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Abstract 

 

HIV-1 capsid (CA) plays a vital role in the early stages of HIV-1 infection. The CA lattice 

surrounding the viral core is predominantly assembled from CA hexamers and stabilised by 

intra-hexamer and inter-hexamer interactions. Optimal stability of the lattice is known to be 

critical for efficient infection; however, a comprehensive screen of the effects of stabilising all 

lattice interfaces has not been performed. Disulphide cross-linking of residues across lattice 

interfaces has been used in vitro to stabilise CA assemblies. In this study, putatively stabilising 

cysteine CA mutations were designed at each interface of the CA lattice and their effects on 

early life cycle events, including reverse transcription and nuclear entry, assessed.  

The introduction of cysteine mutations at intra-hexamer (both NTD-NTD and NTD-CTD) and 

inter-hexamer (dimeric CTD-CTD only) lattice interfaces resulted in cross-linking and hyper-

stable viral cores in infected cells. These cores were minimally infectious and encountered 

sequential blocks to infectivity at reverse transcription, nuclear entry and post-nuclear entry.  

The infectivity defect of hyper-stable core mutant, A14C/E45C, was partially compensated – 

without an observable decrease in stability – by addition of mutations reported to perturb 

interactions with CPSF6. In contrast, Nup153 and CypA mutations were unable to compensate 

the infectivity defect suggesting that this was a CPSF6-specific effect. Proximal ligation assays 

were performed to visualise and quantify interactions between CA and host factors, indicating 

that hyper-stable cores encountered a block to nuclear entry in G1/S arrested cells. 

Overall, the results of this study suggest that mutations at different lattice interfaces can result 

in global changes to the intrinsic stability of the viral core and results in fitness defects at 

multiple stages of the HIV-1 early life cycle.  
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Chapter 1: Introduction 

 

 

1.1.  Retroviruses: a short summary  

 

HIV-1 is a member of the Retrovirus family. Retroviruses are single strand, positive sense 

RNA viruses, characterised by their requirement to first reverse transcribe their RNA genome 

in to double stranded DNA (dsDNA) before integration in to the host genome. They can be 

divided in to seven genera (Fig. 1.1) (Coffin et al. 1997b): 

 

I. Alpharetrovirus 

II. Betaretrovirus 

III. Deltaretrovirus 

IV. Epsilonretrovirus  

V. Gammaretrovirus 

VI. Lentivirus  

VII. Spumavirus 

 

 

HIV-1 is a member of the lentivirus genus, which also includes simian immunodeficiency virus 

(SIV) from which it derived. The Retroviruses can also be broadly divided in to two groups 

based on the structure of their genomes: simple or complex. The three structural proteins, 

namely: Group specific antigen (Gag), Polymerase (Pol) and Envelope (Env) are common to 

all retroviruses. Complex genomes, of which HIV-1 is an example, also containing regulatory 

and accessory genes.  
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Figure 1.1. Retrovirus phylogeny. The retroviruses are divided in to seven genera. HIV-1 

(boxed in red) is a lentivirus. Adapted from (Weiss 2006). 
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1.2.  HIV-1: a brief history 

 

It is thought that HIV-1 first arose in the human population via zoonotic transfer from primates 

in West Africa (Gao et al. 1999). Phylogenetic analyses indicate that four independent cross-

species transmission events in the twentieth century resulted in four distinct HIV-1 lineages: 

M, N, O and P (Sharp et al. 2001; Plantier et al. 2009). Group M is the most prevalent human 

HIV-1 infection and is thought to have arisen via transmission from chimpanzees (Pan 

troglodytes) in south-east Cameroon in the first half of the twentieth century (Keele et al. 2006; 

Korber et al. 2000). 

 

Acquired Immunodeficiency Syndrome (AIDS) was first described in 1981 when doctors 

observed that previously healthy young adults - particularly from the MSM community - were 

succumbing to opportunistic infections, such as Kaposi’s sarcoma and pneumocystis jirovecii, 

illnesses usually seen in the elderly or immunocompromised (Centers for Disease Control 

(CDC) 1981). Shortly thereafter, in the early 1980s, HIV-1 was shown to be the cause of AIDS 

(Barré-Sinoussi et al. 1983; Gallo et al. 1984; Popovic et al. 1984). Data from the World Health 

Organisation (WHO) estimated that there were 36.7million people living with HIV in 2016, 

with 1million deaths attributable to the virus in that year alone (Global Health Observatory 

(GHO) 2017). HIV-1 can be transmitted percutaneouly, perinatally and across mucosal 

surfaces, with sexual intercourse being the predominant form of transmission (Hladik & 

McElrath 2008). 

 

HIV-1 and AIDS dominated public health throughout the 1980s and 1990s, with considerable 

stigmatisation of infected individuals. Since its discovery, there has been a vast concerted effort 

to understand this deadly virus better; a Pubmed search for ‘HIV’ at the time of writing resulted 

in 320906 search results. As our understanding of the HIV-1 life cycle has improved so has the 

development of pharmacological therapies. In the mid 1990s there was a rapid expansion in 

HIV-1 drug development, culminating in the introduction of highly active antiretroviral therapy 

(HAART) (Collier et al. 1996; D’Aquila et al. 1996; Staszewski et al. 1996). Using HIV-1 

drugs in combination proved to be very effective in managing the disease and dramatically 

improved life expectancy. 
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Despite the large arsenal of antiretroviral drugs currently available to the clinician - at the time 

of writing there were 23 listed in the British National Formulary (BNF) - there is increasing 

resistance to many of these drugs. This is a result of the viruses high mutation rate and is 

exacerbated by the ability of HIV-1 to ‘store’ drug resistant variants as latent proviruses in the 

human genome (Persaud et al. 2000; Noë et al. 2005). In the UK, the drugs currently available 

target the following aspects of the HIV-1 life cycle: maturation; fusion and entry; reverse 

transcription and integration. Although host restriction factors such as TRIM5⍺ are able to 

target uncoating and impair viral infectivity, the clinical translation of capsid inhibitors is yet 

to occur (Malim & Bieniasz 2012). 
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1.3. HIV-1: genome structure 

 

Similarly to all retroviruses, HIV-1 encodes Gag, Pol and Env. It also contains a number of 

regulatory and accessory proteins that promote replication and infectivity. A schematic of the 

HIV-1 genome is shown in Figure 1.2.  

 

 
 

Figure 1.2. Schematic of the HIV-1 genome. HIV-1 genome open reading frames are 

displayed as labelled rectangles with the coordinates representing HIV-1 clone HXB2. The  

three structural genes (i.e. Gag, Pol and Env) are boxed in red. This image is adapted from 

(HIV sequence database n.d.) 
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1.3.1.  Group specific antigen (Gag) 

 

This gene encodes for a polyprotein with multiple protein domains. In order from N-terminus 

to C-terminus these domains are: matrix (MA), capsid (CA), nucleocapsid (NC) and P6. CA 

and NC, and NC and P6 are separated by spacer peptides 1 and 2 (SP1 and SP2) respectively.  

 

Protease (PR) cleaves Gag upon viral maturation at flexible linker regions to release these 

domains. There is a structured order to cleavage by PR which is thought to be mediated by 

subtle differences in the affinity for PR at different cleavage sites (Fun et al. 2012) (Fig.1.3) . 

It is the cleavage of CA-SP1 (a rate limiting cleavage step) that allows the formation of the 

mature conical capsid core (de Marco et al. 2010). 

 

Matrix, MA (p17): This protein folds to contain five a-helices, one 3(10) helix and a 3-strand 

mixed b-sheet (Massiah et al. 1994). Matrix plays an important role in the targeting of Gag to 

the inner surface of the cell membrane. This is mediated through a myristoylated glycine in the 

NTD which is displaced by phosphatidylinositol-4-5-bisphosphonate (PIP2) resulting in 

membrane anchorage (Saad et al. 2006).  Adherence to the cell membrane is aided by a lysine-

rich basic region in the NTD of MA (Ono et al. 2000). 

 

Capsid, CA (p24): CA will be considered in depth in section 1.5. 

 

Spacer peptide 1, SP1 (p2): A small 14 amino acid peptide located between CA and NC, SP1 

is critical for normal virus assembly (Bell & Lever 2013; Kräusslich et al. 1995). In the 

immature Gag lattice, the C-terminal region of CA and the N-terminal region of SP1 form an 

alpha-helix (Accola et al. 1998; Schur et al. 2016; Wagner et al. 2016). The hexameric 

arrangement of CA-SP1 results in the formation of a 6-helix bundle that is proposed to mediate 

proteolytic cleavage (Schur et al. 2016; Wagner et al. 2016).   

 

Nucleocapsid, NC (p7): This 55 amino acid protein contains two zinc finger motifs separated 

by a basic domain (Berg 1986; De Guzman et al. 1998). It is involved in recognising and 

packaging viral genomic RNA during virion assembly (Poon et al. 1996; Schmalzbauer et al. 

1996; Berkowitz et al. 1995; Aldovini & Young 1990; Luban & Goff 1991; De Guzman et al. 
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1998). It has also been implicated in mediating reverse transcription events in both early and 

late stages of the HIV-1 life cycle (Guo et al. 2000; Racine et al. 2016). 

 

Spacer peptide 2, SP2 (p1): This protein is a 16 amino acid peptide located between NC and 

P6, containing two highly conserved prolines (Bell & Lever 2013). Mutation of these prolines 

results in reduced Gag-Pol packaging and RNA dimer stability, and diminished infectivity (Hill 

et al. 2007; Hill et al. 2002). 

 

P6: This small 52 amino acid protein contains two motifs, PTAP and LYPLTSL, which play 

an important role in budding and release of progeny virus via the respective recruitment of 

TSG101 and ALIX host proteins (Göttlinger et al. 1991; Huang et al. 1995; VerPlank et al. 

2001; Pornillos et al. 2002; Demirov et al. 2002; Strack et al. 2003; Von Schwedler et al. 2003; 

Fisher et al. 2007; Lazert et al. 2008; Zhai et al. 2008). The accessory protein Vpr is also 

incorporated in to virions, likely through its association with the FRFG and LRSLF sequences 

of p6 (Paxton et al. 1993; Zhu et al. 2004; Lu et al. 1995; Kondo & Göttlinger 1996). 
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Figure 1.3. Schematic of Gag polyprotein cleavage by PR. During viral maturation, the Gag 

polyprotein is cleaved by PR in to its constituent proteins. There is temporal organisation to 

cleavage, indicated by the numbered arrows. Cleavage of CA-SP1 is the rate-limiting step of 

maturation.  
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1.3.2. Polymerase (Pol) 

 

Pol is produced as part of the Gag-Pro-Pol polyprotein following the -1 frameshift from the 

Gag reading frame (described in section 1.4.5). It encodes three enzymes that all play crucial 

roles in the HIV-1 life cycle: protease (PR), reverse transcriptase (RT) and integrase (IN). 

 

Protease (PR): This protein is an aspartic protease and is a homodimer in its active form 

(Lapatto et al. 1989; Navia et al. 1989; Pearl & Taylor 1987; Katoh et al. 1989; Katoh et al. 

1987) It is thought that PR is able to auto-process itself and form catalytically active dimers 

that cleave Gag during viral maturation (Louis et al. 1999; Tang et al. 2008).  

 

Reverse transcriptase (RT): Following cleavage by PR, the two subunits that constitute RT (i.e. 

p66 and p51) associate to form a heterodimer (di Marzo Veronese et al. 1986; Lowe et al. 

1988). The role of RT in reverse transcription is described in section 1.4.3.  

 

Integrase (IN): This protein is a key component of the nucleoprotein complex, known as the 

intasome, that mediates HIV-1 integration (Chen et al. 1999; Passos et al. 2017). Recent cryo-

EM studies of HIV-1 and maedi-visna intasomes has revealed that lentiviruses form high order 

structural assemblies of IN (Passos et al. 2017; Ballandras-Colas et al. 2017). The role of IN in 

integration is described in section 1.4.4.  

 

 

1.3.3. Envelope (Env) 

 

The Env precursor (gp160) is cleaved post-translationally in to gp120 and gp41 by a cellular 

enzyme, furin (Hallenberger et al. 1992) . These two proteins form the subunits of a 

heterodimer (Center et al. 2002). Three heterodimers bind non-covalently to form the trimeric 

HIV-1 envelope glycoprotein on the membrane of mature HIV-1 particles (Merk & 

Subramaniam 2013; Kesavardhana & Varadarajan 2014). The envelope glycoprotein  is highly 

glycosylated and implicated in entry co-receptor usage and antibody evasion (Leonard et al. 

1990; Pollakis et al. 2001; Wei et al. 2003; Tsuchiya et al. 2013). 
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1.3.4. Regulatory genes (Tat and Rev) 

 

In 1985, Sodroski et al. demonstrated that transactivation of transcription drives gene 

expression from the long terminal repeat (LTR) of HIV-1 (Sodroski et al. 1985). The trans-

activator of transcription (Tat) protein binds to the transactivation-responsive region (TAR) in 

the LTR and recruits cellular host factors, including P-TEFb. Alterations to cellular elongation 

factors (mediated through P-TEFb) result in improved transcription efficiency from the LTR 

(Karn & Stoltzfus 2012).  

 

A year later, Sodroski et al. identified another gene that regulated HIV-1 replication at a post-

transcription step (Sodroski et al. 1986). Regulator of expression of viral proteins (Rev) was 

subsequently shown by Malim et al. to bind to a structured region of Env (i.e. the Rev-

responsive element, RRE) and regulate export of unspliced RNA from the nucleus (Malim et 

al. 1989).  

 

The roles of Tat and Rev are explored in further detail in section 1.4.5. 

 

1.3.5. Accessory genes (Vpr, Vif, Vpu, Nef)  

 

Viral protein R (Vpr): Induces G2/M cell cycle arrest and has recently been implicated in 

reactivation of latent proviruses (He et al. 1995; Berger et al. 2015; Romani et al. 2016). 

 

Viral infectivity factor (Vif): Antagonises the restriction factor APOBEC3G by targeting it for 

degradation (Yu et al. 2003; Sheehy et al. 2002). This prevents packaging of APOBEC3G in 

to the virion. APOBEC3G is a cytidine deaminase which causes guanosine to adenosine (G to 

A) mutations on HIV-1 plus-strand DNA (Zhang et al. 2003; Harris et al. 2003; Malim 2006). 

 

Viral protein U (Vpu): Implicated in down-modulation of CD4 and antagonising the action of 

tetherin (Willey et al. 1992; Neil et al. 2007; Neil et al. 2008). Tetherin (also referred to as 

BST-2) inhibits the release of progeny viral particles by adhering them to the surface of infected 

cells (Van Damme et al. 2008; Neil et al. 2008).  
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Negative regulatory factor (Nef): Appears to have multiple functions, including antagonising 

the action of tetherin, T-cell activation and antagonising SERINC5 (Arias et al. 2016; Kluge et 

al. 2014; Rosa et al. 2015; Schrager & Marsh 1999). SERINC5 expressed in infected cells 

incorporates in to HIV-1 virions and inhibits viral-target cell fusion (Rosa et al. 2015; Usami 

et al. 2015; Sood et al. 2017). 

 

 

HIV-2 also encodes viral protein X (Vpx) which targets Sam Domain and HD Domain 1 

(SAMHD1) for degradation (Hofmann et al. 2012). SAMHD1 is a dGTP-dependent dNTP 

triphosphohydrolase which inhibits HIV-1 replication by depleting the intracellular dNTP pool 

(Goldstone et al. 2011; Powell et al. 2011; St Gelais et al. 2012; Baldauf et al. 2012; Lahouassa 

et al. 2012). 
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1.4. HIV-1: life cycle 

 

1.4.1. Overview 

 

The life cycle of HIV-1 can be broadly divided in to an early and late phase. The early phase 

pertains to the fusion and entry of the virus and its integration in to the host genome, as well as 

all the steps between. The late phase involves the stages that link the integrated provirus to the 

formation of a mature virion. Figure 1.4 shows a diagram of the different stages of the HIV-1 

life cycle. 

 

 
Figure 1.4. HIV-1 life cycle. The main stages of the HIV-1 life cycle are depicted. The red 

box highlights the early stages of replication. Adapted from (Laskey & Siliciano 2014). 
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1.4.2. Entry   

 

The initial adsorption of HIV-1 to the target cell is relatively non-specific and dependent on 

cell type; for example, the interaction of Env with heparan sulphate proteoglycans is important 

for infection of macrophages, whilst the interaction of Env with the cell surface molecule ⍺4β7 

integrin aids peripheral T cell infection (Saphire et al. 2001; Arthos et al. 2008). This initial 

attachment is not thought to be essential to HIV-1 infection; its likely role is to increase the 

probability of interaction between Env and its receptor, CD4. The gp120 domain is responsible 

for binding HIV-1 to the CD4 receptor, resulting in a conformational change in the gp120 

protein - facilitated by its variable loops - preparing the virus for fusion. The next step involves 

the binding of Env to one of two chemokine receptors: CCR5 and CXCR4. The variable loop, 

V3, on the gp120 protein plays an important role in determining co-receptor tropism: R5- and 

X4-tropic viruses utilise the CCR5 and CXCR4 co-receptors respectively, whilst R5X4 –tropic 

virus utilises both (Hartley et al. 2005; Berger et al. 1998). Co-receptor binding causes the 

insertion of the gp41 fusion peptide in to the target cell membrane, thus tethering the virus to 

the cell surface. A series of conformational changes results in the formation of a six-helix 

bundle and provides the energy needed to bring the membranes in to close proximity for fusion 

(Chan et al. 1997; Weissenhorn et al. 1997; Buzon et al. 2010). 

 

1.4.3. Reverse transcription and trafficking to the nucleus 

 

Upon entry to the cell, the viral core must traffic to the nucleus. This is one of the most poorly 

understood areas of the HIV-1 life cycle. The viral core forms a reverse transcription complex 

(RTC) containing the reverse transcribing genome and multiple viral proteins including reverse 

transcriptase (RT), capsid (CA), nucleocapsid (NC), matrix (MA), integrase (IN) and Vpr 

(Fassati & Goff 2001; Nermut & Fassati 2003; Iordanskiy et al. 2006). The formation and 

structure of the RTC is poorly understood; however, the enigmatic process of uncoating - the 

disassociation of capsid from the viral core – is likely to play an important role. Uncoating is 

discussed in more detail in section 1.5.3. 

 

It is thought that HIV-1 hijacks the cellular motors dynein and kinesin-1 and stabilises the 

microtubule network to traffic to the nucleus (McDonald et al. 2002; Sabo et al. 2013; Lukic 
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et al. 2014). The protein FEZ1, a kinesin-1 adaptor, has recently been shown to bind to CA and 

thus may regulate transport to the nucleus via the microtubule network (Malikov et al. 2015). 

 

Before integration in to the host chromosome, HIV-1 must reverse transcribe its RNA genome 

in to DNA, a process facilitated by the enzyme, reverse transcriptase (RT). This enzyme has 

two enzymatic activities: (i) DNA polymerase and (ii) RNaseH. RT utilises a host tRNA which 

binds to the primer binding site (pbs) near the 5’ end of the genome, to initiate reverse 

transcription. The RNaseH activity degrades the RNA genome, whilst the polymerase activity 

synthesises complementary DNA (cDNA). In this thesis, early and late stages of reverse 

transcription were measured using primers complementary for negative strand strong stop and 

second strand transfer DNA products, respectively (Fig. 1.5).  

 

 It is thought that once reverse transcription is nearly complete, the RTC converts in to a 

preintegration complex (PIC), which is transported in to the nucleus for chromosomal 

integration (Hu & Hughes 2012). 

 

 
Figure 1.5.  HIV-1 reporter construct schematic. The CSGW plasmid contains a modified 

HIV-1 genome expressing GFP. Progress through reverse transcription can be measured by 

qPCR. Primers for early (negative strand strong stop DNA) and late (second strand transfer 

DNA) are shown by the arrows. FP – forward primer; RP – reverse primer. Adapted from 

(Cosnefroy et al. 2016).
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1.4.4. Integration 

 

The viral enzyme integrase (IN) plays an essential role in the integration of viral double 

stranded DNA (dsDNA) in to the host genome. It has been shown that IN binds to each end of 

the newly synthesised dsDNA forming nucleoprotein complexes known as intasomes (Wei 

1997). In the first step of integration, known as 3’ processing, IN removes the last two 

nucleotides from the 3’ ends of the viral dsDNA. The exposed reactive hydroxyl groups then 

mediate breakage of phosphodiester bonds in the host DNA. The IN enzyme then mediates 

DNA strand transfer by joining the ends of the viral LTRs to the host DNA (Engelman et al. 

1991; Krishnan et al. 2010). Advances in sequencing technologies have allowed large-scale 

integration site mapping. This has revealed that retroviruses have different patterns of 

integration. For example, MLV appears to integrate in to enhancer and promoter regions whilst  

HIV-1 integrates in to active gene bodies (Wu et al. 2003; Lafave et al. 2014; Schröder et al. 

2002; Mitchell et al. 2004). The cellular protein lens epithelium-derived growth factor 

(LEDGF/p75) interacts with a number of different lentiviruses and has been shown to promote 

HIV-1  integration in  to transcription units (Cherepanov 2007; Shun et al. 2007; Ciuffi et al. 

2005). 

 

 

1.4.5. Transcription and translation 

 

Transcription of the provirus results in the production of viral mRNA. This can either be 

directly packaged as the RNA genome of progeny virus or translated to produce the proteins 

required for the assembly of infectious virions. Initially, HIV-1 only expresses small ~2Kb 

mRNA transcripts encoding the Tat and Rev regulatory proteins (Kim et al. 1989; Pomerantz 

et al. 1990).  

 

Tat binds to the TAR located in the HIV-1 LTR (Dingwall et al. 1989; Dingwall et al. 1990). 

It also binds and causes conformational changes in P-TEFb, a cellular kinase that contains 

CDK9 and Cyclin T1 subunits (Wei et al. 1998; Tahirov et al. 2010; Zhou et al. 1998). The 

activation of P-TEFb by Tat, results in the phosphorylation of a number of host proteins 

including negative elongation factor (NELF) and RNA polymerase II (RNAP), the net result 
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being improved transcription elongation and thus longer HIV-1 mRNA transcripts (Fujinaga 

et al. 2004; Isel & Karn 1999; Kim et al. 2002).   

 

Rev binds to the RRE and transports unspliced RNA from the nucleus (Malim et al. 1989). 

This is mediated by a nuclear export signal near the C-terminus of Rev that binds Crm1, a host 

karyopherin (Fischer et al. 1995; Güttler et al. 2010; Booth et al. 2014). This binding is 

dependent on RanGTP (Askjaer et al. 1998; Booth et al. 2014). 

 

In order to produce the array of proteins needed to assemble a virus, many of the mRNAs 

undergo extensive splicing. A -1 frameshift occurs at a rate of ~5% and results in a shift from 

transcription of the Gag reading frame to the Gag-Pro-Pol reading frame. This results in a Gag: 

Gag-Pro-Pol production ratio of ~20:1, ensuring an appropriate proportion of structural 

proteins and enzymes in the assembling virion (Coffin et al. 1997a; Bolinger & Boris-Lawrie 

2009; Jacks et al. 1988). 

 

 

1.4.6. Assembly, budding and maturation 

 

HIV-1 must package the following essential components in to an assembling virion (Sundquist 

& Kräusslich 2012): 

 

I. Positive sense RNA genome (2 copies) 

II. Host tRNALys,3  (to initiate reverse transcription in the target cell) 

III. Env protein 

IV. Gag and Gag-Pro-Pol polyproteins 

V. Host cell plasma membrane 

 

An assembling virion will also package a number of other factors, including accessory proteins.  

 

The Gag and Gag-Pro-Pol polyproteins orchestrate the assembly of immature virions. Env 

hijacks the cellular secretory system and is processed in to a trimeric glycoprotein (section 

1.3.3) before insertion on to the surface of the cell membrane (Miranda et al. 2002). Gag binds 

to the inner surface of the cell membrane via its N-terminal matrix (MA) domain so that Env 
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glycoproteins are incorporated in to the budding virion (Johnson 2011; Ono et al. 2004). 

Interaction of the CA domain of Gag is responsible for assembly of a spherical immature 

particle, whilst the NC domain of Gag tethers the RNA genomes to the assembling virion and 

P6 binds Vpr (Singh et al. 2001; Sundquist & Kräusslich 2012; Selig et al. 1999). 

 

As the immature virion starts to form at the cell surface it becomes enclosed in host cell 

membrane enriched for Env glycoproteins. Budding, the process that releases the immature 

virion from the cell surface relies on the cellular endosomal sorting complexes required for 

transport (ESCRT) protein (Prescher et al. 2015). 

 

During or shortly after budding, protease (PR) is activated and cleaves Gag. Gag is cleaved in 

a specific order and at different rates (Fig. 1.3). This causes significant conformational changes 

within the immature virion and results in its maturation to an infectious virus with a fullerene 

cone capsid viral core (Fun et al. 2012). 

 

 

1.5. HIV-1: capsid (CA) and the viral core 

 

1.5.1. Structure 

 

CA is 231 residues long with an amino-terminal domain (NTD) and carboxy-terminal domain 

(CTD) connected by a flexible linker (residues 146 – 150). The NTD contains 7 alpha-helices 

and a β-hairpin, whilst the CTD contains 4 alpha-helices and a 310 helix (Fig. 1.6) (Gitti et al. 

1996; Berthet-Colominas et al. 1999; Gamble et al. 1996; Gamble et al. 1997; Worthylake et 

al. 1999). Structural studies have indicated that the flexible linker is disordered and allows 

flexibility between  the NTD and CTD domains (Shin et al. 2011; Pornillos et al. 2009).  The 

HIV-1 fullerene cone is inherently asymmetric and it is thought that pivoting about the linker 

allows packing variability at inter-hexamer interfaces (Gres et al. 2015; Mattei et al. 2016). 

The major homology region (MHR) is found between residues 155 and 172 and is a sequence 

of highly conserved residues (Momany et al. 1996; Gamble et al. 1997). 

 

The capsid protein has a cyclophilin A (CypA) loop in its NTD between residues 85 and 93. It 

has been shown that the cellular enzyme cyclophilin A (CypA), which is incorporated in to the 
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assembling virion and necessary for viral infectivity, can catalyse the cis/trans isomerisation of 

the bond between residues G89 and P90; however, the role of CypA is not yet clear (discussed 

further in section 1.6.4) (Franke et al. 1994; Bosco et al. 2002; Gamble et al. 1996).  

 

As described above, the capsid core is formed by cleavage of the Gag and Gag-Pro-Pol 

polyproteins. The conical capsid lattice is estimated to contain ~1500 capsid monomers that 

associate in to hexameric rings, with NTDs facing into the centre of the ring and CTDs forming 

an outer ‘girdle’(Briggs et al. 2003; Briggs et al. 2004; Pornillos et al. 2009). In order to 

geometrically facilitate the distinctive fullerene shape of the mature HIV-1 viral core, the 

capsid lattice also contains 12 pentamers (Ganser et al. 1999; Ganser-Pornillos et al. 2004; 

Pornillos et al. 2011; Mattei et al. 2016) .  

 

 



	 35	

 

 
 

 

Figure 1.6. Pseudoatomic CA monomer. The helices that make up the NTD (green) and CTD 

(purple) are labelled. The NTD contains a CypA loop and β-hairpin. Model adapted from 

(Fassati 2012). 
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1.5.2. Core stability 

 

The capsid lattice is stabilised by four main interfaces (Fig. 1.7). These can be divided in to 

interactions between CA monomers comprising one hexamer (intra-hexamer) or interactions 

between adjacent CA hexamers (inter-hexamer). They are as follows: 

 

I. Intra-hexamer, NTD-NTD interface. At the centre of the hexamer CA rings, the NTDs 

interact via residues situated in helices 1, 2 and 3 resulting in the formation of an 18-

helix bundle that stabilises the hexamer (Ganser-Pornillos et al. 2007; Pornillos et al. 

2009). 

 

II. Intra-hexamer, NTD-CTD interface. Within the hexamer the NTD of one CA monomer 

interacts with the CTD of the adjacent CA monomer. This is predominantly mediated 

by interactions between helices 4 and 7 (NTD) and helices 8 and 11 (CTD) (Lanman et 

al. 2004; Ganser-Pornillos et al. 2007; Yufenyuy & Aiken 2013; Lanman et al. 2003; 

Pornillos et al. 2009).  

 

III. Inter-hexamer, dimeric CTD-CTD. This interface is responsible for the formation of 

CA CTD dimers in vitro (Gamble et al. 1997; Worthylake et al. 1999). It is a two-fold 

symmetry interface mediated by residues in helix 9 of monomers from adjacent CA 

hexamers (Byeon et al. 2009; Gres et al. 2015). 

 

IV. Inter-hexamer, trimeric CTD-CTD. This is a 3-fold symmetry interface located 

between adjacent hexamers mediated by residues in helix 10 and helix 11 of CA 

monomers from adjacent hexamers (Byeon et al. 2009; Zhao et al. 2013; Gres et al. 

2015) 

 

In addition to interfaces between CA monomers, there are also likely intra-protomer 

interactions between the NTD and CTD of each CA monomer that contribute to stability (Gres 

et al. 2015). 

 

The lattice interfaces appear to be stabilised by both hydrophobic and water-mediated 

hydrophilic interactions (Zhao et al. 2013; Gres et al. 2015). In addition, the CA lattice has a 
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net negative charge and electrostatic balance may contribute to stability (Perilla & Schulten 

2017). 

 

A seminal paper by Forshey et al showed that HIV-1 had evolved a core of ‘optimal’ stability 

that allowed efficient replication (Forshey et al. 2002). Subsequently, many studies have also 

found that altering stability from WT levels results in infectivity defects (Yeager 2011; 

Setiawan et al. 2016; Yufenyuy & Aiken 2013; Yang et al. 2012) 

 

 
 

Figure 1.7. The HIV-1 CA lattice is stabilised at four main interfaces. (A) The HIV-1 CA 

monomer is subdivided into an NTD (pink) and CTD (red). Each CA monomer interacts with 

adjacent monomers to form CA hexamer. Multiple hexamers interact to form the hexagonal 

lattice. (B) A schematic of the hexagonal lattice showing the different interfaces: intra-hexamer 

NTD-NTD (yellow hexagon); intra-hexamer NTD-CTD (blue line); dimeric CTD-CTD 

(orange oval) and trimeric CTD-CTD (red triangles). Adapted from (Gres et al. 2015). 
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1.5.3. Uncoating  

 

Uncoating is a vague term that applies to the disassociation of capsid from the viral core. The 

timing, mechanism and location of uncoating is still unclear and an area of intense research. 

Unlike many retroviruses, such as murine leukaemia virus (MLV), HIV-1 does not require the 

breakdown of the nuclear envelope for nuclear import and is thus able to infect both non-

dividing and dividing cells (Lewis & Emerman 1994). Size constraints of the nuclear pore 

complexes indicate that a degree of core uncoating is required for nuclear envelope 

translocation (Fassati 2006). It was initially thought that CA was lost rapidly from the core 

following infection (Karageorgos et al. 1993; Bukrinsky et al. 1993; Miller et al. 1997). 

However, CA has subsequently been implicated in a number of early life cycle events including 

immune evasion, cytoplasmic trafficking, nuclear entry and integration (Rasaiyaah et al. 2013; 

Lukic et al. 2014; Fernandez et al. 2015; Matreyek & Engelman 2011; Schaller et al. 2011; 

Chin et al. 2015). In addition, CA has been implicated in the ability of HIV-1 to infect non-

dividing cells (Yamashita & Emerman 2004; Yamashita et al. 2007; Qi et al. 2008). Taken 

together this evidence suggests that some degree of CA must remain associated with the viral 

cores at least to the nuclear pore. However, it is not clear in what format this CA would be. 

Given that Nup153 binds to a pocket in hexameric CA, it suggests that some degree of latticed 

CA remains associated with the viral complex at least until the nuclear pore (although Nup153 

also binds monomeric CA, albeit at a reduced affinity) (Matreyek et al. 2013; Price et al. 2014). 

Figure 1.8 shows three different models of uncoating as described in a review by Campbell & 

Hope (Campbell & Hope 2015). 

 

More recently, CA has also been observed in the nucleus and has been implicated in post-

nuclear entry roles (Zhou et al. 2011; Hulme et al. 2015; Chin et al. 2015; Peng et al. 2014; 

Chen et al. 2016). The precise composition of core-associated CA at the various stages of the 

early life cycle remain enigmatic.  

 

It has been shown that reverse transcription and uncoating are closely linked: blocking reverse 

transcription with RT inhibitors, such as nevirapine, appeared to delay uncoating by stabilising 

the core; nocodazole-mediated disruption of the microtubule network resulted in delayed 

uncoating, and hCPSF6-375 has been reported to destabilise the core and block reverse 

transcription (Yang et al. 2013; Lukic et al. 2014; Hori et al. 2013). Reverse transcription has 
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been correlated with core stiffness, whilst mathematical modelling suggests that uncoating 

initiates after first strand transfer (Rankovic et al. 2017; Cosnefroy et al. 2016). 
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Figure 1.8. Models of uncoating. In a review by Campbell & Hope, they separated uncoating 

in to three separate models: (a) immediate uncoating, (b) cytoplasmic uncoating and (c) NPC 

(nuclear pore complex) uncoating. Adapted from (Campbell & Hope 2015). 
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1.6. Interactions of CA with host factors 

 

1.6.1. Identification of host cellular proteins that interact with CA 

 

HIV-1 interacts with a number of host factors in the cell, which either aid or restrict infection 

(Fig. 1.9; Table 1.1). Many of these factors have been structurally and functionally linked to 

CA. For example, Nup358 contains a cyclophilin-like domain that is able to interact with CA 

(Schaller et al. 2011). This study focuses on three proteins implicated in HIV-1 infection, 

namely CPSF6, Nup153 and CypA. These proteins are described in detail below. 
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Figure 1.9. Host cellular proteins that interact with HIV-1. Cellular proteins that aid (blue) 

or restrict (red) HIV-1 infection are shown. These factors have been structurally or functionally 

linked to CA. Three proteins investigated in this study are boxed in red, namely CPSF6, 

Nup153 and CypA. Adapted from (Yamashita & Engelman 2017). 
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Table 1.1. HIV-1 CA binding host factors. Adapted from (Yamashita & Engelman 2017). 

 

Gene name Alias Gene description

CPSF6 CFIM68
Subunit of a cleavage factor for 3′ RNA cleavage and polyadenylation 
processing

Cyclophilin A PPIA Peptidyl-prolyl cis–trans isomerase

Cyclophilin B PPIB
Cyclosporine-binding protein mainly located in the endoplasmic 
reticulum

DYNC1H1 DNCH1 Member of the cytoplasmic dynein heavy-chain family
DYNLL1 DNCL1 Dynein light chain

FEZ1
Fasciculation and elongation protein 
zeta 1

An ortholog of the Caenorhabditis elegans unc-76 gene that is 
necessary for normal axonal bundling and elongation within axon 
bundles

KIF5A MY050
Member of the kinesin family protein that functions as a microtubule 
motor

KIF5B KNS
Member of the kinesin family protein that functions as a microtubule 
motor

MAP1A MAP1L Microtubule-associated protein family member
MAP1S MAP8 Microtubule-associated protein family member

MX2 MXB, MX dynamin like GTPase 2
Encodes both nuclear and cytoplasmic forms by alternative splicing of 
the amino terminal end

PDZD8 PDZ domain containing 8
Involved in the regulation of cell morphology and cytoskeletal 
organization

PIN1 NIMA-interacting 1 PPIase specifically binding to phosphorylated serine/threonine motifs
NUP153 Nucleoporin 153 A nucleoporin that contains characteristic XFXFG pentapeptides

NUP358 RANBP2
A very large RAN-binding protein that localizes to the nuclear pore 
complex

SUN2 UNC84B An inner nuclear membrane protein
TNPO3 Transportin (TRN) 3/TRN-SR2 Nuclear import receptor for serine/arginine-rich proteins

TPR Translocated promoter region
Forms intranuclear filaments attached to the inner surface of nuclear 
pore complexes (NPCs)

TRIM5α Tripartite motif containing 5α Member of the tripartite motif (TRIM) family
TRIM11 Tripartite motif containing 11 Member of the TRIM family with no identified function
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1.6.2. CPSF6 

 

Cleavage and polyadenylation specificity factor 6 (CPSF6) is a host protein that forms part of 

the larger cleavage factor Im (CF Im) complex (Elkon et al. 2013). CF Im is thought to control 

the site of polyadenylation of mRNA and the length of the 3’UTR (Martin et al. 2012; Gruber 

et al. 2012). A cDNA expression screen using a library from mouse thymus by Lee et al 

identified a truncated form of CPSF6 (i.e. mCPSF6-358) that restricted HIV-1 (Lee et al. 2010). 

A subsequent study showed that residues 314 to 322 were essential for the restriction phenotype 

of human CPSF6-358  (Lee et al. 2012). CPSF6 contains a nuclear localisation signal and is 

thus predominantly a nuclear protein (Lee et al. 2010; De Iaco et al. 2013; Fricke, Valle-

Casuso, et al. 2013). CPSF6-358 lacks the C-terminal nuclear localisation signal (NLS) 

resulting in its cytoplasmic accumulation and restriction of HIV-1 infection (Lee et al. 2010). 

Passage of  HIV-1 molecular clones in cells expressing mCPSF6-358, resulted in the 

identification of a CA mutant (N74D) resistant to restriction (Lee et al. 2010).  

 

CA mutant N74D has been informative in understanding the role of CPSF6. It prevents the 

binding of CA to CPSF6 and can thus escape restriction from CPSF6-358 (Price et al. 2012; 

Lee et al. 2010; Lee et al. 2012). HIV-1 targets areas of the genome high in transcription units 

but mutant N74D results in retargeted integration in to areas of the genome with low 

transcription unit numbers, suggestive of a role for CPSF6 in determining nuclear entry 

pathway(s) (Schaller et al. 2011; Koh et al. 2012; Sowd et al. 2016). Indeed this mutant resulted 

in reduced requirement for TNPO3, Nup153 and Nup358 in HeLa cells, all proteins implicated 

in nuclear import (Lee et al. 2010). Mutations in TNPO3 can impair CPSF6 binding and it has 

been hypothesised that CPSF6 may act as a ‘tether’ allowing binding of TNPO3 to facilitate 

nuclear entry (Maertens et al. 2014; Hilditch & Towers 2014). 

 

The binding site of CPSF6 has been mapped to a pocket in hexameric CA (Price et al. 2014; 

Bhattacharya et al. 2014). This binding pocket is located between two monomers within a 

hexamer and includes helices 3 and 4 (monomer 1), and helices 2, 7, 8 and 9 (monomer 2) 

(Price et al. 2014).  

 

Recombinant CPSF6 was shown to destabilise CA-NC assemblies in vitro (Fricke, Brandariz-

Nuñez, et al. 2013). However, the most common human CPSF6 isoform (i.e. no exon 6) with 
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the C-terminal NLS removed, has been shown to impair reverse transcription and result in 

destabilisation of the viral core (Rasaiyaah et al. 2013; Hori et al. 2013) 

 

Interestingly, CPSF6 does not seem to be essential in vitro and depleting this protein has 

actually been observed to result in increased infectivity in some cell lines (Lee et al. 2010; 

Henning et al. 2014; Sowd et al. 2016). However, there appears to be a fitness benefit for 

binding CPSF6 in vivo. For example, HIV-1 variants in HLA-positive individuals maintained 

CPSF6 binding despite its restrictive effect, whilst CPSF6-binding mutant A77V reverted to 

WT sequence in the majority of humanised mice (Henning et al. 2014; Saito et al. 2016). 

 

It has been hypothesised that CPSF6 may ‘cloak’ the viral core, thus protecting it from innate 

immune sensors. However, studies of innate immune activation with CPSF6 binding mutant 

N74D have been conflicting (Rasaiyaah et al. 2013; Saito et al. 2016; Setiawan et al. 2016). 

 

1.6.3. Nup153  

 

Genome-wide siRNA screens were used to identify putative host cellular factors that interact 

with HIV-1 (Brass et al. 2008; Zhou et al. 2008; König et al. 2008). The role of one of the 

proteins identified, Nup153, was subsequently mapped to CA (Matreyek & Engelman 2011).  

 

The nuclear pore complex spans the nuclear envelope and controls movement of molecules in 

and out of the nucleus. Together with translocated promoter region protein (Tpr), Nup153 

constitutes the nuclear basket component of the complex and is located on the nuclear side of 

the envelope (Ibarra & Hetzer 2015). Nup153 has a long hydrophobic phenylalanine-glycine 

(FG) repeat domain that is flexible and can change its localisation depending on cell transport 

requirements (Fahrenkrog et al. 2002; Paulillo et al. 2005). It has been hypothesised that these 

repeats may reach up through the core towards the cytoplasm to engage with the incoming core 

(Di Nunzio 2013; Towers & Noursadeghi 2014).  

 

It is the C-terminal FG repeats that are implicated in CA binding. Nup153 binds to hexameric 

CA in the same pocket as CPSF6 (and drug, PF74) (Bhattacharya et al. 2014; Price et al. 2014). 

Many of the CA residues that made interactions with CPSF6 in the co-crystal also mediated 
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interactions with Nup153, including residue N57 that form hydrogen bonds with phenylalanine 

in both CPSF6 and Nup153 (Price et al. 2014; Yamashita & Engelman 2017). 

 

Depletion of Nup153 results in reduced HIV-1 infectivity (Lee et al. 2010; Matreyek & 

Engelman 2011; Di Nunzio et al. 2012). It is also thought that Nup153 aids nuclear entry across, 

as Nup153 depletion reduces the number of 2-LTR circles quantified (Di Nunzio et al. 2012; 

Matreyek & Engelman 2011). In addition, Matreyek et al demonstrated that the requirement 

for Nup153 in CA mutants was inversely correlated with their ability to infect non-dividing 

cells (Matreyek et al. 2013). 

 

As well as facilitating transport across the nuclear envelope, it is also thought that Nup153 may 

be implicated in determining post-nuclear events. A study by Vaquerizas showed that Nup153  

is associated with a considerable amount of the genome (~25% in drosophila), particularly 

areas associated with active transcription (Vaquerizas et al. 2010). Depletion of Nup153 

resulted in decreased integration in to gene-rich, transcriptionally active sites (Di Nunzio et al. 

2013; Koh et al. 2012). Nup153 was also shown to be important in the integration of HIV-1 

near the nuclear periphery (Marini et al. 2015). 

 

1.6.4. CypA 

 

Cyclophilin A (CypA) is a member of the ubiquitous cyclophilin family and is incorporated in 

to the virus by interactions with Gag (Franke et al. 1994; Thali et al. 1994). A gene deletion 

study that prevented the incorporation of CypA in to nascent virions resulted in an infectivity 

defect, indicating that CypA plays a role in infection (Braaten & Luban 2001). It was 

subsequently shown that CypA-CA interactions in the target cell were important for infectivity 

(Sokolskaja et al. 2004). The requirement for CypA appears to be cell type specific; for 

example, CypA appears to be required for infectivity of Jurkat cell but not HeLa cells (De Iaco 

& Luban 2014; Sokolskaja et al. 2004) 

 

CypA binds to the cyclophilin loop of HIV-1 which is located between helices 4 and 5 and 

appears to protrude from the surface of the lattice in pseudoatomic core models (Gamble et al. 

1996; Zhao et al. 2013). G89V and P90A are key binding residues and it has been shown that 

CypA, a peptidyl proplyl cis-trans isomerase (PPIase), is able to catalyse cis-trans 
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isomerisation of the G89-P90 peptide bond (Yoo et al. 1997; Bosco et al. 2002). The 

physiological importance of this remains unclear. An additional binding mechanism of CypA 

has recently been described: Liu et al used a number of approaches to show that a single CypA 

can ‘bridge’ two neighbouring hexamers and suggest that this influences the stability of the 

core (Liu et al. 2016). The link between CypA and stability is not fully understood. It is 

hypothesised that CypA influences stability of the viral core differently depending on its 

concentration, with reduced quantities resulting in stabilisation and increased quantities 

causing destabilisation (Ylinen et al. 2009; Liu et al. 2016). 

 

De Iaco et al showed that disruption of CypA-CA interactions reduced reverse transcription in 

different cell lines; however, CypA usage correlated more closely with nuclear entry (De Iaco 

& Luban 2014). Perturbing the interaction of CA and CypA also results in retargeted 

integration in to sites of high transcription unit density (Schaller et al. 2011). 

 

 

1.7. Project Aims 

 

The main aim of this project was to investigate the role of CA in the early life cycle of HIV-1, 

with particular emphasis on understanding: 

 

I. The importance of different CA lattice interfaces in determining overall core stability 

and the consequent implications for replication, with emphasis on reverse transcription 

and nuclear entry. 

II. Interactions of host cellular proteins with CA and the implications for infectivity.  

III. Visualising interactions between CA and host cell proteins, and their cellular 

localisation. 
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Chapter 2: Materials and methods 

 

2.1. Cell culture 

 

Adherent cell lines 293T, HeLa and Vero cells were grown in Dulbecco’s modification 

of Eagle’s medium (Life technologies), whereas suspension cell lines SupT1 and U937 

cells were maintained in RPMI-1640 (Life technologies). The media were 

supplemented with 10% heat-inactivated foetal bovine serum (Biosera) and 1% 

penicillin-streptomycin (Sigma). Cells were stored in a humidified incubator at 37oC 

and 5% CO2. Non-dividing U937 cells were differentiated by addition of 100 nM 

phorbol-12-myristate-13-acetate (PMA; Sigma) for 72h. The reverse transcriptase 

inhibitor Nevirapine (NVP; National Institutes of Health (NIH) AIDS Research and 

Reference Reagent Program) was prepared in ethanol and used at a final concentration 

of 10µM.  

 

 

2.2. Site-directed mutagenesis 

 

Mutagenesis of the CA-coding region in the HIV-1 Gag-Pol plasmid pCMVdR8.91 was 

performed using the QuikChange II site directed mutagenesis kit (Agilent) according to 

manufacturer’s instructions. Briefly, 50ng of parental plasmid was amplified using 

125ng of each mutagenic primer (see Appendix A). The methylated parental plasmid 

was then removed by digestion with 10U of DpnI for 1.5h at 37°C. The SDM product 

was transformed into chemically competent TOP10 E. coli cells by heat shock (30 s at 

42°C) and allowed to recover for 1h before plating on Lysogeny Broth (LB)-agar 

containing 100µg/ml ampicillin (Sigma). Following incubation at 37°C for 16 h, single 

clones were selected and grown in 50ml LB-ampicillin overnight at 37°C for plasmid 

preparation. Purification of plasmid DNA from bacterial cultures was performed using 

the Midi Plasmid Purification kits (QIAGEN) according to the manufacturer’s 

guidance. Sanger sequencing (Source Bioscience) was used confirmed the introduction 

of the desired mutations in the correct locations. Repeat site directed mutagenesis 

reactions were performed to create the double, triple and quadruple mutants.  
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2.3. VLP production 

 

VLPs were produced by co-transfection of 293T cells with the HIV-1 Gag-Pol plasmid 

pCMVdR8.91 (or mutants), pCMV-VSV-g and either pCSGW (for GFP-expressing 

VLPs) or pWPTS-nlsLacZ (for LacZ-expressing VLPs). Turbofect (Life Technologies) 

and PEI were used to promote transfection. Approximately 16h after transfection the 

cells were treated with 10mM sodium butyrate for 8h to promote transcription. 

Additionally, for virus to be used in the qPCR assays, the cells were treated with 20 

unit/mL RQ1 RNase-free DNase (Promega)  and 10mM MgCl2 to remove residual 

plasmid DNA. Virus-containing supernatants were harvested ~ 40h after transfection 

and purified by passing through a 0.45µM filter. Viruses were immediately aliquoted 

and stored at -80°C until use. For the ‘fate-of-capsid’ and microscopy assays, the 

viruses were concentrated by ultracentrifugation through a 20% (w/w) sucrose at 

32,000 rpm, 4°C for 4h. 

 

 

2.4. RT ELISA 

 

The VSV-g pseudo-typed VLPs were titred by assessing reverse transcriptase activity 

using the Lenti RT activity kit (Cavidi) according to manufacturer’s instructions. 

Briefly, VLPs were titrated and lysed before addition to a plate containing immobilised 

Poly A RNA templates. BrdUTP nucleotides were then added and the plate incubated 

to allow viral RT to catalyse the synthesis of complementary DNA. After extensive 

washing incorporated BrdUTP was labelled with an alkaline phosphatase (AP) 

conjugated a-BrdU antibody. AP activity was then detected by measuring the turnover 

of a colorimetric substrate at 405nm.  

 

 

2.5. Immunoblotting of cell and viral lysates 

 

Virus was centrifuged through a 20% (w/w) sucrose cushion and re-suspended in 100µl  

2x Laemmli’s SDS-PAGE sample loading buffer (Sigma). Cells were first lysed in 

RIPA Lysis and Extraction buffer (Life Technologies) supplemented with a protease 
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inhibitor cocktail (Roche) before centrifugation and addition of SDS-PAGE sample 

loading buffer to the supernatant. All samples were boiled (95°C for 5 min) before 

loading on 10% acrylamide Novex NuPAGE gels (Life technologies). Gels were run at 

200V for 35 min in MES running buffer (Life technologies) in XCell SureLock Mini-

Cell tanks (Life technologies). 

 

For probing disulphide cross-linking NuPage 4x LDS sample buffer (Thermo 

Scientific) was added to lysates prior to treatment with 50mM iodoacetamide (Sigma) 

or 0.1M DTT (Sigma). Samples were incubated with iodoacetamide for 30 min at room 

temperature and 15 min at 65°C before loading on 8% Bolt Bis-Tris Plus gels (Life 

technologies). DTT-treated samples were boiled at 95°C for 5 min before loading. The 

gels were run at 150V for 1h in Bolt MOPS buffer (Life technologies).  

 

Following separation by SDS-PAGE, proteins were transferred onto Immobilon-P 

PVDF membranes (Millipore) for immune-probing. The wet blot transfer was 

performed in Mini Trans-Blot Cell tanks (Bio-Rad) at 100V for 1h in transfer buffer 

(25 mM Tris, 192 mM glycine, 30% methanol). The PVDF membranes were blocked 

in 5% milk in PBS for 1h at room temperature and then incubated with the primary 

antibody diluted in 5% milk in PBS and 0.001% Tween-20 (PBST) for 1h. After three 

5 min washes in PBST, the membranes were then incubated with the HRP-conjugated 

secondary antibody (Life technologies) diluted in 5% milk in PBST. Following washes 

in PBST the immuno-complexes were detected by chemiluminescence, either using a 

Chemidoc imaging system (Bio-Rad) or X-ray film (Scientific Laboratory Supplies) 

exposure. For quantitative western blot analysis the secondary antibody conjugated to 

IRDye 800CW (LICOR) was used and the blots visualised on an Odyssey CLx imaging 

system (LICOR).  
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2.6. Single cycle infectivity assays 

 

2.6.1. Relative measurement of infectivity 

 

The day prior to infection, 24-well plates (Corning) were seeded with cells at the 

following densities: 293T (1-2x10^5 cells/well), HeLa (1x10^5 cells/well), SupT1 

(1x10^5 cells/well), U937 (1x10^5 cells/well). Cells were infected with WT and mutant 

VLPs normalised by their RT activity and incubated at 37oC for a further 72h. Cells 

infected with GFP-reporter VLPs were then fixed with 3% formaldehyde in PBS. 

Adherent cells were first detached with trypsin prior to fixation.  

 

The percentage of transduced cells was analysed using a FACS Verse (BD Biosciences) 

of LSR (BD Biosciences). Fluorescence intensity was detected using the excitation laser 

488 nm and emission filter 530/30 nm. Data analysis was performed using FlowJo 

software (v10.1). Cells infected with LacZ-expressing VLPs were lysed in Tropix Lysis 

buffer (Life technologies) and frozen at -20oC. To measure LacZ activity, cell lysate 

was mixed with Tropix galactostar reaction mixture (Life technologies) and 

luminescence measured for 1h at 10min intervals on a Tecan Safire plate reader. 

 

2.6.2. Absolute measurement of infectivity  

 

X-gal staining of infected HeLa cells was performed to determine the absolute 

infectious titres of LacZ-expressing VLPs for subsequent qPCR and microscopy assays. 

Cells were seeded in 12-well plates (Corning) at a density of 5x104 cells/well before 

infection with a 10-fold dilution series of VLPs 24h later. After addition of VLPs, the 

cells were spun down at 1600rpm (Sorvall Heraeus 75006445 rotor), 16oC for 2h to 

facilitate infection. Cells were then incubated at 37oC for 30min prior to replacement 

of media with warm DMEM. Cells were further incubated for 72h at 37oC, before they 

were washed in PBS and fixed for 10min with 2% formaldehyde and 0.2% 

glutaraldehyde. Staining was performed overnight at 37oC in PBS with 0.4 mg/ml X-

gal (5-bromo-4-chloro-3-indolyl- beta-D-galactopyranoside) (Sigma), 4mM 

K3Fe(CN)6 (Sigma), 4mM K4Fe(CN)6ˑ3H2O (Sigma), 2mM MgCl2 (Thermo). The 
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number of blue LacZ-expressing colonies were counted using a light microscope 

(Olympus). 

 

 

2.7. cDNA qPCR assays   

 

The day prior to infection, 12-well plates were seeded with 293T cells at a density of 

4x105 cells/well. Cells were infected with VLPs normalised relative to a multiplicity of 

infection (MOI) of ~0.5 in WT. To remove residual plasmid DNA, VLPs were treated 

with 1 unit/µl DpnI (Thermo Scientific) and 10mM MgCl2 at 37oC prior to infection. 

After addition of VLPs, cells were spun down for 30min at 1600 rpm (Sorvall Heraeus 

75006445 rotor), 16OC, to promote infection. Cells were then incubated at 37oC for 30 

min prior to replacement of media with fresh DMEM. Cells were harvested at various 

time points post-infection. Harvested cells were washed twice with cold sterile PBS 

before trypsinisation and centrifugation. The pelleted cells were resuspended in sterile 

PBS and the DNA extracted using the DNeasy Blood & Tissue Kit (Qiagen) according 

to manufacturer’s instructions. The extracted DNA was treated with 1 unit/µl DpnI 

(Thermo Scientific) for 2.5h at 37oC and then analysed by qPCR using the TaqMan real-

time PCR master mix (Life technologies). 2uL of DNA was used per reaction with 900 

nM primers and 250 nM probes (listed in Table 2.1). Each sample was analysed in 

duplicate or triplicate. The reactions were performed on a 7500 Fast Real-Time PCR 

System (Life Technologies). To calculate cDNA copy numbers standard curves were 

generated from serial dilutions of pCSGW or p2-LTR junction in 293T cellular DNA.  

 

For the in vivo integration cDNA qPCR assay the protocol was as described above with 

samples maintained by serial passage in culture for two weeks to dilute out cytoplasmic 

virus that had not integrated. qPCR was then performed for strong stop products. 

 



	 53	

 

 

Function Name Sequence 

Strong stop and second 

strand forward primer 
oHC64 TAACTAGGGAACCCACTGC 

Strong stop reverse 

primer 
oHC65 GCTAGAGATTTTCCACACTG 

Second strand reverse 

primer 
Gag M661 as CTGCGTCGAGAGAGCTCCTCTGGTT 

Strong stop and second 

strand probe oHC66 

FAM-

ACACAACAGACGGGCACACACTA-

TAMRA 

2-LTR junction forward 

primer 
HIV U5 GTGTGTGCCCGTCTGTTG 

2-LTR junction reverse 

primer 
HIV U3 CAGTACAAGCAAAAAGCAGATC 

2-LTR junction probe 

FAM-

GGTAACTAGAGATCCCTCAGACC-

TAMRA 

 

Table 2.1. Primers and probes used in qPCR assays. 
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2.8. ‘Fate-of-capsid’(FoC) assay  

 

The FoC assays were performed as previously described with a number of 

modifications (Yang et al. 2014). VLPs used in the assays were normalised based on 

RT ELISA data.  HeLa cells were seeded at a density of 1x106 cells/well in 6-well plates 

(Corning) 24h before addition of normalised titres of VLPs. Infection was facilitated 

by ‘spinoculation’ i.e. centrifugation of cells at 1600 rpm (Sorvall Heraeus 75006445 

rotor), 16oC for 1h after addition of VLPs.  The cells were then incubated at 37oC either 

for 2h or 20h (fresh DMEM C was added to the 20h incubation at the 2h time point) to 

allow progression of infection. Subsequently, the cells were washed three times with 

ice-cold sterile PBS before detachment using trypsin. The cells were then pelleted and 

resuspended in PBS two times before lysis for 10 mins in 2mL hypotonic buffer (10mM 

Tris-HCL pH 8, 10mM KCl and 1mM EDTA pH 8) in the presence of a protease 

inhibitor cocktail (Roche). The cell lysate was homogenised by centrifugation through 

a QIAshredder (Qiagen) before 50uL was removed as the input (I) and resupended in 

2x loading buffer. The remaining lysate was layered on top of a 30% (w/w) sucrose 

cushion and spun down in a Beckman SW41 rotor at 32000 rpm, 4oC for 1h to separate 

soluble and particulate CA. Post-centrifugation, 500 µl of the uppermost portion of the 

supernatant was taken as the soluble fraction (S). Following aspiration of the sucrose 

cushion, the pellet (P) was resuspended in 100µl of 2x loading buffer. The soluble 

fraction was subsequently precipitated using methanol-chloroform extraction. Briefly, 

800µl methanol, followed by 200µl chloroform and 400µl dH2O was added to the 

soluble fraction with thorough vortexing after each addition. The mixture was then 

centrifuged at 13000rpm, 4oC for 30min before removal of the upper phase and addition 

of 600µl of methanol. Following 30min incubation at -20oC the samples were again 

centrifuged at 13000 rpm, 4oC for 20min. The supernatant was removed and the pellet 

dried for ~1h, before resuspension in 100 µl of 2x loading buffer. The I, S and P samples 

were analysed by western blotting as previously described in section 2.5. 
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2.9. Saturation-of-restriction assay 

 

The day prior to infection, 24-well plates were seeded with Vero cells at a density of 

1x105 cells/well. Cells were infected with 2-fold serial dilutions of LacZ-expressing 

WT and mutant VLPs, normalised based on RT ELISA data. Plates were then incubated 

at 37oC for 4-6 h before addition of a fixed quantity of GFP-expressing WT VLPs. The 

cells were again incubated at 37oC for 72h and then detached with trypsin and fixed 

with 3% formaldehyde in PBS. The percentage of transduced (GFP-expressing) cells 

was analysed using a FACS Verse machine (BD Biosciences). Data analysis was 

performed using FlowJo software (v10.1) before statistical analysis and graphical 

representation in GraphPad Prism (v6.0d).  

 

 

2.10. Cell cycle arrest 

 

Cell cycle arrest at the G1/S boundary was performed using 2µg/ml Aphidicolin 

(Sigma) in DMSO. The arrest was confirmed by flow cytometric analysis as follows. 

After treatment with aphidicolin for the stated lengths of time cells were detached using 

trypsin and fixed in 3% formaldehyde. Cells were then washed with 1xPBS and treated 

with 200ug/mL RNaseA and 0.1% Triton X-100 for 1hr at 37 oC. Cells were 

subsequently stained with 40ug/mL propidium iodide and then analysed using the LSR 

flow cytometer (BD Biosciences). Fluorescence intensity was detected using the 

excitation laser 488 nm and emission filter 610/20 nm. Data analysis was performed 

using FlowJo software (v10.1). 

 

 

2.11. Generating HeLa cell lines stably-expressing CPSF6 

 

MLV-based expression vectors for CPSF6 full-length (CPSF6FL) and CPSF6ΔNLS (a 

kind gift from Prof. Greg Towers) were co-transfected into 293T with pCMV-VSV-g 

and MLV Gag-Pol plasmid KB4 (synthesised in the Bishop laboratory by cloning 

the gag-pol region from pMD-MLV GagPol into pcDNA3.1) to produce VLPs as 

described before (section 2.3). HeLa cells were then infected with the VLPs by 
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spinoculation (centrifugation at 1600 rpm, 1h, 16oC) in the presence of 4µg/ml 

polybrene (Sigma). From approximately 72h after infection, cells were passaged in 

media containing 500ug/mL geneticin (G418, Life technologies) to select for 

transduction. 

 

 

2.12. Fluorescence microscopy of infected cells 

 

HeLa cells were seeded at 1x105 cells/well on 13mm coverslips in 24-well plates 24h 

before infection with VLPs by spinoculation (centrifugation at 1600 rpm, Sorvall 

Heraeus 75006445 rotor, 2h, 16oC). The cells were incubated at 37oC for 30 min before 

replacement of media with fresh DMEM and returned to the incubator for the specified 

lengths of time. The cells were then washed twice with PBS and fixed with 4 % 

paraformaldehyde for 5min at room temperature (RT) followed by ice-cold methanol 

at -20oC for 5min. Cells were subsequently permeabilised with 0.5% saponin (Sigma) 

in PBS for 30 min and blocked in 5% normal donkey serum (NDS, Source Bioscience) 

and 0.5% saponin in PBS for at least 1h. Cells were then incubated with the stated 

primary antibody (Appendix B) diluted in 1% NDS and 0.5% saponin in PBS for 1h at 

RT. Coverslips were then washed three times with PBS and incubated for another hour 

with the secondary antibody (Appendix B) diluted in 1% NDS and 0.5% saponin in 

PBS. Coverslips were then washed three times with PBS and mounted with Vectashield 

Mounting Medium For Fluorescence with DAPI (Vector Laboratories) on glass slides 

(Menzel-Gläser). Clear nail varnish was finally used for sealing the coverslips.  For the 

Duolink proximal ligation assay (PLA) (Sigma), the same protocol was followed until 

the washes following primary antibody incubation. Secondary antibodies conjugated to 

the PLA probes were then used and signal amplification performed using the PLA assay 

kit, as described in the manufacturer’s protocol. Samples were visualised either on a 

SP5 inverted confocal microscope (Leica) or BX61 widefield microscope (Olympus) 

using 100X (1.46NA) or 60X (1.40NA) objectives respectively. Longitudinal Z-series 

were acquired with 0.2-0.3µM step sizes. Deconvolution was performed using a 

theoretical point spread function (PSF) (Huygens Essential). Image analysis was 

performed using Fiji (ImageJ v1.0). 
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2.13. Statistical analysis 

Unpaired student t tests and ordinary one-way ANOVAs were performed using 

GraphPad PRISM 7.0d.  
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Chapter 3: Stabilisation of the viral core at different capsid (CA) lattice interfaces by the 

introduction of cysteine mutations 

 

3.1. Introduction 

 

Capsid (CA) has been reported to play  pivotal roles in the early life cycle events of HIV-1, 

including immune evasion, cytoplasmic trafficking, nuclear entry and integration (Rasaiyaah 

et al. 2013; Lukic et al. 2014; Fernandez et al. 2015; Matreyek & Engelman 2011; Schaller et 

al. 2011; Chin et al. 2015). Mutations in CA that cause deviations from wild-type (WT) core 

stability impair infectivity (Forshey et al. 2002; Yeager 2011; Setiawan et al. 2016; Yufenyuy 

& Aiken 2013; Yang et al. 2012). Initially, it was  thought that the viral core disassembled 

rapidly upon cellular entry; however, recent studies suggest that the core may remain intact for 

longer (Karageorgos et al. 1993; Bukrinsky et al. 1993; Miller et al. 1997; Fassati & Goff 2001; 

Hulme et al. 2015; Peng et al. 2014). 

 

Viral core stability is closely linked to reverse transcription. Inhibition of reverse transcription 

- either pharmacologically using reverse transcriptase inhibitors (e.g. nevirapine or 

azidothymidine (AZT)) or genetically using RT mutants (e.g. D185N) - has been shown to 

increase core stability/delay uncoating (Hulme et al. 2011; Yang et al. 2013). The corollary to 

this would be that mutations in CA that result in hyper-stable cores prevent reverse 

transcription. Interestingly, this is not always the case; for example, hyper-stable cores E45A 

and Q63A/Q67A are able to reverse transcribe in infected cells (Forshey et al. 2002; Yang et 

al. 2012).  Recently, Rankovic et al have proposed that reverse transcription can alter the 

stiffness of the viral core and lead to capsid disassembly, whilst mathematical modelling by 

Cosnefroy et al. suggest that first strand transfer is the trigger for uncoating (Rankovic et al. 

2017; Cosnefroy et al. 2016).  

 

The viral core is stabilised by interactions at CA lattice interfaces (section 1.5.2); however, the 

relative importance of these interfaces in determining overall core stability has not been 

assessed. The formation of disulphide bridges, by the introduction of cysteine mutations, has 

been used in crystallographic studies as a method for stabilising in vitro assemblies; for 

example, CA mutant A14C/E45C was used to produce stable hexamers (Pornillos et al. 2009; 

Pornillos et al. 2010). In this chapter, residues located at lattice interfaces in published 
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structures were mutated to cysteines with the aim of forming stabilising disulphide bridges 

across their respective interfaces. Viral mutants contained either single cysteine mutations (i.e. 

cross-link with the same residue on an adjacent CA monomer) or pairwise cysteine mutations 

(i.e. cross-link with the other mutated residue on an adjacent CA monomer).  

 

The HIV-1 CA mutants were then assessed for their core stability and the impact on early life 

cycle infectivity phenotypes. 

 

 

3.2. Characterisation of putative core stabilising mutations identified from the 

literature 

 

3.2.1. Design and production of CA mutations targeting lattice interfaces 

 

Structural studies have identified four main intermolecular interfaces in the HIV-1 CA lattice. 

These can be divided in to two groups: 

(I) Intra-hexamer: NTD-NTD and NTD-CTD interactions between adjacent CA 

monomers within a hexamer  

(II) Inter-hexamer: dimeric and trimeric CTD-CTD interactions between hexamers 

 

It should be noted that intra-subunit interactions (i.e. between the NTD and CTD of one 

protomer) were excluded in this study as they have been shown to be  of negligible importance 

in hexamer crystal structures (Gres et al. 2015; Pornillos et al. 2009).  

 

A list was compiled that included previously reported CA mutations implicated in the 

aforementioned interfaces (Table 3.1). The majority of residues were mutated to cysteines to 

putatively cross-link CA as described in the chapter introduction. The CA mutants described 

in Table 3.1 were introduced in to Gag-Pol packaging vector, pCMV-dR8.91, by site directed 

mutagenesis. An additional mutant, P38A, was also included as this has also been shown to be 

less stable than WT and was thus used as a ‘hypo-stable’ control. The location of the mutated 

residues were annotated on a CA monomer showing their distribution throughout the structure 

(Fig. 3.1). 
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Lattice interface CA mutations Comments 

Intra-

hexamer 

NTD-NTD A14C/E45C 

• Forms stable cylinders in vitro that are 

morphologically similar to WT CA (Pornillos et al. 

2009)(Pornillos et al. 2010) 

• CA assemblies exhibit increased stiffness (Ramalho et 

al. 2016) 

NTD-CTD M68C/E212C 

• Cross-links to form CA oligomers in virions 

(Yufenyuy & Aiken 2013) 

• Heterogeneous population of particles observed by 

transmission electron microscopy (Yufenyuy & Aiken 

2013) 

Inter-

hexamer 

Dimeric 

CTD-CTD 
W184A/M185A 

• Isolation of soluble hexamers in vitro (Pornillos et al. 

2009; Pornillos et al. 2010) 

• Assembly defect (Jacques et al. 2016) 

Trimeric 

CTD-CTD 

A204C 

• Decreased infectivity; increased capsid stability of 

isolated cores; cross-linking in mature virions; 

formation of cones and short tubes in vitro; improved 

assembly efficiency (Zhao et al. 2013) 

• CA assemblies exhibit increased stiffness (Ramalho et 

al. 2016) 

P207C/T216C 

• Reduced infectivity in HeLa-P4 cells; formation of CA 

dimers and trimers upon addition of oxidising agent to 

virus particles (Byeon et al. 2009) 

• Disrupted by rhesus TRIM5a CC-SPRY (Zhao et al. 

2011) 

Intra-

hexamer / 

inter-

hexamer 

hybrid 

NTD-NTD / 

Trimeric 

CTD-CTD 

A14C/E45C/ 

A204C 
• N/A 

A14C/E45C/ 

W184A/M185A 

• Forms soluble hexamers in vitro (Pornillos et al. 2009) 

• Reduced in vitro tube formation efficiency (Pornillos 

et al. 2010; Hung et al. 2013) 

A14C/E45C/ 

P207C/T216C 
• N/A 

 

Table 3.1. Panel of lattice interface CA mutants. Mutants located at lattice interfaces based 

on a literature survey are listed with their location and known phenotypes.  
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Figure 3.1. Location of mutated CA residues on a CA monomer (Panel 1). A schematic 

representation of the structure of a CA monomer as determined by NMR with residues selected 

for mutagenesis annotated (PDB ID:2M8N) (Deshmukh et al. 2013). The residues labelled 

were located at intra-hexamer or inter-hexamer interfaces of the CA lattice in structural studies. 
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3.2.2. Most of the CA mutations do not affect viral production 

 

The Gag polyprotein plays an important role in coordinating virus assembly and undergoes 

structural changes during core maturation (section 1.4.6). Consequently, mutations in CA can 

impair virus production (Von Schwedler et al. 1998; von Schwedler et al. 2003; Ganser-

Pornillos et al. 2004; Ganser-Pornillos et al. 2007; Yufenyuy & Aiken 2013). 

 

VSV-G pseudotyed HIV-1 VLPs were produced by 293T co-transfection (section 2.3). The 

measurement of culture supernatant RT activity by ELISA was used as a surrogate marker to 

determine the titres of CA mutant VLPs (Wight et al. 2012). All mutants, with the exception 

of W184A/M185A and A14C/E45C/W184A/M185A, yielded ~WT levels of VLPs (Fig.3.2A).  

 

Mutant A14C/E45/W184A/M185A has been used in vitro to isolate soluble hexamers for 

downstream crystallography: mutations A14C and E45C stabilise the hexamer, whilst 

mutations W184A and M185A destabilise the lattice (Pornillos et al. 2009; Pornillos et al. 

2010; Yeager 2011). The latter mutations are located at the dimeric CTD-CTD interface. 

Individually they have previously been shown to impair virus assembly (Ganser-Pornillos et 

al. 2004; von Schwedler et al. 2003); therefore, it was not surprising that CA mutants 

W184A/M185A and A14C/E45C/W184A/M185A were defective for virus production.  

 

In the case of the two defective mutants, expression of the p8.91 packaging vector was 

confirmed by western blot analysis of producer cell lysates using an anti-CA monoclonal 

antibody. CA-reactive bands were observed at ~160kDa, ~55kDa and ~24kDa correlating to 

Gag-Pol, Gag and CA respectively (Fig. 3.2B).  
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Figure 3.2. VLP production and Gag processing of HIV-1 CA mutants. (A) GFP-

expressing HIV-1 VLPs were produced by transient transfection in 293T cells and relative VLP 

titres were estimated by the viral reverse transcriptase (RT) activity quantified using an RT-

ELISA. The bar chart shows the activity of mutant VLPs relative to WT as mean ± SEM, from 

at least three independent experiments. (B) Western blot of transfected 293T producer cell 

lysates showing expression and processing of WT and mutant Gag. The blot was probed with 

an anti-CA mouse monoclonal antibody. 
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3.2.3. Cysteine mutations at the intra-hexamer interfaces result in hyper-stable cores    

 

To determine whether the viral cores of the cysteine CA mutants had increased stability in vivo 

‘Fate-of-Capsid’ (FoC) assays were performed. Briefly, HeLa cells were infected with 

equivalent quantities of VLPs (normalised based on RT units) and the cell lysates harvested at 

2h and 20h. The lysates were then spun through a sucrose cushion for separation of each in to 

two fractions: low molecular weight ‘soluble’ CA (S) and high molecular weight ‘pellet’ CA 

(P). The P fraction is thought to contain core associated CA, whilst S contains free capsid 

(Yang et al. 2014) . Thus, the relative amounts of CA in fractions P and S reflect the stability 

of the core. 

P38A 

Mutant P38A has been shown to destabilise the viral core in vitro and has reduced ability to 

abrogate restriction, findings suggestive of early core uncoating (Forshey et al. 2002; 

Cosnefroy et al. 2016). In agreement with these previous observations, mutant P38A was less 

stable than WT in the in vivo FoC assay, as demonstrated by the reduced levels of CA in 

fraction P relative to S (Fig. 3.3A&B, lanes 2&3 vs 5&6).  Subsequently, it was used as a hypo-

stable control in the experiments that followed.  

E128A/R132A 

Mutant E128A/R132A was tested as a hyper-stable control in the FoC assay as it has been 

shown to increase stability in vitro and delay uncoating in an in situ microscopy assay (Forshey 

et al. 2002; Hulme et al. 2011). However, this mutant did not show increased core stability in 

the FoC assay (Fig. 3.3A, lanes 2&3 vs lanes 8&9). 

M68C/E212C 

The NTD-CTD interface mutant, M68C/E212C, has previously been shown to form CA cross-

links in viral particles (Yufenyuy & Aiken 2013). If the cross-linking remained intact in the 

reducing cellular environment, it would be predicted to stabilise hexamers within the lattice. 

However, the stabilisation effect was not limited to the hexamers: the viral core as a whole was 

more stable than WT in the FoC assay as shown by the increased amounts of CA in the P 

fraction relative to S (Fig. 3B, lanes 2&3 vs 8&9).  

A14C/E45C 

Pornillos et al showed that mutations A14C and E45C together resulted in in vitro CA tubes of 

markedly greater stability than WT, suggesting that intra-hexameric changes could influence 

the stability of the extended lattice (Pornillos et al. 2009; Pornillos et al. 2010). Indeed, in the 
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FoC assay, NTD-NTD interface mutant A14C/E45C caused stabilisation of the viral core 

compared to WT (Fig. 3.3C, lanes 2&3 vs 8&9; Fig. 3.3D, lanes 2&3 vs 5&6). 

A204C 

Zhao et al showed that: (i) isolated cores from CA mutant A204C were more stable that WT 

and (ii) western blotting of mature virions resulted in dimeric CA species indicative of cross-

linking (Zhao et al. 2013). Additionally, Ramalho et al. showed that in vitro A204C CA 

assemblies were more stiff than WT albeit to a lesser degree than mutant A14C/E45C 

(Ramalho et al. 2016). Surprisingly, this hyper-stable phenotype was not observed in the FoC 

assay with this mutant displaying similar stability relative to WT (Fig. 3.3C, lanes 2&3 vs 

5&6). Combining this mutation with A14C/E45C (i.e. A14C/E45C/A204C) resulted in a more 

stable core at 2h (Fig. 3.3C, lanes 2&3 vs 11&12).  

P207C/T216C 

In the presence of an oxidative agent, P207C/T216C mutant virions have been shown to form 

CA dimer and trimers (Byeon et al. 2009). In addition, this mutant appeared to stabilise CA 

assemblies in oxidising conditions as it prevented breakdown of the tube by Rhesus TRIM5a 

(Zhao et al. 2011). However, in the reducing environment of the cell, this mutant appeared to 

be of similar stability to WT at 2h (Fig. 3.3D, lanes 2&3 vs 8&9). When these mutations were 

combined with A14C/E45C, the quadruple mutant (i.e. A14C/E45C/P207C/T216C) displayed 

increased stability at 2h (Fig. 3.3D, lanes 2&3 vs 11&12). As mutant P207C/T216C had WT 

stability (at 2h), this likely reflects the effect of the A14C and E45C mutations.  

 

Generally, the stability phenotypes relative to WT were the same at 2h and 20h. Discrepancies 

between the 2h and 20h time points may reflect uncoating of the cores. Furthermore, this assay 

showed reasonable qualitative reproducibility in biological repeats. However, the attempt to 

quantify the results of the assays were stopped as significant variability between repeat 

experiments was seen when the western blots were analysed by LICOR (Fig. 3.3E). 

Consequently, this assay was used only as a qualitative means of determining core stability in 

vivo.  
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Figure 3.3. Effect of CA mutations on ‘in vivo’ viral core stability. Viral core stability in 

infected HeLa cells was assessed by performing ‘Fate-of-Capsid’ (FoC) assays. Cells were 

infected with WT and mutant VLPs normalised based on their RT activity and lysed 2h and 

20h post-infection. The lysates were centrifuged through a sucrose cushion to separate viral 

CA into free (soluble, S) and latticed (pellet, P) fractions. The amount of CA in each fraction 

was compared to the input i.e. whole cell lysate (I) by western blotting using an anti-CA mouse 

monoclonal antibody. Mutants with higher P/S ratios compared to WT were deemed ‘hyper-

stable’. (A-D) Representative blots of FoC assays comparing WT virus to mutants. P38A was 

used as a negative control in the assays, as it is known to be less stable than WT. Each assay 

was performed at least three times independently. Lanes have been numbered for ease of 

comparison (see text). (E) Quantitation of two independent FoC assays comparing WT to the 

hyper-stable mutant A14C/E45C.  
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3.2.4. Hyper-stable cores are cross-linked in vivo 

 

In eukaryotes disulphide bridge formation occurs predominantly in the endoplasmic reticulum 

(ER) with very few disulphide bonded native proteins found in the reducing environment of 

the cytoplasm (Rietsch & Beckwith 1998; Sevier & Kaiser 2002). However, in many proteins, 

native disulphide bridges are ‘buried’ and inaccessible to solvent (Srinivasan et al. 1990). To 

confirm that the increased stability observed in mutants A14C/E45C and M68C/E212C was 

likely the result of disulphide bridge formation, non-reducing gels of infected cell lysate was 

performed. CA contains native cysteines and thus to block aberrant cross-linking, 

iodoacetamide was used to block free thiol groups during sample preparation (Fig. 3.4A).  

 

The non-reducing gels showed bands correlating to dimers for mutants M68C/E212C and 

A14C/E45C but not for WT, confirming cross-linking of the mutant lattices in vivo 

(Fig3.4A&B). Unfortunately, it was not possible to resolve the smear that likely correspond to 

higher order oligomers.  

 

The assembly, stability and cross-linking phenotypes for the CA mutants are summarised in 

Table 3.2.  
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Figure 3.4. CA cross-linking of hyper-stable core mutants M68C/E212C and A14C/E45C. 

Infected cell lysates were analysed by non-reducing SDS-PAGE and western blotting to 

confirm that increased stability of the hyper-stable mutants, M68C/E212C (A) and A14C/E45C 

(B) was likely caused by disulphide cross-linking of CA hexamers. The non-reduced (NR) 

samples were treated with iodoacetamide prior to SDS-PAGE whereas the reduced (R) samples 

were treated with DTT. The prominent bands at 24 kDa and 48 kDa in the NR samples 

correspond to monomeric and dimeric CA respectively.  
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Lattice interface CA mutations Virus 

production 
Stability * Cross-linking 

in cells 

Intra-hexamer 

NTD-NTD A14C/E45C � ↑↑ � 

NTD-CTD M68C/E212C � ↑↑ � 

Inter-hexamer 

Dimeric CTD-

CTD 
W184A/M185A � N/A N/A 

Trimeric CTD-

CTD 

A204C � → ND 

P207C/T216C � → ND 

Intra-

hexamer/ 

inter-hexamer 

hybrid 

NTD-NTD / 

CTD-CTD 

A14C/E45C/ 

A204C 

 

 

 

� ↑ ND 

A14C/E45C/ 

W184A/M185A 
� N/A N/A 

A14C/E45C/ 

P207C/T216C 
� ↑↑ ND 

 

Table 3.2. VLP production, in vivo core stability and cross-linking phenotypes of CA 

mutants (panel 1). � = capable of assembling virus; capable of cross-linking CA in cells; �= 

incapable of assembling virus; incapable of cross-linking in cells; N/A = not applicable; ND = 

not determined. *FoC stability at 2h. The arrows indicate the changes in stability relative to 

WT. 

 

 

 

 



	 71	

3.2.5. Deviations from WT stability impair infection 

 

As previously discussed, deviations from WT core stability correlate with reduced infectivity 

(Forshey et al. 2002; Yang et al. 2012; Zhao et al. 2013). Therefore, the infectivity of VSV-G 

pseudotyped CA mutants was determined using a single cell cycle GFP-reporter assay. Briefly, 

cells were infected with normalised (by RT ELISA) quantities of WT and CA mutant HIV-1 

GFP-reporter VLPs and the percentage of transduced cells quantified by flow cytometry 48-72 

hours later.  As the phenotypes of CA mutants can differ depending on cell type a number of 

cell lines were tested, including U937 (a monocyte cell line) and SupT1 (a T cell line) 

(Ambrose et al. 2012).  

 

An infectivity titration curve in 293T cells showed that mutant P207C/T216C had similar 

infectivity to WT (Fig. 3.5A). Mutant P207C/T216C has previously been shown to have an ~4-

fold reduced infectivity in HeLa-P4 cells (Byeon et al. 2009). However, in all cell lines tested 

its infectivity was similar to WT, phenocopying the FoC assay where it had WT stability (Fig. 

3.5B-E). As expected mutations that altered core stability decreased infectivity. Hyper-stable 

core mutant A14C/E45C displayed a significant infectivity defect in 293T, HeLa and SupT1 

cells (~31-fold, ~26-fold and 84-fold respectively), and was non-infectious in U937 cells (i.e. 

infectivity >100-fold less than WT). Mutant M68C/E212C, which also displayed a hyper-stable 

core in vivo, was non-infectious in all cells. Although not appearing to alter stability at 2h in 

the FoC, mutant A204C displayed an infectivity impairment in all cell lines. It is possible that 

the mutations introduced in to CA caused other changes (e.g. host factor interactions). Mutants 

A14C/E45C/A204C and A14C/E45C/P207C/T216C were non-infectious in all cell lines (Fig. 

3.5B-E).   

 

No striking differences were observed in the infectivity phenotypes of CA mutants in different 

cell lines  
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Figure 3.5. Effect of CA mutations on VLP infectivity (Panel 1). 293T (A and B), HeLa 

(C), SupT1 (D) and U937 (E) cells were infected with GFP-reporter WT and mutant VLPs 

normalised based on their RT activity. The percentage of GFP positive cells was measured by 

flow cytometry 72h post-infection. The data is shown as mean ± SEM, from at least three 

independent experiments. In (A), 293T cells were infected with serially-diluted VLPs over a 

range of RT values. In (B-E), cells were infected with VLPs of equivalent RT units and the 

colour coding represents FoC stability at 2h (green – WT stability; blue – hypo-stable; red – 

hyper-stable). 
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3.2.6. Hyper-stable cores are able to reverse transcribe 

 

The two hyper-stable cores in the FoC assay, A14C/E45C and M68C/E212C, were defective 

for infectivity in a single cycle infectivity assay (Fig. 3.5) indicative of a block(s) to replication 

at and/or before the point of integration. To determine whether the block was before, during or 

after reverse transcription, a qPCR based assay was performed for cDNA products. Cells were 

infected with normalised quantities of HIV-1 WT and mutant VLPs and harvested at varying 

time points post-infection. Total DNA was then extracted and the levels of viral reverse 

transcripts were quantified by real-time qPCR. Early and late stages of reverse transcription 

were measured, namely negative strand strong stop DNA (-sssDNA) and second strand transfer 

DNA respectively.  

P38A 

The hypo-stable control mutant, P38A, was originally described as competent for production 

of second strand transfer reverse transcription products in CD4+ HeLa cells (Forshey et al. 

2002). However, in a subsequent study it was shown to be defective for the same products in 

HeLa-P4 cells (Yang et al. 2012). In this study, it inefficiently reverse transcribed in HeLa cells 

with early and late DNA products 14-fold and 28-fold less than WT respectively at 6h post-

infection (Fig. 3.6A; Fig3.7A). Based on the FoC data and the known reduced ability of P38A 

to abrogate restriction by TRIM5⍺, the decrease in reverse transcription products is likely a 

consequence of early core uncoating (Cosnefroy et al. 2016).  

A14C/E45C 

It has been shown that the NTD CA mutant E45A is hyper-stable and can reverse transcribe at 

WT levels in HeLa-P4 cells (Forshey et al. 2002; Jun et al. 2011; Yang et al. 2012). The NTD-

NTD hyper-stable mutant, A14C/E45C, was also competent for reverse transcription with <2-

fold defect in early reverse transcription products at 6 hours (Fig. 3.6B). The reverse 

transcription kinetics of strong stop (early) products was more rapid than WT (0h-6h), similarly 

to that previously observed for mutant E45A (Fig. 3.6B) (Xu et al. 2013). There was a slight 

decrease (~2-fold defect relative to WT) in production of late reverse transcription products 

(Fig.3.7B).  

M68C/E212C 

The NTD-CTD hyper-stable core mutant M68C/E212C showed an ~10-fold drop in early DNA 

products compared to WT (Fig. 3.6C). There was also an ~10-fold defect in late products 
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suggesting that although there was a considerable block before or at the beginning of reverse 

transcription, once initiated it progressed normally (Fig. 3.7C). 

A204C 

Mutant A204C demonstrated defects (>10-fold relative to WT) in both early and late DNA 

products, suggesting that this mutation encountered a considerable block to infectivity prior to 

or at the initiation of reverse transcription (Fig. 3.6D & Fig. 3.7D).  

P207C/T216C 

Unsurprisingly, given its WT infectivity levels, mutant P207C/T216C displayed no defect in 

production of both early and late reverse transcription products (Fig. 3.6D & Fig. 3.7D). 

Coupled with the FoC data, which showed WT stability, it appears that these mutations have 

little impact on the VLP.  

A14C/E45C/A204C and A14C/E45C/P207C/T216C 

The remaining mutants, A14C/E45C/A204C and A14C/E45C/P207C/T216C, both had defects 

in early and late reverse transcription products suggestive of a considerable block to infectivity 

prior to or at the initiation of reverse transcription (Fig 3.6E & Fig. 3.7E). It is interesting that 

mutant A14C/E45C/P207C/T216C showed reduced reverse transcription products (3-fold and 

6-fold defects in early and late DNA compared to WT) relative to A14C/E45C and 

P207C/T216C individually, perhaps reflecting a fitness cost to the viral core of introducing too 

many mutations in CA. 

 

 

The relative amounts of early and late reverse transcription products at 6h are shown in Figure 

3.6F and Figure 3.7F respectively for ease of comparison. 
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Figure 3.6. Effect of CA mutations on synthesis of early reverse transcription products. 

(A-E) 293T cells were infected with equivalent RT-units of HIV-1 WT and mutant VLPs. At 

0, 1, 2, 4, 6 and 24 h post-infection cells were harvested for DNA extraction. The relative 

amounts of early reverse transcription products (strong stop) were then measured by qPCR. (F) 

Bar chart summarising early RT product quantities of WT and mutant VLPs at 6 h post-

infection. The colour coding represents FoC stability at 2h (green – WT stability; blue – hypo-

stable; red – hyper-stable).The data is shown as mean ± SEM, from at least three independent 

experiments.  
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Figure 3.7. Effect of CA mutations on synthesis of late reverse transcription products. (A-

E) 293T cells were infected with equal RT-units of HIV-1 WT and mutant VLPs. At 0, 1, 2, 4, 

6 and 24 h post- infection cells were harvested for DNA extraction. The relative amounts of 

late reverse transcription products (second strand extension) were then measured by qPCR. (F) 

Bar chart summarising late RT product quantities of WT and mutant VLPs at 6 h post-infection. 

The colour coding represents FoC stability at 2h (green – WT stability; blue – hypo-stable; red 

– hyper-stable).The data is shown as mean ± SEM, from at least three independent experiments. 
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3.2.7. Nuclear entry phenotypes differ between hyper-stable cores 

  

Following completion of reverse transcription, a small proportion of proviral constructs can be 

ligated via their LTRs in a non-homologous end joining (NHEJ) reaction (Hamid et al. 2017). 

The ligases that are thought to catalyse the reaction are part of the cellular DNA repair 

mechanisms and are located in the nucleus; thus, 2-LTR circles are also used as a surrogate 

marker of nuclear entry (Farnet & Haseltine 1991; De Iaco et al. 2013). The hyper-stable 

mutants A14C/E45C and M68C/E212C produced both early and late reverse transcription 

products but had reduced infectivity. To determine whether these mutants were able to 

complete reverse transcription and enter the nucleus, 293T cells were infected with VSV-G 

pseudotyped VLPs and the quantity of 2-LTR circles measured by qPCR. Mutant A14C/E45C 

showed an ~4 fold decrease in 2-LTR circle production at 24 hours relative to WT (Fig. 3.8A). 

In contrast, mutant M68C/E212C produced >100 fold fewer 2-LTR circles than WT (Fig. 

3.8A). Normalising 2-LTR data to late reverse transcription products also showed defects in 2-

LTR production (Fig. 3.8B). 
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 Figure 3.8. 2-LTR circle production of hyper-stable mutants. 293T cells were infected 

with equivalent RT-units of HIV-1 WT and mutant VLPs. At 24h post-infection cells were 

harvested for DNA extraction. The relative amounts of 2-LTR circle products were then 

measured by qPCR. Treatment with Nevirapine (Nev, 10 µM) was performed to inhibit reverse 

transcription of WT VLPs as a negative control for 2-LTR circle synthesis. (A) Side-by-side 

comparison of 2-LTR circles and late reverse transcription DNA production. (B) 2-LTR data 

normalised to late reverse transcription products. Data is shown as mean ± SEM, from at least 

three independent experiments. 
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Figure 3.9 summarises the reverse transcription, 2-LTR circle and infectivity data for hyper-

stable mutants A14C/E45C and M68C/E212C. Mutant A14C/E45C showed small (~1-2 fold) 

consecutive replication defects as reverse transcription progressed. There was then a 

considerable (~6 fold) drop between relative 2-LTR circle production and relative infectivity, 

indicating an additional nuclear block(s). There was a small possibility that mutant A14C/E45C 

was integrating but that the GFP reporter construct was not being expressed. It was also 

possible, that the hyper-stable core had insufficiently uncoated to release the proviral genome 

for integration at 72 hours (i.e. the latest time point for harvesting cells for flow cytometry). 

To investigate these possibilities, an in vivo integration assay was performed as described by 

Dismuke et al (Dismuke & Aiken 2006). Following infection, cells were maintained in culture 

for two weeks with serial passage every 2-3 days. The aim was to dilute and remove any virus 

that had not integrated. Cells were harvested two weeks post infection and the quantities of 

proviral strong stop DNA determined by qPCR.  Mutant A14C/E45C displayed an ~55-fold 

defect relative to WT, indicating it was defective for integration into the host genome and thus 

supporting an additional nuclear block to infectivity (Fig. 3.10A). Normalising integrated DNA 

data to late reverse transcription products also showed defects in integration (Fig. 3.10B). 

 

In contrast, mutant M68C/E212C produced similar levels of early and late reverse transcription 

products but was impaired in the formation of 2-LTR circles (Fig. 3.9). This suggested that 

either this mutant was unable to complete reverse transcription and/or was blocked from 

entering the nucleus. 
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Figure 3.9. A bar chart summarising reverse transcription, 2-LTR circle production and 

infectivity phenotypes of hyper-stable mutants A14C/E45C and M68C/E212C.  An 

amalgamation of selected data from figures 3.5 - 3.8 (please see previous). 
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Figure 3.10. In vivo integration of hyper-stable mutant A14C/E45C. 293T cells were 

infected with equal RT-units of HIV-1 WT and A14C/E45C VLPs. Cells were maintained in 

culture for two weeks with serial passaging to dilute out unintegrated virus. The relative 

amounts of integrated viral DNA were then measured by qPCR. (A) Side-by-side comparison 

of integrated and late reverse transcription DNA production. (B) Integrated DNA data 

normalised to late reverse transcription products.. Data is shown as mean and range from at 

least two independent experiments. 
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3.3. Characterisation of a second panel of CA mutants predicted to stabilise the viral 

core based on Cryo-EM and crystal structures 

 

3.3.1. Design of CA mutants 

 

In section 3.2, stabilising mutations at the NTD-NTD and NTD-CTD intra-hexamer interfaces 

were identified and characterised. Unfortunately, none of the inter-hexamer mutants resulted 

in hyper-stable cores. Therefore, a new panel of putative stabilising dimeric and trimeric CTD-

CTD cysteine mutants were designed using a published Cryo-EM MDFF atomic model of an 

in vitro CA tubular assembly (PDB ID: 3J34) (Zhao et al. 2013). 

 

Developments in Cryo-EM have allowed detailed analysis of lattice curvature. There is 

conformational variability in lattice structure, allowing HIV-1 to form its distinctive fullerene 

cone shape (Byeon et al. 2009; Mattei et al. 2016). Figure 3.11 shows the variability between 

crystal and Cryo-EM structures at the trimeric CTD-CTD interface. A large study of different 

proteins showed that the Cβ-Cβ distance in disulphide bonds was 3.5 - 4.5� (Srinivasan et al. 

1990). To identify putative stabilising residues within the CA lattice, the Cβ-Cβ distances were 

measured at the inter-hexamer interfaces. Residues with single digit Cβ-Cβ distances were 

selected for mutagenesis. It should be noted that due to the flexibility of the lattice, the Cβ-Cβ 

distances varied considerably depending on the adjacent hexamers analysed.  

 

Intra-hexamer interface cysteine pair mutations in Section 3.2 were able to stabilise the core 

and cross-link in vivo. To determine whether the early life cycle phenotypes observed in those 

mutants were representative of stabilising their respective interfaces (rather than residue 

specific changes), additional NTD-NTD and NTD-CTD mutants were identified from the 

literature and also included (Table 3.3). The location of both intra-hexamer and inter-hexamer 

mutations, as well as the Cβ-Cβ  distances between residues are shown in Figure 3.12. 
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Figure 3.11. Alignment of CA structures. A cartoon representation of a Cryo-EM MDFF 

atomic model showing CA hexamers in green, PDB ID: 3J34 (Zhao et al. 2013). One CA 

monomer in the model has been coloured blue and monomers from crystal hexamer structures 

aligned. Coloured cyan: hexamer crystal form, PDB ID: 3H4E (Pornillos et al. 2009). Coloured 

purple: orthorhombic crystal form, PDB ID: 3H47 (Pornillos et al. 2009). The black and red 

boxes show successive zoomed in images of the alignment (note – the orientation is slightly 

altered for clarity). The red box shows the trimeric CTD-CTD interface. 
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Table 3.3. Second panel of putative stabilising CA mutants. New mutants E180C, 

L151C/L189C and K203C/A217C were designed in this study based on Cryo-EM and crystal 

structures. The other mutants were selected from published literature. 

 

 

Lattice interface CA mutations Comments 

Intra-hexamer 

NTD-NTD A42C/T54C • Stabilises CA tube assemblies in vitro; cross-linking in 
CA assemblies (Pornillos et al. 2010; Yeager 2011) 

NTD-CTD Q63C/Y169C • Cross-linking of CA in virions (Yufenyuy & Aiken 2013) 

Inter-hexamer 

Dimeric  
CTD-CTD 

E180C • N/A 

V181C • CA dimer formation in NMR experiments (Deshmukh et 
al. 2013) 

L151C/L189C • N/A 

Trimeric  
CTD-CTD K203C/A217C • N/A 
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Figure 3.12. Location of mutated CA residues on structural models (Panel 2). (A) A 

schematic representation of the X-ray crystal structure of a CA monomer as determined by 

NMR with residues selected for mutagenesis annotated (PDB ID:2M8N) (Deshmukh et al. 

2013). (B) Zoomed in cartoon representations of a Cryo-EM MDFF atomic model PDB ID: 

3J34 (Zhao et al. 2013). The residues labelled were located at intra-hexamer or inter-hexamer 

interfaces of the CA lattice. The dashed line and number represent the Cb-Cb distances (in �) 

between the selected residues 
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3.3.2. Inter-hexamer interfaces are important for virus assembly   

 

As previously described, VSV-G pseudotyped WT and CA mutant VLPs were produced and 

titres determined by RT ELISA (Fig. 3.13A). The inter-hexamer CTD-CTD mutants were 

partially impaired for VLP production, likely due to the importance of this interface in virus 

assembly (Ganser-Pornillos et al. 2004; von Schwedler et al. 2003). The greatest reduction in 

titre was for mutant L151C/L189C which showed an ~5-fold decrease in titre relative to WT. 

A western blot of viral lysate was performed and two mutants also showed a defect in capsid 

processing, namely L151C/L189C and K203C/A217C (Fig. 3.13B). These mutants showed an 

additional band below 24 kDa similar to that seen previously by Pornillos et al and Yufenyuy 

et al (Pornillos et al. 2010; Yufenyuy & Aiken 2013). This most likely represents a processing 

defect and could explain the decreased VLP titres. Yufenyuy et al speculate that the additional 

bands may be  caused by inappropriate cleavage of CA by protease (PR) as a result of structural 

changes (Yufenyuy & Aiken 2013). 
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Figure 3.13. VLP release and Gag processing of CA mutants. (A) GFP-reporter HIV-1 

VLPs were produced by transient transfection in 293T cells and relative VLP titres were 

estimated by the viral RT activity quantified using an RT-ELISA. The data is shown as mean 

± SEM, from at least three independent experiments. (B) Western blot of transfected 293T cell 

lysates showing CA processing of the mutants. The blot was probed with an anti-CA mouse 

monoclonal antibody. 
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3.3.3. Identification of a hyper-stable dimeric CTD-CTD interface mutant 

 

The stability of the new mutants in vivo was determined using the FoC assay. Cells were 

harvested at 2h or 20h post-infection and the assay performed as previously described (section 

3.2.3). 

 

P38A 

As previously observed, hypo-stable control mutant P38A was significantly less stable then 

WT (Fig. 3.14A, lanes 2&3 vs 5&6).  

A42C/T54C 

Similarly to A14C/E45C, NTD-NTD mutant A42C/T54C has been used to stabilise hexamers 

for crystal studies, albeit with a reduced capacity for forming disulphide bridges in vitro 

(Pornillos et al. 2010; Yeager 2011). Mutant A42C/T54C did not have a clearly observable 

difference in stability when compared to WT (Fig. 3.14A, lanes 2&3 vs 8&9).  

Q63C/Y169C 

In section 3.2.3, mutant M68C/E212C showed increased stability relative to WT in the FoC 

assay. An additional NTD-CTD mutant was chosen based on its ability to form CA cross links 

in virus particles, albeit less efficiently than M68C/E212C (Yufenyuy & Aiken 2013). 

However, mutant Q63C/Y169C appeared to be less stable than WT in vivo (Fig. 3.14A, lanes 

2&3 vs 11&12). 

E180C, V181C and L151C/L189C 

Due to the importance of the dimeric CTD-CTD interface in CA assembly, three mutants were 

designed to increase the odds of producing viable virus particles for downstream analysis. Due 

to the defect in virus production and capsid processing observed for mutant L151C/L189C it 

was excluded from the FoC assay. The E180C mutant appeared to be slightly more stable than 

WT at 2h (Fig. 3.14B, lanes 2&3 vs 8&9). Due to the subtle nature of this phenotype an 

additional 20h harvest was performed and it did indeed remain more stable than WT at the later 

time point (Fig. 3.14B, lanes 2&3 vs 8&9). In contrast, the other dimeric CTD-CTD mutant, 

V181C, was less stable than WT at both 2h and 20h (Fig. 3.14B, lanes 2&3 vs 11&12). 

K203C/A217C 

Unfortunately, the new trimeric CTD-CTD interface mutant K203C/A217C showed impaired 

virus production and capsid processing, and was thus excluded from the FoC assay. When 

analysing the Cryo-EM MDFF structure to identify putative stabilising mutations, there was 
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considerable variability in the Cβ-Cβ distances at the trimeric CTD-CTD interface. The 

flexibility of this part of the lattice highlights the difficulty in designing stabilising mutations 

at this interface for in vivo analysis. 
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Figure 3.14. Effect of CA mutations on ‘in vivo’ viral core stability. Viral core stability in 

infected HeLa cells was assessed by performing the ‘Fate-of-Capsid’ (FoC) assays as described 

(Figure 3.3). The amount of free (S) and latticed (P) CA was compared to the input (I) 

qualitatively by performing western blots. Mutants with higher P/S ratios compared to WT 

were considered as ‘hyper-stable’. (A-B) Representative blots of FoC assays comparing WT 

virus to mutants. The hypo-stable mutant, P38A, was used as a negative control in the assays. 

Lanes have been numbered for ease of comparison (see text). Each assay was performed at 

least two times independently. 
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3.3.4. The hyper-stable core, E180C, is cross-linked in vivo 

 

To confirm whether the increased stability of mutant E180C was likely the result of disulphide 

cross-linking a non-reducing gel was performed. It was possible to see a dimer band at ~48kDA 

for CA mutant E180C, thus confirming some degree of cross-linking in vivo (Fig. 3.15A). 

Unfortunately, it was not possible to resolve the smear that likely correspond to higher order 

oligomers. Only a very faint dimer band was observed for mutant A42C/T54C, which may 

explain its inability to stabilise the viral core (Fig. 3.15B) 

 

The assembly, stability and cross-linking phenotypes for the CA mutants in this panel are 

summarised in Table 3.4.  
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Figure 3.15. CA cross-linking of the hyper-stable core mutant E180C. Infected cell lysates 

were analysed by non-reducing SDS-PAGE and western blotting to determine whether the CA 

mutations resulted in cross-linking of CA hexamers. The non-reduced (NR) samples were 

treated with iodoacetamide prior to SDS-PAGE whereas the reduced (R) samples were treated 

with DTT. (A) WT vs E180C. The prominent bands at 24 kDa and 48 kDa in the NR samples 

correspond to monomeric and dimeric CA respectively. (B) WT vs A42C/T54C. 
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 Table 3.4. VLP production, in vivo core stability cross-linking phenotypes of CA mutants 

(panel 2). � = capable of assembling virus; capable of cross-linking CA in cells; �= incapable 

of assembling virus; incapable of cross-linking in cells; N/A = not applicable; ND = not 

determined. *FoC stability at 2h. The arrows indicate the changes in stability relative to WT. 

 

 

 

3.3.5. Deviations from WT stability impair infectivity 

 

Infectivity of WT and CA mutant VSV-G pseudotyped GFP-reporter VLPs were determined 

in a range of cell lines as previously described. In section 3.2.5, hyper-stable mutant 

A14C/E45C had some residual infectivity (~3%, 293T cells); however, the NTD-NTD mutant 

in this section, A42C/T54C, was non-infectious in all cell lines (Fig. 3.16). The new NTD-

CTD mutant, Q63C/Y169C, phenocopied M68C/E212C: it was also non-infectious in all cell 

lines tested (Fig. 3.16). The new dimeric CTD-CTD interface mutants, E180C and V181C, 

showed partial infectivity in all cell lines with a greater reduction in U937 cells (Fig. 3.16). 

The defective capsid processing mutants L151C/L189C and K203C/A217C were included in 

Lattice interface CA 
mutations 

Virus 
production Stability * Cross-linking 

in cells 

Intra-hexamer 

NTD-NTD A42C/T54C � → � 

NTD-CTD Q63C/Y169C � ↓ ND 

Inter-hexamer 

Dimeric CTD-
CTD 

E180C � ↑ � 

V181C � ↓ ND 

L151C/L189C Processing 
defect N/A N/A 

Trimeric CTD-
CTD 

K203C/ 
A217C 

Processing 
defect N/A N/A 
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this analysis. They were non-infectious in all cell lines tested. It should be noted that because 

the FoC assay was not performed for these two mutants a defect in viral entry cannot be ruled 

out.  This could be assessed in the future using a beta-lactamase (Blam-Vpr) assay which 

measures viral entry by determining the quantity of the enzyme released in to the cytoplasm of 

cells containing Blam substrate (Cavrois et al. 2002). 
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Figure 3.16. Effect of CA mutations on VLP infectivity (Panel 2). 293T (A), HeLa (C), 

SupT1 (D) and U937 (E) cells were infected with GFP-reporter WT and mutant VLPs 

normalised based on their RT activity. The percentage of GFP positive cells was measured by 

flow cytometry 72h post-infection. The data is shown as mean ± SEM, from at least three 

independent experiments.  

 



	 99	

 

3.3.6. A hyper-stable core can reverse transcribe and enter the nucleus  

 

Reverse transcription products were quantified for the mutants processing CA normally (Fig. 

3.17). Mutants A42C/T54C and Q63C/Y169C were defective for early reverse transcription 

products, suggestive of a defect prior to or at the early stages of reverse transcription. 

Consequently, later stages of reverse transcription were not measured. In contrast, mutants 

E180C and V181C were both able to produce both early and late reverse transcription products 

at similar levels to WT (Fig. 3.17A&B). For hyper-stable core mutant E180C, 2-LTR circles 

were measured in cycling cells and showed an  ~4-fold defect relative to WT, indicating that it 

was partially able to complete reverse transcription and enter the nucleus (Fig. 3.17C).  

 

Overall, in Figure 3.18, E180C has a similar early life cycle phenotype to the hyper-stable 

A14C/E45C mutant in Figure 3.9. There were stepwise reductions in replication efficiency at 

the different stages of reverse transcription and nuclear entry, followed by an additional nuclear 

block.  
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Figure 3.17. Effect of CA mutations on synthesis of early and late reverse transcription 

products and 2-LTR circles. 293T cells were infected with equal RT-units of HIV-1 WT and 

mutant VLPs. At 6 and 24h post-infection cells were harvested for DNA extraction and qPCR. 

(A) Relative amounts of early (negative strand strong stop DNA, -sssDNA) RT products (6h 

and 24h). (B) Relative amounts of late (second strand transfer DNA) reverse transcription 

products (6h and 24h). (C) Relative amounts of 2-LTR circles (24h). Treatment with 

Nevirapine (Nev, 10 µM) was performed to inhibit reverse transcription of WT VLPs as a 

negative control for 2-LTR circle synthesis. Data is shown as mean and range for (A) & (B) 

from at least two independent experiments, whilst (C) is the mean ± SEM, from at least three 

independent experiments
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Figure 3.18. A bar chart summarising reverse transcription, 2-LTR circle production and 

infectivity phenotypes of the hyper-stable mutant E180C. Data was selected from figures 

3.16-3.17 (please see previous). 
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3.4. Investigating the kinetics of uncoating using a saturation of restriction assay 

 

Uncoating remains an ill-defined and poorly understood process. It refers to the disassociation 

of capsid from the viral core. A number of biochemical and genetic assays have been developed 

to study this process, including a ‘saturation of restriction’ assay – also referred to as 

‘abrogation of restriction’ (Forshey et al. 2005; Shi & Aiken 2006).  

 

The TRIM5⍺ proteins in some Old World monkeys can restrict HIV-1 at a point post-entry and 

pre-reverse transcription. Trim5⍺ of the rhesus macaque monkey (Trim5⍺Rh) can potently 

restrict human HIV-1 infection. It binds to the viral core resulting in accelerated uncoating 

(Stremlau et al. 2006). The ability of particular TRIM5⍺ proteins to restrict HIV-1 infection 

can be utilised in saturation-of-restriction assays. Abrogation of restriction appears to generally  

correlate  with core stability, with restriction likely to occur before complete disassembly of 

the core (Shi & Aiken 2006). Consequently the extent of abrogation can be used as a surrogate 

marker for the degree of viral core uncoating (Yang et al. 2012). 

 

To test whether we could correlate saturation ability with core stability for our CA mutants, 

African green monkey Vero cells, which endogenously express TRIM5⍺, were infected with 

serial dilutions of HIV-1 LacZ-reporter virus to saturate restriction to varying degrees. A fixed 

quantity of HIV-1 GFP-reporter WT VLP was added 4h later. The cells were harvested 48-72h 

after infection with the GFP reporter VLPs and the number of transduced cells quantified by 

flow cytometry.  

 

As previously described, P38A was impaired in its ability to saturate restriction suggestive of 

accelerated uncoating (Fig. 3.19)(Shi & Aiken 2006; Yang et al. 2012; Cosnefroy et al. 2016). 

We did not observe a clear correlation between the ability of CA mutants to saturate TRIM5⍺ 

and the stability of the viral core in the FoC assay, as hyper-stable cores A14C/E45C and 

A14C/E45C/P207C/T216C demonstrated similar saturation efficiencies to WT (Fig. 3.19). 

However, it should be noted that Shi et al. observed that hyper-stable mutant E45A showed an 

increased ability to saturate restriction in all cell lines tested, with the exception of Vero cells 

(Shi & Aiken 2006). This suggests that the specificity of TRIM5⍺ varies between species and 

thus CA mutations can change binding affinity. 
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Figure 3.19. Effect of CA mutations on uncoating. A ‘saturation-of-restriction’ assay was 

performed to investigate the kinetics of uncoating of CA mutant VLPs. Vero cells were infected 

with 2-fold serial dilutions of LacZ-reporter WT and mutant VLPs. After 4h, the cells were 

additionally challenged with a fixed titre of GFP-reporter WT VLPs. The percentage of GFP 

positive cells was measured by flow cytometry 72h post-infection. Data from a single 

representative experiment is shown in (A). The relative infectivity values at the 0.5 saturating 

VLP dilution factor are shown in (B). The colour coding in (B) represents FoC stability at 2h 

(green – WT stability; blue – hypo-stable; red – hyper-stable). The data is shown as mean ± 

SEM, from at least three independent experiments.  
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3.5. Summary 

 

CA mutants were identified that resulted in hyper-stable cores, including A14C/E45C, 

M68C/E212C and E180C. Mutants A14C/E45C and M68C/E212C were located at the NTD-

NTD and NTD-CTD intra-hexamer interfaces respectively, whilst mutant E180C was located 

at the dimeric CTD-CTD interface. The difficulty in identifying stabilising mutations at the 

inter-hexamer interfaces may reflect the inherent flexibility at these interfaces caused by the 

asymmetry of the fullerene cone (Byeon et al. 2009; Mattei et al. 2016). 

 

Non-reducing gels of infected cell lysate for all three hyper-stable cores demonstrated dimeric 

CA species suggesting that disulphide cross-linking was contributing to increased stability. 

Unfortunately, it was not possible to resolve higher order bands although the smear on the 

developed blot suggested that they were present. The ability of intra-hexamer interface mutants 

to stabilise the viral cores suggest that these mutations have a global impact on the lattice. The 

inability of mutants A204C and P207C/T2126C to stabilise the viral cores, despite being shown 

to cross-link virions, highlights the importance of performing in vivo stability studies (Zhao et 

al. 2013; Byeon et al. 2009). 

 

As has been described by others, mutations in CA that altered stability caused defects in 

infectivity in all cell lines tested. This highlights the importance of optimal core stability in 

HIV-1 replication.  

 

All three hyper-stable mutants were able to reverse transcribe, suggesting that reverse 

transcription can progress normally in hyper-stable cores. This is in line with data showing that 

hyper-stable core mutants E45A, Q63A/Q67A and ‘5mut’ are also able to reverse transcribe 

(Yang et al. 2012; Forshey et al. 2002; Shi et al. 2011). Mutants E180C and A14C/E45C also 

produced 2-LTR circles suggesting that reverse transcription had completed and they had 

entered the nucleus. As the infectivity defect for these mutants was considerably greater than 

the 2-LTR circle defect, this suggested an additional post-nuclear entry block(s).   

 

Mutant A14C/E45C did not show a difference in its ability to abrogate restriction relative to 

WT,  although this may reflect the differing specificities of TRIM5⍺ proteins to recognise CA 
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(Shi & Aiken 2006). It should also be noted that whilst the FoC assay measures bulk virus 

particles, the saturation of restriction assay has a genetic read-out. 
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Chapter 4: Circumventing the infectivity block of hyper-stable cores by perturbing 

interactions with host cellular proteins 

 

4.1. Introduction 

 

The dependence of retroviral replication on cell division was first described in the late 1950s 

(Rubin & Temin 1959). Retroviruses of different classes, however, display varying ability to 

infect non-dividing cells. Gammaretroviruses, such as MLV, are dependent on mitosis for 

gaining access to host chromatin and thus cannot replicate in non-proliferating cells (Rubin & 

Temin 1959). On the other hand, lentiviruses - including HIV - are adept at infecting such cells 

(Bukrinsky et al. 1992; Yamashita & Emerman 2004; Yamashita et al. 2007). 

 

Capsid appears to play a pivotal role in the ability of HIV to gain nuclear entry in non-dividing 

cells. Chimeric viruses in which HIV-1 CA/MA has been replaced with MLV CA/p12/MA are 

poorly infectious and mutations in CA have been observed to alter infectivity phenotypes in 

arrested cells (Yamashita & Emerman 2004; Yamashita et al. 2007). 

 

Host cellular factors appear to be utilised by HIV to facilitate its nuclear entry. In 1992, a study 

showed that nuclear transport of HIV-1 is energy dependent, suggesting a role for host factors 

in this process (Bukrinsky et al. 1992). In recent years, a number of siRNA knock down and 

cDNA expression screens identified candidate HIV-1 interaction partners (König et al. 2008; 

Brass et al. 2008; Lee et al. 2010). Subsequently, many of these cellular proteins have been 

validated in structural and functional studies.  

 

A number of host proteins have been genetically and functionally linked to CA, including the 

three proteins described in this chapter: CPSF6, Nup153 and CypA. There appears to be a 

certain amount of redundancy in pathways utilised by HIV, as mutations in CA can alter host 

factor dependence  (Lee et al. 2010; Di Nunzio et al. 2013; Saito et al. 2016). Additionally, 

mutations in CA can lead to changes in integration site selection (Schaller et al. 2011; Koh et 

al. 2012; Sowd et al. 2016; Saito et al. 2016) 

 

As described in the literature and in chapter 3, increasing the stability of the viral core results 

in diminished infectivity. In a study by Yang et al, infectivity of hyper-stable mutant E45A was 
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partially ‘rescued’ by a compensatory mutation at residue R132 following serial passage in 

CEM T cells (Yang et al. 2012).  However, this did not correlate with a change in in vitro core 

stability. Additionally, a recent study showed that mutants E45A and E45A/R132T had 

comparable stiffness values as measured by atomic force spectroscopy of CA assemblies 

(Ramalho et al. 2016). A possible explanation for the infectivity rescue is that alteration of 

interactions with host factors leads to changes in nuclear entry, thus overcoming barriers to 

infectivity. 

 

The hyper-stable mutants characterised in chapter 3 displayed a replication defect between late 

reverse transcription and 2-LTR circle production suggestive of an impaired ability to enter the 

nucleus. It was hypothesised that infectivity of these mutant HIV-1 VLPs could potentially be 

increased by altering interactions with host proteins and thus re-routing to alternative nuclear 

entry pathways. In this chapter, a targeted approach was taken to see whether perturbing known 

interactions with CA-binding cellular proteins could increase the infectivity of the hyper-stable 

mutant A14C/E45C. 

 

 
4.2. Investigating cell cycle dependency in hyper-stable cores  

 

4.2.1. Hyper-stable CA mutants are impaired for infectivity in differentiated monocytes  

 

Through its ability to cross the nuclear envelope in non-dividing cells, HIV-1 is able to infect 

terminally differentiated macrophages and resting memory CD4+ T cells (Gartner et al. 1986; 

Koenig et al. 1986; Chomont et al. 2009; Iglesias-Ussel et al. 2013). Macrophages are thought 

to be more prohibitive to HIV-1 infection than CD4+ T cells, likely in part due to the expression 

of SAMHD1 (Koppensteiner & Wu 2012). However, they still represent a significant subset of 

infected cells. In addition, some macrophages have long-life spans and are often found in 

difficult to reach anatomical locations (Koppensteiner & Wu 2012). Consequently, they may 

represent an important reservoir in patients, including those on anti-retroviral drugs (Igarashi 

et al. 2001; Araínga et al. 2017) 

 

To test the ability of the stability mutants in chapter 3 to infect ‘macrophage-like’ cells, the 

U937 monocyte cell line was differentiated in culture. Briefly, the cells were treated for 72 

hours with PMA to induce differentiation. Proliferating and differentiated U937 cells were 
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infected with VSV-G pseudotyped GFP-reporter HIV-1 VLPs. The percentage of transduced 

cells was determined 48-72 hours later by flow cytometry. The infectivity of the mutants 

relative to WT was calculated for each of the cell lines (Fig. 4.1).  

 

For the first CA mutant stability panel in chapter 3, with the exception of mutant 

P207C/T216C, all mutants exhibited significantly impaired infectivity compared to WT in both 

proliferating and differentiated U937 cells (Fig. 4.1A). The hypo-stable control mutant, P38A, 

was the only virus to show an appreciable difference (~4-fold decrease) between the two cell 

lines (Fig. 4.1A). The infectivity of hyper-stable mutant A14C/E45C was <1% in both cell 

types, whilst mutant M68C/E212C was non-infectious (Fig. 4.1A).  

 

From the second CA stability mutant panel in chapter 3, only mutants E180C and V181C 

displayed residual infectivity in both cell lines above the no virus control: the remaining 

mutants were non-infectious (Fig. 4.1B). In contrast to P38A in Figure 4.1A, there was no 

difference in infectivity between proliferating and differentiated U937 cells for hypo-stable 

mutant V181C (Fig. 4.1B).  
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Figure 4.1. Effect of CA mutations on HIV-1 VLP infectivity in cycling vs differentiated 

U937 cells. Cycling and PMA-differentiated U937 cells were infected with GFP-reporter VLPs 

normalised based on their RT activity. The percentage of GFP positive cells was measured by 

flow cytometry 72h post-infection. The data is shown as mean ± SEM, from at least three 

independent experiments. CA mutants from panel 1 (Chapter 3, section 3.2) are shown in (A) 

and mutants from panel 2 (Chapter 3, section 3.3) in (B). Unpaired T tests were performed to 

determine the statistical significance of observed differences in infectivity between cycling and 

differentiated U937 cells (***- P ≤ 0.001;  *- P ≤ 0.05).The remaining mutants did not show a 

statistical difference between cycling and differentiated U937 cells. 
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4.2.2.  Hyper-stable CA mutants demonstrate cell cycle dependency 

 

Treatment of U937 cells with 100nM PMA for 48h has been shown to significantly increase 

the number of cells in G0/G1; however, as well as partial cell cycle arrest, U937 differentiation 

also causes other cellular changes that might influence infectivity (Cui et al. 2005). To 

investigate cell cycle dependency more directly, HeLa cells were pharmacologically arrested 

at the G1/S boundary by treatment with aphidicolin (Pedrali-Noy et al. 1980). To confirm arrest 

efficacy, cells were treated with 2ug/mL aphidicolin and harvested at various time points for 

flow cytometric analysis (Fig. 4.2). The arrest was rapid and there was clear loss of the G2/M 

peak in arrested cells between the 0 h and 4 h/8 h time points (Fig. 4.2A). After 24h aphidicolin 

treatment, cells were infected with equivalent (normalised by RT ELISA) quantities of VSV-

G pseudotyped HIV-1 GFP-reporter VLPs. At the time of infection, only 1.38% cells were in 

G2 as calculated by the Watson Pragmatic model (Prism) (Fig. 4.2B). Cells were harvested 36h 

post-infection for analysis by flow cytometry and aphidicolin was included in the culture 

medium throughout.  

 

To confirm cell cycle blockade, aphidicolin media was removed after 24h and fresh untreated 

media added. The cells were predominantly in G2/M phase 8h post-washout, confirming that 

they had been blocked from entering mitosis by aphidicolin and were now transitioning through 

the cell cycle (Fig. 4.2C) 
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Figure 4.2. Arresting HeLa cells at the G1/S boundary by aphidicolin treatment. HeLa 

cells were treated with 2µg/ml of aphidicolin for 0h, 4h, 8h (A) and 24h (B) and cell cycle 

arrest was monitored by flow cytometry following propidium iodide staining. The fraction of 

cells in each stage of the cell cycle was estimated using the Watson Pragmatic model (Prism). 

The G1/S block was confirmed by removing aphidicolin and allowing cells to progress through 

the cell cycle. Cells harvested 8h after aphidicolin removal are shown in (C).  
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In the literature, there is no clear correlation between core stability/uncoating kinetics and cell 

cycle dependency. For example, mutants P38A and T54A/N57A have both been shown to 

display early uncoating kinetics (Shi & Aiken 2006; Cosnefroy et al. 2016; Yamashita et al. 

2007). However, whilst P38A showed similar infection efficiency in both dividing and non-

dividing cells, T54A/N57A was significantly impaired in non-dividing cells (Yang et al. 2012; 

Qi et al. 2008). Similar discrepancy is reflected in mutants with hyper-stable cores/delayed 

uncoating: whilst mutants E45A and Q63A/Q67A were shown to be impaired for infection of 

arrested cells, mutant E128A/R132A remarkably showed an increase in infectivity (Yamashita 

et al. 2007; Yang et al. 2012).  

 

The infectivity phenotypes for the hyper-stable mutants identified in chapter 3 were determined 

in aphidicolin-arrested HeLa cells and compared to a DMSO cycling control (Fig. 4.3). As 

previously observed, mutant M68C/E212C was non-infectious (infectivity values were similar 

to the no virus control) (Fig. 4.3). Mutants A14C/E45C and E180C both showed a decrease in 

infectivity in arrested cells (relative to the change seen in WT) of ~3-4 fold (Fig. 4.3). To 

measure the statistical significance of this difference, an unpaired T-test was performed. The 

differences were not significant (P values >0.05) although this may reflect the small number 

of samples. 
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Figure 4.3. Effect of stabilising CA mutations on VLP infectivity in cycling vs G1/S 

arrested HeLa cells. Cycling and G1/S-arrested HeLa cells were infected with GFP-reporter 

VLPs normalised based on their RT activity. Cells were arrested by treatment with 2µg/ml of 

aphidicolin for 24h before addition of VLPs. Aphidicolin was maintained in the culture media 

throughout infection. The percentage of GFP positive cells was measured by flow cytometry 

36h post-infection. The data is shown as mean ± SEM, from at least three independent 

experiments.  
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As mutants A14C/E45C and E180C displayed infectivity values below 10% relative to WT 

VLPs, an additional single cell cycle reporter assay was performed. Rather than using GFP-

reporter VLPs, VSV-G pseudotyped LacZ-reporter HIV-1 VLPs were utilised. LacZ activity 

of transduced cells was measured by luminescence quantification post-lysis. Given the small 

infectivity values seen for mutants A14C/E45C and E180C in Figure 4.3, it was hoped that the 

increased dynamic range of the LacZ detection system would confirm the cell cycle 

dependency. In addition, cell cycle dependency for some CA mutants has been shown to vary 

depending on cell type infected, with differences observed between HeLa and other cell types  

(Ylinen et al. 2009; Yamashita et al. 2007). Thus, 293T cells were arrested with aphidicolin 

and used for the infectivity assays with LacZ-reporter VLPs. Propidium iodide staining at 24h 

post-drug treatment confirmed cell cycle arrest with 0% G2 cells in aphidicolin cells as 

calculated by the Dean-Jett-Fox model (Prism) (Fig. 4.4A). For mutants A14C/E45C and 

M68C/E212C a ~2-3-fold decrease in relative infectivity was seen in arrested cells but the 

overlapping error bars and high background should be noted (Fig. 4.4B) 

 

 



	 116	

 
Figure 4.4. Effect of stabilising CA mutations on VLP infectivity in cycling vs G1/S 

arrested 293T cells. 293T cells were arrested by treatment with 2µg/ml of aphidicolin for 24h 

before addition of VLPs. (A) Cell cycle arrest was confirmed by propidium iodide staining and 

flow cytometry. (B) Cycling and G1/S-arrested 293T cells were infected with LacZ-reporter 

VLPs normalised based on their RT activity. Aphidicolin was maintained in the culture media 

throughout infection. Cells were lysed 36h post-infection and LacZ activity was measured 

using a chemiluminescent assay. The data is shown as mean ± SEM, from at least three 

independent experiments.  
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4.2.3. The block to infectivity in non-dividing cells is post-nuclear entry 

 

In section 4.2.2, the hyper-stable mutants A14C/E45C and M68C/E212C displayed modest 

defects in their ability to infect non-dividing cells. A potential explanation for this would be 

that hyper-stable cores are unable to properly uncoat and are thus impaired for traversing the 

nuclear envelope but during mitosis some particles can enter the nucleus when the nuclear 

envelope breaks down. To test this hypothesis, 293T cells were arrested with aphidicolin for 

24h prior to infection with equivalent quantities of VSV-G pseudotyped HIV-1 VLPs. Cells 

were maintained in aphidicolin and harvested 24h post-infection. The number of 2-LTR circles, 

a marker of nuclear entry, was determined by qPCR. 

 

In Figure 4.5, 2-LTR production relative to WT is shown in both cycling (DMSO) and arrested 

cells. The mean values for 2-LTR production in the DMSO control cells were similar to that 

seen in untreated cycling cells (Figures 3.8 and 3.17C) with the mutants A14C/E45C and 

E180C displaying an ~4-5-fold defect compared to WT. Interestingly, mutants A14C/E45C 

and E180C produced similar amounts of 2-LTR products in both arrested cells and cycling 

cells (Fig. 4.5). Although there appears to be a decrease in 2-LTR circles for mutant 

M68C/E212C in arrested cells, the raw data values were very low (<10 copies) making it 

difficult to interpret the significance of this finding. In addition,  an unpaired T test showed no 

statistical decrease  (P values >0.05).  

 

These findings indicate that the modest decreases seen in infectivity in arrested cells in section 

4.2.2 might be caused by post-nuclear entry block(s). Interestingly, it has also previously been 

described that hyper-stable core mutant, E45A, exhibits only a modest reduction in 2-LTR 

circles upon cell cycle arrest (Yamashita et al. 2007). 
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Figure 4.5. Effect of stabilising CA mutations on 2-LTR circle synthesis in cycling vs G1/S 

arrested 293T cells. Cycling and G1/S-arrested 293T cells were infected with LacZ-reporter 

VLPs normalised based on their RT activity. 293T cells were arrested by treatment with 2µg/ml 

of aphidicolin for 24h before addition of VLPs. Aphidicolin was maintained in the culture 

media throughout infection. At 24h post-infection cells were harvested for DNA extraction. 

The relative amounts of 2-LTR circle products were then measured by qPCR. Treatment with 

Nevirapine (Nev, 10µM) was performed to inhibit reverse transcription of WT VLPs as a 

negative control for 2-LTR circle synthesis. Data is shown as mean ± SEM, from at least three 

independent experiments. 
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4.3. Investigating the effect of perturbing CPSF6/Nup153 interactions on infectivity of 

a hyper-stable mutant 

 

4.3.1. Designing mutations in the CPSF6/Nup153 binding pocket  

 

As described in the introduction, Yang et al showed that a compensatory mutation, R132T, 

could partially ‘rescue’ the infectivity of the hyper-stable core, E45A (Yang et al. 2012). 

Analysis of the cryo-EM MDFF model (PDB ID: 3J34) showed that residue 132 was not 

obviously located at a particular lattice interface (Zhao et al. 2013). However, it was on an 

exposed surface of the lattice near the CPSF6/Nup153/PF74 binding site. Thus, it is possible 

that R132T rescues infectivity by altering interactions with host factors rather than changing 

core stability or uncoating kinetics. Evidence supporting this hypothesis, include: 

(I) Infectivity rescue does not correlate with changes in in vitro stability or changes in 

the stiffness of in vitro CA assemblies (Yang et al. 2012; Ramalho et al. 2016) 

(II) E45A mutant shows cell cycle dependency but this is alleviated by addition of 

R132T (Yamashita et al. 2007; Yang et al. 2012) 

(III) Mutant E45A displays reduced sensitivity to PF74 inhibition but this alleviated by 

mutant R132T (Shi et al. 2011; Yang et al. 2012). However, isolated E45A cores 

appear to bind PF74 similarly to WT so the relationship is complex (Shi et al. 2011) 

(IV) Addition of R132T mutation changes viral RNA staining kinetics of mutant E45A 

(Xu et al. 2013) 

 

It has been shown that CPSF6 and Nup153 share a common CA binding site, albeit with 

differences in binding interactions (Price et al. 2014; Bhattacharya et al. 2014; Matreyek et al. 

2013). The binding site includes the NTDs of adjacent CA monomers and extends to include 

the NTD-CTD interface. Residues were chosen that have been implicated structurally and/or 

functionally in CPSF6/Nup153 binding. In Table 4.1, the residues mutated are listed along with 

their location, published information and their predicted effect on CPSF6 or Nup153 binding. 

The location of the residues mutated are shown in Figure 4.6, which displays hexameric CA 

co-crystallised with either CPSF6 or Nup153 (Fig. 4.6).  
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CA 

mutation 
Location Comments Predicted effect 

S41Q 
• Monomer 

2, Helix 2 
• N/A 

• Nup153 

disruption/clash 

S41R 
• Monomer 

2, Helix 2 
• N/A 

• Nup153 

disruption/clash 

N57D 
• Monomer 

1, Helix 3 

• Cell cycle dependent (Matreyek et al. 2013) 

• Reduced binding and resistance to TRIM-Nup153C (Matreyek et al. 2013) 

• Sensitivity to TRIM-CPSF6358 restriction (Matreyek et al. 2013) 

• CPSF6 & Nup153 

disruption 

N57E 
• Monomer 

1, Helix 3 
• N/A 

• CPSF6 & Nup153 

disruption/clash 

Q67R 
• Monomer 

1, Helix 4 
• N/A • CPSF6 clash 

K70A 
• Monomer 

1, Helix 4 

• Reduced infectivity in MAGIC assay (von Schwedler et al. 2003) 

• Reduced in vitro cylinder formation and reduced in vivo cone formation  

• Independence from TNPO3 and Nup358 (Price et al. 2012) 

• Reduced binding to CPSF6 peptide and resistance to CPSF6-358 restriction (Price et al. 2012) 

• Cell cycle independence (Yamashita et al. 2007) 

• CPSF6 and 

Nup153 disruption 

N74A 
• Monomer 

1, Helix 4 

• Reduced infectivity in MAGIC-5 assay (von Schwedler et al. 2003) 

• Partial cell cycle dependency (Matreyek et al. 2013) 

• Resistance to TRIM-CPSF6358 and partial resistance to TRIM-Nup153C  (Matreyek et al. 2013) 

• Impaired trafficking and nuclear distribution (Chin et al. 2015) 

• CPSF6 loss of 

binding interaction 

N74D 
• Monomer 

1, Helix 4 

• Inhibits binding to CPSF6 (Lee et al. 2010; Price et al. 2012) 

• Requirement for Nup85/Nup155/Nup160 but not TNPO3/Nup153/Nup358 in HeLa cells (Lee et al. 2010) 

• Requirement for Nup153 but not Nup98 in Jurkat cells (Di Nunzio et al. 2013) 

• N/A 
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CA 

mutation 
Location Comments Predicted effect 

• Resistance to TRIM-CPSF6358 restriction but not TRIM-Nup153C (Matreyek et al. 2013) 

• Cell cycle independent (Lee et al. 2010; Matreyek et al. 2013) 

• Increased sensitivity to nevirapine (Ambrose et al. 2012) 

• Impaired infection of primary macrophages (Ambrose et al. 2012; Saito et al. 2016; Rasaiyaah et al. 2013) 

• Impaired infectivity in macrophages correlated with reduced reverse transcription efficiency and impaired nuclear 

entry (Ambrose et al. 2012; Stultz et al. 2017) 

• Conflicting reports for activation of innate immune activation in macrophages (Rasaiyaah et al. 2013; Saito et al. 

2016; Setiawan et al. 2016) 

• Retargeted integration (Schaller et al. 2011; Koh et al. 2012; Sowd et al. 2016) 

• Delayed uncoating in CsA washout assay (Hulme et al. 2014) 

• Capsid not present in nucleus (Zhou et al. 2011; Chen et al. 2016) 

A77V 
• Monomer 

1, Helix 4 

• Reduced binding to CPSF6; independence from TNPO3, Nup153 and Nup358 (Saito et al. 2016) 

• Retargeted integration (Saito et al. 2016) 

• Infectious in primary macrophages and CD4+ T cells but fitness disadvantage in humanised mice (Saito et al. 2016) 

• N/A 

N139D 
• Monomer 

2, Helix 7 
• N/A 

• Nup153 

disruption/clash 

N139E 
• Monomer 

2, Helix 7 

• N/A  

 

• Nup153 

disruption/clash 

R173A 
• Monomer 

2, Helix 8 

• Reduced binding of PF74 (Bhattacharya et al. 2014) 

• Reduced binding of pharmacological inhibitor I-XW-053 (Kortagere et al. 2012) 

• Diminished infectivity in U87 cells (Kortagere et al. 2012) 

 

• Nup153 loss of 

binding interaction 
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Table 4.1. CA mutations designed to perturb CPSF6 and Nup153 binding. The residues for mutagenesis were selected based on available 

structural and functional data. The mutants produced are listed along with their location in the crystal structure, comments based on a literature 

survey and their predicted effect on CPSF6/Nup153 binding. 
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Figure 4.6. Co-crystal structures of CPSF6 and Nup153 in complex with CA. Cartoon 

representation of two CA monomers in complex with CPSF6313-327 peptide (A) and Nup1531407-

1423 (B). Monomer 1 is shown in dark green and monomer 2 in light green. Residues that were 

mutated are shown in stick form and coloured yellow (monomer 1) and pink (monomer 2). 

Adaptations of images produced by Ian Taylor based on X-ray crystal structures of CA 

hexamers in complex with CPSF6313-327 (PDB ID: 4U0A) and Nup1531407-1423 (PDB ID: 4U0C) 

(Price et al. 2014). 
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4.3.2. Mutations that perturb CPSF6 binding do not affect infectivity in a range of cell 

types 

 

Mutations in CA in the p8.91 Gag-Pol vector were made as previously described. Two mutants, 

S41R and Q67R, showed partial defects in VLP production as measured by RT ELISA assays 

(Fig. 4.7). Infectivity of GFP-reporter CA mutant VLPs were then tested in two adherent and 

two suspension cell lines. Three of the mutants, Q67R, K70A and R173A, were severely 

defective in infectivity with values >87-fold less than WT in all cell lines tested (Fig. 4.8). In 

contrast, three other mutants, N74A, N74D and A77V, showed no impairment in infectivity 

(Fig. 4.8). Indeed, in HeLa cells the infectivity of these mutants was ~2-fold higher than WT 

(Fig. 4.8B). This improvement in infectivity has been seen previously for mutants N74D and 

A77V (Saito et al. 2016; Ambrose et al. 2012; Lee et al. 2010). Residue N57 has been shown 

to be a key component of CPSF6 and Nup153 binding and showed a decrease in infectivity 

relative to WT of ~7-fold and  ~39-fold in HeLa and U937 cells respectively (Fig. 4.8B&D) 

(Price et al. 2014).  

 

Mutations implicated primarily in CPSF6 binding (i.e. N74A, N74D and A77V) were 

infectious in all cell lines. In contrast, mutations that were predicted to prevent Nup153 or both 

Nup153 and CPSF6 binding resulted in impaired infectivity, highlighting the importance of 

Nup153 in HIV-1 infection.  
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Figure 4.7. VLP production of CPSF6 and Nup153 binding CA mutants. GFP-reporter 

HIV-1 mutant VLPs were produced by transient transfection in 293T cells and relative VLP 

titres were quantified by measurement of viral reverse transcriptase (RT) activity using an RT 

ELISA. The data shows the activity of mutant VLPs relative to WT as mean ± SEM, from at 

least three independent experiments.  
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Figure 4.8. Effect of CA mutations that impair CPSF6 and Nup153 binding on VLP 

infectivity. 293T (A), HeLa (B), SupT1 (C) and U937 (D) cells were infected with GFP-

reporter WT and CA mutant VLPs normalised based on their RT activity. The percentage of 

GFP positive cells was measured by flow cytometry 72h post-infection. The data is shown as 

mean ± SEM, from at least three independent experiments.  
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4.3.3. CPSF6 binding mutations partially compensate for the infectivity defect of a 

hyper-stable mutant 

 

Based on the infectivity results of the single CPSF6/Nup153 binding mutants, the most 

infectious mutants were chosen to combine with the intra-hexamer hyper-stable core mutant 

A14C/E45C. This mutant was chosen as it had some residual infectivity (~3% relative to WT 

in HeLa and 293T cells) and like mutant E45A is also located at the NTD-NTD interface. 

Mutagenesis, virus production and infectivity assay were performed as previously described. 

None of the mutants showed a defect in virus production as measured by RT ELISA (Fig. 4.9).  

 

Mutant A14C/E45C/N139D resulted in a non-infectious virus in all cell lines (Fig. 4.10). 

Interestingly, three mutations, N74A, N74D and A77V, were able to increase the infectivity of 

the A14C/E45C hyper-stable core in all four cell lines (Fig. 4.10). The infectivity compensation 

of A14C/E45C with these three mutations was: ~ 4 to 7-fold (293T); ~3 to 5-fold (HeLa); ~3 

to 10-fold (SupT1) and 5 to 14-fold (U937).  With the exception of HeLa cells, the 

compensation was most pronounced with mutant N74D in the cell lines tested. These three CA 

mutations have been structurally and functionally linked with impaired CPSF6 interaction (Lee 

et al. 2010; Matreyek et al. 2013; Price et al. 2014; Saito et al. 2016).  

 

The remaining mutations had little effect on the infectivity of the hyper-stable core mutant, 

with similar infectivity values to A14C/E45C alone in all cells tested (Fig. 4.10) 
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Figure 4.9. VLP production of putative infectivity compensation mutants. GFP-reporter 

HIV-1 mutant VLPs were produced by transient transfection in 293T cells and relative VLP 

titres were quantified by measurement of viral reverse transcriptase (RT) activity using an RT 

ELISA. The data shows the activity of mutant VLPs relative to WT as mean ± SEM, from at 

least three independent experiments. 
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Figure 4.10. Effect of CA mutations that impair CPSF6 and Nup153 binding on hyper-

stable A14C/E45C VLP infectivity. 293T (A), HeLa (B), SupT1 (C) and U937 (D) cells were 

infected with GFP-reporter WT and mutant VLPs normalised based on their RT activity. The 

percentage of GFP positive cells was measured by flow cytometry 72h post-infection. The data 

is shown as mean ± SEM, from at least three independent experiments.  
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4.3.4. Compensatory mutations do not alter the stability of the hyper-stable core 

 

As described above, the rescue of hyperstable mutant E45A with R132T was not shown to be 

correlated with an observable change in in vitro stability or lattice stiffness (Yang et al. 2012; 

Ramalho et al. 2016). As these studies were performed in vitro it was possible that the rescue 

of infectivity was still the result of changes in in vivo core stability. For example, CPSF6 and 

CypA have been suggested to alter stability of the viral core in cells (Hori et al. 2013; Setiawan 

et al. 2016; Liu et al. 2016). 

 

To determine whether the rescue of A14C/E45C infectivity seen in Figure 4.10 was caused by 

a destabilising effect of the compensatory mutations (i.e. N74A, N74D and A77V) on the 

hyper-stable core, an in vivo FoC was performed as previously described. At both 2h and 20h 

the stabilities of all three triple mutants were similar to the hyper-stable core on its own (Fig. 

4.11).  

 

These results suggested that changes in stability were not responsible for the infectivity rescue, 

although it should be noted that this assay is unable to determine subtle changes in stability. 

Additionally, the FoC assay does not give information on the mechanism and extent of 

uncoating. This may be important as CA mutants E45A  and E45A/R132T were shown to have 

altered dye uptake in a microscopy assay, perhaps indicating altered uncoating mechanisms 

(Xu et al. 2013) 
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Figure 4.11. Effect of CA mutations that rescue A14C/E45C infectivity on ‘in vivo’ core 

stability. Viral core stability in infected HeLa cells was assessed by performing ‘Fate-of-

Capsid’ (FoC) assays. Cells were infected with WT and CA mutant VLPs normalised based on 

their RT activity, and lysed 2h and 20h post-infection. The lysates were centrifuged through a 

sucrose cushion to separate viral CA into free (soluble, S) and latticed (pellet, P) fractions. The 

amount of CA in each fraction was compared to the input i.e. whole cell lysate (I) by western 

blotting using an anti-CA mouse monoclonal antibody. Mutants with higher P/S ratios 

compared to WT were deemed ‘hyper-stable’. (A)-(C) Representative blots of FoC assays 

comparing WT virus to mutants. Addition of mutations N74A (A), N74D (B) and A77V (C) 

to WT or A14C/E45C mutants are shown. The blots are representative of two, three and one 

independent assays in (A), (B) and (C) respectively.
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4.3.5. CPSF6 and Nup153 binding mutants show varied infectivity phenotypes in 

differentiated U937 cells 

 

It has been shown that mutant N74D can infect immortalised cell lines but is defective for 

infection in primary macrophages (Ambrose et al. 2012; Saito et al. 2016; Rasaiyaah et al. 

2013). Conversely, mutant A77V was not impaired for infection of primary macrophages 

(Saito et al. 2016).  It was not possible to test primary MDMs in this study and thus 

differentiation of U937 cells was used as an alternative. Infectivity in differentiated U937 cells 

was also used as a surrogate marker for cell cycle arrest. 

 

Firstly, the infectivity of single mutants was tested in both cycling and differentiated cells. 

Mutants N74A and N74D showed an ~2-fold decrease in infectivity in differentiated cells 

relative to the cycling control, whilst mutant A77V showed a negligible decrease (Fig. 4.12A). 

A defect in infectivity in differentiated U937 cells was also observed for mutants S41R, N57D, 

N57E but not S41Q, N139D or N139E (Fig. 4.12A). There was no clear correlation between 

residues structurally implicated with either CPSF6 or Nup153 binding and infectivity 

impairment in differentiated U937 cells. Mutants Q67R, K70A and R173A were essentially 

non-infectious in both cycling and differentiated U937 cells (Fig. 4.12A). 

 

In section 4.3.3, three compensatory mutations (i.e. N74A, N74D and A77V) partially 

increased the infectivity of hyper-stable core mutant A14C/E45C in a range of cell lines. The 

infectivities of the triple mutants were also tested in U937 differentiated cells and compared to 

cycling U937 cells (Fig. 4.12B). Although displaying increased infectivity relative to 

A14C/E45C in cycling U937 cells, A14C/E45/N74A was unable to compensate the infectivity 

defect in differentiated U937 cells (Fig. 4.12B). Mutant A14C/E45C/N74D was able to 

compensate the infectivity defect observed in mutant A14C/E45C by ~14-fold and ~11-fold in 

cycling and differentiated U937 cells respectively (Fig. 4.12B). The compensation observed in 

mutant A14C/E45C/A77V was ~7-fold and ~2.5-fold  in cycling and differentiated U937 cells 

respectively (Fig. 4.12B).  

 

The increased compensation observed for mutant A14C/E45C/N74D in differentiated U937 

cells compared to the other triple mutants suggested that the compensation mechanism of 

CPSF6 binding mutations N74A and A77V was impaired to a greater degree than N74D in 

these cells.



	 134	

 
 

Figure 4.12. Effect of CA mutations that impair CPSF6 and Nup153 binding on WT and 

A14C/E45C VLP infectivity, in cycling vs differentiated U937 cells. Cycling and PMA-

differentiated U937 cells were infected with GFP-reporter VLPs normalised based on their RT 

activity. The percentage of GFP positive cells was measured by flow cytometry 72h post-

infection. The data is shown as mean ± SEM, from three independent experiments. CPSF6 and 

Nup153 binding mutants are shown in (A) and these mutations in combination with 

A14C/E45C are shown in (B). Unpaired T tests were performed to determine the statistical 

significance of observed differences in infectivity between cycling and differentiated U937 

cells (***- P ≤ 0.001; **- P ≤ 0.01; *- P ≤ 0.05). 
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4.3.6. CPSF6 binding mutant N74D restores cell cycle independence of hyper-stable core 

mutant A14C/E45C 

 

In section 4.3.5, the compensatory mutations N74A and A77V were impaired in their ability 

to compensate the infectivity defect of hyper-stable core mutant A14C/E45C in U937 

differentiated cells. To determine whether this was a result of changes to cell cycle dependency, 

infectivity assays were performed in cycling and aphidicolin-arrested HeLa cells as previously 

described using the single and combinatorial mutants. 

 

There was no decrease in mutant N74D infectivity in arrested HeLa cells compared to 

proliferating cells, but an ~9-fold decrease was observed with mutant N74A (Fig. 4.13). These 

results are similar to the previous observations that replication of N74A is cell cycle dependent, 

whilst N74D is largely cell cycle independent (Matreyek et al. 2013). Mutant A77V showed 

an intermediate phenotype with a decrease in infectivity in arrested cells of ~2-fold. The 

combinatorial mutants A14C/E45C/N74A and A14C/E45C/A77V had ~9- and 8-fold 

decreases in infectivity upon cell cycle arrest respectively. Interestingly, the N74D mutation 

removed the cell cycle dependency of the hyper-stable core, with no decrease in infectivity 

observed for mutant A14C/E45C/N74D upon cell cycle arrest (Fig. 4.13). Combined with the 

infectivity data from differentiated U937 cells in section 4.3.5 this suggested that mutations 

N74A and A77V were compensating the hyper-stable core mutant in a cell cycle-dependent 

manner, whilst compensatory mutant N74D was cell cycle independent. 
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Figure 4.13. Effect of CA mutations that impair CPSF6 and Nup153 binding on WT and 

A14C/E45C VLP infectivity, in cycling vs G1/S-arrested HeLa cells. Cycling and G1/S-

arrested HeLa cells were infected with GFP-reporter VLPs normalised based on their RT 

activity. Cells were arrested by treatment with 2µg/ml of aphidicolin for 24h before addition 

of VLPs and aphidicolin was maintained in the culture media throughout infection. The 

percentage of GFP positive cells was measured by flow cytometry 36h post-infection. The data 

is shown as mean ± SEM, from at least three independent experiments. Unpaired T tests were 

performed to determine the statistical significance of observed differences in infectivity 

between cycling and differentiated U937 cells (***- P ≤ 0.001; **-P ≤ 0.01; *- P ≤ 0.05).  
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4.4. Investigating the effect of perturbing CypA interactions on infectivity of a hyper-

stable mutant 

 

4.4.1. Designing mutations that perturb CypA interactions   

 

It has been known for a long time that CypA plays a role in HIV-1 infection but the precise 

nature of its involvement appears to be complex (Section 1.6.4). 

 

The CypA binding loop is situated between helices 4 and 5 of CA with residues G89 and P90 

mediating key interactions  (Gamble et al. 1996; Vajdos et al. 1997; Yoo et al. 1997). It has 

been shown that mutating residues G89 and P90 to valine and alanine respectively, prevent 

CypA binding (Braaten et al. 1996; Yoo et al. 1997). These mutants have been studied in detail 

and some of their known phenotypes are listed in Table 4.2. In this study, the mutations G89V 

and P90A were introduced in to hyper-stable core CA mutant A14C/E45C to see if they were 

able to compensate for the infectivity defect by perturbing interactions with CypA, similarly to 

the observations with the CPSF6 binding mutants in section 4.3.3. The location of the 

mutations are shown on a CA monomer in Figure 4.14. 
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CA 

mutation 
Location Comments 

G89V 
• CypA 

loop 

• Reduced binding to CypA (Braaten et al. 1996; Yoo et al. 1997) 

• Impaired reverse transcription and infectivity in Jurkat  cells (Braaten et al. 

1996) 

• Reduced dependence on Nup358 (Schaller et al. 2011) 

• Altered integration sites (Schaller et al. 2011) 

• Impaired infection of primary macrophages but not HeLa cells (Ambrose et al. 

2012) 

P90A 
• CypA 

loop 

• Reduced binding to CypA (Braaten et al. 1996; Yoo et al. 1997) 

• Impaired reverse transcription and infectivity in Jurkat  cells (Braaten et al. 

1996) 

• Reduced dependence on Nup358 (Schaller et al. 2011) 

• Altered integration sites (Schaller et al. 2011) 

 

Table 4.2. CA mutations designed to perturb CypA binding. The residues for mutagenesis 

were selected based on available structural and functional data. The mutants produced are listed 

along with their location in the crystal structure and comments based on a literature survey. 
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Figure 4.14. The location of CypA mutants on a CA monomer. Cartoon representation of a 

CA monomer structure determined by solution NMR (PDB ID: 2M8N) (Deshmukh et al. 

2013). The residues to be mutated are shown as sticks coloured red (P90) and blue (G89).  
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4.4.2. CypA mutations are unable to compensate the infectivity of hyper-stable core 

mutant A14C/E45C 

 

The CypA mutations were introduced in to the p8.91 Gag-Pol vector by mutagenesis and VLPs 

produced by transfection as previously described. VLP production of the individual mutations 

(i.e. G89V and P90A) was not impaired as determined by RT ELISA (Fig. 4.15). In contrast, 

the combinatorial mutations demonstrated a slight defect (Fig. 4.15). 

 

 
Figure 4.15. VLP production of CypA binding CA mutants. GFP-reporter HIV-1 mutant 

VLPs were produced by transient transfection in 293T cells and VLP titres were quantified by 

measurement of viral reverse transcriptase (RT) activity using an RT ELISA. The data shows 

the activity of mutant VLPs relative to WT as mean ± SEM, from at least three independent 

experiments. 
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Mutations in the CypA loop have been shown to have variable effects on infectivity depending 

on cell type (De Iaco & Luban 2014). The infectivity of the CypA mutant VLPs were assessed 

in two adherent and two suspension cell lines as previously described. Mutant G89V alone was 

defective for replication in all cell lines compared to WT (Fig. 4.16). Interestingly, the smallest 

defect was observed in the T cell line, SupT1 where there was an ~2-fold decrease relative to 

WT (Fig. 4.16C). Mutant P90A alone displayed similar infectivity to WT in all four cell lines 

(Fig. 4.16). When combined with mutant A14C/E45C however, neither G89V or P90A were 

able to compensate infectivity (Fig. 4.16) 

 
Figure 4.16. Effect of CA mutations that impair CypA binding on WT and A14C/E45C 

VLP infectivity. 293T (A), HeLa (B), SupT1 (C) and U937 (D) cells were infected with GFP-

reporter WT and CA mutant VLPs normalised based on their RT activity. The percentage of 

GFP positive cells was measured by flow cytometry 72h post-infection. The data is shown as 

mean ± SEM, from at least three independent experiments.  
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Mutant G89V has been described as being impaired for infection of macrophages (Ambrose et 

al. 2012). To test the infectivity of all mutants in ‘macrophage-like’ cells, U937 cells were 

differentiated as previously described. Mutants G89V and P90A showed an ~2.5-fold and ~4-

fold defect in differentiated U937 cells compared to cycling U937 cells. Neither of these 

mutants were able to compensate the infectivity defect of A14C/E45C in cycling or 

differentiated cells suggesting that perturbing CypA interactions did not alter the fate of the 

hyper-stable core (Fig. 4.17).  

 

 

 
Figure 4.17. Effect of CA mutations that impair CypA binding on WT and A14C/E45C 

VLP infectivity, in cycling vs differentiated U937 cells. Cycling and PMA-differentiated 

U937 cells were infected with GFP-reporter VLPs normalised based on their RT activity. The 

percentage of GFP positive cells was measured by flow cytometry 72h post-infection. The data 

is shown as mean ± SEM, from at least three independent experiments. Unpaired T tests were 

performed to determine the statistical significance of observed differences in infectivity 

between cycling and differentiated U937 cells (**- P ≤ 0.01). 
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4.5. Summary 

 

The hyper-stable core mutants A14C/E45C and E180C both demonstrated cell cycle 

dependency in G1/S arrested cells (Fig. 4.3). This indicated that there was a partial requirement 

for mitosis for their infectivity, perhaps as a result of a defect in crossing the nuclear envelope. 

However, analysis of  2-LTR circles (a surrogate marker of nuclear entry) showed no difference 

between cycling and G1/S arrested cells for mutants A14C/E45C and E180C (Fig. 4.5). This 

suggested that VLPs carrying these mutations were able to traverse the nuclear envelope in 

arrested cells but then encountered an additional mitosis-dependent post-entry block. 

 

Mutations in CA shown to disrupt CPSF6 binding (i.e. N74A, N74D and A77V), were able to 

partially compensate the infectivity defect seen in hyper-stable core mutant, A14C/E45C (Fig. 

4.10). Interestingly, mutations that interfere with Nup153 and CypA binding were unable to 

compensate the infectivity defects, suggesting that this was a CPSF6-specific effect (Fig. 4.10 

& Fig. 4.16) Analysis of the stability of these triple compensation CA mutants showed little 

change in stability relative to A14C/E45C in FoC assays (Fig. 4.11). Impaired CPSF6 binding 

has been shown to change dependency on host cell factors implicated in HIV-1 infection and 

thus it is possible that the triple compensation mutants were entering the nucleus via a CPSF6-

independent pathway. Mutant A14C/E45C/N74D showed a differing cell cycle dependency in 

G1/S arrested cells to A14C/E45C/N74A and A14C/E45C/A77V suggestive of differences in 

the mechanism of compensation (Fig. 4.13). 
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Chapter 5: Investigating the cellular localisation of hyper-stable cores and their 

interactions with host proteins by microscopy 

 

5.1. Introduction 

 

There has been increasing evidence that CA plays a role(s) in post-nuclear entry steps. 

Evidence for this includes: 

(I) CA interactions with host proteins appear to direct the viral complex to particular 

areas of chromatin for integration (Sowd et al. 2016; Schaller et al. 2011) 

(II) Mutations in CA confer resistance to C-A1, a drug that appears to block integration 

at a post-nuclear entry step (Chen et al. 2016; Vozzolo et al. 2010) 

(III) CA-binding drugs PF74 and BI-2 appear to inhibit infectivity at time points post 

core uncoating and reverse transcription as determined using CsA washout and drug 

addition assays  (Hulme et al. 2015) 

(IV) CA has been visualised by microscopy as part of viral nuclear complexes (Hulme 

et al. 2015; Chin et al. 2015; Peng et al. 2014) 

 

Mechanisms for the role(s) of CA in the nucleus remain elusive. A number of studies indicate 

that the interaction of CA with CPSF6 may be important. It has been hypothesised that CPSF6, 

through its interaction with karyopherin TNPO3, may direct viral complexes from the 

cytoplasm to gene-rich/actively transcribing areas of chromatin. Evidence for this includes: 

(I) CPSF6 is a predominantly nuclear protein and contains an NLS (Lee et al. 2010; 

De Iaco et al. 2013; Fricke, Valle-Casuso, et al. 2013) 

(II) Cytoplasmic CPSF6 has been shown co-localised with viral complexes (Peng et al. 

2014) 

(III) CA mutants that are defective for CPSF6 binding lose dependence on TNPO3, 

Nup153 and Nup358 for infectivity (Lee et al. 2010; Di Nunzio et al. 2013; Saito et 

al. 2016)  

(IV) CPSF6 knock-out changes integration site selection (Sowd et al. 2016) 

(V) CPSF6 depletion reduces the nuclear entry of viral complexes (Chin et al. 2015) 

(VI) TNPO3 knockdown results in the cytoplasmic accumulation of CPSF6 (De Iaco et 

al. 2013) 
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In chapter 3, hyper-stable core mutants A14C/E45C and E180C had ~4-fold defects in 2-LTR 

circle production compared to WT in cycling cells. In chapter 4, there was no difference in 2-

LTR circle production between cycling and arrested cells, whilst both mutants demonstrated 

partial cell cycle dependency in terms of infectivity. This indicated that there was an additional 

post-nuclear entry block to replication of these mutants.  

 

In the first part of this chapter, the cellular localisation of hyperstable viral cores was 

investigated by confocal microscopy. In the second part of this chapter, a proximal ligation 

assay was optimised to determine whether CA mutants were able to interact with CPSF6. The 

cellular localisation of these interactions was then determined.  

 

 

5.2. Investigating the cellular localisation of a hyper-stable viral core 

 

5.2.1. Viral complexes associate with the nuclear envelope 

 

Mutant Q63A/Q67A, which was previously reported to exhibit hyper-stable cores/delayed 

uncoating, was shown to be partially impaired for nuclear entry as measured by 2-LTR circles 

(Dismuke & Aiken 2006; Yamashita et al. 2007). A recent paper has used a microscopy 

approach involving the incorporation of EdU to confirm 2-LTR circle data that this mutant was 

defective for nuclear entry (Stultz et al. 2017). In chapter 3, mutant A14C/E45C was hyper-

stable in the FoC assay. As described at the beginning of the chapter (section 5.1), this mutant 

appeared to have both pre- and post-nuclear entry blocks to infectivity. Confocal microscopy 

was used to investigate the cellular location of hyper-stable core mutant, A14C/E45C.  

 

VLPs with the A14C/E45C CA mutations were made by transfection of the p8.91 Gag-Pol 

vector in 293T cells as previously described. An additional GFP-Vpr vector construct was 

included in the transfection. GFP-Vpr has been shown to package in to virions and has been 

used as a marker of the viral PIC (McDonald et al. 2002; Campbell et al. 2007; Hulme et al. 

2011). For microscopy, HeLa cells plated on coverslips were infected with equivalent RT units 

(as measured by an RT ELISA) of VSV-G pseudotyped p8.91-HIV-1 VLPs labelled with GFP-

Vpr. Cells were fixed, permeabilised and stained for CA and lamin-B1 at 2h and 20h post-

infection (i.e. the same time points as the FoC assays). The lamin-B1 stain was used instead of 
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DAPI to accurately delineate the nuclear envelope. Longitudinal stacks of confocal images (Z-

series) were acquired for each infection for 3-dimensional analysis. 

 

In the 2h WT sample, co-localised CA + GFP-Vpr puncta were seen associated with lamin-B1 

(Fig. 5.1A). In addition, there appeared to be some CA + GFP-Vpr dots inside the nucleus. It 

was surprising to see viral complexes inside the nucleus at 2h but this may correspond to cells 

that just exited or were about to enter mitosis. At 20h, fewer peri-nuclear CA+GFP-Vpr dots 

were observed (Fig. 5.1B). Assuming that the CA stained is core associated CA (rather than 

free CA) this may be the result of completion of uncoating prior to integration and/or cellular 

breakdown of viral complexes. For mutant A14C/E45C, there were numerous CA + GFP-Vpr 

puncta associated with lamin-B1 at 2h (Fig. 5.1C). However, there were no puncta clearly in 

the nucleus. Unlike WT however, at 20h, it was still possible to see CA + GFP-Vpr dots 

associated with lamin-B1 (Fig. 5.1D). This persistence of CA + GFP-Vpr dots might reflect 

the increased stability of the A14C/E45C core and delayed uncoating. 

 

For both WT and A14C/E45C, viral complexes remained near the nuclear periphery. This is in 

agreement with a study by Marini et al. that showed HIV-1 tended to integrate in to actively 

transcribing areas of chromatin near nuclear pores (Marini et al. 2015). 
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Figure 5.1. Visualisation of viral complexes in HeLa cells by confocal microscopy. HeLa 

cells were infected with normalised (by RT ELISA) quantities of VSV-g pseudotyped WT and 

CA mutant HIV-1 VLPs labelled with GFP-Vpr. Cells were fixed at 2h (A) &(C) or 20h (B) 

& (D) and stained with an anti-CA monoclonal antibody and anti-lamin-B1 polyclonal 

antibody. Images were acquired with an 100X 1.46NA objective using a confocal microscope 

(SP5, Leica). Image analysis was performed using Fiji. The top panel of each section shows an 

image acquired at the approximate nuclei mid-points at 1xzoom. An area of cells was selected 

(white box) and a longitudinal Z-series performed at 2xzoom, with a representative slice shown 

in the bottom panel. (A) WT, 2h. (B) WT, 20h. (C) Mutant A14C/E45C, 2h. (D) Mutant 

A14C/E45C, 20h.  
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5.2.2. Localisation of hyper-stable viral cores in arrested cells  

 

In 5.2.1, mutant A14C/E45C was seen to co-localise with lamin-B1 at both 2h and 20h, 

suggestive of accumulation at the nuclear envelope. This mutant was shown to be partially cell 

cycle dependent in section 4.2. Its cellular localisation was also thus determined in arrested 

cells. The assays were performed as described in section 5.2.1 but cells were pre-treated with 

DMSO (control) or aphidicolin for 24h before infection. The cells were harvested 6h post-

infection and analysed by microscopy (Fig. 5.2).  

 

In the DMSO treated cells, it was possible to see some CA + GFP-Vpr puncta in the nucleus 

with WT VLPs (although these tended to be associated with nuclear envelope invaginations) 

(Fig. 5.2A). In the aphidicolin arrested cells, there were WT CA + GFP-Vpr puncta associated 

with lamin-B1 but no clear puncta in the nucleus (Fig. 5.2B). For mutant A14C/E45C, CA + 

GFP-Vpr dots co-localised with the lamin-B1 similarly in both the cycling and arrested cells 

(Fig. 5.2C & D).  
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Figure 5.2. Visualisation of viral complexes in cycling vs G1/S arrested HeLa cells by 

confocal microscopy. HeLa cells were treated with DMSO (cycling control) or aphidicolin 

24h before infection with normalised (by RT ELISA) quantities of VSV-g pseudotyped WT 

and CA mutant HIV-1 VLPs labelled with GFP-Vpr. Cells were fixed at 6h post-infection and 

stained with an anti-CA monoclonal antibody and anti-lamin-B1 polyclonal antibody. Images 

were acquired with an 100X 1.46NA objective using a confocal microscope (Leica, SP5). 

Image analysis was performed using Fiji. The top panel of each section shows an image 

acquired at the approximate nuclei mid-points at 1xzoom. An area of cells was selected (white 

box) and a longitudinal Z-series performed at 2xzoom, with a representative slice shown in the 

bottom panel. (A) WT, DMSO (B) WT, Aphidicolin. (C) Mutant A14C/E45C, DMSO. (D) 

Mutant A14C/E45C, Aphidicolin. 
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5.3. Optimisation of a proximal ligation assay to investigate interactions between CA 

and host cellular factors 

 

5.3.1. Adaptation of a proximal ligation assay 

 

The data in section 5.2 showed that some A14C/E45C viral complexes were co-localising at 

the nuclear envelope. However, it is important to note that these were qualitative observations 

and open to acquisition bias. Peng et al.  demonstrated that viral complexes co-localised with 

CPSF6 in the cytoplasm (Peng et al. 2014). However, they did not stain for CA. Interactions 

between CA and CPSF6 in the nucleus have not been previously shown. Thus, to visualise 

interactions between CA and CPSF6 and to quantify their localisation in an objective manner 

the Duolink Proximal Ligation Assay (PLA) was employed.  

 

The PLA can be used to look at the cellular co-localisation of different proteins by fluorescent 

microscopy. The proteins of interest are stained with primary antibodies raised in different 

species, before addition of secondary PLUS and MINUS PLA probes against the primary 

antibodies. The PLA probes are conjugated to oligos and if the PLUS and MINUS probes are 

close enough (<40nm), they will be hybridised by additional connecting oligos. Rolling circle 

amplification exponentially increases the amount of DNA. Fluorescent detector probes are then 

able to bind to this amplified DNA (Söderberg et al. 2006; Gullberg et al. 2011). Recently this 

approach has also been used by other laboratories to look at the interaction between HIV-1 CA 

and a number of host proteins including Nup358, microtubule-associated proteins and TRIM11 

(Dharan et al. 2016; Fernandez et al. 2015; Yuan et al. 2016). 

 

The assay was initially set up in 8-well chamber slides, with HeLa cells plated directly into 

each chamber. The open droplet reactions, which are part of the PLA assay protocol, require 

the use of very small volumes of reagent, so it was important to limit the surface area over 

which the droplets could spread. HeLa cells were infected with VSV-G pseudotyped HIV-1 

VLPs using spinoculation to increase membrane adhesion and subsequent infectivity 

(O’Doherty et al. 2000). Unfortunately, the chamber slides were consistently damaged during 

spinoculation (different chamber slides and different speeds were tested) which made it 

impractical to use this approach.  
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As an alternative to spinoculation, the Viromag R/L system was tested to infect cells  (Shamir 

et al. 2014). In this system, VLPs are coated in magnetic particles and then added to cells on 

top of a magnet to increases membrane adhesion. Different volumes of Viromag reagent were 

tested in the presence and absence of serum. This system was more effective in the absence of 

serum (Fig. 5.3A) and improved infectivity ~6- and ~2-fold more than with virus incubation 

and spinoculation respectively (Fig. 5.3B). Unfortunately, although it improved infectivity, the 

Viromag system resulted in ‘dark holes’ in the confocal microscopy images (Fig. 5.3C). This 

was probably caused by the diffraction of light by the magnetic particles. Therefore, this 

approach was also impractical. 

 

As another alternative, 13mm coverslips were prepared with a strip of silicon barrier around 

the outer edge to delimit the surface area. The silicon barrier effectively prevented loss of 

reagent from the cover slip during the open droplet reactions. The 13mm coverslips with the 

barriers were placed in a 24-well-plate, HeLa cells seeded on to them and VLP  spinoculation 

performed as previously described. This method was successful and used in all the experiments 

that followed. After spinoculation infections were allowed to progress for stated lengths of time 

before cells were fixed and stained for CA + CPSF6 localisation using the PLA assay protocol 

(nuclei were stained with DAPI). 
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Figure 5.3. Using the Viromag R/L system to improve infectivity. (A) VSV-G pseusodtyped 

WT HIV-1 GFP-reporter VLPs were pre-treated with varying volumes of Viromag R/L 

Transduction Reagent before infection of 293T cells upon a Viromag magnetic plate. 

Transduction efficiency was measured by flow cytometry 48h post-infection. (B) 293T cells 

were infected with VLPs under different conditions. Spinoculation was performed for 2h at 

1600rpm. (C) HeLa cells were infected with a no virus control without Viromag R/L 

Transduction Reagent (top panel) or VSV-g pseudotyped WT HIV-1 VLPs labelled with GFP-

Vpr pre-treated with Viromag R/L Transduction Reagent (bottom panel). Cells were fixed at 

4h post-infection and stained with an anti-CA monoclonal antibody and DAPI. Images were 

acquired with an 100X 1.46NA objective using a confocal microscope (Leica, SP5). Image 

analysis was performed using Fiji. White arrows indicate ‘magnetic holes.’ 
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5.3.2. Setting up a microscopy analysis work flow 

 

In order to quantify the PLA assay, an automatic analysis work flow was set up. The aim was 

to remove as much bias from the analysis as possible. Firstly, a PLA assay was performed by 

staining for CA and an HA-tagged CPSF6FL construct (see section 5.3.4) following infection 

with HIV-1 WT VLP. Figure 5.4A shows a representative PLA image with puncta representing 

co-localised CA and CPSF6. A wide-field microscope was used to acquire Z-series of >10 

independent fields of view per slide. The images were then deconvolved and a nuclear mask 

created based on the DAPI stain (Fig. 5.4B). Based on the nuclear mask, cell boundaries were 

determined computationally (software developed by David Barry) by taking the midpoints of 

adjacent nuclei (Fig. 5.4C). The location of the foci relative to the centre of the nucleus was 

then determined (Fig. 5.4D) and foci put in to bins dependent on their distance from the nuclear 

envelope (Fig. 5.4E). Software was then used to determine the number of foci per cell, the 

mean intensity of each foci and the distance from the nuclear envelope.  
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Figure 5.4. A work-flow for analysis of PLA puncta. (A)  HeLa cells stably expressing HA-

tagged CPSF6FL were infected with VSV-g pseudotyped WT HIV-1 VLPs. Cells were fixed 

at 8h post-infection and treated with an anti-CA monoclonal and anti-HA polyclonal. The PLA 

protocol was then performed and cells stained with DAPI. Z-series were acquired with an 60X 

1.40NA objective using a widefield microscope (BX61, Olympus). Images were deconvolved 

(Huygens) before image analysis using Fiji. A representative Z-slice shown. (B) A nuclear 

mask was applied to images using Fiji. Foci analysis software developed by David Barry was 

used to draw cell boundaries (C), determine the distance of foci from the nuclei mid-points (D) 

and determine the distance of foci from the nuclear envelope (E).
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5.3.3. CA interacts with CPSF6 in both the cytoplasm and nucleus 

 

Figure 5.5A shows staining for endogenous CPSF6. As has been shown by others CPSF6 is 

predominantly a nuclear protein (Lee et al. 2010; De Iaco et al. 2013; Fricke, Valle-Casuso, et 

al. 2013). To determine the cellular localisation of CA–CPSF6 interactions, a time course was 

performed. HeLa cells were infected with VSV-G pseudotyped WT HIV-1 VLPs and harvested 

at 2, 4 and 8h post-infection. The cells were fixed and stained with anti-CA and anti-CPSF6 

antibodies, followed by the PLA protocol and data analysis. The points plotted in Figure 5.5 

represent the mean foci data of all cells in a field of view. There were more foci per cell at 2h 

compared to the 4h and 8h time points (Fig. 5.5B). This may reflect the fact that less virus has 

uncoated or been broken down very early on in infection. The mean intensity of the foci was 

however similar at each time point (Fig. 5.5C). Surprisingly, at 2h, a significant proportion of 

foci were already located inside the nucleus (Fig. 5.5D). At 4h and 8h most of the foci were 

also in the nucleus (note that the mean at 8h was skewed by an outlier) (Fig. 5.5D). It should 

be noted that some foci were observed in the cytoplasm demonstrating that CA can interact 

with CPSF6 in both the cytoplasm and the nucleus. 
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Figure 5.5. Analysis of CA and CPSF6 co-localisation at different time points by PLA. 

(A) HeLa cells were stained with an anti-CPSF6 polyclonal antibody and DAPI. Images were 

acquired with an 100X 1.46NA objective using a confocal microscope (Leica, SP5). Image 

analysis was performed using Fiji. (B-D)  HeLa cells were infected with VSV-g pseudotyped 

WT HIV-1 VLPs. Cells were fixed at various time points point post-infection and treated with 

an anti-CA monoclonal antibody and anti-CPSF6 polyclonal antibody. The PLA protocol was 

then performed and cells stained with DAPI. Longitudinal Z-series were acquired with an 60X 

1.40NA objective using a widefield microscope (BX61, Olympus). Following deconvolution, 

image analysis was performed to determine the number of foci (A), foci mean intensity (B) and 

distance from the nuclear envelope (D). Each point represents the mean foci data from all the 

cells within an image, with at least 10 images acquired per VLP. The mean ± SD are displayed. 

Statistical significance was determined using an ordinary one-way ANOVA (****- P ≤ 0.0001; 

***- P≤ 0.001). 
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5.3.4. Generating HeLa cell lines stably expressing HA-tagged CPSF6 constructs 

 

In 5.3.3, a subsection of WT CA appeared to bind CPSF6 in the cytoplasm. Endogenous CPSF6 

is predominantly a nuclear protein (Lee et al. 2010; De Iaco et al. 2013; Fricke, Valle-Casuso, 

et al. 2013). Therefore, before investigating the localisation of CA mutants it was important to 

confirm that they were able to bind CPSF6. In order to do this a stable cell line expressing HA-

tagged CPSF6DNLS was generated using MLV-based transduction. This protein contains a 

truncation at the C-terminus that removes the last 50 amino acids (Rasaiyaah et al. 2013). This 

substantially increases the proportion of cytoplasmic CPSF6 and has been shown to restrict 

HIV-1 infection (Rasaiyaah et al. 2013; Price et al. 2014). A stable cell line expressing HA-

tagged CPSF6FL was also produced to over-express CPSF6 and increase the number of signals 

to quantify by PLA. 

 

Prior to vector transduction, the optimal concentration of geneticin (G418) to use for selection 

was determined by serial passage of HeLa cells with differing concentrations of the drug. The 

kill curve plotted in Fig. 5.6A demonstrated that 500ug/mL G418 was the minimum 

concentration of drug that killed all cells by 10 days. HeLa cells stably transduced with the 

expression construct were subsequently selected by culturing in the presence of 500ug/mL 

geneticin (G418). The expression of the CPSF6 proteins in the cell lines was then confirmed 

by western blotting of cell lysates using an anti-HA antibody (Fig. 5.6B). To confirm correct 

cellular localisation of the proteins, cells were fixed and stained with an anti-HA antibody and 

analysed by microscopy. As expected, CPSF6DNLS was spread throughout the nucleus and 

cytoplasm, whilst CPSF6FL was predominantly nuclear (Fig. 5.6C). 
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Figure 5.6. Production of stable cell lines expressing CPSF6 constructs. (A) A kill curve 

was created by serial passage of HeLa cells for 10 days with varying concentrations of 

Geneticin (G418). HeLa cells were infected with a VSV-G pseudotyped MLV virus packaging 

HA-tagged CPSF6 constructs followed by serial passage in G418. (B) Confirmation of protein 

expression by cell lysate western blot probed with an anti-HA antibody. (C) Microscopy to 

confirm recombinant CPSF6 localisation was performed by staining with an anti-HA 

polyclonal antibody and DAPI. Images were acquired with an 100X 1.46NA objective using a 

confocal microscope (Leica, SP5). Image analysis was performed using Fiji. The CPSF6 

expression constructs were a kind gift from Greg Towers (Rasaiyaah et al. 2013). 
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5.3.5. All CA mutants bind CPSF6DNLS 

 

To confirm cytoplasmic CPSF6 binding, HeLa cells expressing CPSF6DNLS were infected at 

an MOI of 10 with normalised quantities of VSV-G pseudotyped HIV-1 WT and mutant VLPs 

8h before fixation, staining and PLA. The hyper-stable mutants from Chapter 3 (i.e. 

A14C/E45C, M68C/E212C and E180C) were included in the analysis. The CA mutant N74D 

was tested as a negative control in the assay as it is known to be defective for CPSF6 binding 

(Lee et al. 2010; Price et al. 2012). The rescue mutant A14C/E45C/N74D was also included in 

the assay to see whether it was unable to bind CPSF6, similarly to the N74D mutant. Yang et 

al. showed that NTD-NTD hyper-stable core mutant, E45A, had minimal infectivity and 

reduced sensitivity to PF74 (Yang et al. 2012). They also showed that the addition of mutation 

R132T (i.e. E45A/R132T) improved infectivity and this was concurrent with restoration of 

PF74 sensitivity (Yang et al. 2012). As PF74 binds in the same region of hexameric CA as 

CPSF6 it was possible that the partial increase in infectivity was caused by changes in 

interaction(s) with CPSF6 (Price et al. 2014). This might also account for the rescue of 

infectivity of the hyper-stable mutant A14C/E45C by the CPSF6 binding mutation N74D. 

 

Surprisingly, CA mutant N74D had a similar number of foci to WT in the PLA assay (Fig. 

5.7A). There is a wealth of information in the literature showing that replication of mutant 

N74D is independent of CPSF6. One possibility was that the high sensitivity of the PLA assay 

coupled with overexpression of CPSF6 was allowing for the detection of weak, low affinity 

interactions of N74D CA with CPSF6. Another possibility was that mutant N74D was 

interacting with another protein that was in complex with CPSF6. In the PLA assay two 

proteins less than 40nm apart would likely produce a signal, so the assay can detect non-direct 

interactions as well as direct ones.   

 

The other mutants had similar levels of foci suggesting that they interacted with CPSF6 to a 

similar degree (Fig. 5.7A). The mean intensity of the foci was also similar, although it was 

reduced in WT and mutant A14C/E45C (Fig. 5.7B). This may reflect a degree of 

photobleaching whilst setting up the microscope. All mutants were predominantly recognised 

by CPSF6DNLS in the cytoplasm as would be expected (Fig. 5.7C). However, mutant 

A14C/E45C had a considerable number of foci in the nucleus. This may reflect an impaired 

ability to interact with CPSF6 in the cytoplasm or an experimental anomaly. 
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Figure 5.7. Analysis of CA and CPSF6 co-localisation in HeLa cells stably expressing 

CPSF6ΔNLS by PLA. HeLa cells stably expressing CPSF6ΔNLS were infected at an MOI of 

10 with normalised (by RT ELISA) quantities of VSV-g pseudotyped WT and CA mutant HIV-

1 VLPs. Cells were fixed at 8h point post-infection and treated with an anti-CA monoclonal 

antibody and anti-HA polyclonal antibody. The PLA protocol was then performed and cells 

stained with DAPI. Longitudinal Z-series were acquired with an 60X 1.40NA objective using 

a widefield microscope (BX61, Olympus). Following deconvolution, image analysis was 

performed to determine the number of foci (A), foci mean intensity (B) and distance from the 

nuclear envelope (C). Each point represents the mean foci data from all the cells in an image, 

with at least 10 images acquired per VLP. The mean ± SD are displayed. Statistical significance 

was determined using an ordinary one-way ANOVA (****-P ≤ 0.0001; ***-P ≤ 0.001; **- P 

≤ 0.01; *- P ≤ 0.05; ns- P > 0.05). 
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5.3.6. Hyper-stable core A14C/E45C can enter the nucleus in cycling cells 

 

Having confirmed interactions between CA mutants and CPSF6DNLS (although precise 

mechanisms remain unclear), the PLA protocol was performed as previously described but in 

HeLa cells stably expressing HA-tagged full length CPSF6 (CPSF6FL). Infection of cells with 

the three CA mutants tested, N74D, A14C/E45C and A14C/E45C/N74D, resulted in similar 

numbers of foci, whilst cells infected with WT VLPs had slightly lower numbers of foci (Fig. 

5.8A). This may reflect increased breakdown of CA or just be the result of inaccuracies in virus 

normalisation. The foci mean intensity was similar in WT and all three CA mutants (Fig. 5.8B).  

 

The majority of WT foci were located inside the nuclear envelope (Fig. 5.8C). For mutant 

A14C/E45, ~30% foci were inside the nuclear envelope. This is similar to the 2-LTR circle 

data from chapter 3, which showed ~25% 2-LTR circles in the nucleus for this mutant in 

cycling cells (although this was at 24h post-infection) (Fig.3.8). This suggests that some 

A14C/E45C VLPs are defective for nuclear entry. In a previous study mutant N74D has been 

shown to have less CA in the nucleus in Jurkat cells compared to WT (Chen et al. 2016). In 

HeLa cells, microscopic analysis of vDNA has shown that mutant N74D accumulates around 

the nuclear periphery (Chin et al. 2015). Figure 5.8C suggests that unlike in Jurkat cells, N74D 

CA enters the nucleus in significant amounts in HeLa cells. The tight clustering just inside the 

nuclear envelope mirrors the results seen by Chin et al. This also lends support that the foci 

observed are representative of the fate of the viral complexes. For mutant A14C/E45C/N74D 

the foci were tightly clustered at the nuclear envelope (Fig. 5.8C).  
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Figure 5.8. Analysis of CA and CPSF6 co-localisation in HeLa cells stably expressing 

CPSF6FL by PLA. HeLa cells stably expressing CPSF6FL were infected  at an MOI of 10 

with normalised (by RT ELISA) quantities of VSV-g pseudotyped WT and CA mutant HIV-1 

VLPs. Cells were fixed at 8h post-infection and treated with an anti-CA monoclonal antibody 

and anti-HA-tag antibody. The PLA protocol was then performed and cells stained with DAPI. 

Longitudinal Z-series were acquired with an 60X 1.40NA objective using a widefield 

microscope (BX61, Olympus). Following deconvolution, image analysis was performed to 

determine the number of foci (A), foci mean intensity (B) and distance from the nuclear 

envelope (C). Each point represents the mean foci data from all the cells within an image, with 

at least 10 images acquired per VLP. The mean ± SD are displayed. Statistical significance was 

determined using an ordinary one-way ANOVA (****- P ≤ 0.0001; ns- P > 0.05). 
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5.3.7. Hyper-stable viral cores are blocked in arrested cells 

 

The hyper-stable cores demonstrated partial cell cycle dependency in chapter 4 (Fig. 4.3) 

although there was no difference in 2-LTR circles in arrested cells (Fig. 4.5) .To look at the 

fate of hyper-stable viral cores in arrested cells using the PLA, HeLa cells stably expressing 

CPSF6FL were treated with aphidicolin for 24h prior to infection. Cells were harvested 8h 

post-infection for analysis.  

 

The microscopic analyses showed that there was variation in the number of foci in both the 

DMSO (cycling control) and aphidicolin samples, with WT having the least number (Fig. 

5.9A). It should also be noted that there was high background in this assay as seen by the 

number of foci in the no virus control. The mean intensities were similar for all mutants (Fig. 

5.9B).   

 

For WT and CA mutants A14C/E45C, N74D and A14C/E45C/N74D the distribution of foci in 

the DMSO cells was similar to that seen previously in untreated cycling cells, with slightly 

increased variation of A14C/E45C/N74D (Fig. 5.9C). In DMSO-treated cells, the distribution 

of foci was not statistically different from WT. In the arrested cells, all three hyper-stable core 

mutants (i.e. A14C/E45C, M68C/E212C and E180C) showed statistically significant 

differences from WT in their foci distribution. Less foci were observed inside the nuclear 

envelope suggesting that there was a block to the hyper-stable cores crossing the nuclear 

envelope.  
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Figure 5.9. Analysis of CA and CPSF6 co-localisation in cycling vs G1/S arrested HeLa 

cells stably expressing CPSF6FL by PLA. HeLa cells stably expressing CPSF6FL were 

treated with DMSO (cycling control) or aphidicolin for 24h prior to infection. Cells were 

infected at an MOI of 10 with normalised (by RT ELISA) quantities of VSV-g pseudotyped 

WT and CA mutant HIV-1 VLPs. DMSO or aphidicolin were maintained in the culture 

medium throughout. Cells were fixed at 8h point post-infection and treated with an anti-CA 

monoclonal antibody and anti-HA polyclonal antibody. The PLA protocol was then performed 

and cells stained with DAPI. Longitudinal Z-series were acquired with an 60X 1.40NA 

objective using a widefield microscope (BX61, Olympus). Following deconvolution, image 

analysis was performed to determine the number of foci (A), foci mean intensity (B) and 

distance from the nuclear envelope (C). Each point represents the mean foci data from all the 

cells within an image, with at least 10 images acquired per VLP. The mean ± SD are displayed. 

Statistical significance was determined using an ordinary one-way ANOVA (****-P ≤ 0.0001; 

***-P ≤ 0.001; **- P ≤ 0.01; *- P ≤ 0.05; ns- P > 0.05). 
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To further investigate the fate of hyper-stable cores in arrested cells, the PLA assay was used 

to look at the co-localisation of CA and Nup153 over time. HeLa cells arrested with 

aphidicolin were infected with WT and hyper-stable viruses before fixation at 0.5, 2 or 4 

hours. There was no significant change in the number of foci over time in the WT samples; 

however, there appeared to be accumulation of hyper-stable core mutant A14C/E45C 

suggestive of a block to infectivity at the nuclear envelope (Fig. 5.10A). 

 

The mean intensity of foci was similar in all samples (Fig. 5.10B). The distance from the 

nuclear envelope was also similar across the samples (Fig. 5.10C).   
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Figure 5.10. Analysis of CA and Nup153 co-localisation in G1/S arrested HeLa cells by 

PLA. HeLa cells were treated with aphidicolin for 24h prior to infection. Cells were infected 

at an MOI of 20 with normalised (by RT ELISA) quantities of VSV-g pseudotyped WT and 

CA mutant HIV-1 VLPs. Aphidicolin was maintained in the culture medium throughout. Cells 

were fixed at 0.5, 2 and 4 hours post-infection and treated with an anti-CA monoclonal antibody 

and anti-Nup153 polyclonal antibody. The PLA protocol was then performed and cells stained 

with DAPI. Longitudinal Z-series were acquired with an 60X 1.40NA objective using a 

widefield microscope (BX61, Olympus). Following deconvolution, image analysis was 

performed to determine the number of foci (A), foci mean intensity (B) and distance from the 

nuclear envelope (C). Each point represents the mean foci data from all the cells within an 

image, with at least 10 images acquired per VLP. The mean ± SD are displayed. Statistical 

significance was determined using an ordinary one-way ANOVA (**- P ≤ 0.01; ns- P > 0.05). 
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5.4. Development of a new fluorescent reporter construct 

 

5.4.1. Design and expression of an IN-eGFP construct 

 

To determine whether the foci seen with the PLA data represent CA-associated viral 

complexes, rather than free CA, a marker of the viral complex (RTC/PIC) was required. A 

study by Desai et al showed that GFP-Vpr was lost rapidly upon virus entry to the cell (Desai 

et al. 2015). As integrase (IN) is required at the end stage of the early life cycle, it is likely to 

remain associated with the viral RNA/DNA. Indeed, it has been used as a marker of the viral 

complex by other laboratories (Peng et al. 2014; Hulme et al. 2015).  

 

An IN-eGFP construct was designed based on the IN-eGFP used by Hulme et al (Hulme et al. 

2015). However, in this case, the eGFP was added at the end of Gag-Pol rather than Gag as 

described by Hulme et al (Hulme et al. 2015). A flexible linker (sequence courtesy of Tom 

Hope) was included between the end of IN and eGFP. The construct was cloned in to the p8.91 

Gag-Pol vector (cloning performed by Madushi Wanaguru). Transfection of the construct 

showed some expression, although less than that seen with pGFP-Vpr (Fig. 5.11A). This likely 

reflects that the whole of Gag-Pol has to be transcribed for IN-eGFP expression whilst the 

GFP-Vpr is a smaller protein. Flow cytometry of transfected cells showed that there were ~2-

fold fewer GFP positive cells in the IN-eGFP sample relative to GFP-Vpr (Fig. 5.11B). 

Although the transfection efficiency was reduced, it was likely enough for incorporation in to 

nascent virions. VSV-G pseudotyped HIV-1 VLPs were made by titrating the relative amounts 

of p8.91 and p8.91-IN-eGFP Gag-Pol vectors. The p8.91-IN-eGFP vector had a detrimental 

effect on virus production as measured by an RT ELISA, with the IN-eGFP vector on its own 

preventing the formation of any virus (Fig. 5.11C). Ratios of p8.91 and p8.91-IN-eGFP that 

produced virus in Figure 5.11C were used to perform an infectivity assay (Fig. 5.11D). As IN-

eGFP may complicate analysis by flow cytometry, the viruses were made with a LacZ 

packaging vector and thus infectivity measured using a b-Galactosidase assay. The different 

titrations were all infectious (Fig. 5.11D). The next steps will be to confirm CA and IN-eGFP 

co-localisation, followed by inclusion of IN-eGFP VLPs in the PLA. This work is currently 

ongoing. 
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Figure 5.11. Development of an IN-eGFP construct. 293T cells were transfected with 

expression constructs for LacZ (negative control), GFP-Vpr, p8.91-IN-eGFP for 48h. 

Expression of GFP-tagged protein was analysed by fluorescence microscopy (A) and flow 

cytometry (B). (C) VSV-g pseudotyped HIV-1 LacZ-reporter VLPs were made with varying 

amounts of p8.91-WT and p8.91-IN-eGFP vectors. Virus titres were determined by RT ELISA. 

(D) HeLa cells were infected with VSV-g pseudotyped HIV-1 LacZ-reporter VLPs produced 

with varying ratios of p8.91-WT and p8.91-IN-eGFP. Cells were harvested 72h post-infection 

and luminescence determined.  
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5.5. Summary 

 

Microscopy techniques were used to visually determine the fate of the hyper-stable core CA 

mutants. Confocal microscopy analysis of cells infected with hyper-stable mutant A14C/E45C 

indicated that CA+GFP-Vpr puncta associated with lamin-B1 in arrested cells (Figs. 5.1 & 

5.2). This suggested that viral complexes were able to traverse the nuclear envelope but were 

trapped on the nuclear side of the nuclear envelope.  

 

A proximal ligation assay was developed to look at CA-CPSF6 interactions. An automated 

work-flow was set-up to analyse the images and attempt to remove acquisition bias. The PLA 

suggested that CA and CPSF6 interactions occurred in both the cytoplasm and the nucleus. 

This suggests that CPSF6 may play a role in directing the viral complex across the nuclear 

envelope.  

 

All three hyper-stable core mutants, A14C/E45C, M68C/E212C and E180C, showed reduced 

numbers of CA-CPSF6 interactions in the nucleus of arrested cells suggesting an impairment 

in crossing the nuclear envelope. HIV-1 has been shown to integrate near the nuclear 

peripheries correlating with the observations in this study showing that WT and muant CA-

CPSF6 interactions in the nucleus occurred near the nuclear envelope (Figs. 5.8 & 5.9) (Marini 

et al. 2015). 

 

An accumulation of CA-Nup153 interactions in arrested cells was observed for hyper-stable 

core mutant A14C/E45C suggestive of a nuclear entry block (Fig. 5.10). Interestingly, most of 

the signals were observed in the designated cytoplasmic region and is discussed further in 

section 6.3.4. 

 

The high background in the PLA indicated the need for further refinement of the protocol. 

Currently, an IN-eGFP construct is being develop as a marker for the RTC/PIC (Fig. 5.11). 

This will allow confirmation that the CA-CPSF6 interactions observed are associated with the 

RTC/PIC. 
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Chapter 6: Discussion 

 

6.1. Stabilisation of lattice interfaces 

 

6.1.1. Designing lattice interface mutants 

 

In chapter 3, to potentially stabilise the CA core, selected residues at lattice interfaces were 

changed to cysteines to attempt to create disulphide bridges. Some of these CA mutants had 

been shown to stabilise CA assemblies and/or the viral core in vitro. In order to investigate 

early life cycle events of hyper-stable viral cores in vivo, cysteine mutations were introduced 

at the different lattice interfaces. This approach was successful in cross-linking CA and 

stabilising the viral core at the NTD-NTD, NTD-CTD and dimeric CTD-CTD interfaces.  

 

Unfortunately, many of the cysteine mutants were unable to stabilise the viral core in vivo. 

Reasons why this might be the case include: 

(I) The cell is predominantly a reducing environment (López-Mirabal & Winther 

2008). If mutations are in regions of lattice exposed to cytosolic solvent, disulphide 

bridges are less likely to form. This may partially explain the difficulty in stabilising 

the trimeric CTD-CTD interface. However, non-reducing gels of cell lysate 

(Figures 3.4 & 3.15) showed that the mutations which were observed to stabilise 

the core in vivo, namely A14C/E45C, M68C/E212C (Fig.3.3) and E180C (Fig. 

3.14) were still able to cross-link CA in cells.  

(II) In some structural studies, oxidising agent was added to help drive the formation of 

disulphide bridges in vitro (Pornillos et al. 2010; Byeon et al. 2009). This suggests 

that formation of disulphide bridges is not always inherently favourable.  

(III) It has been shown that hydrophobic interactions play a role in stabilising lattice 

interfaces (Byeon et al. 2009). Measurements of lattice stiffness using atomic force 

spectroscopy showed that hydrophobic mutant, E45A, resulted in stiffer assemblies 

than disulphide linked mutants, A204C and A14C/E45C (Ramalho et al. 2016). 

However, caution has to be taken with this study as it measures perpendicular forces 

upon the lattice. It is possible that shear forces also contribute to capsid 

disassembly/uncoating and thus covalent bonds may be more stabilising in vivo. 
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Another consideration for designing CA mutants is the importance of lattice interfaces in virus 

assembly  (Von Schwedler et al. 1998; von Schwedler et al. 2003; Ganser-Pornillos et al. 2004; 

Ganser-Pornillos et al. 2007; Yufenyuy & Aiken 2013). For example, helix 9 of CA is 

important for dimerisation of CA monomers in solution and mutations at this dimeric CTD-

CTD interface have been shown to result in assembly defects (Gamble et al. 1997; Ganser-

Pornillos et al. 2004; von Schwedler et al. 2003). This was highlighted in Figure 3.2 with 

mutant W184A/M185A unable to assemble in to virus. The NTD-CTD interface is also 

important in virus assembly and a mutant located at this interface, Q67R, showed a defect in 

virus production (Fig. 4.7) (Bartonova et al. 2008; Yufenyuy & Aiken 2013).  

 

Mutants L151C/L189C and K203C/A217C showed an additional CA-reactive band in the viral 

lysate western blot underneath the p24 CA band (~23KDa) (Fig. 3.13). A similar CA-reactive 

band in a viral lysate western blot was observed by Yufenyuy et al. for CA mutants H62A, 

K140A and M125A (Yufenyuy & Aiken 2013). They hypothesised that this may be caused by 

changes in CA structure that result in non-canonical protease cleavage during maturation. In 

addition, a mutant (N21C/A22C) used to produce soluble cross-linked pentamers for X-ray 

crystallography also showed an additional band below p24 (Yeager 2011; Pornillos et al. 2010; 

Pornillos et al. 2011).  

 

The HIV-1 capsid also has an adaptable ‘hydration layer’ with water molecules forming 

interaction with CA residues that help to stabilise lattice interfaces (Pornillos et al. 2009; Gres 

et al. 2015). Consequently, this should also be considered when designing CA mutants.  

 

6.1.2. Intra-hexamer interfaces are important in determining overall core stability 

 

The mutations A14C/E45C and M68C/E212C are located at the intra-hexamer NTD-NTD and 

NTD-CTD lattice interfaces respectively. Both stabilised the CA core in vivo as determined by 

the FoC assay (Fig. 3.3). Non-reducing gels confirmed that mutations were cross-linking CA 

in vivo likely  via disulphide bond formation (Figure 3.4). The success at forming disulphide 

bridges at intra-hexamer interfaces may be due to tighter helical packing and reduced 

conformational variability compared to inter-hexamer interfaces (section 6.1.3). The NTD-

NTD interface as a whole is located on the outer surface of the lattice and analysis of a Cryo-

EM atomic model (PDB ID: 3J34) suggests that this interface would be accessible to solvent 
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(Zhao et al. 2013). Additionally, the NTD-CTD interface is linked to the CPSF6/Nup153/PF74 

binding site and thus would also be accessible to solvent (Price et al. 2014). Nonetheless, cross-

linked species were still observed at these interfaces in this study, perhaps highlighting local 

inaccessibility of selected residues. 

 

It is intriguing that NTD-NTD mutant A14C/E45C resulted in hyper-stable cores whilst NTD-

NTD mutant A42C/T54C did not as they have near identical hexamer crystal structures 

(Pornillos et al. 2010; Yeager 2011). Mutant A42C/T54C (NTD-NTD interface) appears to 

have a reduced ability to form disulphide cross-links compared to A14C/E45C (Figures 3.4 & 

3.15). This correlates with its reduced ability to form cross-linked hexamers in vitro despite 

having a reduced Cβ- Cβ distance in a Cryo-EM atomic model (Pornillos et al. 2010; Yeager 

2011).  

 

Based on an X-ray crystal structure of a CA hexamer (PBD ID: 3H4E), Yufenyuy et al 

measured a smaller Cβ- Cβ distance for NTD-CTD interface mutant Q63C/Y169C compared 

to M68C/E212C (Yufenyuy & Aiken 2013). However, they showed that mutant M68C/E21C 

had the greatest extent of cross-linking. This correlates with the in vivo FoC data which showed 

that M68C/E212C was able to stabilise the core but Q63C/Y169C could not (Figures 3.3 & 

3.14)  

 

The hyper-stable cores observed in the FoC assay suggested that mutations at intra-hexamer 

interfaces result in global changes to the lattice. There are a number of potential explanations 

for this: 

(I) Altered virus morphology upon assembly: For example, hyper-stable NTD-CTD 

mutant V165A results in increased core morphology variation and increased core 

diameter (Yufenyuy & Aiken 2013). This may have an effect on mature core 

stability. 

(II) Stabilisation at the intra-hexamer interfaces cause slight changes in hexamer 

structure which have a resultant effect on the rest of the lattice: For example, it may 

increase packing at inter-hexamer interfaces and reduce lattice flexibility 

(III) Changes in ionic strength or pH: These factors have been shown to be important in 

core disassembly (Forshey et al. 2002). In both mutants, A14C/E45C and 

M68C/E212C, there is loss of the negative charge provided by glutamic acid. The 

CA lattice has a net negative charge and ions are predicted to translocate across the 
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lattice (Perilla & Schulten 2017) . Disruption of the lattice electrostatic potential 

may result in global stability changes. 

(IV) Changes in the water hydration layer: The intra-hexamer interface contains water 

molecules that provide important hydrophilic interactions (Pornillos et al. 2009; 

Gres et al. 2015) 

(V) Changes in interaction with host cellular protein(s): For example, CPSF6 and CypA 

have been proposed to block premature reverse transcription and uncoating 

(Hilditch & Towers 2014). It is possible that mutations in CA alter stabilising 

effects of host cellular proteins. 

(VI) Mutant A14C/E45C was seen to produce early DNA reverse transcription products 

faster than WT (Fig. 3.6B). It could be that rapid reverse transcription in vivo helps 

to stiffen the CA as described by Rankovic et al (Rankovic et al. 2017). 

 

Yang et al performed NMR analysis of a CA NTD of the hyper-stable mutant E45A and did 

not see any observable global structural changes relative to WT (Yang et al. 2012). To 

determine the precise mechanism by which the stability mutants characterised in chapter 3 alter 

core stability, detailed structural and functional analysis would need to be performed.  

 

6.1.3. Conformational variability at the inter-hexamer interfaces 

 

Advances in computational analysis have allowed modelling of the CA lattice. A study by 

Bergman et al showed that cross-linking hexamers resulted in widespread reductions in 

fluctuation of the lattice (particularly low curvature regions) but intra-hexamer cross-linking 

did not (Bergman & Lezon 2017). This suggested that the inter-hexamer interfaces are an 

important determinant of global lattice stability. In this study, only one mutant at the inter-

hexamer interfaces was identified that resulted in a hyper-stable core, namely E180C (Fig. 

3.14). The phenotype was subtle compared to the intra-hexamer stabilising mutants. 

Interestingly, similarly to the intra-hexamer mutants, this mutation also resulted in the loss of 

negative charge provided by glutamic acid. Although this could be coincidental, it suggests 

that electrostatic balance is important for CA stability.  

 

The remaining mutants at the dimeric and trimeric CTD-CTD interfaces displayed either WT 

or reduced stability. Mutants A204C and P207C/T216C had WT stability in the FoC assay 
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(Fig. 3.3). In a study by Ramalho et al. they showed that mutant A204C was not very effective 

in stiffening in vitro CA assemblies with a <2-fold increase in stiffness relative to WT 

(Ramalho et al. 2016). This may explain why mutant A204C did not exhibit a hyper-stable core 

in vivo as the FoC assay is unable to detect subtle changes in stability. In addition, as this is 

only a single residue mutation it would only be able to form one cross-link across the trimeric 

interface, which may be insufficient to effect stability. Analysis of the P207C and T216C pair 

mutations using a Cryo-EM MDFF model (PDB ID: 3J34) showed large and varying Cβ- Cβ. 

This may explain why mutant P207C/T216C was unable to stabilise the viral core. 

 

Conformational variability is observed at the inter-hexamer interfaces, which may in part be 

caused by pivoting of the CA domains around their flexible linker (Zhao et al. 2013; Gres et 

al. 2015; Mattei et al. 2016).  This plasticity allows for asymmetry and thus the CA lattice can 

adopt its distinctive fullerene cone shape. Indeed Gres et al. showed that in the native CA 

structure the smallest distance between hexamers at the trimeric interface was ~6� (Gres et 

al. 2015). This is more than the 3.5-4.5� Cβ- Cβ distance described in a large study of different 

disulphide-linked proteins (Srinivasan et al. 1990). This highlights the challenge of designing 

putative stabilising cysteine mutations at this interface. Altering interactions with water 

molecules may be more appropriate.  

 

Mutant V181C showed a decrease in stability in the FoC assay (Fig. 3.14). Hydrophobic 

interactions have been implicated in the stabilisation of the dimeric CTD-CTD interface 

(Gamble et al. 1997; Ganser-Pornillos et al. 2004; Byeon et al. 2009). The loss of valine may 

decrease the hydrophobic interactions, thus destabilising the core.  

 

6.1.4. HIV-1 has evolved a core of optimum stability 

 

All mutants that showed changes in stability relative to WT had reduced infectivity in all cell 

types. This is in agreement with the seminal paper by Forshey et al which demonstrated the 

importance of optimal core stability for efficient infection and further reiterates that HIV-1 has 

evolved so that its lattice is finely tuned for infection (Forshey et al. 2002). 

 

Mutant P207C/T216C was previously described as having reduced infectivity in HeLa-P4 cells 

(Byeon et al. 2009). However, in this study, it showed WT levels of infectivity in all cell lines 
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consistent with its WT stability phenotype (Fig. 3.5). This discrepancy may be due to 

differences in the Gag-Pol molecular clones used (they used the full length R9 vector) or cell 

type specificity. The phenotype of CA mutant A204C was also different from that expected. 

Mutant A204C had similar stability to WT at 2h in the FoC, but it showed an infectivity defect 

in all cell lines tested similar to the defect described in HeLa-P4 cells (Fig. 3.5) (Zhao et al. 

2013). This may be due to subtle effects on stability or changes in host cellular interactions. 

 

Of the three hyper-stable cores identified in chapter 3, E180C showed the smallest defect in 

infectivity. This correlated with the smallest qualitative change in stability relative to WT in 

the FoC assay. Therefore, it is possible to speculate that there is an inverse correlation between 

increasing stability (above WT levels) and decreasing infectivity. However, there was 

insufficient power in this study to make this conclusion and many other confounding factors 

have to be considered, including host cellular protein interactions.  

 

 

6.2. Early life cycle phenotypes of hyper-stable cores 

 

6.2.1. Reverse transcription can reach completion in hyper-stable cores 

 

As many of the stability mutants in chapter 1 had impaired infectivity phenotypes, a reverse 

transcription assay was performed to try and help pin-point the timing of replication block(s). 

To determine whether there was a block before or at the initiation of reverse transcription, 

strong stop DNA (-sssDNA) products were measured. The ability of the mutants to progress 

through reverse transcription was monitored by measurement of second strand transfer DNA 

products.  

 

Mutant P207C/T216C was able to reverse transcribe similarly to WT (Fig. 3.6 & 3.7). When 

combined with the stability and infectivity data, this suggested that these mutations had little 

effect on the viral core in vivo.  

 

All three hyper-stable mutants were also able to reverse transcribe to differing extents, with 

mutant M68C/E212C showing the greatest defect (Figures 3.6, 3.7 & 3.17). This is in line with 

analysis of other hyper-stable core mutants including E45A, Q63A/Q67A and ‘5mut’ which 
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have also been shown to be able to reverse transcribe (Yang et al. 2012; Forshey et al. 2002; 

Shi et al. 2011). The weight of evidence therefore suggests that having a hyper-stable core is 

not in itself a prohibition to reverse transcription. In fact, recent evidence suggests that the link 

between CA core uncoating and reverse transcription might be more complex than first 

anticipated. For example, a study which used atomic force microscopy to analyse isolated cores 

observed that reverse transcription progressed in mutant E45A without detectable disruption 

of the viral core (Rankovic et al. 2017). Furthermore, it has been proposed that the uncoating 

of the viral core  is initiated after first strand transfer using mathematical modelling (Cosnefroy 

et al. 2016). It is possible that cores of hyper-stable mutants are resistant to 

disassembly/uncoating, and thus are unable to release their partially/completed reverse 

transcribed genomes. However, there are a some caveats to this hypothesis, including: 

(I) There may be partial uncoating events in hyper-stable cores that are not directly 

observable. In a study by Xu et al. they showed that mutant E45A had rapid staining 

kinetics (i.e. uptake of EU-specific dye detected by microscopy) and hypothesised 

that this might represent an early uncoating event (although this may represent 

increased molecule uptake) (Xu et al. 2013). 

(II) Stability and uncoating assays look at the general behaviour of cores at a population 

level. Consequently, it is possible that there are subset(s) that behave differently 

from the others. In fact, HIV-1 cores of the same population do show a certain 

degree of variation in size and shape (Mattei et al. 2016). 

 

In this study, the measurements of 2-LTR circles was used as a marker to identify completion 

of reverse transcription (as well as a surrogate marker of nuclear entry). Whilst mutants 

A14C/E45C and E180C only showed an ~4-fold defect in 2-LTR circle synthesis relative to 

WT, mutant M68C/E212C was considerably impaired (Figures 3.8 & 3.17). This suggests that 

M68C/E212C was unable to complete reverse transcription and/or is defective in nuclear entry. 

 

Mutant E45A has been shown to synthesise early reverse transcription products faster than WT 

(Xu et al. 2013). In this study, a similar phenotype was observed with mutant A14C/E45C (Fig. 

3.6B). This could be due to an increased ability to take up dNTPs for reverse transcription. 

Molecular modelling suggests that the electrostatic balance of the core enables a certain degree 

of specificity for the translocation of ions (Perilla & Schulten 2017). At the centre of the CA 

hexamer there is an opening surrounded by NTDs which has been proposed to allow the 

translocation of dNTPs across the lattice (Jacques et al. 2016). Based on this hypothesis, two 
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scenarios (not mutually exclusive) could be envisaged for the rapid early reverse transcription 

kinetics of mutants A14C/E45C and E45A: 

(I) Residue E45 is in close proximity to the pore and is influencing its charge: the pore 

is positively charged and loss of this charge by removal of arginines has been shown 

to decrease reverse transcription (Jacques et al. 2016). When the negatively-charged 

E45 is mutated to alanine or cysteine the positive charge of the pore may increase 

further, facilitating increased uptake of dNTPs and more rapid reverse transcription.  

(II) The mutations are affecting the β-hairpin that is proposed to act as a ‘molecular iris’ 

controlling the influx/efflux out of the pore (Jacques et al. 2016). Residue A14 is 

situated at the base of the β-hairpin in question and it is possible that the mutations 

E45A and A14C/E45C fix the hairpin in an open position allowing influx of dNTPs, 

either through hydrophobic interactions (E45A) or covalent disulphide links 

(A14C/E45C). 

 

6.2.2. Hyper-stable cores demonstrate cell cycle dependency 

 

One of the defining features of lentiviruses is their ability to infect non-dividing cells  

(Bukrinsky et al. 1992; Yamashita & Emerman 2004; Yamashita et al. 2007). Differentiation 

of U937 cells results in cell cycle arrest and can thus be used to investigate cell cycle 

dependency (Cui et al. 2005). Mutant A14C/E45C showed a small decrease in infectivity in 

differentiated U937 cells relative to the cycling control, whilst mutant E180C was unaffected 

(M68C/E212C was non-infectious) (Fig. 4.1). As differentiation causes a number of cellular 

changes it was difficult to directly correlate these findings with the ability of hyper-stable core 

mutants to traverse the nuclear envelope. Therefore, cell cycle dependency was also analysed 

using pharmacological cell cycle inhibition. 

 

Hyper-stable mutants A14C/E45C and E180C both demonstrated decreased infectivity upon 

cell cycle arrest at the G1/S boundary with aphidicolin, demonstrating partial cell cycle 

dependency (Fig. 4.3). Mutant M68C/E212C was non-infectious (Fig. 4.3). This suggested that 

these hyper-stable cores were partially dependent on mitosis for infectivity. There is, however, 

a possibility that the phenotypes observed were caused by other drug-induced cellular changes. 

Therefore, other methods of cell cycle arrest should also be performed (e.g. mimosine) and 

compared to confirm these findings.  
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6.2.3. Post-nuclear entry block to infectivity 

 

Hyper-stable mutants A14C/E45C and E180C both showed an ~4-fold defect in 2-LTR circles 

in cycling cells (Fig. 3.8 & 3.17). A defect in the number of nuclear CA-CPSF6 interactions 

was also observed for mutant A14C/E45C by PLA in cycling cells (Fig. 5.8). The nuclear entry 

defects detected in the assays were, however, considerably less than the observed infectivity 

defects of the mutants (~26- and ~15-fold in HeLa for A14C/E45C and E180C respectively) 

(Figures 3.5 & 3.16). This suggests that mutant viral complexes entering the nucleus were 

additionally blocked.  

 

To further examine the ability of the hyper-stable core to traverse the nuclear envelope, 2-LTR 

circles measurements were performed in cycling and arrested cells (Fig. 4.5). No significant 

differences were observed for mutants A14C/E45C and E180C. This suggests that the hyper-

stable mutants are able to traverse the nuclear envelope and that nuclear entry per se is not 

dependent on mitosis.  

 

Seemingly contrary to the 2-LTR circle data in cycling vs arrested cells, mutants A14C/E45C 

and E180C both showed an impaired ability to cross the nuclear envelope in arrested cells 

based on CA-CPSF6 interactions by PLA (as well as reduced infectivity in arrested cells, 

described in section 6.2.2) (Fig. 5.9). This discrepancy might be due to:  

(I) The hyper-stable viral cores getting stuck in the nuclear pores. In a qualitative 

microscopy assay, mutant A14C/E45C appeared to co-localise with lamin-B1, a 

protein found on the inner-nuclear membrane (Figures 5.1 & 5.2). Thus, it is 

possible that the hyper-stable cores were engaging with nuclear pores but due to 

insufficient uncoating, were unable to disengage on the nuclear side. In this 

scenario, it is possible that the viral core would be exposed to cellular enzymes 

(assuming they can cross the lattice) to form 2-LTR circles.  

(II) The 2-LTR circle assay identifying autointegrants. This would lead to artificially 

high values in the arrested cells (autointegration does not require nuclear enzymes 

whilst 2-LTR circle formation does).  Analysis of the primers and probe used 

showed that none of the sequences spanned the junction. Thus it is possible that 

they would also recognise products resulting from autointegration where LTRs are 

brought in to close proximity (De Iaco et al. 2013). 
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It should be noted that the PLA had high background. This is an inherent problem with this 

assay as the amplification step means that small interactions are amplified. Indeed, previous 

studies have only seen an ~5-fold decrease in signal in the no virus control (Fernandez et al. 

2015; Dharan et al. 2016).  Nonetheless, further refinement of the assay may be possible; for 

example, by using different antibodies and optimising antibody titration. 

 

 

6.3. Interactions with host factors 

 

6.3.1. HIV-1 nuclear entry pathway has redundancy 

 

Dependency of HIV replication on some host cellular factors has been mapped to CA  (Lee et 

al. 2010; Schaller et al. 2011; Matreyek & Engelman 2011; Matreyek et al. 2013; Price et al. 

2014). In this study, a number of CA mutants were designed to perturb binding to CPSF6 and/or 

Nup153. Three mutations known to perturb binding with CPSF6, N74A, N74D and A77V, 

were infectious in all cell lines tested suggesting that binding to CPSF6 was not essential for 

replication (Fig. 4.8). Although not essential for infectivity in cell culture in vitro, CPSF6 

binding appears to be required in vivo for HIV replication evidenced by:  

(I) Mutant A77V  reverts to WT in the majority of infected humanised mice suggestive 

of a fitness benefit in binding CPSF6 (Saito et al. 2016). 

(II)  Despite a restrictive effect caused by CPSF6 on HIV-1 variants in HLA-B27 

positive individuals, they nonetheless maintain CPSF6 binding (Henning et al. 

2014).  

 

Possible explanations for the fitness advantage of CPSF6 binding, include: improved reverse 

transcription efficiency (in macrophages); evasion of host innate immune response; utilisation 

of other host cellular factors (including Nup153) and integration in to active regions of 

chromatin (Ambrose et al. 2012; Rasaiyaah et al. 2013; Setiawan et al. 2016; Lee et al. 2010; 

Sowd et al. 2016).    

 

In contrast to CPSF6 binding mutants, CA mutants impaired in Nup153 binding showed 

infectivity defects in all cell lines. This indicated that engagement with Nup153 containing 

pores is important for HIV-1 infectivity even in cell culture. Indeed studies have shown that 
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depletion of Nup153 reduces WT infectivity and reduces integration in to transcriptionally 

active regions (Lee et al. 2010; Matreyek & Engelman 2011; Koh et al. 2012).  

 

6.3.2. Binding of CPSF6 dictates the fate of hyper-stable cores 

 

Mutant A14C/E45C showed a significant infectivity defect in all cell lines; however, addition 

of CPSF6 binding mutations, N74A, N74D and A77V, partially restored the impairment (Fig. 

4.10). In contrast, mutations that impair Nup153 binding were unable to restore infectivity. 

This highlights the relative importance of Nup153 and CPSF6 interactions for HIV replication 

as discussed in section 6.3.1. Additionally, mutations in the CypA loop were unable to restore 

infectivity, indicating that rescue of the hyper-stable core infectivity might be a CPSF6-specific 

effect (Fig. 4.16). 

 

CPSF6 may act to further stabilise the viral core and prevent early uncoating (Fricke, Valle-

Casuso, et al. 2013; De Iaco et al. 2013; Fricke, Brandariz-Nuñez, et al. 2013). Thus, it is 

possible that the addition of mutations that impair CPSF6 binding rescued A14C/E45C by 

decreasing its stability. However, this was not observed in the FoC assays and a similar 

compensation mutant, E45A/R132T, was shown to retain lattice stiffness in in vitro assemblies 

(Fig. 4.11) (Ramalho et al. 2016). 

 

The most likely explanation is that the compensatory mutations (N74A, N74D and A77V) are 

preventing binding of the hyper-stable core (A14C/E45C) to CPSF6, therefore allowing it to 

enter the nucleus via an alternative (CPSF6- independent) pathway. Surprisingly however, 

mutants N74D and A14C/E45C/N74D showed co-localisation with CPSF6 in the PLAs (Fig. 

5.7 & 5.8). However, as stated in 5.3.5, this may reflect the high sensitivity of the PLA system 

coupled with overexpression of CPSF6 and/or indirect interactions.   

 

 

 

6.3.3. Differences in compensation mechanisms between CPSF6 binding mutations 

 

The CPSF6 binding mutant N74D has been shown to be defective in the infection of primary 

macrophages (Ambrose et al. 2012; Saito et al. 2016; Rasaiyaah et al. 2013) . In contrast, A77V 



	 190	

is able to infect these cells efficiently (Saito et al. 2016). Differentiated U937 cells were used 

as an alternative to primary macrophages and a similar phenotype was observed, with a 

decrease in N74D infectivity relative to the cycling control and little change for mutant A77V 

(Fig. 4.12). In the context of the hyper-stable core, mutant A14C/E45C/N74D had the smallest 

decrease in infectivity in differentiated cells (Fig. 4.12). There was a similar pattern in 

aphidicolin arrested cells with no difference seen in infectivity relative to the cycling control 

for mutant A14C/E45C/N74D (Fig. 4.13). The difference in cell cycle dependency between 

A14C/E45C/N74D and the other two compensation triple mutants, A14C/E45C/A77V and 

A14C/E45C/N74A, suggests that N74D may be influencing the hyper-stable core via an 

alternative mechanism. It is remarkable that a different amino acid substitution (asparagine to 

alanine or aspartic acid) at the same residue can alter the infectivity phenotype in this manner. 

One explanation could be that the negative charge mediated by aspartic acid alters host factor 

interactions in the CPSF6/Nup153 binding pocket. 

 

6.3.4. Visualisation of CA-host factor interactions 

 

A literature survey was unable to identify direct visual evidence of CA and CPSF6 interactions. 

Peng et al. observed co-localisation of CPSF6 with viral complexes but not CA in the 

cytoplasm (Peng et al. 2014). In this study, co-localisation between CA and CPSF6 was 

observed in both the cytoplasm and nucleus. Two potential models for the role of CPSF6 based 

on these findings could be hypothesised: 

(I) CPSF6 remains associated with viral complex and directs its translocation across 

the nuclear envelope in to the nucleus 

(II) The viral complex sequentially interacts with multiple CPSF6 proteins in ‘relay’ 

fashion 

 

In this study, all CA-CPSF6 interactions were observed near the nuclear envelope (Figures 5.8 

& 5.9). It has been shown that HIV viruses integrate in to peripheral regions of the nucleus 

(Marini et al. 2015). In addition, mutants  N74A and N74D have been shown to further restrict 

virus to the nuclear peripheries relative to WT (Chin et al. 2015).  

 

Interactions between CA and Nup153 were also visualised and showed an accumulation of 

CA-Nup153 puncta for hyper-stable core mutant A14C/E45C in arrested cells (Fig. 5.10). 
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Interestingly, these interactions were observed in the designated cytoplasmic region. This 

may reflect one or a combination of the following: 

 

(I) Nup153 phenylalanine-glycine motif protruding through the nuclear pore complex 

towards the cytoplasm. 

(II) Free cytoplasmic Nup153 (e.g. through disruption of nuclear pore complexes). 

Dharan et al. have shown that Nup358 can disassociate from the nuclear pore in a 

CA-dependent manner (Dharan et al. 2016). 

(III) Reflection of the analysis work flow. As DAPI stains DNA, it will not account for 

the nuclear envelope and underlying lamin; thus, the mask created likely 

underestimates the size of the nucleus. In this scenario, this may mean that 

cytoplasmic CA-CPSF6 interactions observed previously were in fact in the 

nucleus. 

 

It is also important that ‘free’ CA (i.e. CA that is not part of the lattice) is considered when 

interpreting CA interactions. Upon virus assembly, a large proportion of CA is not utilised in 

formation of the CA lattice (Briggs et al. 2004). Consequently, there is ‘free’ CA associated 

with the viral complex. The importance of this ‘free’ CA has not been studied in detail. CPSF6 

has been shown to bind monomeric CA, albeit at a reduced affinity (Price et al. 2014). There 

may also be ‘free’ CA that has uncoated from the viral core.  It is possible that the PLAs are 

detecting interactions of CPSF6 with ‘free’ CA as well as latticed CA. Development of the IN-

eGFP construct will assist confirmation that the CA – CPSF6 interactions observed are 

associated with the RTC/PIC. 
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6.4. Summary  

 

To conclude, the main findings from the study are as follows: 

- Disulphide bridges across intra-hexamer and to a lesser extent inter-hexamer lattice 

interfaces can stabilise viral cores in infected cells. 

- Deviations in viral core stability result in fitness defects throughout the early life cycle 

stages including reverse transcription, traversing the nuclear envelope and post-nuclear 

entry events.  

- Reverse transcription appears to be able to reach completion in some hyper-stable 

cores. 

- The infectivity defect of a reverse-transcribing hyper-stable core can be compensated 

by perturbing interaction with CPSF6 but not Nup153 or CypA.  

- Mutations that impair CPSF6 binding can rescue infectivity of a hyper-stable core 

without altering its observable stability. 

- Visualisation, quantification and localisation of CA-host factor interactions, suggestive 

of a block to nuclear entry of hyper-stable cores in arrested cells.  

 

Figure 6.1 shows a model that attempts to reconcile some of these findings. WT viruses have 

developed optimal core stability for productive infection. Thus, deviations from WT core 

stability, are detrimental to infectivity. Hypo-stable cores likely disassociate rapidly upon 

cellular entry, preventing reverse transcription. Some hyper-stable cores are able to reverse 

transcribe but encounter subsequent blocks to infectivity. These blocks can be partially 

removed by addition of mutations that prevent interactions with CPSF6.  
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Figure 6.1. A model summarising the effects of core stability on early life cycle events. (A) 

Hypo-stable cores enter the nucleus and rapidly disassociate preventing reverse transcription. 

(B) WT virus has developed optimal stability that allows it to reverse transcribe and interact 

with host factors (e.g. CPSF6) that direct it to integrate in gene-rich regions of cellular 

chromatin. (C) Reverse transcription proceeds in some hyper-stable cores. In cycling cells 

these viruses can enter the nucleus but the DNA is subsequently trapped inside the CA lattice. 

In non-dividing cells interactions with CPSF6 may: (i) further stabilise the hyper-stable core 

and/or (ii) direct the mutant to CPSF6-dependent nuclear envelope complexes where it 

encounters a physical block to nuclear entry. (D) Hyper-stable cores that are defective for 

binding CPSF6 may: (i) not be further stabilised by CPSF6 allowing a subset of viral cores to 

uncoat sufficiently to traverse the nuclear pore independent of CPSF6 interactions and/or (ii) 

direct hyper-stable cores to CPSF6-independent nuclear pore complexes across which they can 

traverse.  
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6.5. Clinical context 

 

6.5.1. Understanding relative importance of cellular proteins in physiological infection 

 

HIV-1 has evolved a core that allows productive infection in vivo. In particular, the stability of 

the core appears to be fine-tuned to allow the temporal and spatial progression of early life 

cycle events. Understanding the impact of derivations from WT core stability on early life cycle 

events may allow the development of novel drugs that target CA (see section 6.5.2).  

 

It should be noted that the work presented in this study was performed with one Gag-Pol 

molecular clone and with VSV-G pseudotyping. A number of cells were tested in order to 

mitigate for physiological changes in immortalised cell lines. However, confirming the 

phenotypes observed with full molecular clones in primary cells would be beneficial. It would 

also be interesting to evaluate the prevalence of the mutants described in this study in patients. 

 

6.5.2. Implication for drug design 

 

Despite the large number of drugs licensed for the treatment of HIV-1, further developments 

are needed to combat drug resistance and allow for patient-specific regimens. Although drugs 

that target CA are used in the laboratory (e.g. PF74, BI-2 and C-A1), there are none available 

clinically. As CA has been implicated in numerous early life cycle stages it is an attractive drug 

target. In addition, the CA sequence is genetically fragile with the frailty linked to virus 

assembly (Rihn et al. 2013).  

 

In this study, hyper-stable cores were able to reverse transcribe. Therefore, designing a drug 

that stabilised viral cores would possibly lead to the accumulation of reverse transcribed DNA 

which would be released upon eventual core breakdown. A drug that destabilises the viral core 

would likely be more advantageous as premature breakdown would prevent reverse 

transcription and viral RNA may activate innate immune sensors. A better understanding of 

the relationship between CA and the innate immune response will allow the design of drugs 

that facilitate the cells own antiviral mechanisms.  
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Given the ability of mutations at intra-hexamer interfaces to stabilise the whole viral core this 

would potentially be a useful target as complete disintegration of viral core would be 

envisaged. These interfaces are targeted by host proteins already and thus could be targeted 

pharmacologically. In terms of the lattice, inter-hexamer interfaces would likely be more 

difficult to target due the to their inherent flexibility and conformational variability. 

 

 
6.6. Future plans  

 

6.6.1. Short-term 

 

- Is it possible to compensate for the infectivity defects of mutants M68C/E212C and 

E180C by the addition of CPSF6 binding mutants, similarly to that seen with mutant 

A14C/E45C? 

 

- Confirm the binding phenotypes of less well described CPSF6 and Nup153 binding 

mutants to host cellular factors. This can be done by isothermal titration calorimetry 

(ITC), and CPSF6-358 and TRIM-Nup153 restriction assays. 

 

- Determine host cell protein dependencies of triple compensation mutants to help 

determine nuclear entry pathways (e.g. using siRNA). In particular, is there a difference 

in host factor usage between A14C/E45C/N74A and A14C/E45C/N74D? 

 

- Perform infectivity assays in primary cells with triple compensation mutants to see if 

the infectivity ‘rescue’ is still observed. 

 

- PLA staining of CA and Nup153 to determine whether there is accumulation of hyper-

stable viral cores at the nuclear envelope.  

 

- Determine the integration patterns of the triple compensation mutants – is it the same 

as the single CPSF6 mutants on their own? 

 

- Investigate the sensitivity of hyper-stable viral cores to PF74 and BI-2.  
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- Perform infectivity assays in primary cells with full HIV-1 molecular clones. 

 

- 2-LTR measurements of compensatory mutations. 

 

 

 

 

6.6.2. Long-term 

 

- Determine alternate nuclear entry pathways by performing CA pull-down assay 

followed by stable isotope labeling with amino acids in cell culture  (SILAC) for 

different CA mutants to investigate differences in host cell factor usage. 

 

- To determine how much CA is associated with hyper-stable core in vivo perform 

correlative light and electron microscopy (CLEM).  

 

- In order to identify putative therapeutic agents perform drug screens at lattice 

interfaces. This would involve pharmacological investigations.  

 

 

 

 

 

 



	 197	

Bibliography 

 

Accola, M.A., Höglund, S. & Göttlinger, H.G., 1998. A putative alpha-helical structure 

which overlaps the capsid-p2 boundary in the human immunodeficiency virus type 1 

Gag precursor is crucial for viral particle assembly. Journal of virology, 72(3), pp.2072–

2078. 

Aldovini, A. & Young, R.A., 1990. Mutations of RNA and protein sequences involved in 

human immunodeficiency virus type 1 packaging result in production of noninfectious 

virus. Journal of virology, 64(5), pp.1920–1926. 

Ambrose, Z. et al., 2012. Human Immunodeficiency Virus Type 1 Capsid Mutation N74D 

Alters Cyclophilin A Dependence and Impairs Macrophage Infection. Journal of 

Virology, 86(8), pp.4708–4714. 

Araínga, M. et al., 2017. A mature macrophage is a principal HIV-1 cellular reservoir in 

humanized mice after treatment with long acting antiretroviral therapy. Retrovirology, 

14(1), p.17. 

Arias, J.F. et al., 2016. Tetherin Antagonism by HIV-1 Group M Nef Proteins. F. Kirchhoff, 

ed. Journal of virology, 90(23), pp.10701–10714. 

Arthos, J. et al., 2008. HIV-1 envelope protein binds to and signals through integrin 

alpha4beta7, the gut mucosal homing receptor for peripheral T cells. Nature 

immunology, 9(3), pp.301–9. 

Askjaer, P. et al., 1998. The specificity of the CRM1-Rev nuclear export signal interaction is 

mediated by RanGTP. Journal of Biological Chemistry, 273(50), pp.33414–33422. 

Baldauf, H.M. et al., 2012. SAMHD1 restricts HIV-1 infection in resting CD4 + T cells. 

Nature Medicine, 18(11), pp.1682–1687. 

Ballandras-Colas, A. et al., 2017. A supramolecular assembly mediates lentiviral DNA 

integration. Science, 355(6320), pp.93–95. 

Barré-Sinoussi, F. et al., 1983. Isolation of a T-lymphotropic retrovirus from a patient at risk 

for acquired immune deficiency syndrome (AIDS). Science (New York, N.Y.), 

220(4599), pp.868–71. 

Bartonova, V. et al., 2008. Residues in the HIV-1 capsid assembly inhibitor binding site are 

essential for maintaining the assembly-competent quaternary structure of the capsid 

protein. Journal of Biological Chemistry, 283(46), pp.32024–32033. 

Bell, N.M. & Lever, A.M.L., 2013. HIV Gag polyprotein: Processing and early viral particle 



	 198	

assembly. Trends in Microbiology, 21(3), pp.136–144. 

Berg, J., 1986. Potential metal-binding domains in nucleic acid binding proteins. Science, 

232(4749), pp.485–487. 

Berger, E.A. et al., 1998. A new classification for HIV-1. Nature, 391(6664), p.240. 

Berger, G. et al., 2015. G2/M cell cycle arrest correlates with primate lentiviral Vpr 

interaction with the SLX4 complex. F. Kirchhoff, ed. Journal of virology, 89(1), 

pp.230–40. 

Bergman, S. & Lezon, T.R., 2017. Modeling global changes induced by local perturbations to 

the HIV-1 capsid. Journal of Molecular Graphics and Modelling, 71, pp.218–226. 

Berkowitz, R.D. et al., 1995. Retroviral nucleocapsid domains mediate the specific 

recognition of genomic viral RNAs by chimeric Gag polyproteins during RNA 

packaging in vivo. Journal of Virology, 69(10), pp.6445–6456. 

Berthet-Colominas, C. et al., 1999. Head-to-tail dimers and interdomain flexibility revealed 

by the crystal structure of HIV-1 capsid protein (p24) complexed with a monoclonal 

antibody Fab. The EMBO journal, 18(5), pp.1124–1136. 

Bhattacharya, A. et al., 2014. Structural basis of HIV-1 capsid recognition by PF74 and 

CPSF6. Proceedings of the National Academy of Sciences of the United States of 

America, 111(52), pp.18625–30. 

Bolinger, C. & Boris-Lawrie, K., 2009. Mechanisms employed by retroviruses to exploit host 

factors for translational control of a complicated proteome. Retrovirology, 6, p.8. 

Booth, D.S., Cheng, Y. & Frankel, A.D., 2014. The export receptor Crm1 forms a dimer to 

promote nuclear export of HIV RNA. eLife, 3, p.e04121. 

Bosco, D.A. et al., 2002. Catalysis of cis/trans isomerization in native HIV-1 capsid by 

human cyclophilin A. Proceedings of the National Academy of Sciences of the United 

States of America, 99(8), pp.5247–52. 

Braaten, D., Franke, E.K. & Luban, J., 1996. Cyclophilin A is required for an early step in the 

life cycle of human immunodeficiency virus type 1 before the initiation of reverse 

transcription. The Journal of Virology, 70(0022–538X (Print)), pp.3551–3560. 

Braaten, D. & Luban, J., 2001. Cyclophilin A regulates HIV-1 infectivity, as demonstrated by 

gene targeting in human T cells. EMBO Journal, 20(6), pp.1300–1309. 

Brass, A.L. et al., 2008. Identification of host proteins required for HIV infection through a 

functional genomic screen. Science, 319(5865), pp.921–926. 

Briggs, J.A.G. et al., 2003. Structural organization of authentic, mature HIV-1 virions and 

cores. EMBO Journal, 22(7), pp.1707–1715. 



	 199	

Briggs, J.A.G. et al., 2004. The stoichiometry of Gag protein in HIV-1. Nature Structural & 

Molecular Biology, 11(7), pp.672–675. 

Bukrinsky, M.I. et al., 1992. Active nuclear import of human immunodeficiency virus type 1 

preintegration complexes. Proceedings of the National Academy of Sciences of the 

United States of America, 89(14), pp.6580–6584. 

Bukrinsky, M.I. et al., 1993. Association of integrase, matrix, and reverse transcriptase 

antigens of human immunodeficiency virus type 1 with viral nucleic acids following 

acute infection (preintegratlon complex/nuclear import). Biochemistry, 90(July), 

pp.6125–6129. 

Buzon, V. et al., 2010. Crystal structure of HIV-1 gp41 including both fusion peptide and 

membrane proximal external regions. PLoS pathogens, 6(5), p.e1000880. 

Byeon, I.-J.L. et al., 2009. Structural convergence between Cryo-EM and NMR reveals 

intersubunit interactions critical for HIV-1 capsid function. Cell, 139(4), pp.780–90. 

Campbell, E.M. et al., 2007. Labeling HIV-1 virions with two fluorescent proteins allows 

identification of virions that have productively entered the target cell. Virology, 360(2), 

pp.286–93. 

Campbell, E.M. & Hope, T.J., 2015. HIV-1 capsid: the multifaceted key player in HIV-1 

infection. Nature Reviews Microbiology, 13(8), pp.471–483. 

Cavrois, M., De Noronha, C. & Greene, W.C., 2002. A sensitive and specific enzyme-based 

assay detecting HIV-1 virion fusion in primary T lymphocytes. Nature Biotechnology, 

20(11), pp.1151–1154. 

Center, R.J. et al., 2002. Oligomeric structure of the human immunodeficiency virus type 1 

envelope protein on the virion surface. Journal of virology, 76(15), pp.7863–7. 

Centers for Disease Control (CDC), 1981. Kaposi’s sarcoma and Pneumocystis pneumonia 

among homosexual men--New York City and California. MMWR. Morbidity and 

mortality weekly report, 30(25), pp.305–8. 

Chan, D.C. et al., 1997. Core structure of gp41 from the HIV envelope glycoprotein. Cell, 

89(2), pp.263–73. 

Chen, H., Wei, S.Q. & Engelman, A., 1999. Multiple integrase functions are required to form 

the native structure of the human immunodeficiency virus type I intasome. Journal of 

Biological Chemistry, 274(24), pp.17358–17364. 

Chen, N.-Y. et al., 2016. HIV-1 capsid is involved in post-nuclear entry steps. Retrovirology, 

13, p.28. 

Cherepanov, P., 2007. LEDGF/p75 interacts with divergent lentiviral integrases and 



	 200	

modulates their enzymatic activity in vitro. Nucleic Acids Research, 35(1), pp.113–124. 

Chin, C.R. et al., 2015. Direct Visualization of HIV-1 Replication Intermediates Shows that 

Capsid and CPSF6 Modulate HIV-1 Intra-nuclear Invasion and Integration. Cell reports, 

13(8), pp.1717–31. 

Chomont, N. et al., 2009. HIV reservoir size and persistence are driven by T cell survival and 

homeostatic proliferation. Nature Medicine, 15(8), pp.893–900. 

Ciuffi, A. et al., 2005. A role for LEDGF/p75 in targeting HIV DNA integration. Nature 

medicine, 11(12), pp.1287–9. 

Coffin, J.M., Hughes, S.H. & Varmus, H.E., 1997a. Synthesis of Gag and Gag-Pro-Pol 

Proteins. 

Coffin, J.M., Hughes, S.H. & Varmus, H.E., 1997b. The Place of Retroviruses in Biology. 

Collier, A.C. et al., 1996. Treatment of human immunodeficiency virus infection with 

saquinavir, zidovudine, and zalcitabine. AIDS Clinical Trials Group. The New England 

journal of medicine, 334(16), pp.1011–7. 

Cosnefroy, O., Murray, P.J. & Bishop, K.N., 2016. HIV-1 capsid uncoating initiates after the 

first strand transfer of reverse transcription. Retrovirology, 13(1), p.58. 

Cui, X. et al., 2005. cGMP-independent nitric oxide signaling and regulation of the cell cycle. 

BMC genomics, 6(1), p.151. 

D’Aquila, R.T. et al., 1996. Nevirapine, zidovudine, and didanosine compared with 

zidovudine and didanosine in patients with HIV-1 infection. A randomized, double-

blind, placebo-controlled trial. National Institute of Allergy and Infectious Diseases 

AIDS Clinical Trials Group Protoco. Annals of internal medicine, 124(12), pp.1019–30. 

Van Damme, N. et al., 2008. The Interferon-Induced Protein BST-2 Restricts HIV-1 Release 

and Is Downregulated from the Cell Surface by the Viral Vpu Protein. Cell Host and 

Microbe, 3(4), pp.245–252. 

Demirov, D.G. et al., 2002. Overexpression of the N-terminal domain of TSG101 inhibits 

HIV-1 budding by blocking late domain function. Proceedings of the National Academy 

of Sciences, 99(2), pp.955–960. 

Desai, T.M. et al., 2015. Fluorescent protein-tagged Vpr dissociates from HIV-1 core after 

viral fusion and rapidly enters the cell nucleus. Retrovirology, 12, p.88. 

Deshmukh, L. et al., 2013. Structure and dynamics of full-length hiv-1 capsid protein in 

solution. Journal of the American Chemical Society, 135(43), pp.16133–16147. 

Dharan, A. et al., 2016. KIF5B and Nup358 Cooperatively Mediate the Nuclear Import of 

HIV-1 during Infection B. R. Cullen, ed. PLoS Pathogens, 12(6), p.e1005700. 



	 201	

Dingwall, C. et al., 1990. HIV-1 tat protein stimulates transcription by binding to a U-rich 

bulge in the stem of the TAR RNA structure. The EMBO journal, 9(12), pp.4145–53. 

Dingwall, C. et al., 1989. Human immunodeficiency virus 1 tat protein binds trans-activation-

responsive region (TAR) RNA in vitro. Proceedings of the National Academy of 

Sciences of the United States of America, 86(18), pp.6925–9. 

Dismuke, D.J. & Aiken, C., 2006. Evidence for a functional link between uncoating of the 

human immunodeficiency virus type 1 core and nuclear import of the viral 

preintegration complex. Journal of virology, 80(8), pp.3712–20. 

Elkon, R., Ugalde, A.P. & Agami, R., 2013. Alternative cleavage and polyadenylation: 

extent, regulation and function. Nature Reviews Genetics, 14(7), pp.496–506. 

Engelman, A., Mizuuchi, K. & Craigie, R., 1991. HIV-1 DNA integration: Mechanism of 

viral DNA cleavage and DNA strand transfer. Cell, 67(6), pp.1211–1221. 

Fahrenkrog, B. et al., 2002. Domain-specific antibodies reveal multiple-site topology of 

Nup153 within the nuclear pore complex. In Journal of Structural Biology. pp. 254–267. 

Farnet, C.M. & Haseltine, W.A., 1991. Circularization of human immunodeficiency virus 

type 1 DNA in vitro. Journal of virology, 65(12), pp.6942–52. 

Fassati, A., 2006. HIV infection of non-dividing cells: a divisive problem. Retrovirology, 

3(1), p.74. 

Fassati, A., 2012. Multiple roles of the capsid protein in the early steps of HIV-1 infection. 

Virus research, 170(1–2), pp.15–24. 

Fassati, A. & Goff, S.P., 2001. Characterization of intracellular reverse transcription 

complexes of human immunodeficiency virus type 1. Journal of virology, 75(8), 

pp.3626–35. 

Fernandez, J. et al., 2015. Microtubule-associated proteins 1 (MAP1) promote human 

immunodeficiency virus type I (HIV-1) intracytoplasmic routing to the nucleus. The 

Journal of biological chemistry, 290(8), pp.4631–46. 

Fischer, U. et al., 1995. The HIV-1 Rev Activation Domain is a nuclear export signal that 

accesses an export pathway used by specific cellular RNAs. Cell, 82(3), pp.475–483. 

Fisher, R.D. et al., 2007. Structural and Biochemical Studies of ALIX/AIP1 and Its Role in 

Retrovirus Budding. Cell, 128(5), pp.841–852. 

Forshey, B.M. et al., 2002. Formation of a human immunodeficiency virus type 1 core of 

optimal stability is crucial for viral replication. Journal of virology, 76(11), pp.5667–77. 

Forshey, B.M., Shi, J. & Aiken, C., 2005. Structural requirements for recognition of the 

human immunodeficiency virus type 1 core during host restriction in owl monkey cells. 



	 202	

Journal of virology, 79(2), pp.869–75. 

Franke, E.K., Yuan, H.E. & Luban, J., 1994. Specific incorporation of cyclophilin A into 

HIV-1 virions. Nature, 372(6504), pp.359–362. 

Fricke, T., Brandariz-Nuñez, A., et al., 2013. Human cytosolic extracts stabilize the HIV-1 

core. Journal of virology, 87(19), pp.10587–97. 

Fricke, T., Valle-Casuso, J.C., et al., 2013. The ability of TNPO3-depleted cells to inhibit 

HIV-1 infection requires CPSF6. Retrovirology, 10, p.46. 

Fujinaga, K. et al., 2004. Dynamics of Human Immunodeficiency Virus Transcription: P-

TEFb Phosphorylates RD and Dissociates Negative Effectors from the Transactivation 

Response Element. Molecular and Cellular Biology, 24(2), pp.787–795. 

Fun, A. et al., 2012. Human Immunodeficiency Virus gag and protease: partners in 

resistance. Retrovirology, 9(1), p.63. 

Gallo, R.C. et al., 1984. Frequent detection and isolation of cytopathic retroviruses (HTLV-

III) from patients with AIDS and at risk for AIDS. Science (New York, N.Y.), 224(4648), 

pp.500–3. 

Gamble, T.R. et al., 1996. Crystal structure of human cyclophilin A bound to the amino-

terminal domain of HIV-1 capsid. Cell, 87(7), pp.1285–1294. 

Gamble, T.R. et al., 1997. Structure of the carboxyl-terminal dimerization domain of the 

HIV-1 capsid protein. Science (New York, N.Y.), 278(5339), pp.849–53. 

Ganser-Pornillos, B.K. et al., 2004. Assembly Properties of the Human Immunodeficiency 

Virus Type 1 CA Protein. Journal of Virology, 78(5), pp.2545–2552. 

Ganser-Pornillos, B.K., Cheng, A. & Yeager, M., 2007. Structure of full-length HIV-1 CA: a 

model for the mature capsid lattice. Cell, 131(1), pp.70–9. 

Ganser, B.K. et al., 1999. Assembly and analysis of conical models for the HIV-1 core. 

Science (New York, N.Y.), 283(5398), pp.80–3. 

Gao, F. et al., 1999. Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. Nature, 

397(6718), pp.436–41. 

Gartner, S. et al., 1986. The role of mononuclear phagocytes in HTLV-III/LAV infection. 

Science (New York, N.Y.), 233(4760), pp.215–9. 

Gitti, R.K. et al., 1996. Structure of the amino-terminal core domain of the HIV-1 capsid 

protein. Science (New York, N.Y.), 273(5272), pp.231–235. 

Global Health Observatory (GHO), 2017. WHO | HIV/AIDS. WHO. 

Goldstone, D.C. et al., 2011. HIV-1 restriction factor SAMHD1 is a deoxynucleoside 

triphosphate triphosphohydrolase. Nature, 480(7377), pp.379–382. 



	 203	

Göttlinger, H.G. et al., 1991. Effect of mutations affecting the p6 gag protein on human 

immunodeficiency virus particle release. Proceedings of the National Academy of 

Sciences of the United States of America, 88(8), pp.3195–3199. 

Gres, A.T. et al., 2015. X-ray crystal structures of native HIV-1 capsid protein reveal 

conformational variability. Science (New York, N.Y.), 349(6243), pp.99–104. 

Gruber, A.R. et al., 2012. Cleavage factor Im is a key regulator of 3’ UTR length. RNA 

biology, 9(12), pp.1405–12. 

Gullberg, M., Göransson, C. & Fredriksson, S., 2011. Duolink-”In-cell Co-IP”for 

visualization of protein interactions in situ. Nature Methods, 8(11), pp.i–ii. 

Guo, J. et al., 2000. Zinc finger structures in the human immunodeficiency virus type 1 

nucleocapsid protein facilitate efficient minus- and plus-strand transfer. Journal of 

virology, 74(19), pp.8980–8. 

Güttler, T. et al., 2010. NES consensus redefined by structures of PKI-type and Rev-type 

nuclear export signals bound to CRM1. Nature Structural and Molecular Biology, 

17(11), pp.1367–1376. 

De Guzman, R.N. et al., 1998. Structure of the HIV-1 nucleocapsid protein bound to the SL3 

ψ-RNA recognition element. Science, 279(5349), pp.384–388. 

Hallenberger, S. et al., 1992. Inhibition of furin-mediated cleavage activation of HIV-1 

glycoprotein gpl60. Nature, 360(6402), pp.358–361. 

Hamid, F. Bin, Kim, J. & Shin, C.-G., 2017. Distribution and fate of HIV-1 unintegrated 

DNA species: a comprehensive update. AIDS research and therapy, 14(1), p.9. 

Harris, R.S. et al., 2003. DNA deamination mediates innate immunity to retroviral infection. 

Cell, 113(6), pp.803–809. 

Hartley, O. et al., 2005. V3: HIV’s switch-hitter. AIDS research and human retroviruses, 

21(2), pp.171–89. 

He, J. et al., 1995. Human immunodeficiency virus type 1 viral protein R (Vpr) arrests cells 

in the G2 phase of the cell cycle by inhibiting p34cdc2 activity. Journal of virology, 

69(11), pp.6705–6711. 

Henning, M.S. et al., 2014. In vivo functions of CPSF6 for HIV-1 as revealed by HIV-1 

capsid evolution in HLA-B27-positive subjects. PLoS pathogens, 10(1), p.e1003868. 

Hilditch, L. & Towers, G.J., 2014. A model for cofactor use during HIV-1 reverse 

transcription and nuclear entry. Current opinion in virology, 4C, pp.32–36. 

Hill, M.K. et al., 2007. Alteration of the proline at position 7 of the HIV-1 spacer peptide p1 

suppresses viral infectivity in a strain dependent manner. Current HIV research, 5(1), 



	 204	

pp.69–78. 

Hill, M.K. et al., 2002. Proline residues within spacer peptide p1 are important for human 

immunodeficiency virus type 1 infectivity, protein processing, and genomic RNA dimer 

stability. Journal of virology, 76(22), pp.11245–53. 

Hladik, F. & McElrath, M.J., 2008. Setting the stage: host invasion by HIV. Nature reviews. 

Immunology, 8(6), pp.447–57. 

Hofmann, H. et al., 2012. The Vpx Lentiviral Accessory Protein Targets SAMHD1 for 

Degradation in the Nucleus. Journal of Virology, 86(23), pp.12552–12560. 

Hori, T. et al., 2013. A carboxy-terminally truncated human CPSF6 lacking residues encoded 

by exon 6 inhibits HIV-1 cDNA synthesis and promotes capsid disassembly. Journal of 

virology, 87(13), pp.7726–36. 

Hu, W.-S. & Hughes, S.H., 2012. HIV-1 reverse transcription. Cold Spring Harbor 

perspectives in medicine, 2(10), p.a006882. 

Huang, M. et al., 1995. p6Gag is required for particle production from full-length human 

immunodeficiency virus type 1 molecular clones expressing protease. Journal of 

virology, 69(11), pp.6810–8. 

Hulme, A.E. et al., 2015. Complementary Assays Reveal a Low Level of CA Associated with 

Viral Complexes in the Nuclei of HIV-1-Infected Cells S. R. Ross, ed. Journal of 

Virology, 89(10), pp.5350–5361. 

Hulme, A.E. et al., 2014. Identification of capsid mutations that alter the rate of HIV-1 

uncoating in infected cells. Journal of virology. 

Hulme, A.E., Perez, O. & Hope, T.J., 2011. Complementary assays reveal a relationship 

between HIV-1 uncoating and reverse transcription. Proceedings of the National 

Academy of Sciences of the United States of America, 108(24), pp.9975–80. 

Hung, M. et al., 2013. Large-Scale Functional Purification of Recombinant HIV-1 Capsid C. 

A. Stoddart, ed. PLoS ONE, 8(3), p.e58035. 

De Iaco, A. et al., 2013. TNPO3 protects HIV-1 replication from CPSF6-mediated capsid 

stabilization in the host cell cytoplasm. Retrovirology, 10(1), p.20. 

De Iaco, A. & Luban, J., 2014. Cyclophilin A promotes HIV-1 reverse transcription but its 

effect on transduction correlates best with its effect on nuclear entry of viral cDNA. 

Retrovirology, 11(1), p.11. 

Ibarra, A. & Hetzer, M.W., 2015. Nuclear pore proteins and the control of genome functions. 

Genes & development, 29(4), pp.337–49. 

Igarashi, T. et al., 2001. Macrophage are the principal reservoir and sustain high virus loads 



	 205	

in rhesus macaques after the depletion of CD4+ T cells by a highly pathogenic simian 

immunodeficiency virus/HIV type 1 chimera (SHIV): Implications for HIV-1 infections 

of humans. Proceedings of the National Academy of Sciences of the United States of 

America, 98(2), pp.658–63. 

Iglesias-Ussel, M. et al., 2013. High levels of CD2 expression identify HIV-1 latently 

infected resting memory CD4+ T cells in virally suppressed subjects. Journal of 

Virology, 87(16), pp.9148–58. 

Iordanskiy, S. et al., 2006. Intracytoplasmic maturation of the human immunodeficiency 

virus type 1 reverse transcription complexes determines their capacity to integrate into 

chromatin. Retrovirology, 3(1), p.4. 

Isel, C. & Karn, J., 1999. Direct evidence that HIV-1 Tat stimulates RNA polymerase II 

carboxyl-terminal domain hyperphosphorylation during transcriptional elongation. 

Journal of Molecular Biology, 290(5), pp.929–941. 

Jacks, T. et al., 1988. Characterization of ribosomal frameshifting in HIV-1 gag-pol 

expression. Nature, 331(6153), pp.280–283. 

Jacques, D.A. et al., 2016. HIV-1 uses dynamic capsid pores to import nucleotides and fuel 

encapsidated DNA synthesis. Nature. 

Johnson, M.C., 2011. Mechanisms for Env glycoprotein acquisition by retroviruses. AIDS 

research and human retroviruses, 27(3), pp.239–47. 

Jun, S. et al., 2011. Direct visualization of HIV-1 with correlative live-cell microscopy and 

cryo-electron tomography. Structure, 19(11), pp.1573–1581. 

Karageorgos, L., Li, P. & Burrell, C., 1993. Characterization of HIV replication complexes 

early after cell-to-cell infection. AIDS Res Hum Retroviruses, 9(9), pp.817–823. 

Karn, J. & Stoltzfus, C.M., 2012. Transcriptional and posttranscriptional regulation of HIV-1 

gene expression. Cold Spring Harbor Perspectives in Medicine, 2(2), pp.a006916–

a006916. 

Katoh, I. et al., 1987. Inhibition of retroviral protease activity by an aspartyl proteinase 

inhibitor. Nature, 329(6140), pp.654–656. 

Katoh, I., Ikawa, Y. & Yoshinaka, Y., 1989. Retrovirus protease characterized as a dimeric 

aspartic proteinase. Journal of virology, 63(5), pp.2226–32. 

Keele, B.F. et al., 2006. Chimpanzee reservoirs of pandemic and nonpandemic HIV-1. 

Science (New York, N.Y.), 313(5786), pp.523–6. 

Kesavardhana, S. & Varadarajan, R., 2014. Stabilizing the native trimer of HIV-1 Env by 

destabilizing the heterodimeric interface of the gp41 postfusion six-helix bundle. 



	 206	

Journal of virology, 88(17), pp.9590–604. 

Kim, S.Y. et al., 1989. Temporal aspects of DNA and RNA synthesis during human 

immunodeficiency virus infection: evidence for differential gene expression. Journal of 

virology, 63(9), pp.3708–13. 

Kim, Y.K. et al., 2002. Phosphorylation of the RNA polymerase II carboxyl-terminal domain 

by CDK9 is directly responsible for human immunodeficiency virus type 1 Tat-activated 

transcriptional elongation. Molecular and cellular biology, 22(13), pp.4622–4637. 

Kluge, S.F. et al., 2014. Nef proteins of epidemic HIV-1 group O strains antagonize human 

tetherin. Cell Host and Microbe, 16(5), pp.639–650. 

Koenig, S. et al., 1986. Detection of AIDS virus in macrophages in brain tissue from AIDS 

patients with encephalopathy. Science (New York, N.Y.), 233(4768), pp.1089–93. 

Koh, Y. et al., 2012. Differential Effects of Human Immunodeficiency Virus Type 1 Capsid 

and Cellular Factors Nucleoporin 153 and LEDGF/p75 on the Efficiency and Specificity 

of Viral DNA Integration. Journal of Virology, 87(1), pp.648–658. 

Kondo, E. & Göttlinger, H.G., 1996. A conserved LXXLF sequence is the major determinant 

in p6gag required for the incorporation of human immunodeficiency virus type 1 Vpr. 

Journal of virology, 70(1), pp.159–164. 

König, R. et al., 2008. Global Analysis of Host-Pathogen Interactions that Regulate Early-

Stage HIV-1 Replication. Cell, 135(1), pp.49–60. 

Koppensteiner, H. & Wu, L., 2012. Macrophages and their relevance in Human 

Immunodeficiency Virus Type I infection. Retrovirology, 9(1), p.82. 

Korber, B. et al., 2000. Timing the ancestor of the HIV-1 pandemic strains. Science (New 

York, N.Y.), 288(5472), pp.1789–96. 

Kortagere, S. et al., 2012. Inhibiting early-stage events in HIV-1 replication by small-

molecule targeting of the HIV-1 capsid. Journal of virology, 86(16), pp.8472–81. 

Kräusslich, H.G. et al., 1995. The spacer peptide between human immunodeficiency virus 

capsid and nucleocapsid proteins is essential for ordered assembly and viral infectivity. 

Journal of virology, 69(6), pp.3407–19. 

Krishnan, L. et al., 2010. Structure-based modeling of the functional HIV-1 intasome and its 

inhibition. Proceedings of the National Academy of Sciences of the United States of 

America, 107(36), pp.15910–5. 

Lafave, M.C. et al., 2014. MLV integration site selection is driven by strong enhancers and 

active promoters. Nucleic Acids Research, 42(7), pp.4257–4269. 

Lahouassa, H. et al., 2012. SAMHD1 restricts the replication of human immunodeficiency 



	 207	

virus type 1 by depleting the intracellular pool of deoxynucleoside triphosphates. Nature 

Immunology, 13(3), pp.223–228. 

Lanman, J. et al., 2003. Identification of novel interactions in HIV-1 capsid protein assembly 

by high-resolution mass spectrometry. Journal of molecular biology, 325(4), pp.759–72. 

Lanman, J. et al., 2004. Key interactions in HIV-1 maturation identified by hydrogen-

deuterium exchange. Nature structural & molecular biology, 11(7), pp.676–7. 

Lapatto, R. et al., 1989. X-ray analysis of HIV-1 proteinase at 2.7 Å resolution confirms 

structural homology among retroviral enzymes. Nature, 342(6247), pp.299–302. 

Laskey, S.B. & Siliciano, R.F., 2014. A mechanistic theory to explain the efficacy of 

antiretroviral therapy. Nat Rev Micro, 12(11), pp.772–780. 

Lazert, C. et al., 2008. Refined study of the interaction between HIV-1 p6 late domain and 

ALIX. Retrovirology, 5(1), p.39. 

Lee, K. et al., 2010. Flexible use of nuclear import pathways by HIV-1. Cell host & microbe, 

7(3), pp.221–33. 

Lee, K. et al., 2012. HIV-1 capsid-targeting domain of cleavage and polyadenylation 

specificity factor 6. Journal of virology, 86(7), pp.3851–60. 

Leonard, C.K. et al., 1990. Assignment of intrachain disulfide bonds and characterization of 

potential glycosylation sites of the type 1 recombinant human immunodeficiency virus 

envelope glycoprotein (gp120) expressed in Chinese hamster ovary cells. The Journal of 

biological chemistry, 265(18), pp.10373–10382. 

Lewis, P.F. & Emerman, M., 1994. Passage through mitosis is required for oncoretroviruses 

but not for the human immunodeficiency virus. Journal of virology, 68(1), pp.510–6. 

Liu, C. et al., 2016. Cyclophilin A stabilizes the HIV-1 capsid through a novel non-canonical 

binding site. Nature communications, 7, p.10714. 

López-Mirabal, H.R. & Winther, J.R., 2008. Redox characteristics of the eukaryotic cytosol. 

Biochimica et Biophysica Acta - Molecular Cell Research, 1783(4), pp.629–640. 

Louis, J.M., Clore, G.M. & Gronenborn, A.M., 1999. Autoprocessing of HIV-1 protease is 

tightly coupled to protein folding. Nature structural biology, 6(9), pp.868–75. 

Lowe, D.M. et al., 1988. HIV-1 Reverse Transcriptase: Crystallization and Analysis of 

Domain Structure by Limited Proteolysis. Biochemistry, 27(25), pp.8884–8889. 

Lu, Y.L. et al., 1995. A leucine triplet repeat sequence (LXX)4 in p6gag is important for Vpr 

incorporation into human immunodeficiency virus type 1 particles. Journal of virology, 

69(11), pp.6873–9. 

Luban, J. & Goff, S.P., 1991. Binding of human immunodeficiency virus type 1 (HIV-1) 



	 208	

RNA to recombinant HIV-1 gag polyprotein. J. Virol., 65(6), pp.3203–3212. 

Lukic, Z. et al., 2014. HIV-1 Uncoating is Facilitated by Dynein and Kinesin-1. Journal of 

virology. 

Maertens, G.N. et al., 2014. Structural basis for nuclear import of splicing factors by human 

Transportin 3. Proceedings of the National Academy of Sciences of the United States of 

America, 111(7), pp.2728–33. 

Malikov, V. et al., 2015. HIV-1 capsids bind and exploit the kinesin-1 adaptor FEZ1 for 

inward movement to the nucleus. Nature communications, 6, p.6660. 

Malim, M.H., 2006. Natural resistance to HIV infection: The Vif-APOBEC interaction. 

Comptes Rendus - Biologies, 329(11), pp.871–875. 

Malim, M.H. et al., 1989. The HIV-1 rev trans-activator acts through a structured target 

sequence to activate nuclear export of unspliced viral mRNA. Nature, 338(6212), 

pp.254–257. 

Malim, M.H. & Bieniasz, P.D., 2012. HIV Restriction Factors and Mechanisms of Evasion. 

Cold Spring Harbor perspectives in medicine, 2(5), p.a006940. 

de Marco, A. et al., 2010. Structural analysis of HIV-1 maturation using cryo-electron 

tomography. PLoS pathogens, 6(11), p.e1001215. 

Marini, B. et al., 2015. Nuclear architecture dictates HIV-1 integration site selection. Nature, 

521(7551), pp.227–233. 

Martin, G. et al., 2012. Genome-wide Analysis of Pre-mRNA 3’ End Processing Reveals a 

Decisive Role of Human Cleavage Factor I in the Regulation of 3’ UTR Length. Cell 

Reports, 1(6), pp.753–763. 

di Marzo Veronese, F. et al., 1986. Characterization of highly immunogenic p66/p51 as the 

reverse transcriptase of HTLV-III/LAV. Science, 231(4743), pp.1289–1291. 

Massiah, M.A. et al., 1994. Three-dimensional structure of the human immunodeficiency 

virus type 1 matrix protein. Journal of Molecular Biology, 244(2), pp.198–223. 

Matreyek, K.A. et al., 2013. Nucleoporin NUP153 Phenylalanine-Glycine Motifs Engage a 

Common Binding Pocket within the HIV-1 Capsid Protein to Mediate Lentiviral 

Infectivity J. Luban, ed. PLoS Pathogens, 9(10), p.e1003693. 

Matreyek, K.A. & Engelman, A., 2011. The requirement for nucleoporin NUP153 during 

human immunodeficiency virus type 1 infection is determined by the viral capsid. 

Journal of virology, 85(15), pp.7818–7827. 

Mattei, S. et al., 2016. The structure and flexibility of conical HIV-1 capsids determined 

within intact virions. Science, 354(6318), pp.1434–1437. 



	 209	

McDonald, D. et al., 2002. Visualization of the intracellular behavior of HIV in living cells. 

The Journal of cell biology, 159(3), pp.441–52. 

Merk, A. & Subramaniam, S., 2013. HIV-1 envelope glycoprotein structure. Current opinion 

in structural biology, 23(2), pp.268–76. 

Miller, M.D., Farnet, C.M. & Bushman, F.D., 1997. Human immunodeficiency virus type 1 

preintegration complexes: studies of organization and composition. Journal of virology, 

71(7), pp.5382–5390. 

Miranda, L.R. et al., 2002. Cell surface expression of the HIV-1 envelope glycoproteins is 

directed from intracellular CTLA-4-containing regulated secretory granules. 

Proceedings of the National Academy of Sciences of the United States of America, 

99(12), pp.8031–6. 

Mitchell, R.S. et al., 2004. Retroviral DNA integration: ASLV, HIV, and MLV show distinct 

target site preferences. PLoS biology, 2(8), p.E234. 

Momany, C. et al., 1996. Crystal structure of dimeric HIV-1 capsid protein. Nature structural 

biology, 3(9), pp.763–70. 

Navia, M.A. et al., 1989. Three-dimensional structure of aspartyl protease from human 

immunodeficiency virus HIV-1. Nature, 337(6208), pp.615–620. 

Neil, S.J.D. et al., 2007. An Interferon-α-Induced Tethering Mechanism Inhibits HIV-1 and 

Ebola Virus Particle Release but Is Counteracted by the HIV-1 Vpu Protein. Cell Host 

and Microbe, 2(3), pp.193–203. 

Neil, S.J.D., Zang, T. & Bieniasz, P.D., 2008. Tetherin inhibits retrovirus release and is 

antagonized by HIV-1 Vpu. Nature, 451(7177), pp.425–430. 

Nermut, M. V & Fassati, A., 2003. Structural analyses of purified human immunodeficiency 

virus type 1 intracellular reverse transcription complexes. Journal of virology, 77(15), 

pp.8196–206. 

Noë, A., Plum, J. & Verhofstede, C., 2005. The latent HIV-1 reservoir in patients undergoing 

HAART: an archive of pre-HAART drug resistance. The Journal of antimicrobial 

chemotherapy, 55(4), pp.410–2. 

Di Nunzio, F. et al., 2012. Human Nucleoporins Promote HIV-1 Docking at the Nuclear 

Pore, Nuclear Import and Integration A. Chauhan, ed. PLoS ONE, 7(9), p.e46037. 

Di Nunzio, F., 2013. New insights in the role of nucleoporins: a bridge leading to concerted 

steps from HIV-1 nuclear entry until integration. Virus research, 178(2), pp.187–96. 

Di Nunzio, F. et al., 2013. Nup153 and Nup98 bind the HIV-1 core and contribute to the 

early steps of HIV-1 replication. Virology, 440(1), pp.8–18. 



	 210	

O’Doherty, U., Swiggard, W.J. & Malim, M.H., 2000. Human Immunodeficiency Virus Type 

1 Spinoculation Enhances Infection through Virus Binding. Journal of Virology, 74(21), 

pp.10074–10080. 

Ono, A. et al., 2004. Phosphatidylinositol (4,5) bisphosphate regulates HIV-1 Gag targeting 

to the plasma membrane. Proceedings of the National Academy of Sciences of the 

United States of America, 101(41), pp.14889–94. 

Ono, A., Orenstein, J.M. & Freed, E.O., 2000. Role of the Gag matrix domain in targeting 

human immunodeficiency virus type 1 assembly. Journal of virology, 74(6), pp.2855–

2866. 

Passos, D.O. et al., 2017. Cryo-EM structures and atomic model of the HIV-1 strand transfer 

complex intasome. Science, 355(6320), pp.89–92. 

Paulillo, S.M. et al., 2005. Nucleoporin domain topology is linked to the transport status of 

the nuclear pore complex. Journal of Molecular Biology, 351(4), pp.784–798. 

Paxton, W., Connor, R.I. & Landau, N.R., 1993. Incorporation of Vpr into human 

immunodeficiency virus type 1 virions: requirement for the p6 region of gag and 

mutational analysis. Journal of virology, 67(12), pp.7229–37. 

Pearl, L.H. & Taylor, W.R., 1987. A structural model for the retroviral proteases. Nature, 

329(6137), pp.351–4. 

Pedrali-Noy, G. et al., 1980. Synchronization of HeLa cell cultures by inhibition of DNA 

polymerase alpha with aphidicolin. Nucleic acids research, 8(2), pp.377–387. 

Peng, K. et al., 2014. Quantitative microscopy of functional HIV post-entry complexes 

reveals association of replication with the viral capsid. eLife, 3, p.e04114. 

Perilla, J.R. & Schulten, K., 2017. Physical properties of the HIV-1 capsid from all-atom 

molecular dynamics simulations. Nature communications, 8(May 2016), p.15959. 

Persaud, D. et al., 2000. A stable latent reservoir for HIV-1 in resting CD4(+) T lymphocytes 

in infected children. The Journal of clinical investigation, 105(7), pp.995–1003. 

Plantier, J.-C. et al., 2009. A new human immunodeficiency virus derived from gorillas. 

Nature medicine, 15(8), pp.871–2. 

Pollakis, G. et al., 2001. N-Linked Glycosylation of the HIV Type-1 gp120 Envelope 

Glycoprotein as a Major Determinant of CCR5 and CXCR4 Coreceptor Utilization. 

Journal of Biological Chemistry, 276(16), pp.13433–13441. 

Pomerantz, R.J. et al., 1990. Cells nonproductively infected with HIV-1 exhibit an aberrant 

pattern of viral RNA expression: A molecular model for latency. Cell, 61(7), pp.1271–

1276. 



	 211	

Poon, D.T.K., Wu, J. & Aldovini, A., 1996. Charged Amino Acid Residues of Human 

Immunodeficiency Virus Type 1 Nucleocapsid p7 Protein Involved in RNA Packaging 

and Infectivity. Journal of Virology, 70(10), pp.6607–6616. 

Popovic, M. et al., 1984. Detection, isolation, and continuous production of cytopathic 

retroviruses (HTLV-III) from patients with AIDS and pre-AIDS. Science (New York, 

N.Y.), 224(4648), pp.497–500. 

Pornillos, O. et al., 2010. Disulfide Bond Stabilization of the Hexameric Capsomer of Human 

Immunodeficiency Virus. Journal of Molecular Biology, 401(5), pp.985–995. 

Pornillos, O. et al., 2002. Structure of the tsg101 uev domain in complex with the ptap motif 

of the hiv-1 p6 protein. Nature Structural Biology, 9(11), pp.812–817. 

Pornillos, O. et al., 2009. X-ray structures of the hexameric building block of the HIV capsid. 

Cell, 137(7), pp.1282–92. 

Pornillos, O., Ganser-Pornillos, B.K. & Yeager, M., 2011. Atomic-level modelling of the 

HIV capsid. Nature, 469(7330), pp.424–7. 

Powell, R.D. et al., 2011. Aicardi-Goutieres syndrome gene and HIV-1 restriction factor 

SAMHD1 is a dGTP-regulated deoxynucleotide triphosphohydrolase. Journal of 

Biological Chemistry, 286(51), pp.43596–43600. 

Prescher, J. et al., 2015. Super-resolution imaging of ESCRT-proteins at HIV-1 assembly 

sites. PLoS pathogens, 11(2), p.e1004677. 

Price, A.J. et al., 2012. CPSF6 defines a conserved capsid interface that modulates HIV-1 

replication. PLoS pathogens, 8(8), p.e1002896. 

Price, A.J. et al., 2014. Host cofactors and pharmacologic ligands share an essential interface 

in HIV-1 capsid that is lost upon disassembly. PLoS pathogens, 10(10), p.e1004459. 

Qi, M., Yang, R. & Aiken, C., 2008. Cyclophilin A-dependent restriction of human 

immunodeficiency virus type 1 capsid mutants for infection of nondividing cells. 

Journal of virology, 82(24), pp.12001–12008. 

Racine, P.J. et al., 2016. Requirements for nucleocapsid-mediated regulation of reverse 

transcription during the late steps of HIV-1 assembly. Scientific Reports, 6(1), p.27536. 

Ramalho, R. et al., 2016. Analysis of the mechanical properties of wild type and hyperstable 

mutants of the HIV-1 capsid. Retrovirology, 13, p.17. 

Rankovic, S. et al., 2017. Reverse transcription mechanically initiates HIV-1 capsid 

disassembly. Journal of virology, p.JVI.00289-17. 

Rasaiyaah, J. et al., 2013. HIV-1 evades innate immune recognition through specific cofactor 

recruitment. Nature, 503(7476), pp.402–405. 



	 212	

Rietsch, A. & Beckwith, J., 1998. THE GENETICS OF DISULFIDE BOND 

METABOLISM. Annual Review of Genetics, 32(1), pp.163–184. 

Rihn, S.J. et al., 2013. Extreme genetic fragility of the HIV-1 capsid. PLoS pathogens, 9(6), 

p.e1003461. 

Romani, B. et al., 2016. HIV-1 Vpr reactivates latent HIV-1 provirus by inducing depletion 

of class I HDACs on chromatin. Scientific reports, 6(July), p.31924. 

Rosa, A. et al., 2015. HIV-1 Nef promotes infection by excluding SERINC5 from virion 

incorporation. Nature, 526(7572), pp.212–7. 

Rubin, H. & Temin, H.M., 1959. A radiological study of cell-virus interaction in the Rous 

Sarcoma. Virology, 7(1), pp.75–91. 

Saad, J.S. et al., 2006. Structural basis for targeting HIV-1 Gag proteins to the plasma 

membrane for virus assembly. Proceedings of the National Academy of Sciences, 

103(30), pp.11364–11369. 

Sabo, Y. et al., 2013. HIV-1 induces the formation of stable microtubules to enhance early 

infection. Cell host & microbe, 14(5), pp.535–46. 

Saito, A. et al., 2016. The capsid-CPSF6 interaction is dispensable for HIV-1 replication in 

primary cells but is selected during virus passage in vivo. Journal of Virology, 90(15), 

p.JVI.00019-16. 

Saphire, A.C. et al., 2001. Syndecans serve as attachment receptors for human 

immunodeficiency virus type 1 on macrophages. Journal of virology, 75(19), pp.9187–

200. 

Schaller, T. et al., 2011. HIV-1 capsid-cyclophilin interactions determine nuclear import 

pathway, integration targeting and replication efficiency. PLoS pathogens, 7(12), 

p.e1002439. 

Schmalzbauer, E. et al., 1996. Mutations of basic amino acids of NCp7 of human 

immunodeficiency virus type 1 affect RNA binding in vitro. J Virol, 70(2), pp.771–777. 

Schrager, J.A. & Marsh, J.W., 1999. HIV-1 Nef increases T cell activation in a stimulus-

dependent manner. Proceedings of the National Academy of Sciences of the United 

States of America, 96(14), pp.8167–72. 

Schröder, A.R.W. et al., 2002. HIV-1 integration in the human genome favors active genes 

and local hotspots. Cell, 110(4), pp.521–9. 

Schur, F.K.M. et al., 2016. An atomic model of HIV-1 capsid-SP1 reveals structures 

regulating assembly and maturation. Science, 353(6298), pp.506–508. 

von Schwedler, U.K. et al., 2003. Functional surfaces of the human immunodeficiency virus 



	 213	

type 1 capsid protein. Journal of virology, 77(9), pp.5439–50. 

Von Schwedler, U.K. et al., 1998. Proteolytic refolding of the HIV-1 capsid protein amino-

terminus facilitates viral core assembly. EMBO Journal, 17(6), pp.1555–1568. 

Von Schwedler, U.K. et al., 2003. The protein network of HIV budding. Cell, 114(6), 

pp.701–713. 

Selig, L. et al., 1999. Interaction with the p6 domain of the gag precursor mediates 

incorporation into virions of Vpr and Vpx proteins from primate lentiviruses. Journal of 

virology, 73(1), pp.592–600. 

Setiawan, L.C. et al., 2016. Mutations in CypA Binding Region of HIV-1 Capsid Affect 

Capsid Stability and Viral Replication in Primary Macrophages. AIDS research and 

human retroviruses, 32(4), pp.390–8. 

Sevier, C.S. & Kaiser, C.A., 2002. Formation and transfer of disulphide bonds in living cells. 

Nature reviews. Molecular cell biology, 3(11), pp.836–47. 

Shamir, E.R. et al., 2014. Twist1-induced dissemination preserves epithelial identity and 

requires E-cadherin. Journal of Cell Biology, 204(5), pp.839–856. 

Sharp, P.M. et al., 2001. The origins of acquired immune deficiency syndrome viruses: where 

and when? Philosophical transactions of the Royal Society of London. Series B, 

Biological sciences, 356(1410), pp.867–76. 

Sheehy, A.M. et al., 2002. Isolation of a human gene that inhibits HIV-1 infection and is 

suppressed by the viral Vif protein. Nature, 418(6898), pp.646–650. 

Shi, J. et al., 2011. Small-molecule inhibition of human immunodeficiency virus type 1 

infection by virus capsid destabilization. Journal of virology, 85(1), pp.542–9. 

Shi, J. & Aiken, C., 2006. Saturation of TRIM5 alpha-mediated restriction of HIV-1 infection 

depends on the stability of the incoming viral capsid. Virology, 350(2), pp.493–500. 

Shin, R., Tzou, Y.-M. & Krishna, N.R., 2011. Structure of a monomeric mutant of the HIV-1 

capsid protein. Biochemistry, 50(44), pp.9457–67. 

Shun, M.C. et al., 2007. LEDGF/p75 functions downstream from preintegration complex 

formation to effect gene-specific HIV-1 integration. Genes and Development, 21(14), 

pp.1767–1778. 

Singh, A.R., Hill, R.L. & Lingappa, J.R., 2001. Effect of mutations in Gag on assembly of 

immature human immunodeficiency virus type 1 capsids in a cell-free system. Virology, 

279(1), pp.257–70. 

Söderberg, O. et al., 2006. Direct observation of individual endogenous protein complexes in 

situ by proximity ligation. Nature Methods, 3(12), pp.995–1000. 



	 214	

Sodroski, J. et al., 1986. A second post-transcriptional trans-activator gene required for 

HTLV-III replication. Nature, 321(6068), pp.412–417. 

Sodroski, J. et al., 1985. Trans-acting transcriptional regulation of human T-cell leukemia 

virus type III long terminal repeat. Science (New York, N.Y.), 227(4683), pp.171–3. 

Sokolskaja, E., Sayah, D.M. & Luban, J., 2004. Target cell cyclophilin A modulates human 

immunodeficiency virus type 1 infectivity. Journal of virology, 78(23), pp.12800–8. 

Sood, C. et al., 2017. SERINC5 protein inhibits HIV-1 fusion pore formation by promoting 

functional inactivation of envelope glycoproteins. Journal of Biological Chemistry, 

292(14), pp.6014–6026. 

Sowd, G.A. et al., 2016. A critical role for alternative polyadenylation factor CPSF6 in 

targeting HIV-1 integration to transcriptionally active chromatin. Proceedings of the 

National Academy of Sciences of the United States of America, 113(8), pp.E1054-63. 

Srinivasan, N. et al., 1990. Conformations of disulfide bridges in proteins. International 

journal of peptide and protein research, 36(2), pp.147–55. 

St Gelais, C. et al., 2012. SAMHD1 restricts HIV-1 infection in dendritic cells (DCs) by 

dNTP depletion, but its expression in DCs and primary CD4+ T-lymphocytes cannot be 

upregulated by interferons. Retrovirology, 9(1), p.105. 

Staszewski, S. et al., 1996. Virological and immunological analysis of a triple combination 

pilot study with loviride, lamivudine and zidovudine in HIV-1-infected patients. AIDS 

(London, England), 10(5), pp.F1-7. 

Strack, B. et al., 2003. AIP1/ALIX is a binding partner for HIV-1 p6 and EIAV p9 

functioning in virus budding. Cell, 114(6), pp.689–699. 

Stremlau, M. et al., 2006. Specific recognition and accelerated uncoating of retroviral capsids 

by the TRIM5alpha restriction factor. Proceedings of the National Academy of Sciences 

of the United States of America, 103(14), pp.5514–9. 

Stultz, R.D., Cenker, J.J. & McDonald, D., 2017. Imaging HIV-1 Genomic DNA from Entry 

through Productive Infection K. L. Beemon, ed. Journal of Virology, 91(9), 

p.JVI.00034-17. 

Sundquist, W.I. & Kräusslich, H.-G., 2012. HIV-1 assembly, budding, and maturation. Cold 

Spring Harbor perspectives in medicine, 2(7), p.a006924. 

Tahirov, T.H. et al., 2010. Crystal structure of HIV-1 Tat complexed with human P-TEFb. 

Nature, 465(7299), pp.747–751. 

Tang, C. et al., 2008. Visualizing transient events in amino-terminal autoprocessing of HIV-1 

protease. Nature, 455(7213), pp.693–6. 



	 215	

Thali, M. et al., 1994. Functional association of cyclophilin A with HIV-1 virions. Nature, 

372(6504), pp.363–365. 

Towers, G.J. & Noursadeghi, M., 2014. Interactions between HIV-1 and the Cell-

Autonomous Innate Immune System. Cell Host & Microbe, 16(1), pp.10–18. 

Tsuchiya, K. et al., 2013. Arginine insertion and loss of N-linked glycosylation site in HIV-1 

envelope V3 region confer CXCR4-tropism. Scientific Reports, 3(1), p.2389. 

Usami, Y., Wu, Y. & Göttlinger, H.G., 2015. SERINC3 and SERINC5 restrict HIV-1 

infectivity and are counteracted by Nef. Nature, 526(7572), pp.218–223. 

Vajdos, F.F. et al., 1997. Crystal structure of cyclophilin A complexed with a binding site 

peptide from the HIV-1 capsid protein. Protein science, 6(11), pp.2297–307. 

Vaquerizas, J.M. et al., 2010. Nuclear pore proteins Nup153 and megator define 

transcriptionally active regions in the Drosophila genome W. Reik, ed. PLoS Genetics, 

6(2), p.e1000846. 

VerPlank, L. et al., 2001. Tsg101, a homologue of ubiquitin-conjugating (E2) enzymes, binds 

the L domain in HIV type 1 Pr55Gag. Proceedings of the National Academy of Sciences, 

98(14), pp.7724–7729. 

Vozzolo, L. et al., 2010. Gyrase B inhibitor impairs HIV-1 replication by targeting Hsp90 

and the capsid protein. Journal of Biological Chemistry, 285(50), pp.39314–39328. 

Wagner, J.M. et al., 2016. Crystal structure of an HIV assembly and maturation switch. eLife, 

5(2016JULY). 

Wei, P. et al., 1998. A novel CDK9-associated C-type cyclin interacts directly with HIV-1 

Tat and mediates its high-affinity, loop-specific binding to TAR RNA. Cell, 92(4), 

pp.451–462. 

Wei, S.-Q., 1997. A large nucleoprotein assembly at the ends of the viral DNA mediates 

retroviral DNA integration. The EMBO Journal, 16(24), pp.7511–7520. 

Wei, X. et al., 2003. Antibody neutralization and escape by HIV-1. Nature, 422(6929), 

pp.307–312. 

Weiss, R.A., 2006. The discovery of endogenous retroviruses. Retrovirology, 3(1), p.67. 

Weissenhorn, W. et al., 1997. Atomic structure of the ectodomain from HIV-1 gp41. Nature, 

387(6631), pp.426–30. 

Wight, D.J. et al., 2012. The Gammaretroviral p12 protein has multiple domains that function 

during the early stages of replication. Retrovirology, 9(83), pp.1–20. 

Willey, R.L. et al., 1992. Human immunodeficiency virus type 1 Vpu protein induces rapid 

degradation of CD4. Journal of virology, 66(12), pp.7193–200. 



	 216	

Worthylake, D.K. et al., 1999. Structures of the HIV-1 capsid protein dimerization domain at 

2.6 A resolution. Acta Crystallographica Section D, 55(Pt 1), pp.85–92. 

Wu, X. et al., 2003. Transcription start regions in the human genome are favored targets for 

MLV integration. Science, 300(5626), pp.1749–1751. 

Xu, H. et al., 2013. Evidence for biphasic uncoating during HIV-1 infection from a novel 

imaging assay. Retrovirology, 10, p.70. 

Yamashita, M. et al., 2007. Evidence for direct involvement of the capsid protein in HIV 

infection of nondividing cells. PLoS pathogens, 3(10), pp.1502–10. 

Yamashita, M. & Emerman, M., 2004. Capsid Is a Dominant Determinant of Retrovirus 

Infectivity in Nondividing Cells. Journal of Virology, 78(11), pp.5670–5678. 

Yamashita, M. & Engelman, A.N., 2017. Capsid-Dependent Host Factors in HIV-1 Infection. 

Trends in Microbiology. 

Yang, R. et al., 2012. Second-site suppressors of HIV-1 capsid mutations: restoration of 

intracellular activities without correction of intrinsic capsid stability defects. 

Retrovirology, 9, p.30. 

Yang, Y., Fricke, T. & Diaz-Griffero, F., 2013. Inhibition of reverse transcriptase activity 

increases stability of the HIV-1 core. Journal of virology, 87(1), pp.683–7. 

Yang, Y., Luban, J. & Diaz-Griffero, F., 2014. The fate of HIV-1 capsid: a biochemical assay 

for HIV-1 uncoating E. Vicenzi & G. Poli, eds., Totowa, NJ: Humana Press. 

Yeager, M., 2011. Design of in vitro symmetric complexes and analysis by hybrid methods 

reveal mechanisms of HIV capsid assembly. Journal of Molecular Biology, 410(4), 

pp.534–552. 

Ylinen, L.M.J. et al., 2009. Cyclophilin A levels dictate infection efficiency of human 

immunodeficiency virus type 1 capsid escape mutants A92E and G94D. Journal of 

virology, 83(4), pp.2044–7. 

Yoo, S. et al., 1997. Molecular recognition in the HIV-1 capsid/cyclophilin A complex. 

Journal of molecular biology, 269(5), pp.780–795. 

Yu, X. et al., 2003. Induction of APOBEC3G ubiquitination and degradation by an HIV-1 

Vif-Cul5-SCF complex. Science (New York, N.Y.), 302(5647), pp.1056–1060. 

Yuan, T. et al., 2016. An HIV-1 capsid binding protein TRIM11 accelerates viral uncoating. 

Retrovirology, 13(1), p.72. 

Yufenyuy, E.L. & Aiken, C., 2013. The NTD-CTD intersubunit interface plays a critical role 

in assembly and stabilization of the HIV-1 capsid. Retrovirology, 10, p.29. 

Zhai, Q. et al., 2008. Structural and functional studies of ALIX interactions with YPXnL late 



	 217	

domains of HIV-1 and EIAV. Nature Structural and Molecular Biology, 15(1), pp.43–

49. 

Zhang, H. et al., 2003. The cytidine deaminase CEM15 induces hypermutation in newly 

synthesized HIV-1 DNA. Nature, 424(6944), pp.94–98. 

Zhao, G. et al., 2013. Mature HIV-1 capsid structure by cryo-electron microscopy and all-

atom molecular dynamics. Nature, 497(7451), pp.643–6. 

Zhao, G. et al., 2011. Rhesus TRIM5α Disrupts the HIV-1 Capsid at the Inter-Hexamer 

Interfaces J. Luban, ed. PLoS Pathogens, 7(3), p.e1002009. 

Zhou, H. et al., 2008. Genome-Scale RNAi Screen for Host Factors Required for HIV 

Replication. Cell Host and Microbe, 4(5), pp.495–504. 

Zhou, L. et al., 2011. Transportin 3 promotes a nuclear maturation step required for efficient 

HIV-1 integration M. Emerman, ed. PLoS Pathogens, 7(8), p.e1002194. 

Zhou, Q. et al., 1998. Transcription elongation factor P-TEFb mediates Tat activation of 

HIV-1 transcription at multiple stages. The EMBO journal, 17(13), pp.3681–91. 

Zhu, H., Jian, H. & Zhao, L.J., 2004. Identification of the 15FRFG domain in HIV-1 Gag p6 

essential for Vpr packaging into the virion. Retrovirology, 1(1), p.26. 

 

 

 



	 218	

Appendix A: Site-directed mutagenesis primers 

Primers used in site-directed mutagenesis reactions of HIV-1 Gag-Pol plasmid pCMVdR8.9. 

Mutants  P38A, A14C/E45C, W184A/M185A, A204C, P207C/T216C, A14C/E45C/A204C 

A14C/E45C/W184A/M185A and A14C/E45C/P207C/T216C were produced by Ophelie 

Cosnefroy (Bishop Lab) and are not included in this table. 

 
Mutant Primer Primer sequence (5' -> 3') 

  
  

M68C 
Forward GGGACATCAAGCAGCCATGCAATGCTTAAAAGAGACCATCAATG  

Reverse CATTGATGGTCTCTTTTAAGCATTGCATGGCTGCTTGATGTCCC 

  
  

N74D 
Forward GCAAATGTTAAAAGAGACCATCGATGAGGAAGCTGCAGAATGGG 

Reverse CCCATTCTGCAGCTTCCTCATCGATGGTCTCTTTTAACATTTGC 

  
  

E212C 
Forward GGGACCAGGAGCGACACTATGCGAAATGATGACAGCATGTCAGGG 

Reverse CCCTGACATGCTGTCATCATTTCGCATAGTGTCGCTCCTGGTCCC 

  
  

N74A 
Forward GCAAATGTTAAAAGAGACCATCGCTGAGGAAGCTGCAGAATGGG 

Reverse CCCATTCTGCAGCTTCCTCAGCGATGGTCTCTTTTAACATTTGC 

  
  

Q67R 
Forward GGGGACATCAAGCAGCCATGAGAATGTTAAAAGAGACC 

Reverse GGTCTCTTTTAACATTCTCATGGCTGCTTGATGTCCCC 

  
  

R173A 
Forward CCGATTCTATAAAACTCTAGCAGCCGAGCAAGCTTCACAAGAGG 

Reverse CCTCTTGTGAAGCTTGCTCGGCTGCTAGAGTTTTATAGAATCGG 

  
  

K70A 
Forward GCAGCCATGCAAATGTTAGCAGAGACCATCAATGAGGAAGC 

Reverse GCTTCCTCATTGATGGTCTCTGCTAACATTTGCATGGCTGC 

  
  

S41Q 
Forward CCAGAAGTGATACCCATGTTTCAAGCATTATCAGAAGGAGCCACC 

Reverse GGTGGCTCCTTCTGATAATGCTTGAAACATGGGTATCACTTCTGG 

  
  

N139D 
Forward GGATAATCCTGGGATTAGATAAAATAGTAAGAATGTATAGCCC 

Reverse GGGCTATACATTCTTACTATTTTATCTAATCCCAGGATTATCC 

  
  

N57D 
Forward GATTTAAACACCATGCTAGACACAGTGGGGGGACATCAAGC 

Reverse GCTTGATGTCCCCCCACTGTGTCTAGCATGGTGTTTAAATC 
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A77V 
Forward GAGACCATCAATGAGGAAGTTGCAGAATGGGATAGAGTGC 

Reverse GCACTCTATCCCATTCTGCAACTTCCTCATTGATGGTCTC 

  
  

(A14C/E45C) 

+ S41Q 

Forward CCAGAAGTGATACCCATGTTTCAAGCATTATCATGCGGAGCCACC 

Reverse GGTGGCTCCGCATGATAATGCTTGAAACATGGGTATCACTTCTGG 

  
  

S41R 
Forward CCAGAAGTGATACCCATGTTTCGAGCATTATCAGAAGGAGCCACC 

Reverse GGTGGCTCCTTCTGATAATGCTCGAAACATGGGTATCACTTCTGG 

  
  

N139E 
Forward GGATAATCCTGGGATTAGAGAAAATAGTAAGAATGTATAGCCC 

Reverse GGGCTATACATTCTTACTATTTTCTCTAATCCCAGGATTATCC 

  
  

N57E 
Forward GATTTAAACACCATGCTAGAGACAGTGGGGGGACATCAAGC 

Reverse GCTTGATGTCCCCCCACTGTCTCTAGCATGGTGTTTAAATC 

  
  

G89V 
Forward GCATCCAGTGCATGCAGTGCCTATTGCACCAGGCC 

Reverse GGCCTGGTGCAATAGGCACTGCATGCACTGGATGC 

  
  

P90A 
Forward CCAGTGCATGCAGGGGCTATTGCACCAGGCCAG 

Reverse CTGGCCTGGTGCAATAGCCCCTGCATGCACTGG 

  
  

A42C 
Forward GTGATACCCATGTTTTCATGCTTATCAGAAGGAGCCACCCC 

Reverse GGGGTGGCTCCTTCTGATAAGCATGAAAACATGGGTATCAC 

  
  

T54C 
Forward CCACCCCACAAGATTTAAACTGCATGCTAAACACAGTGGGGGG 

Reverse CCCCCCACTGTGTTTAGCATGCAGTTTAAATCTTGTGGGGTGG 

  
  

Q63C 
Forward GCTAAACACAGTGGGGGGACATTGCGCAGCCATGCAAATGTTAAAAG 

Reverse CTTTTAACATTTGCATGGCTGCGCAATGTCCCCCCACTGTGTTTAGC 

  
  

Y169C 
Forward GAGACTATGTAGACCGATTCTGTAAAACTCTAAGAGCCGAGC 

Reverse GCTCGGCTCTTAGAGTTTTACAGAATCGGTCTACATAGTCTC 

  
  

E180C 
Forward GAGCCGAGCAAGCTTCACAATGCGTAAAAAATTGGATGACAGAAACC 

Reverse GGTTTCTGTCATCCAATTTTTTACGCATTGTGAAGCTTGCTCGGCTC 

  
  

V181C 
Forward GCCGAGCAAGCTTCACAAGAGTGCAAAAATTGGATGACAGAAACC 

Reverse GGTTTCTGTCATCCAATTTTTGCACTCTTGTGAAGCTTGCTCGGC 

  
  

L151C Forward GTATAGCCCTACCAGCATTTGCGACATAAGACAAGGACCAAAGG 
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Reverse CCTTTGGTCCTTGTCTTATGTCGCAAATGCTGGTAGGGCTATAC 

  
  

K203C 
Forward CCCAGATTGTAAGACTATTTTATGCGCATTGGGACCAGGAGCGACAC 

Reverse GTGTCGCTCCTGGTCCCAATGCGCATAAAATAGTCTTACAATCTGGG 

  
  

A217C 
Forward CACTAGAAGAAATGATGACATGCTGTCAGGGAGTGGGGGGACC 

Reverse GGTCCCCCCACTCCCTGACAGCATGTCATCATTTCTTCTAGTG 

  
  

L189C 
Forward GGTAAAAAATTGGATGACAGAAACCTGCTTGGTCCAAAATGCGAACCC 

Reverse GGGTTCGCATTTTGGACCAAGCAGGTTTCTGTCATCCAATTTTTTACC 
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Appendix B: List of antibodies 

 

 

 

 

 

 

 

 

 

 

Target Antibody name Species Company 
Product 

number 

WB 

dilution 

Microscopy 

dilution 

CA 

24-2 (E3) Mouse monoclonal (in house) N/A 1/2000  

24-2 (E2) Mouse monoclonal (in house) N/A 1/600 1/100 

24-2 (E5) Mouse monoclonal (in house) N/A 1/250  

AG3.0 Mouse monoclonal 
NIH AIDS 

reagents 
4121  1/250 

CPSF6 
Anti-CPSF6 Rabbit polyclonal Abcam ab99347  1/200 

Anti-CPSF6 Rabbit polyclonal Sigma HPA039973  1/2000 

Lamin B1 Anti-Lamin B1 Rabbit polyclonal Abcam ab16048  1/1000 

HA-tag Anti-HA tag Rabbit polyclonal Abcam ab9110 1/5000 1/500 

Nup153 Anti-Nup153 Rabbit polyclonal Abcam ab84872  1/100 

Anti-mouse Anti-mouse IGG - HRP Rabbit Life Tech 61-6520 1/10000  

Anti-rabbit Anti-rabbit IGG - HRP Goat Life Tech 65-6120 1/10000  

Anti-mouse IRDye 800CW Goat LI-COR 925-32210 1/5000  

Anti-rabbit Alexa Fluor 405 Donkey Abcam ab175651  1/1000 

Anti-rabbit Alexa Fluor 568 Donkey Abcam Ab175692  1/200 

Anti-rabbit Alexa Fluor 594 Goat Abcam Ab150080  1/500 

Anti-mouse Alexa Fluor 647 Donkey Life Tech A31571  1/500 
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Appendix C: Copyright and Permissions 

 

Where previously published images have been reproduced and adapted in this thesis, 

permission has been sought. The sources and permissions are shown in the table below.  
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Journal  Copyright and Permissions 
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phylogeny. 
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retroviruses, Weiss, 

2006 

Robin A Weiss Retrovirology 'This article is published under license to BioMed Central Ltd. 

This is an Open Access article distributed under the terms of 

the Creative Commons Attribution License 
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N/A N/A 'Copyright Notice 

For Scientific and Technical Information Only  

© Copyright 2011 Los Alamos National Security, LLC All 

rights reserved 

 

For All Information  

Unless otherwise indicated, this information has been 

authored by an employee or employees of the Los Alamos 

National Security, LLC (LANS), operator of the Los Alamos 

National Laboratory under Contract No. DE-AC52-

06NA25396 with the U.S. Department of Energy. The U.S. 

Government has rights to use, reproduce, and distribute this 

information. The public may copy and use this information 



	 224	

Thesis figure Source Corresponding 

author 

Journal  Copyright and Permissions 

without charge, provided that this Notice and any statement of 

authorship are reproduced on all copies. Neither the 

Government nor LANS makes any warranty, express or 

implied, or assumes any liability or responsibility for the use 

of this information.' 

1.4. HIV-1 life 

cycle. 
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Reviews 
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uncoating initiates after 
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Cosnefroy et al, 2016 
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