 4°C. GFP-positive particles
were detected using an inverted Olympus IX-70 microscope equipped with a 60 x oil immersion
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objective (1.42 NA), microtiter stage (DeltaVision ELITE Image Restoration Microscope, Applied Pre-
cision/Olympus) and Evolve 512 EMCCD camera (Photometrics). Four fields of view were acquired
per sample and counted using a viral particle count algorithm developed in Cellprofiler (Broad Insti-
tute) based on intensity and size cut offs. Viral counts per mL in the initial sample were then calcu-
lated from the viral count per pm? by taking the surface area of the well bottom and the initial
sample volume into account. Means and standard deviations represent three independent viral
counts.

Expression and purification of CypA

Human CypA was expressed using a pET expression vector in BL21 (DE3) E. coli grown in Luria-Ber-
tani medium at 37°C with shaking. Protein expression was induced by addition of isopropyl B-D-thio-
galactopyranoside to a final concentration of 1 mM, and the cells were grown for 3 hr at 37°C with
shaking. Cells were harvested by centrifugation, resuspended in cold (4°C) lysis buffer (25 mM
HEPES, pH 7.6, 1 mM DTT, 0.02% NaN3, supplemented with ‘Complete’ protease inhibitor and 1
mg mL™" lysozyme) and lyzed by sonication on ice. The lysate was clarified by centrifugation
(Thermo Fisher SS-34 rotor, 19,000 rpm, 30 min, 4°C). The supernatant was passed through a syringe
filter (0.22 um) and purified by anion exchange chromatography using a 10 mL HiTrap Q HP column
(GE Healthcare Life Science, 17-1154-01) equilibrated with a buffer containing 25 mM HEPES, pH
7.6, 1 mM DTT, 0.02% NaN3. CypA eluted in the flow-through and fractions containing CypA were
pooled and adjusted to a pH of 5.8 with 1% v/v acetic acid. After removal of aggregates by centrifu-
gation (Sorvall SS34 rotor, 19,000 rpm, 1 hr, 4°C), the supernatant was applied to a cation exchange
chromatography column (5 mL HiTrap SP HP, GE Healthcare Life Science, 17115201) equilibrated
with a buffer containing 25 mM sodium phosphate, pH 5.8, 1 mM DTT, 0.02% NaN3 and CypA was
eluted with a linear gradient from 0 to 1 M NaCl over 20 column volumes. Fractions containing puri-
fied CypA were dialyzed against CypA storage buffer (25 mM MOPS, pH 6.6, 1 mM DTT, 0.02%
NaN3), concentrated using an Amicon-15 Ultra centrifugal filtration device (10 k MWCO, Merck,
UFC901024) to a final concentration of 300 pM and frozen in liquid nitrogen for storage at —80°C.
The yield was approximately 3 mg/g of cell mass.

Labeling of CypA

CypA was labeled by reaction with a 4-fold molar excess of Alexa-Fluor 568-C5-maleimide (Thermo
Fisher Scientific, A10254) in PBS (pH 7.4, 0.1 mM TCEP) for 10 min at room temperature. The reac-
tion was quenched by addition of 1 M DTT to a final concentration of 17 mM. Labeled CypA was
separated from unconjugated dye using Zeba desalting spin columns (Thermo Fisher Scientific,
89883) equilibrated with AF568-CypA storage buffer (50 mM Tris, pH 7.9, 20% v/v glycerol, 1 mM
DTT). Under these conditions, CypA is quantitatively labeled at residue C51. CypA labeled at C51
binds in surface plasmon resonance measurements to immobilized CA or CA hexamers with the
same affinity as unlabeled CypA. Labeled CypA was frozen in liquid nitrogen and stored at —40°C.

Negative staining transmission electron microscopy of viral particles
treated with perfringolysin O

Recombinant perfringolysin O was produced as described previously (Rossjohn et al., 1997). Viral
particles purified by size exclusion chromatography were concentrated by 40-fold using Amicon
Ultra-4 centrifugal ultrafiltration devices (Merck, UFC800324) and incubated with PFO at a final con-
centration of 0.5 uM at 37°C for 10 min in the presence of 0.1 mM inositol hexakisphosphate. A for-
mvar/carbon grid (Ted Pella, 01801) was cleaned in a glow discharge unit and modified with Cell-
Tak adhesive (0.05 mg mL~", Corning, 354240). The grid was then incubated with a sample (5 L)
containing PFO-treated viral particles for 1 min at room temperature, and the solution was wicked
away using filter paper. The sample was immediately stained twice with uranyl formate (1% w/v) and
excess solution wicked away with filter paper. The grids were dried under a gentle stream of nitro-
gen gas and allowed to dry further overnight. The samples were imaged using a FEI Tecnai G2 20
Transmission Electron Microscope equipped with a BM Eagle digital camera. Diameters of the PFO
pores were measured using ImageJ.
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Fabrication and operation of microfluidic flow cells

Glass coverslips were cleaned by sonication in ethanol for 30 min followed by sonication in 1 M
NaOH for 30 min, rinsed with ultrapure water and dried. PDMS devices for assembly of microfluidic
flow cells (channel height 60 um, channel width 800 um) were prepared using standard protocols for
soft lithography. After treating the PDMS device and the coverslip with an air plasma inside a plasma
cleaner for 3 min, the PDMS device was mounted on the coverslip and the assembled microfluidic
flow cell was heated in an oven at 70°C for at least 15 min to improve bonding between the glass
and the PDMS. The glass surface at the bottom of the microfluidic channels was then modified by
adsorption of a co-polymer composed of poly-L-lysine (PLL) and biotinylated poly(ethylene glycol)
(PEG) (Susos AG, PLL(20)-g[3.4]-PEG(2)/PEG(3.4)-biotin (20%)). A solution of PLL-PEG-biotin (1 mg
mL™" in PBS) was injected into the flow channels and incubated at room temperature for 30 min fol-
lowed by flushing the channels with water and drying. The channels were then filled with a solution
of streptavidin (Sigma-Aldrich, 0.2 mg mL™" in blocking buffer containing 20 mM Tris pH 7.5, 2 mM
EDTA, 50 mM NaCl, 0.03% NaN3, 0.025% Tween 20, 0.2 mg mL™" BSA) for 15 min and rinsed with
HBS pH 7.5. The microfluidic flow cell was mounted on the microscope stage and connected to tub-
ing. Solutions were pulled through the channels at a flow rate of 100 pL min~" (unless specified oth-
erwise) using a syringe pump connected to the outlet tubing and operating in ‘withdraw’ mode.

TIRF microscopy assays

Biotinylated viral particles in HBS (30-100 uL) were flowed through the flow channel and captured
on the modified coverslip surface. Unbound viral particles were washed out with 50 uL of HBS pH
7.5. TIRF microscopy assays were carried out with imaging buffer (50 mM HEPES pH 7.0, 100 mM
NaCl), which was supplemented with an oxygen quenching system for dual colour experiments to
reduce photobleaching (2 mM trolox, 2.5 mM protocatechuic acid, 0.25 U mL~" protocatechuate-
3,4-dioxygenase).

Images were collected on a custom built TIRF microscope based around an ASI-RAMM frame
(Applied Scientific Instrumentation) with a Nikon 100 x CFl Apochromat TIRF (1.49 NA) oil immer-
sion objective. Lasers were incorporated using the NicolLase system (Nicovich et al., 2017). Images
were captured on two Andor iXon 888 EMCCD cameras (Andor Technology Ltd). 300 mm tube
lenses were used to give a field of view of 88.68 um x 88.68 um. Alternatively, images were col-
lected on a TILL Photonics TIRF microscope equipped with a Zeiss 100 x Plan Apochromat (1.46
NA) oil immersion objective, solid state lasers for excitation, a beam splitter for simultaneous dual
channel acquisition of fluorescence emission using two Andor iXon 897U EMCCD cameras for detec-
tion with a field of view of 46 um x 46 um.

Capsid opening assay

Imaging buffer (30 uL) containing PFO (200 nM) was injected into the channel to initiate viral mem-
brane permeabilization and TIRF images were acquired (488 nm laser, 20 ms exposure time) with a
frequency of 1 frame s~ for the initial phase of the reaction (typically 300-500 frames) followed by a
frequency of 0.1 frame s™". The total duration of the experiment varied depending on the uncoating
kinetics, lasting between 15 and 90 min, whereby the total number of frames was kept at 800-900
frames.

Capsid uncoating assay via painting with CypA

Imaging buffer (30 pL) containing PFO (200 nM) and Alexa Fluor 568-labeled CypA (1 uM) was
injected into the flow channel. TIRF images were acquired sequentially for the different fluorophores
(488 nm and 561 nm laser, 1-3 W cm 2 power density,~200 nm penetration depth, 20 ms exposure
time) and a frequency of 1 frame s™'. The following equation was used for model fitting to obtain
estimates for the dissociation constant and the number of molecules bound at saturation
(Figure 3E): N(eq) = [CypA]lxN(max) / (CypAl]+Kp), where N(eq) is the number of molecules bound
at equilibrium for a given CypA concentration, [CypA] is the concentration of CypA, N(max) is the
number of molecules bound at saturation and Kp is the dissociation constant.
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Protein-capsid interaction assay

Protein binding was imaged (sequential acquisition, 488 nm and 561 nm laser, 20 ms exposure time,
one frame s ) after flowing imaging buffer (30 pL) containing PFO (200 nM) and different concentra-
tions of Alexa Fluor 568-labeled CypA (0.1-20 puM) into the flow channel. Protein dissociation was
imaged (561 nm laser, 20 ms exposure time, five frame s~ ") after wash-out of labeled protein with
imaging buffer.

Image analysis

Images were analyzed with software written in MATLAB (The MathWorks, Inc.) adapted from previ-
ous work (Bécking et al., 2011). Images in the time series were aligned by cross-correlation to the
first frame to correct for x/y-drift (Guizar-Sicairos et al., 2008). GFP-loaded viral particles appear as
diffraction limited objects and were detected as local maxima in the first frame and their positions
determined by Gaussian fitting. Overlapping particles were excluded from analysis. Fluorescence
traces were calculated by integrating the fluorescence intensity in a 7 x 7 pixel region for each chan-
nel. The fluorescence intensity for each object was corrected for background fluorescence deter-
mined from pixels in the vicinity of the object. Fluorescence traces were fitted with step traces to
identify the presence and time of steps corresponding to permeabilization and capsid opening.
Traces were automatically sorted into four classes on the basis of the following criteria: (1) loss of
entire GFP signal in one step; (2) loss of GFP intensity in one large (permeabilization) and one small
(capsid opening) step; (3) loss of the majority of the GFP signal in one step with residual GFP signal
persisting for the rest of the experiment; (4) no permeabilization or otherwise uninterpretable traces
(excluded from analysis). The assignment to classes was verified by visual inspection of traces. Cap-
sid opening times were calculated for traces in class two as the time difference between permeabili-
zation and capsid opening. The time of reagent addition (or reagent wash-out) was detected as an
overall increase (or decrease) of the background fluorescence in the reagent channel. The number of
bound AF568-CypA molecules was determined from the ratio of the AF568-CypA fluorescence
intensity associated with the capsid at equilibrium to the fluorescence intensity of a single AF568-
CypA molecule. The fluorescence intensity of the single fluorophore was determined from the quan-
tal photobleaching step in photobleaching traces of AF568-CypA molecules adsorbed sparsely to
the coverslip surface and imaged continuously.

Surface Plasmon resonance analysis of CypA binding to CA

Biotinylation of CA

CA K158C was expressed and purified using methods adapted from the literature (Hung et al.,
2013) and biotinylated at the engineered cysteine residue using the following procedure. CA K158C
was first assembled into tubes in high salt buffer (50 mM Tris pH 8, 2.5 M NaCl, 0.1 mM TCEP,
0.02% sodium azide), collected by centrifugation (18,000 g, 5 min) and the pellet was resuspended
in high-salt buffer. This centrifugation/resuspension procedure was repeated another two times. Bio-
tin maleimide (Sigma-Aldrich B-1267) was then added in a twofold molar excess to the resuspended
CA K158C tubes, allowed to react for one min and quenched by the addition 2-mercaptoethanol to
a final concentration of 50 mM. The biotinylated tubes were washed by two cycles of centrifugation
and resuspension in high-salt buffer as above. Finally, the tubes were collected by centrifugation,
resuspended in buffer without salt to induce disassembly, and biotinylated CA was buffer exchanged
into SPR running buffer (10 mM HEPES pH 8, 0.005% Tween 20, 2 mM EDTA, 100 mM NaCl) using a
Zeba gel filtration spin column.

Biotinylation of cross-linked CA hexamers

Soluble CA hexamers were assembled from CA A14C/E45C/W184A/M185A using a published pro-
tocol (Pornillos et al., 2010) and biotinylated using EZ-Link sulfo-NHS-LC-LC-biotin (Thermo Fisher
Scientific, 21338). The biotinylation reagent was added at a twofold molar excess to CA hexamers in
PBS (pH 7) and incubated at room temperature for 30 min. The reaction was stopped by buffer
exchange into SPR running buffer using a Zeba gel filtration spin column.
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Surface chemistry and SPR measurements

Streptavidin was immobilized on the surface of a CM5 sensor chip (GE Healthcare, BR100399) using
the amine coupling kit (GE Healthcare, BR100050). A solution containing EDC (7.5 mg mL™") and
NHS (11.5 mg mL™") was injected into the flow cells to activate the carboxyl groups followed by a
solution containing streptavidin (0.5 mg mL™") and finally ethanolamine (1 M) to block remaining
activated carboxyl groups. All solutions were flowed through the channels for 7 min at a flow rate of
10 uL min~". Finally, biotinylated CA K158Cor biotinylated CA hexamer were immobilized on the
surface by injection a 2.5 uM solution for 30 s at a flow rate of 30 pL min~". Flow channels modified
with streptavidin were used as reference cells. CypA was buffer exchanged into SPR running buffer
using a Zeba gel filtration spin column. CypA solutions at a range of concentrations (3.125-100 uM)
were flowed through the cells (20 s at a flow rate of 100 uL min~") followed by a buffer wash (30 s at
a flow rate of 100 uL min~") while measuring the SPR response at a frequency of 40 Hz.

Preparation of cell lysate

Hela cells were washed with PBS, resuspended in lysis buffer (10 mM Tris-HCI, pH 8, 10 mM KClI,
1.5 mM MgClI2, protease inhibitor and phosphatase inhibitor), and incubated for 15 min at 4°C. Lysis
was achieved by passing the cell suspension through a 30.5 g needle (130 strokes with cooling the
sample on ice for 2 min at every 10th stroke). Cell lysis was verified by staining a sample of the lysate
with trypan blue (added to a final concentration 0.2% w/v). The lysate was centrifuged (18,000 x g,
30 min, 4°C) to remove cell debris and protein levels in the supernatant were estimated from the
absorbance at 280 nm. Lysate was frozen in liquid nitrogen and stored at —40°C.
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Figure 1—figure supplement 1. Histogram of the
fraction of encapsidated GFP. The fraction of
encapsidated GFP was calculated as the ratio of the
GFP intensity associated with the closed capsid (i.e. the
mean intensity in the period after membrane
permeabilization and before core opening) to the total
GFP intensity associated with the viral particle (i.e. the
mean intensity before membrane permeabilization).
The histogram contains combined data from a total of
four repeats using two different viral preparations. The
mean fraction of encapsidated GFP is ~13%, similar to
the ratio of the volume inside the capsid to the total
volume of the viral particle (16%), which was estimated
on the basis of the following considerations. Internal
volume of the viral particle: The internal virus volume (.
e. excluding the viral membrane and matrix protein
layer) has been estimated by cryo-electron tomography
(cET) of HIV particles, giving an average value of
Vparticle = 6.79 % 10° nm? [from Figure 4, (de Marco
et al., 2012)]; this volume corresponds to an internal
diameter of 109 nm. Volume of the viral core: The
volume of the core was calculated as the volume of an

ellipsoid given by Vegre = § 7 é("zl)z, where [ is the

length of the cone, dj, is the diameter of the broad end.
We assumed the following dimensions for the capsid
including the CA shell: I = 109 nm (i.e. the internal
diameter of the virion) and d;, = 56 nm (Briggs et al.,
2006). The internal volume of the capsid was
calculated after subtracting twice the thickness of the
CA lattice (2 x 5 nm) from the values for [ and d,,
giving Vintemal — 1 10 x 10° nm?. The fraction of the
internal volume of the capsid relative to the total
internal volume of the viral particle is then given by
vinternal /Y viicle = 16%.

DOI: https://doi.org/10.7554/eLife.34772.004

Structural Biology and Molecular Biophysics

Mérquez et al. eLife 2018;7:e34772. DOI: https://doi.org/10.7554/eLife.34772

80

30of12



e LI F E Research article

Structural Biology and Molecular Biophysics

Figure 3—figure supplement 1. Variation in the median number of molecules bound at equilibrium per closed
capsid measured in independent experiments at different CypA concentrations. Measurements with 1 uM CypA
were carried out in the absence and presence of small molecules (PF74 or hexacarboxybenzene) or Hela cell
lysate. Each symbol represents an independent experiment. Experiments were recorded at different times with
several different batches of viral particles and on two different TIRF microscopes.

DOI: https://doi.org/10.7554/elife.34772.009
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Figure 3—figure supplement 2. Equilibrium binding
analysis of CypA binding to capsid. Median number of
CypA molecules bound to closed capsids at
equilibrium as a function of CypA concentration
(vermillion circles) and fit of an equilibrium binding
model (black line). The fit gave the following estimates
for the interaction: KD = 12 uM; number of CypA-
binding sites on the intact capsid ~600. These data
were recorded in a repeat experiment for the data
shown in Figure 3E but with a different batch of viral
particles and on a different TIRF microscope.

DOI: https://doi.org/10.7554/eLife.34772.010
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Figure 3—figure supplement 3. SPR measurements of the CypA-CA interaction. (A, B) SPR traces of CypA
binding and dissociation on surfaces modified with (A) CA K158C (reacted with a maleimide derivative of biotin) or
(B) cross-linked CA hexamers (reacted with an NHS ester derivative of biotin) recorded at 1.6, 3.1, 6.3, 12.5, 25, 50
and 100 uM CypA (curves from bottom to top). (C, D) Response at equilibrium as a function of CypA concentration
and fit of a binding model to the data (black line) to obtain the dissociation constant of the CypA interaction with
monomeric (C, Kp = 21.8 uM) and hexameric (D, Kp = 19 uM) CA protein.

DOI: https://doi.org/10.7554/elife.34772.011
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3.3. Summary

In this chapter, reproduced from the paper “Kinetics of HIV-1 capsid uncoating revealed
by single-molecule analysis”, we described a new method to study HIV capsid
uncoating and how capsid disassembly is modulated by different host factors and small

molecules. The assay has several advantages:

e Ability to study authentic HIV capsids in vitro, utilising small sample volumes in
the low pL range

e Hundreds of individual capsids are monitored in a single experiment and
analysed as single particles, allowing us to identify intermediates in the
disassembly pathway that are averaged out in ensemble experiments

» It allows screening of the effect of several molecules and proteins on capsid

stability, as well as the study of their binding kinetics

The new single-particle fluorescence microscopy method allowed us to dissect the
uncoating process into two steps, capsid opening and lattice disassembly. We found
that spontaneous uncoating is initiated shortly after the viral membrane is compromised
and that the first defect in the lattice is the rate-limiting step of uncoating. Once the

capsid opens up, the rest of the lattice catastrophically collapses within seconds.

By studying the effect of different host cell factors, small molecules or capsid mutations
on capsid stability, we determined that the two uncoating steps can be modulated
independently. High concentration of the capsid-binding inhibitor PF74 accelerate
capsid opening but strongly stabilise the remaining lattice. Binding of the small
molecule hexacarboxybenzene strongly delays initiation of uncoating but do not
prevent subsequent lattice disassembly. This same result is obtained with the CA E45A
substitution (for lattice disassembly data see supplementary information, section 8.1),

and with the addition of HeLa cell lysate.

The differential effect produced by the small compounds PF74 and
hexacarboxybenzene might reflect how they interact with different surfaces of the viral
capsid (Chapter 3 - Figure 7), suggesting that different binding pockets modulate the
CA lattice stability in different ways. Subsequent chapters present experiments that
further dissect how binding of different factors to the CAntp.cto hexameric interface

(Chapter 4) or to the R18 central pore (Chapter 5) modulate capsid stability.
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Chapter 4
Modulation of HIV-1 capsid stability by
binding of factors to the CAxtp-CActo

hexameric interface
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4. Modulation of HIV-1 capsid stability by binding of factors to

the CAnto-CAcTp hexameric interface

4.1. Introduction

The CAntp-CActp interface has been shown to play an important role in assembly and
stabilisation of the HIV-1 capsid [89], [94]. Its flexibility tolerates the curvature in the
lattice needed to form the fullerene cone as well as it allows the capsid to
accommodate the cellular proteins NUP153 and CPSF6 [75], [95]-[97]. Interaction of
these host factors with the capsid is critical for efficient HIV-1 infection. NUP153
depletion reduces 2-LTR circles production and proviral integration, resulting in
deficient infectivity [77], [133], [143], [174]. CPSF6 depletion does not interrupt
infectivity [143], [147], but decreases viral integration into transcriptionally active genes
[78], [184]. Moreover, mislocalisation of CPSF6 to the cytoplasm reduces the
translocation of the HIV-1 genetic material into the nucleus inhibiting infection [95],
[142], [143], [147]. Interestingly, the small molecule inhibitors PF74 and BI-2 also
interact with the CAntp-ctp interface [96], [98], [194]. PF74 modulates HIV-1 infection in
a concentration-dependant manner. At high concentrations (>10 pM) reverse
transcription is inhibited and infectivity is completely abolished, while at low
concentrations (<1.5 pM) infectivity is reduced by ~90% but the production of viral
cDNA is not supressed [97], [98], [115], [192]. PF74 has also been shown to block
nuclear entry and reduce integration in gene-dense regions [135], [191]. On the other
hand, BI-2 greatly decreases HIV-1 infection but it does not disturb the production of

early or late RT products at any concentration [137], [194].

How the interaction of these molecules with the CAxrp-CAcrp interface relates to
defects in different steps of HIV-1 entry is not clear, but understanding their influence
on capsid stability could help find the answer. Previous studies have shown that
CPSF6 binding promotes stabilisation of authentic cores and in vitro assembled CA-NC
complexes [108], [142], although a recent investigation found that CPSF6 disrupts CA
tubes into small fragments and that its binding to the capsid in the cytoplasm of
infected cells induces premature uncoating [183]. Intriguingly, there have also been
contradictory observations of the effect of PF74 and BI-2 on CA lattices. They stabilise
HIV-1 CA-NC complexes in a concentration dependent manner, but reduce HIV-1 core
recovery from infected cells as well as accelerate uncoating of the isolated capsids
[96], [108], [115], [160], [192]. While structural information of the specific interaction
between CA and CPSF6, PF74 and BI-2 is available, the ambiguity in their mode of
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action requires more detailed studies to understand the mechanistic basis of their

restriction on HIV-1 infection.

In Chapter 3, we revealed that a high concentration of PF74 accelerates capsid
opening and that at the same time stabilises the remaining lattice (Chapter 3, Figures
2 and 5). These results may explain the previous conflicting data, since we
demonstrated that PF74 stabilises CA lattices but in a manner that makes it
incompatible with a closed structure. The aim of this chapter is to further unravel the
effect of PF74 over a wide range of concentrations as well as other molecules that bind
to the same binding pocket (BI-2 and CPSF6) on capsid stability. Furthermore, we will
study the binding kinetics of CPSF6, to the HIV-1 capsid and determine how CPSF6
and PF74 compete for binding to authentic HIV-1 capsids.
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4.2. Low PF74 and high CPSF6, concentrations mildly accelerate capsid
opening

In Chapter 3 we showed that when used in high concentrations of >40-fold of their
estimated dissociation constants to CA hexamers, the small drugs PF74 (Kp = 0.26 pM
[96], Kp = 0.12 uM [97], Kp = 0.021-0.078 uM [186]) and BI-2 (Kp = 1.2 uM [97])
accelerate the opening of the HIV-1 capsid by 12-fold and 3-fold respectively (Chapter
3, Figure 2). Based on the concentration-dependency inhibitory effect shown by PF74
[97], [160], [191], we decided to study how a lower concentration of the antiviral drug
affects capsid opening. Additionally, we used the capsid opening assay to assess the
effect of the minimal binding epitope for interaction with CA of the host protein cleavage
and polyadenylation specificity factor-6 (CPSF6313-3,7 or CPSF6,) [146], since it binds
to the same binding surface as PF74 and BI-2. GFP-loaded HIV-1 viral particles
captured onto a glass coverslip were permeabilised by injecting a solution containing
the pore-forming protein PFO and 1 uM PF74 or 100 pM CPSF6,. The fluorescence
intensity of GFP was tracked over 30 minutes by time-lapse total internal reflection
fluorescence (TIRF) microscopy. The time of membrane permeabilisation and capsid
opening were identified for each viral particle and the capsid opening time was

calculated as the difference between them.

Consistent with what was shown in Chapter 3, three different populations of viral
particles are detected (Figure 4.1A). The fraction of capsids that are leaky and release
the GFP molecules in one step varied from 60 to 70% when 1 uM PF74 and 100 pM
CPSF6, are used. These values are comparable to the leaky proportion obtained with
untreated viral particles and with particles incubated with 10 uM PF74 and 50 uM BI-2.
This observation supports the interpretation that leaky capsids are intrinsically defective
cores and that they are not disturbed by the capsid binder used. The other ~30-40% of
viral particles contain properly assembled capsids that retain a fraction of the GFP
within it, and that can either undergo uncoating or remain closed during the experiment.
The fraction of closed capsids observed at 30 min after addition of PFO (~9-25%
closed particles for untreated particles) decreased in the presence of molecules that
bind to the CAntp-CActp binding groove to 3-20% in the presence of PF74 (1 uM) and
~1-8% in the presence of CPSF6, (100 uM). These results suggest that 1 pM PF74
and 100 pM CPSF6, promote HIV-1 capsid opening, consistent with the effect
produced by high concentrations of PF74 and BI-2.
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Figure 4.1. Leaky, opening and closed capsids in presence of CAxmp.cto binders.
Bar chart showing the fraction of capsids classified as ‘leaky’, ‘opening’ and ‘closed’
present 30 min after permeabilisation of the viral membrane of biotinylated HIV-1 viral
particles containing free GFP in presence of PF74 (1 and 10 uM), BI-2 (50 puM) and
CPSF6, (100 pM). The data was combined from multiple measurements (total number
of repeats/number of viral preparations): No binder (3/2); PF74 - 1 uM (5/4); PF74 - 10
UM (4/2); BI-2 - 50 uM (4/3); CPSF6, - 100 UM (4/3).

To calculate the capsid opening half-life in the presence of 1 uyM PF74 or 100 uM
CPSF6,, we fitted the survival curves obtained with the core opening times of capsids
that undergo uncoating during the experiment for each condition (Figure 4.2). Survival
curves of untreated capsids and capsids treated with 10 uM PF74 and 50 uM BI-2 are
shown for comparison. Interestingly, the 1 uM PF74 survival curve showed a faster
decay than the untreated capsids, but a slower decay than that measured in the
presence of 10 uM PF74. The calculated capsid opening half-life in the presence of 1
UM PF74 was 4.04 minutes; just 1.9-fold lower than the control and 6-fold higher than
the half-life obtained in the presence of 10 uM PF74, indicating that that the

acceleration of capsid opening is concentration dependent.

Capsids incubated with 100 uM CPSF6, showed a similar capsid opening behaviour to
capsids treated with 1 uM PF74. The survival curve showed a slight shift to shorter
times compared to untreated capsids (Figure 4.2) and the estimated capsid opening

half-life was 4.4 minutes. This result indicates that the presence of CPSF6, at a
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concentration in the same range as its Kp for binding to CA hexamers (Kp = 83-100 uM
[96], Kp = 50 uM [155], Kp = 12-17 uM [186]) weakly accelerates capsid opening. This
effect was similar to the one obtained with 1 uM PF74 (Kp = 0.26 uM [96], Kp = 0.12
UM [97], Kp = 0.021-0.078 pM [186]).
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Figure 4.2. Capsid opening in presence of CAxmp.cto binders. (A) Survival curves
obtained from capsids that undergo opening on multiple experiments in presence of
PF74 (1 and 10 pM), BI-2 (50 pM) and CPSF6, (100 pM). Exponential fit (black line) is
shown in each graph. (B) Half-lives of capsid opening determined by fitting of each
survival curve from individual repeats with a mono-exponential decay function. The

error bars represent 95% confidence intervals; unpaired t-test with Welch'’s correction.

In summary, the results obtained with the capsid opening assay indicate that binding of
molecules to the CAnmp-CActp hexameric interface perturbs capsid stability and
promotes an acceleration of capsid opening. PF74 alters capsid stability in a

concentration-dependant manner. When used at concentration in the range of their
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respective Kp, CPSF6, and PF74 have similarly weak effect on capsid opening. Taken
together, these observations suggest that higher concentrations of CPSF6 could

potentially lead to a pronounced acceleration of capsid opening.

4.3. PF74 and CPSF6, stabilise the CA lattice in a concentration-dependent
manner

In the previous chapter, we presented that even though the addition of 10 uM PF74
lead to a pronounced acceleration of capsid opening, the remaining lattice was highly
stabilised (Chapter 3, Figure 5). To delve more deeply into the mechanism of action of
PF74, we conducted the CypA paint experiment in the presence of different
concentrations of the small drug ranging 0.1-10 pM. We also assessed the effect of 50
UM BI-2 and of varying concentrations of CPSF6, (1-100 pM) on the kinetics of lattice
disassembly. To do so, attached HIV-1 viral particles were permeabilised using
microfluidic delivery of a mixture of PFO, the compound of interest and 1 uM 568-CypA
to paint the viral capsid. Content (GFP) and the paint (AF568-CypA) markers were
followed for ~13 minutes (1 frame per second for 800 frames) by time-lapse TIRFM
with alternating fluorescence excitation. Fluorescence intensity traces were extracted
for both channels and traces were sorted into disassembly categories (leaky, opening

or closed) on the basis of the GFP signal.

A representative data set of leaky capsids for each condition is shown in Figure 4.3. In
all cases the median CypA binding trace (generated after aligning all traces for
particles with leaky capsids at the time of membrane permeabilisation) showed a rapid
increase in the CypA paint signal upon membrane permeabilisation, consistent with the
presence of an at least partially assembled capsid lattice. The subsequent decay of the
CypA paint signal revealed pronounced differences in the kinetics of capsid lattice
disassembly (Figure 4.3, black lines), whereby the CA lattice was increasingly
stabilised (slower disassembly kinetics) with increasing PF74 or CPSF6,

concentrations (Figure 4.3B-C).
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Figure 4.3. Lattice disassembly kinetics of leaky capsids in presence of canto.cto
binders. Heatmap of AF568-CypA binding traces (vermillion) to all leaky capsids in a
field of view aligned with respect to the time of envelope permeabilisation (t» = 0). Each
heatmap is a representative data set of (A) untreated viral particles, or in presence of
different concentrations of (B) CPSF6,, (C) PF74, and (D) BI-2. The bold black line
represents the median CypA binding trace. The histograms at the right show the

distribution of intensities at tp = 1-30 s and 380-400 s, respectively.

At the lowest PF74 concentration (0.1 uM) the CypA paint signal reached the
background level within 100-200 s after membrane permeabilisation compared to
within 50 s in the absence of PF74. Complete stabilisation of the lattice was observed
for PF74 concentrations 25 M. In an independent data set (Supplementary Figure
8.2) complete stabilisation was observed with 1 uM PF74. The differences between the
two data sets could be due to experimental error related to pipetting of small volumes
and/or the insolubility of PF74. The concentration dependence of capsid stabilisation
with CPSF6, was similar to that observed with PF74, whereby complete stabilisation of
the CA lattice was achieved at 5 pM CPSF6,. An independent data set showing the
same outcome is provided in the supplementary section for comparison
(Supplementary Figure 8.3). Intriguingly, 50 uM BI-2 is unable to prevent the collapse
of the leaky capsids, as seen from the CypA paint signal decay (Figure 4.3D).

The same effect of molecules binding at CAyrp-CActp hexameric interface on lattice
disassembly kinetics that was observed for leaky capsids was also for capsids that
undergo opening during the experiment (Figure 4.4). CypA binding traces aligned at
the time of membrane permeabilisation (left panel) showed a rapid increase in the
CypA paint signal. Comparison of the number of AF568-CypA molecules bound at
equilibrium to the closed capsid (i.e. after membrane permeabilisation but before
capsid opening) showed that the level of CypA paint was independent of the compound
used to modulate capsid stability (Figure 4.5). CypA paint traces aligned at the time of
capsid opening revealed that CA lattice was stabilised in a concentration-dependant
manner. Capsid disassembly was considerably slowed down at 1 pM PF74 and
capsids did not disassemble when exposed to 5 uM or 10 uM PF74. Similarly, 1 puM
CPSF6, showed a modest stabilising effect on the CA lattice after capsid opening,
which increased with increasing concentrations of the peptide (Figure 4.4B). As

observed for leaky capsids, Bl-2 was unable to stabilise the CA lattice even when it is
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used at a high concentration (Figure 4.4D). This result may explain why BI-2 has been
shown to be a less potent inhibitor than PF74 [192] and could reflect a difference in

their binding to the CAntp-ctp interface.
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Figure 4.4. Lattice disassembly kinetics of capsids that undergo disassembly in
presence of CAyrp.ctp binders. Heatmap of AF568-CypA binding traces (vermillion) to
all capsids that undergo disassembly in a field of view aligned with respect to the time
of envelope permeabilisation (tp = 0, left panel) and aligned with respect to capsid
opening (right panel). Each heatmap is a representative data set of (A) untreated viral
particles, or in presence of different concentrations of (B) CPSF6,, (C) PF74, and (D)
BI-2. The bold black line represents the median CypA binding trace. The histograms at
the right show the distribution of intensities after binding equilibrium is reached (tr = 10-
30 s) and at the end of lattice disassembly (to = 380-400 s).

150~
é elo X No binder added
(8]
é 100- O CPSF6
< PF74
) %
5 pasYa O BI-2
3 50 TR
£
>
pd
0
CypA1luM

Figure 4.5. Number AF568-CypA bound at equilibrium in presence of CAnt.cto
binders. Variation in the median number of CypA molecules bound at equilibrium per
closed capsid measured in the absence and presence of different concentrations of BI-
2, PF74, and CPSF6,. All experiments were carried out using 1 pM AF568-CypA for

painting. The error bars represent 95% confidence intervals.

To determine if the stabilising effect produced by the highest concentrations of PF74
and CPSF6, in the CA lattice is maintained, we repeated the same experiment for a
longer period of time. Images were acquired every 6 seconds for a total of 88 minutes
to limit the exposure of the sample to excessive laser energy, which may bleach the
sample or induce photochemical cross-linking (Figure 4.6). 10 uM PF74 and 100 pM
CPSF6, stabilised the CA lattice of both leaky and capsids that undergo uncoating for
at least 80 minutes. The CypA paint signal showed only a small decrease for both
capsid binders over that period of time (Figure 4.6, compare histograms of the number

of CypA molecules shortly after membrane permeabilisation [left] with the
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corresponding histograms at the end of the experiment [right]). These data suggest that
lattice disassembly is dramatically slowed down in the presence of PF74 or CPSF6.
Independent data sets (Supplementary Figure 8.4) show a slight decrease on the
paint signal over time, although a similar decay is observed for capsids that remain
closed during the entire experiment suggesting that bleaching of the fluorescent dye
and/or increase of unspecific paint binding to the glass surface are affecting the signal
detection.

We conclude that PF74 and CPSF6, stabilise the CA lattice after the capsid has
opened up in a concentration-dependent manner and that the stabilising effect persists

for as long as the molecules stay bound to the lattice.
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Figure 4.6. Long lattice disassembly kinetics in presence of PF74 and CPSF6,.
Heatmap of AF568-CypA binding traces to all leaky capsids (A and C) and to capsids
that undergo disassembly (B and D) within 80 minutes in presence of 10 uM PF74 and
100 uM CPSF6,. Each histogram at the right show the distribution of intensities after

binding equilibrium is reached (t» = 1-3 min) and at the end of lattice disassembly (t,o =
78-80 min).

To study whether the stabilising effect on the CA lattice is lost upon dissociation of the
CAnrp-cTp binder, we carried out a washout experiment. A solution of PFO plus 10 uM
PF74 was injected into a microfluidic channel with attached HIV-1 viral particles.
Images were acquired every 5 seconds for ~13 minutes. Next, buffer containing 1 uM
AF568-CypA was flushed into the channel in order to dissociate the bound PF74
molecules from the CA lattice and paint it for its visualisation (Figure 4.7). AF568-CypA

binding to closed capsids reached the same level than on previous experiments (~70
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molecules bound at equilibrium), indicating that CypA interact with the fully closed CA
lattice as usual. As expected, AF568-CypA also bind to leaky capsids and capsids that
opened while they were exposed to PF74, indicating the presence of assembled CA
lattice. The extent of lattice present after ~13 minutes of incubation with PF74
corresponds to previous observations using simultaneous painting (compare with
Figure 4.6C-D). Intriguingly, the CA lattice of both leaky and capsids that undergo
uncoating remained stable for at least 250 s after the PF74 washout. This slower rate
of CA lattice disassembly than spontaneous uncoating could be due a deficient PF74
dissociation from the assembled CA lattice. Indeed, slower dissociation rate of PF74
from assembled CA hexamers compared to the CA monomer has been observed
before [186], although the expected half-life derived from this work is 8-58 seconds (Ko
=0.012-0.12s%).
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Figure 4.7. PF74 wash-out. Heatmap of AF568-CypA binding traces algned at the
time of paint addition of all (A) leaky, (B) closed, and (C) capsids that undergo

disassembly in presence of 10 uM PF74 for ~13 minutes.

97



4.4. CPSF6, binds to the HIV-1 capsid with higher affinity than previously
reported

CPSF6, has been shown to bind with higher affinity to CA hexamers than to
unassembled CA, although the reported value for the Kp of this interaction differ
between different experiments, ranging 360-1170 uM to CAntp, 26-436 UM to CA, and
12-100 pM to CA hexamers [95], [96], [155], [185], [186]. The affinity of CPSF6, for a
fully assembled conical HIV-1 CA lattice has not yet been determined. Here, we use
our imaging assay with permeabilised viral particles to measure the binding of labelled
CPSF6 peptide to intact capsids to determine the dissociation constant of this

interaction.

We labelled a version of the CPSF6 peptide that contains an extra cysteine at the C-
terminus (CPSF6,-Cys) with Alexa-Fluor 568-C5-maleimide dye. Different
concentrations of labelled CPSF6 peptide (CPSF6,-Cys-AF568) were injected together
with the pore former protein into a microfluidic channel containing attached HIV-1 viral
particles carrying GFP. Binding of the CPSF6,-Cys-AF568 to viral capsids was followed
using TIRF microscopy with alternating fluorescence excitation. Images were acquired

every second for 800 seconds.

A series of snapshots of CPSF6,-Cys-AF568 binding are shown in Figure 4.8. Similar
to AF568-CypA binding, upon membrane permeabilisation of the viral particle, a bright
diffraction-limited spot appeared in the CPSF6,-Cys-AF568 channel at each location
corresponding to viral particle (Figure 4.8A-B). Individual traces recorded at these
locations (Figure 4.8C-D) showed that the CPSF6,-Cys-AF568 signal rapidly increased
immediately after release of the GFP contained by the viral membrane. Heatmaps and
median traces of CPSF6,-Cys-AF568 binding to leaky capsids and capsids that
undergo uncoating are shown in Figure 4.8E-F. The number of peptides bound to
individual capsids was obtained by calibrating the fluorescence intensity with a value
obtained from single-molecule photobleaching experiments. In the case of leaky
capsids, the median CPSF6,-Cys-AF568 signal trace decayed rapidly after the initial
increase as a result of the lattice disassembly (Figure 4.8E). For capsids categorized
as “opening” or “closed”, the CPSF6,-Cys-AF568 signal stayed constant at an
equilibrium level as long as the capsid remained fully intact. Once the capsid opened
up, the CPSF6,-Cys-AF568 signal decayed until it reached a stable level above
background (Figure 4.8F). We conclude that CPSF6,-Cys-AF568 binds to the CA
lattice to a level that is proportional to the size of the lattice (i.e. the number of CA

subunits in the lattice) similarly to what was observed for AF568-CypA.
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Figure 4.8. Kinetics of CPSF6, binding. Snapshots of the GFP signal and CPSF6,-
Cys-AF568 signal of selected viral particles with (A) leaky capsids and (B) capsids that
undergo uncoating during the experiment at different times. Example traces of CPSF6,
binding (vermillion) to individual (C) leaky capsids and (D) capsids that undergo
uncoating after permeabilisation of the viral envelope. Heatmap of AF568- CPSF6,-Cys
binding traces to all (E) leaky capsids and (F) capsids that undergo uncoating in a field
of view aligned with respect to the time of envelope permeabilisation (t- = 0) and to
capsid opening (to = 0). Each heatmap is a representative data set of different
repetitions. The bold black line represents the median CypA binding trace. The
concentration of CPSF6,-Cys-AF568 was 1 pM in all the experiments. Each histogram
at the right show the distribution of intensities after binding equilibrium is reached (tp =

1-30 s) and at the end of lattice disassembly (to = 380-400 s).

To obtain an estimate of the dissociation constant (Kp) for the CPSF6,-capsid
interaction, we extracted CPSF6,-Cys-AF568 binding curves from capsids that remain
intact for at least 50 seconds. Different concentrations ranging 0.1 and 10 uM of the
peptide were assessed (note that measurements above 1 UM were obtained with a

mixture of labelled and unlabelled peptide to avoid excessive background fluorescence
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intensities). Traces were aligned at the time of membrane permeabilisation and a
representative median CPSF6,-Cys-AF568 binding trace for each concentration is
shown in Figure 4.9A. Fitting of the median number of CPSF6, molecules bound at
equilibrium as a function of CPSF6, concentration with an equilibrium binding model
(Figure 4.9B) gave an estimate of the Kp of 3.4 + 0.252 uM. This value is 13-fold lower
than reported by Zhou et al. [155], 25-fold lower than reported by Bhattacharya et al.
[96], and 4-fold lower than reported by Lad et al. [186] for CPSF6, binding to
hexamers. The estimated number of bound peptides at saturation is 450 = 17, roughly
one third of the total CAcro.ntp binding sites were the peptide could potentially bind.
This observation suggests that at saturation the capsid can just accommodate two

CPSF6 peptides on each CA hexamer.
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Figure 4.9. Kinetics of CPSF6, binding to closed capsids. (A) Median CPSF6,-Cys-
AF568 binding traces to all closed capsids in the field of view aligned with respect to
the time of envelope permeabilisation (tp = 0) at concentrations ranging from 0.1 to 10
UM as indicated above the corresponding trace. Binding experiments with
concentrations above 1 UM were carried out with a mixture of unlabelled and labelled
CPSF6,, whereby the concentration of the labelled CypA was kept at 1 uM. (B) Median
number of CPSF6,-Cys-AF568 molecules bound at equilibrium as a function of

CPSF6, concentration recorded for different experiments. Black line corresponds to the
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fit of the data using an equilibrium binding model. (C) Mean CPSF6, intensity
measured at closed capsids after wash-out of CPSF6, from the flow channel at t = 0.

The black line represents a fit of the data with an exponential decay function.

A wash-out experiment was performed to measure the kinetics of CPSF6, dissociation
from the CA lattice. HIV-1 viral particles were permeabilised in presence of 1 uM
CPSF6,-Cys-AF568 to allow binding and then the fluorescent peptide was removed by
rapidly exchanging the solution with buffer. The decay of the mean fluorescence
intensity measured on closed capsids at the moment of wash-out is shown in Figure
4.9C. The determined off-rate of CPSF6, is 0.061 s™, suggesting again an at least 5-
fold tighter binding of the peptide to the capsid than previously reported [186].

4.5. CPSF6, competes with PF74 for binding to the HIV-1 capsid

PF74 binds to the CAwmp-CActp interface with high affinity, displaying a Kp to CA
hexamers that varies from 0.02 to 0.26 uM [96], [97], [186]. This value is at least 15-
fold lower than the dissociation constant obtained with our assay for CPSF6, (Figure
4.9B). To visualise how PF74 competes with CPSF6, for capsid binding, HIV-1 viral
particles were incubated with PFO in presence of 1 pM PF74 and 1 pM CPSF6,-Cys-
AF568. TIRF images were acquired and fluorescent traces from the CPSF6, signal
were extracted to analyse its binding (Figure 4.10). As expected, CPSF6,-Cys-AF568
binding was decreased in presence of 1 uM PF74. The mean number of bound
CPSF6,-Cys-AF568 to closed capsids at equilibrium in presence of 1 pM PF74 is 20.67
(x 5.487, n=3), about ~ 22% of the number of molecules that bind when no binder is
added (92.22 = 7.713, n=9). This result supports the tighter affinity of CPSF6, to the
HIV-1 viral capsid found with our method because otherwise its binding would have
been completely abolished by the presence of uM PF74. Indeed, that outcome is

observed when the experiment is repeated in presence of 10 uM PF74 (Figure 4.10C).

101



A B

=
o
=]

-

N

o
1

F 80 é “5<
Q 6 5]
CPSF6p-Cys-AF568 E o é 1004 b
* 5 w0 N % $O
1 uM PF74 b W 8 g0
5 20 2 <‘
£ o 8 o] ——
= -20 0 20 40 60 80 100 ° CC'}O_ O
Time (s) % 40-
% *XRE¥X
k]
C 100 100 1 3 201
80 6 e § 0
CPSF6p-Cys-AF568 £ ¢, w = No binder added  PF74 1 uM

+
10 uM PF74

40 40
20 2 20

0 WAt/ sy WA 0

Number of CypA molecules

20 0 20 40 60 80 100
Time (s)

Figure 4.10. Competition between CPSF6, and PF74 for capsid binding. Heatmap
of CPSF6,-Cys-AF568 binding traces to all closed capsids in a field of view aligned
with respect to the time of envelope permeabilisation (t- = 0) in presence of (A) 1 uM
and (C) 10 pM PF74. The concentration of CPSF6,-Cys-AF568 used in every
experiment was 1 uM. Each histogram at the right show the distribution of intensities
after binding equilibrium is reached (t» = 30-50 s). Each heatmap is a representative
data set of different repetitions. (B) Variation in the median number of CPSF6,-Cys-
AF568 molecules bound at equilibrium per closed capsid measured in the absence and
presence of 1 uM PF74. The error bars represent 95% confidence intervals; unpaired t-

test with Welch'’s correction, p<0.0001.
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4.6. Discussion

The host cell protein CPSF6, and the small inhibitors PF74 and BI-2 have been shown
to interact with the CAxto.ctp hexameric interface of the HIV-1 capsid and modulate its
stability, although their influence is still puzzling. Previous studies reported that addition
of PF74 and BI-2 reduce stability of HIV-1 cores but increase stability of in vitro CA
assemblies [96], [108], [115], [160], [192]. Similarly, CPSF6 has been shown to
accelerate and delay uncoating in infected cells, as well as to stabilise HIV-1 CA-NC
complexes [108], [142], [183]. Here, by using our new single-particle fluorescence
microscopy method we determined that binding of these molecules modulate the
opening of the capsid and the disassembly of the lattice thereafter independently. PF74
accelerates capsid opening and stabilises the remainder of the CA lattice in a
concentration-dependant manner. 1 uM PF74 leads to a 2-fold increase in the capsid
opening kinetics while 10 uM accelerates it by 12-fold. When used at < 1 uM, PF74 has
little effect on the rate of lattice disassembly after the capsid has opened up, but higher
concentrations strongly stabilise the CA lattice, preventing completely its collapse at 1-
5 pM. Binding of the minimal binding epitope of CPSF6 to the capsid (CPSF6,) also
modulates uncoating in a concentration-dependent manner. 100 uM CPSF6, produce a
comparable effect than 1 uM PF74 in the capsid opening, accelerating its kinetics by 2-
fold. However, it exerts the same stabilising effect on the CA lattice at just 10 pM. In
contrast, 50 uM BI-2 accelerates capsid opening by 3-fold, but fails to stabilise the rest

of the CA lattice after the capsid has suffered its first defect.

How do PF74 and CPSF6 exert opposing effects on capsid opening and lattice
disassembly? The interface in which they bind could be the key to explain their effect.
The interaction between neighbouring CA proteins within the hexamer is weak and
flexible, allowing conformational variations within the hexamers and pentamers that
tolerate the curvature needed to form the closed capsid [89], [94], [97]. Binding of a
molecule to the CAnto.cp interface could strengthen this link. In the absence of binders,
the CA lattice disassembles catastrophically once the first defect has opened in the
capsid. However, in the presence of PF74 or CPSF6 peptide, no great extent of CA
dissociation is observed, possible because the bound molecules reinforce the
interaction between neighbouring CA subunits in the hexamer by interacting with both
of them (Chapter 3, Figure 7). However, if the capsid is exposed to high concentrations
of that molecule, occupancy of many binding pockets at the same time could lead to
increased stiffness of the structure, which would in turn limits the flexibility necessary to

sustain highly curved sections. Extreme rigidity could lead to a breakage of the
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fullerene cone, probably at sections of the capsids with high curvature. Recently
published research supports this model. Rankovic et al. found that PF74 increases the
stiffness of isolated cores in a concentration dependant-manner and that the capsids
open at or near the narrow end. However, in their system the fracture happens a few
hours after the capsid is exposed to PF74 [212], unlike in our experiments where

opening occurs rapidly.

The three CA-binders modulate capsid opening and lattice disassembly to different
levels. Their crystal structures in complex with CA hexamers reveal that they occupy
the CAntp-cto pocket in different ways [96], [97]. BI-2 binds CA with high affinity but
interacts exclusively with the NTD of one CA monomer and not with the CTD of its
neighbouring CA [97], [194]. BI-2 binding to the CAytp.cto pocket may increase the
stiffness of the capsid to the point where can cause its failure. However, because it just
interacts with one of the CA, BI-2 is unable to prevent their dissociation leading to the
disassembly of the lattice after the fracture has happened. Indeed, our observations
show that BI-2 does increase the capsid opening kinetics, but once the capsid breaks,
it does not prevent the collapse of the remainder of the lattice. In comparison, PF74
and CPSF6, make contacts with both CA monomers, which explains their stabilising

effect.

PF74 inhibits infection at both low and high concentrations, but produces differential
effects on reverse transcription. Low concentrations of PF74 do not inhibit reverse
transcription but higher concentrations do [97], [98], [115], [192]. Moreover, it has been
shown that the inhibition of infection is completely reversed in washout experiment with
low concentrations (1 puM) but not with high concentrations (10-30 uM) of PF74 [97].
The defects in reverse transcription produced by high concentrations of PF74 are also
irreversible [97]. These observations could be explained by the differential effect of
different concentrations of PF74 on capsid stability. Low concentrations of PF74 exhibit
modest effects on capsid stability (such that the capsid remains intact in the cell) but
might be sufficient to impede binding of required cofactors that use the same binding
pocket, hence inhibiting infection. Wash-out of PF74 would then allow the capsid to
resume its normal interaction with host factors. On the other hand, at high
concentrations of PF74 the capsid might become so inflexible that it breaks rapidly in
the cell. Our results suggest that very little CA is released during the rupture of the
capsid, but the defect could be big enough to expose the HIV-1 genetic material to the
environment. This will allow the detection or degradation of the viral genome by the

host cell. This outcome was indeed observed by Mallery et al. using the encapsidated
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reverse transcription (ERT) assay [213]. This assay measures RT products synthetised
within intact viral cores because nucleases (that are added to this assay) degrade
exposed nucleic acids. No cDNA was found in presence of 10 uM PF74, consistent
with the idea that viral genome is exposed to external enzymes when the capsid opens
up. Fracture of the capsid could also inhibit reverse transcription by diluting the
components necessary to allow efficient cDNA synthesis. Because the fracture of the
capsid happens rapidly after it is exposed to the antiviral drug, the defect cannot be

reversed by wash-out.

PF74 has also been shown to affect a later stage of the HIV-1 entry. It reduces
infection even when is added 10 hours post-infection [97], [137], [191], interrupts
docking of the cores at the nuclear envelope [135], and alters integration site
distribution [191]. These observations support the idea that PF74 disturbs binding of
host factors involved in nuclear translocation and integration, such as CPSF6 and
NUP153 [75], [95]-[97]. The precise role of CPSF6 on HIV-1 infection is still not clear.
Its localisation is mainly nuclear but it shuttles between the cytoplasm and the nucleus
[181]. Its depletion does not inhibit HIV-1 infection, but decreases proviral integration
into transcriptionally active genes [143], [147]. This suggest that binding of CPSF6 to
CA is required for a late stage of virus entry and not during the transport of the capsid
through the cytoplasm. Our results showed that CPSF6, stabilises CA lattices in a
concentration-dependant manner, even when they are not intact. In the cell CPSF6
may stabilise the capsid in the proximity of the nucleus or right at the nuclear
membrane, such that some CA may remain associated with the PICs to facilitate
nuclear import and efficient proviral integration. Indeed, CA has been found at high

levels at the nuclear membrane and even inside the nucleus [133]—[135].

Several groups have shown that overexpression of a truncated form of a mouse
version of CPSF6 (MCPSF6-358) and full length mCPSF6 tagged with a nuclear export
signal (mMCPSF6-NES) inhibit HIV-1 infection by blocking the entry of the PICs into the
nucleus [95], [142], [143], [147]. This inhibition has been has been attributed to
competition with other host factors implicated in nuclear translocation, such as NUP153
[77], [133], [143], [174]. mCPSF6-358 has also been shown to stabilise authentic cores
[108], [142]. This observation is consistent with our observations that CPSF6 peptide
stabilises the lattice against disassembly. Hyper-stabilisation of the capsid lattice in the
cytoplasm could contribute to the block of nuclear import because intact capsids have a
larger diameter than the nuclear pore complex [138], and are thus though to be unable

to enter the nucleus.
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In contrast to the stabilising effect of mMCPSF6-358, a C-terminally truncated form of
human CPSF6 that also lacks the 36 residues encoded by exon 6 (hCPSF6-375)
promotes destabilisation of the viral cores and prevents reverse transcription [182]. The
phenotype shown by hCPSF6-375 resembles the effect of a high concentration of
PF74. Taken together, it could be speculated that subtle changes in the way that
CPSF6 peptide interacts with the binding pocket on the CA hexamer (e.g. by removal
of the CPSF6 residues encoded by exon 6) could switch between a binding mode that
predominantly stabilises the lattice against dissociation and a binding mode that also

leads to breakage of the lattice as observed for PF74.

A deletion mutagenesis study determined that the residues 313-327 of CPSF6
constitute the minimal binding epitope for interaction with CA [146]. This peptide,
CPSF6,, binds with low affinity to monomeric CA, but its binding is improved when
assembled CA hexamers are used, displaying a Kp of 12 to 100 uM [96], [155], [186].
Our data using labelled CPSF6, indicates that the peptide interacts with higher affinity
with authentic viral capsids, showing a Kp of 3.4-4 uM. Our results are consistent with a
recent publication using recombinant CPSF6-358 [183] reporting that the protein
interacts more strongly with assembled CA tubes than with CA hexamers. Stabilisation
of the CA lattice was already observed in our assay at concentrations that lead to
partial occupancy of the binding sites available on the lattice. Intriguingly, crystal
structures of CPSF6, in complex CA hexamers have shown that all six possible binding
pockets can be occupied at the same time [96], [97]. The fact that binding of fewer
CPSF6 peptides to each hexamer is enough to stabilise the entire lattice suggests that
binding at one or a few sites may be sufficient to alter the structure of the entire
hexamer. Additionally, in a mature fullerene capsid, the assembled CA subunits can
adopt different conformations. CypA has been shown to bind to a specific curvature
within the lattice [157], and CPSF6 might have a binding preferences for specific
conformations of the CAntp.ctp surface such that CPSF6 binding might concentrate at
specific region of the capsid. Finally binding of the full-length protein (e.g. with respect
to occupancy) is likely to differ considerably from binding of the full-length protein

because of steric requirements.

Currently there is no labelled version of PF74 available, so we cannot determine how
many PF74 molecules bind to authentic viral capsids and compare it with CPSF6. This
would be interesting to know as the mode of action of PF74 in cells has been
suggested to be concentration-dependant: at low concentration, it is thought to

compete with host factors for capsid binding, while at high concentrations is believed to
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cause irreversible changes to the capsid structure [97], [160], [191]. Our competition
experiments revealed that when high concentration of PF74 is used (10 uM PF74 vs 1
UM CPSF6,), binding of fluorescent CPSF6 is completely abolished. This suggests that
all the binding pockets on the capsid are being occupied by PF74. However, when they
are used at the same concentration (1 uM each), CPSF6 does bind to the lattice but

not to the same extent. This reduction may be enough to abolish HIV-1 infection.
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Chapter 5
Modulation of HIV-1 capsid stability by
binding of polyanions to the central

capsid pore

108




5. Modulation of HIV-1 capsid stability by binding of polyanions

to the central capsid pore

5.1. Introduction

Little is known about the recently reported electropositive pore located at the centre of
the HIV CA hexamer [72]. The size-selective pore is formed by six arginine residues
(R18), one from each CA monomer. It forms the bottom of a chamber-like space, which
can be closed or open to the exterior depending on the position of the CAymp B-
hairpins. The R18 ring was shown to be essential for reverse transcription and
infection, as chimeric viruses with progressive removal of the arginines display
decreased rates of infectivity and reverse transcription. Deoxynucleoside triphosphates
(dNTPs) bind avidly to the pore, with extremely rapid association and dissociation
kinetics. Furthermore, binding of dNTPs has a stabilising effect on CA hexamers and
their binding can be prevented by addition of the competitor hexacarboxybenzene. This
6-fold symmetric polyanion also interacts with the R18 hexamer ring and promotes
stabilisation of CA hexameric assemblies. The stabilisation effect is minimally affected
when pentacarboxybenzene is used, but decreases drastically when tetra- or
tricarboxybenzene molecules are used, indicating that co-ordination of the six R18

positions supports improved binding [72].

These observations suggest that HIV regulates capsid stability through binding of
negatively charged molecules to the R18 charged pore. However, the extent of the
stabilising effect on authentic viral capsids has not been studied until now. In Chapter 3
of this thesis we showed that binding of hexacarboxybenzene strongly stabilises the
viral capsid, allowing it to remain fully closed for hours. However, the binding of the
polyanionic molecule does not prevent the catastrophic lattice disassembly that occurs
once the capsid has suffered its first defect. This observation suggests that indeed, the
electropositive R18 pore in the viral capsid is a critical surface and could be used for

the virus as a binding pocket to modulate the stability of the capsid during infection.

Several polyanionic molecules, apart from the dNTPs, are present in the cell. For
instance, the structure of ATP is almost identical to dATP and it is present in much
higher concentrations in the cell. Moreover, inositol hexakisphosphate (IP6) is also
highly abundant in the cell and has a similar structure to hexacarboxybenzene. It has

six phosphates instead of carboxylic groups, and it has been shown to interact with
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immature CA lattices [187], [189]. Thus, it is reasonable to consider ATP and IP6 as

potential capsid binders that could regulate capsid stability during infection.
The main aim of this chapter is to investigate the influence of the polyanionic molecules

ATP and IP6 on capsid stability. For that, the molecules were assessed with the capsid

opening and lattice disassembly assay developed on this thesis.
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5.2. ATP and IP6 delay capsid opening similarly to hexacarboxybenzene

As shown in Chapter 3 for hexacarboxybenzene, we used the capsid opening assay to
investigate the effect of the potential capsid binders ATP and IP6 on capsid stability.
Biotinylated HIV-1 viral particles containing free GFP were captured onto a glass
surface to then be permeabilised with the pore-forming protein PFO. Three different
concentrations of IP6 were tested (1, 10 and 100 puM), while 100 uM of ATP was
examined. Membrane permeabilisation and capsid opening were detected by

observing the release of the GFP molecules using time-lapse TIRF microscopy.

The fractions of capsids that are leaky, undergo opening or remain closed after ~30
minutes of adding PFO with the different polyanionic molecules are shown in Figure
5.1 (data obtained with hexacarboxybenzene is included for comparison). In all cases,
the majority of the particles (65-80%) contained leaky capsids, presumably as a result
of assembly defects which are not affected by the addition of molecules. The rest of the
particles (20-35%) contained cores that undergo uncoating or remain closed during the
experiment, suggesting that they were properly assembled capsids that retained the
encapsidated GFP molecules after membrane permeabilisation. In the control sample
without any molecules, around 40% of the properly assembled cores remain closed
during the experiment while the rest open up. Interestingly, the ratio between closed
and uncoating capsids increased in presence of all polyanions tested (Figure 5.1, dark
grey and black bar for each condition). These observations suggest that polyanions

exert a stabilising effect on the closed capsid.

Figure 5.1. Leaky, undergo opening or closed capsids in presence of polyanionic

molecules. Bar chart showing the fraction of capsids classified as ‘leaky’, ‘opening’
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and ‘closed’ present 30 min after permeabilisation of the viral membrane of biotinylated
HIV-1 viral particles containing free GFP in presence of hexacarboxybenzene (10 and
1000 pM), ATP (1000 puM) and IP6 (1, 10 and 100 puM). The data was combined from
multiple measurements (total number of repeats/number of viral preparations): No
binder (3/2); ATP - 1000 upM (5/2); hexacarboxybenzene - 10 uM (3/2);
hexacarboxybenzene - 1000 pM (3/1); IP6 - 1 uM (4/3); IP6 - 10 puM (2/2); IP6 — 100
UM (3/2).

In order to calculate the half-life of capsid opening in presence of ATP and IP6, we
analysed the distribution of the core opening times obtained from the cores that
undergo opening during the experiment. Figure 5.2 shows the survival curves obtained
for capsids in the presence of ATP or IP6 as well as for capsid in the presence of

hexacarboxybenzene or in the absence of molecules (control).
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Figure 5.2. Capsid opening in presence of polyanionic molecules. (A) Survival
curves obtained from capsids that undergo opening on multiple experiments in
presence hexacarboxybenzene (10 and 1000 uM), ATP (1000 uM) and IP6 (1, 10 and
100 pM). Exponential fit (black line) is shown in each graph.

As observed, most of the properly assembled capsids remain closed in all the

conditions were polyanion molecules were added. Due to the scarce number of core
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opening events observed during the duration of experiment (88 min), the half-lives of
capsid opening could not be determined accurately. However, fitting the survival curves
with an exponential decay gave an estimate capsid opening hald-life of 1 hour in the
case of ATP, similar to the obtained with 10 uM hexacarboxybenzene. Addition of 1P6,
even at just 1 uM dramatically slowed down the core opening process from a few

minutes to hours.

Taken together, these data indicate that the polyanions hexacarboxybenzene, IP6 and

ATP strongly inhibit capsid opening.

5.3. ATP and IP6, like hexacarboxybenzene, do not stabilise the CA lattice
after the formation of the first defect

To further investigate the effect of ATP and IP6 on capsid stability, we used the CypA
paint assay to get an insight into their effect on lattice disassembly kinetics. HIV-1 viral
particles were exposed to PFO in the presence of different concentrations of ATP or
IP6 as well as 1 uM 568-CypA to paint the viral capsid, whereby the CypA signal was

used as an indirect measure of the integrity of the CA lattice.

Changes in the kinetics of CA lattice disassembly are apparent by comparing CypA
paint traces of leaky capsids in the presence of absence of stabilising molecules.
Representative heatmaps of CypA paint traces for leaky capsids measured under
different conditions are shown in Figure 5.3 and were characterised by rapid binding of
CypA to the CA lattice after membrane permeabilisation, followed by an immediate but
more gradual decay of the CypA paint signal as the lattice falls disassembled. We
observed that the CypA signal decayed within 1-2 minutes regardless of whether the
polyanionic molecules were present or not. This result indicates that similar to
hexacarboxybenzene, IP6 and ATP are unable to prevent the collapse of capsids that
are not intact, suggesting that the mechanism by which they stabilise the CA lattice

requires closed capsids.
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Figure 5.3. Lattice disassembly kinetics of leaky capsids in presence of
polyanionic molecules. Heatmap of AF568-CypA binding traces (vermillion) to all
leaky capsids in a field of view aligned with respect to the time of envelope
permeabilisation (t- = 0). Each heatmap is a representative data set of (A) untreated
viral particles, or in presence of (B) hexacarboxybenzene 10 uM, (C) ATP 1000 uM,
(D) IP6 1 uM, and (E) IP6 10 uM. The bold black line represents the median CypA
binding trace. The histograms at the right show the distribution of intensities at tp = 1-30

s and 280-300 s respectively.

The effect of the three compounds on lattice disassembly kinetics of capsids was
apparent by comparing heatmaps of CypA paint traces for capsids that undergo
uncoating during the experiment (Figure 5.4). In all conditions, CypA bound to an
equilibrium level upon membrane permeabilisation, and then the CypA paint signal
decayed after capsid opening. The equilibrium CypA binding level was

indistinguishable in the presence and absence of the polyanions (Figure 5.5). These
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results suggest that binding of CypA for lattice painting was not affected by the

presence of hexacarboxybenzene, IP6 and ATP.

Lattice paint traces aligned at the time of capsid opening (Figure 5.4, right panel)
revealed that IP6 and ATP did not prevent CA lattice disassembly after uncoating was
initiated. The median CypA signal trace recorded in the presence of 1000 uM ATP
reached the background level after ~300 seconds, the same time that takes
spontaneous uncoating to happen. Identical effect was observed for 1 uM and 10 uM
IP6, indicating that even higher concentrations of the molecule did not stabilise the CA
lattice after core opening. This result agrees with what was observed on leaky capsids,

supporting the idea that the polyanions only stabilise fully closed capsids.
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Figure 5.4. Lattice disassembly kinetics of capsids that undergo disassembly in
presence of polyanionic molecules. Heatmap of AF568-CypA binding traces
(vermillion) to all capsids that undergo disassembly in a field of view aligned with
respect to the time of envelope permeabilisation (tp = 0, left panel) and aligned with
respect to capsid opening (right panel). Each heatmap is a representative data set of
(A) untreated viral particles, or in presence of (B) hexacarboxybenzene 10 uM, (C)
ATP 1000 pM, (D) IP6 1 uM, and, (E) IP6 10 uM. The bold black line represents the
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median CypA binding trace. Heatmap each condition. The histograms at the right show
the distribution of intensities after binding equilibrium is reached (tr = 10-30 s) and at
the end of lattice disassembly (to = 380-400 s).
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Figure 5.5. Number AF568-CypA bound at equilibrium in presence of polyanionic
molecules. Variation in the median number of CypA molecules bound at equilibrium
per closed capsid measured in the absence and presence of different concentrations of
hexacarboxybenzene, ATP and IP6. All independent experiments were carried out
using 1 pM AF568-CypA for lattice painting. The error bars represent 95% confidence

intervals.

In conclusion, we observed that ATP and IP6 strongly prevent capsid opening but they
do not inhibit lattice disassembly once the process has started as observed for

hexacarboxybenzene, pointing to a shared mechanism for capsid stabilisation.
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5.4. Discussion

In this chapter, we studied the effect on HIV-1 capsid uncoating kinetics of two new
potential capsid binders, adenosine triphosphate (ATP) and inositol hexakisphosphate
(IP6). We found that the two polyanionic molecules potently inhibit capsid opening as
seen from the remarkable increase in the core opening half-life and the increased
number of assembled cores that remain closed. However, none of them prevent the
disassembly of the CA lattice once the core has opened up. A similar effect on capsid

stability is produced by hexacarboxybenzene, as shown in Chapter 3.

The CA hexamer, the main building block of the HIV capsid, contains an electropositive
pore in its centre that is formed by highly conserved arginine residues at position 18
(R18) [72]. This feature has a strongly destabilising effect on the hexamer, yet it is
maintained because it is strictly required for infectivity and may serve as an import
channel for nucleotides to fuel reverse transcription inside the closed capsid.
Hexacarboxybenzene binds to this electropositive pore and stabilises cross-linked CA
[72]. The compound also strongly inhibits capsid uncoating as shown in Chapter 3.
Hexacarboxybenzene is not a natural compound found in cells and therefore cannot
play a role in the viral life cycle. However, the polyanions ATP and IP6 are present at
high concentrations in the cell. ATP can be found at millimolar concentrations [214],
while IP6 has been reported to be at around 35-50 uM [187], [188]. In collaboration
with Leo James and colleagues, we recently evaluated whether these compounds
could function in capsid stabilisation [213]. Crystal structures of ATP and IP6 in
complex with CA hexamers show that both compounds bind to the centre of the 6-fold
axis by coordinating the the R18 ring [213]. In addition, binding of ATP and IP6 leads to
stabilisation of the disulphide cross-linked hexamer [213]. Here and in Ref 213 we
show using our single-molecule TIRF imaging approach that both compounds exerted
a similar effect on capsid stability to hexacarboxybenzene by delaying capsid opening
without inhibiting the disassembly of the lattice after the first lattice defect has been

formed.

These observations suggest that polyanions affect capsid stability via a shared
mechanism, raising the following question: How could polyanions inhibit opening of
intact capsids, but be unable to impede lattice disassembly of defective capsids? In the
context of an intact capsid, binding of polyanions to the electropositive pore stabilises
individual hexameric units, effectively raising the activation energy required to
dissociate the first CA subunit(s) from the hexameric building blocks of the lattice.

Removal of the first CA subunit from a hexamer in the lattice, would lead to its
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destabilisation as a result of lattice contact. In addition, the polyanion would be
expected to dissociate because the R18 ring is no longer intact, leading to further
destabilisation. Thus, removal of the first subunits will lead to local destabilisation that
will propagate across the entire lattice. Notably, the polyanion is not able to prevent
dissociation of hexamers that are at the disassembling edge, just as binding of
polyanion to cross-linked hexamers are unable to prevent dissociation of the hexamer

upon reduction of the disulphide bonds that keep the hexamer together.

The next question arising from these findings is whether the virus exploits polyanions to
regulate capsid stability and facilitate infection. Our results presented in Chapter 3
revealed that the HIV-1 capsid is intrinsically unstable, displaying a capsid opening
half-life of 8 minutes. In contrast, in the cell the viral capsid has been shown to be more
stable, with capsid uncoating times ranging from 30 minutes to ~6 hours [118], [132],
[135], [137]. In agreement with this, we demonstrated that the addition of diluted cell
lysate increases the core opening half-life to about 50 minutes, suggesting that there
are cell-derived molecules that stabilise the HIV-1 capsid. Our results suggest that IP6
and/or ATP could be involved in enhancing the lifetime of the capsid within the host

cytoplasm.

Does the capsid have preference for a specific polyanionic molecule? Our results show
that capsid stability is enhanced to a greater extent in of the presence of physiological
concentrations of IP6 than in the presence of physiological concentrations of ATP.
Similarly, endogenous reverse transcription assays revealed that IP6 was more potent
in increasing RT product accumulation that ATP [213]. Importantly, radiolabelled IP6 is
selectively incorporated into the virions by association with the capsid with a 1:1
stoichiometry (IP6:hexamer) while radiolabelled ATP is not enriched in virions [213].
This raises the question of how IP6 is packaged into the nascent viral particles, since
the R18 ring is available just upon formation of the CA hexamers during maturation,
which happens after budding from the cell. IP6 has been described previously to
interact with immature Gag lattices and promote its assembly in vitro [189]. A recent
paper now shows that IP6 drives assembly of the immature lattice at the plasma
membrane by binding to a six-helix bundle formed by the CAcrp and SP1, via

interaction with two lysines (Lys290 and Lys359) [215].

Taken together the recently published structures of IP6 bound to hexamers of the
immature and mature lattice [213], [215], the observation that IP6 promotes reverse

transcription in the closed capsid [213], and our single-molecule analysis of the effect
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of IP6 on capsid uncoating presented here allow us to propose the following model: IP6
serves to drive assembly of the immature lattice in the producer cell and is selectively
incorporated into the virion. Upon proteolytic cleavage of the Gag polyprotein, IP6 is
released and becomes available to stabilise the mature lattice by binding into the R18
pore. Upon release into the cytoplasm of the target cell, the capsid is stabilised by IP6.
Continued association of IP6 with the lattice could be regulated by opening and closing
of the molecular iris formed by the N-terminal beta-hairpin of CA. Alternatively,
uncoating could be triggered by inducing a local defect in the capsid lattice. Our data
suggests that a small defect will be sufficient for lattice disassembly to ensue. In this
context, host proteins and/or the formation of dsDNA [119] during RT could provide the

trigger for uncoating.

The use of IP6 to modulate capsid assembly and stability has the advantage that the
interaction with the capsid is reversible and therefore the disassembly of the CA lattice
can be promoted by its dissociation. Molecules with similar roles, called pocket factors,
have been described before for picornaviruses [216], [217]. Understanding the exact
mechanism by which uncoating of IP6-stabilised capsids is triggered during infection is
still to be determined. Furthermore, the interplay between IP6 with the other cellular
polyanions, such as dNTPs and ATP, needs to be studied in more detail. The results
from this chapter not only helped in the discovery of an HIV pocket factor that controls
capsid stability, but may also facilitate the discovery of new antiviral drugs, e.g.

exploiting the mechanisms for regulating capsid stability discovered here.
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6. Conclusions and future directions

The HIV-1 capsid has been extensively studied but yet much remains unknown about
the uncoating process. Even though it has been known to have a conical topology
within the virion for 30 years [218], still most of the research uses monomeric or
hexameric CA assemblies as a model to study its role during infection. The fragility of
the capsid and its sensitivity to structural manipulation has been a roadblock in the
development of an in vitro assay to study the properties of authentic capsids, and the
complexity of its interactions with host factors such as CypA, CPSF6, NUP153,
NUP358, and nucleotides.

The aims of this thesis were to develop an assay to study the disassembly of authentic
HIV-1 capsids and to use it to understand how uncoating is modulated by different
capsid binders. In Chapter 3 | described the development of our single-particle
fluorescence microscopy assay that follows the real-time uncoating kinetics of
individual HIV capsids in vitro. By permeabilising GFP loaded viral particles with a
pore-former protein and painting the lattice with a fluorescent version of CypA, we were
able to detect (1) the precise moment at which the capsid develops its first defect, and
(2) visualise the disassembly of the CA lattice thereafter. We found that spontaneous
uncoating is initiated shortly after the viral membrane is compromised exposing the
capsid to a biochemically different environment. Opening of the capsid is the rate-
limiting step of uncoating, which is followed by a rapid, catastrophic collapse.
Remarkably, these two uncoating phases are modulated differentially by different
capsid binders. In Chapter 4 we investigated the effect on capsid stability of molecules
that bind to the interface formed between CAntp-CActp Of neighbouring subunits in the
CA hexamer, while in Chapter 5 we examined polyanionic molecules that bind to the
highly positively charged pore formed by the ring of six arginines at the centre of the
hexamer. It was found that molecules binding at CAytp-CActp interface could either
strongly accelerate capsid opening (PF74) or have little effect on this step (CPSF6) but
both molecules strongly stabilise the CA lattice after capsid opening and prevent CA
lattice disassembly in a concentration dependant manner. In contrast, binding of the
polyanionic molecules hexacarboxybenzene, ATP and the newly discovered CA-binder
hexakisphosphate (IP6) strongly delay initiation of uncoating but do not prevent

subsequent lattice disassembly.

Dissecting the differential influence of CA binders on capsid opening and lattice

disassembly open the door to understanding their role during HIV infection in greater
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detail, which could provide essential new understanding on the host-specific effects on
uncoating. Even though this thesis examines the effect of individual binders on capsid
stability, during infection the HIV-1 capsid interacts with several host factors
simultaneously or sequentially, whereby the interplay between different factors
provides additional levels of regulation, as observed e.g. for the interplay between
TNPO3, CPSF6 and CypA [142], [160], [179]. Further investigation of the relationship
between different host factors with the viral capsid in a controlled way at the single
molecule level could help dissect their role in cytoplasmic trafficking and nuclear

import.
Finally, our system to study uncoating has potential as a medium-throughput assay for

screening compounds that target the stability of the capsid lattice and the principle of

the approach can readily be applied to other viruses.
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8. Supplementary information

8.1. Lattice disassembly kinetics of CA E45A substitution

The effect of the CA E45A substitution on the kinetics of lattice disassembly is shown in
Figure 8.1. In the case of leaky capsids (Figure 8.1A), a rapid CypA binding to the CA
E45A lattice after membrane permeabilisation is observed, followed by a decay of the
paint signal. This result indicates that the CA E45A substitution does not prevent the
disassembly of damaged lattices. A similar result is observed on capsids that undergo
uncoating during the experiment. Lattice paint traces aligned at the time of capsid
opening (Figure 8.1B) revealed that the lattice disassembles in a similar fashion to WT
capsids after uncoating is initiated. In conclusion, we observed that the CA E45A
substitution delays capsid opening (Chapter 3, Figure 2) but does not stop the

collapse of the lattice once the capsid has suffered its first defect.
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Figure 8.1. Lattice disassembly kinetics of CA E45A substitution. (A) Heatmap of
AF568-CypA binding traces to all leaky capsids within 30 minutes for CA E45A viral
particles. The histograms at the right show the distribution of intensities at tp = 1-30 s
and 280-300 s respectively. (B) Heatmap of AF568-CypA binding traces to all capsids
that undergo disassembly within 30 minutes for CA E45A viral particles. The histogram
at the right show the distribution of intensities after binding equilibrium is reached (tp =
10-30 s) and at the end of lattice disassembly (to = 380-400 s).
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8.2.  Lattice disassembly kinetics in presence of PF74
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Figure 8.2. Lattice disassembly kinetics of leaky and uncoating capsids in
presence of PF74. Heatmap of AF568-CypA binding traces (vermillion) to all (A) leaky
capsids and (B) capsids that undergo uncoating in presence of different concentrations

of PF74. The bold black line represents the median CypA binding trace.
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8.3.  Lattice disassembly kinetics in presence of CPSF6,
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Figure 8.3. Lattice disassembly kinetics of leaky and uncoating capsids in
presence of CPSF6,. Heatmap of AF568-CypA binding traces (vermillion) to all (A)
leaky capsids and (B) capsids that undergo uncoating in presence of different
concentrations of CPSF6,. The bold black line represents the median CypA binding
trace.
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8.4. Long lattice disassembly kinetics in presence of PF74 and CPSF6,
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Figure 8.4. Long lattice disassembly kinetics in presence of PF74 and CPSF6,,.
Heatmap of AF568-CypA binding traces to all leaky capsids (A and C) and to capsids
that undergo disassembly (B and D) within 80 minutes in presence of 10 uM PF74 and
100 uM CPSF6,. Each histogram at the right show the distribution of intensities after
binding equilibrium is reached (t» = 1-3 min) and at the end of lattice disassembly (tyo =
78-80 min).
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